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PROLOGUE
This book provides an overview of the land resources of the Amazon
in terms of the varying climates, landscapes, vegetation and soils
found throughout this vast, often misunderstood region. It has been
prepared for a broad audience of scientists, agronomists, foresters,
farmers, ecologists and also administrators.
The study is a sequel to the original Land Systems study of the region
carried out by the senior author between 1976 and 1980 and published
with the title “Land in Tropical America” (Cochrane et al. 1985); however
it includes more detailed information from subsequent studies
conducted by the authors. Section 1 provides a generalized picture of
the region largely based on an updated Personal Computer compatible
version of the original study. Section 2 starts with a summary of
how the computerized Land Systems methodology was refined and
subsequently adopted by the International Soil Science Society. This
is followed by summaries of the authors’ more detailed studies of the
savannas of the Geo-economic Region of Brasilia in central Brazil, the
forest lands of the Northern Amazon region of Bolivia, and the adjacent
Brazilian State of Rondônia in western Amazonia. Section 3 covers a
series of topics related to the use, management and preservation of
the land resources of the Amazon. The Appendix records some specific
technologies to enhance the study and management of Amazon and
tropical lands in general. The main land resource studies referenced
in this book are available free from the authors’ web site “www.
agteca.org” for the convenience of readers requiring more in-depth
information.

2

Amazon Forest & Savanna Lands

CONTENTS
Introduction 		

5

Section 1.

An Overview of Amazonia

9

Chapter 1:

The Study “Land in Tropical America”

Chapter 2:

Amazon Climates

18

Chapter 3:

Amazon Landscapes

27

Chapter 4:

Natural Vegetation Patterns of the Amazon

37

Chapter 5:

Amazon soils: Classification

43

Chapter 6:

Amazon soils: Physical and Chemical properties

51

Chapter 7:

Agro-ecological zones of the Amazon

58

Section 2.

Larger Scale Land Resource Studies in Amazonia

62

Chapter 8:

Methodology. The refinement of the computerized
Land Systems approach and its adoption by the
International Soil Science Society

63

The Geo-economic Region of Brasilia

70

Chapter 9:

10

Chapter 10:

The Northern Amazon Region of Bolivia

76

Chapter 11:

The Western Amazon State of Rondônia, Brazil

87

Section 3.

Findings from the Land Resource Studies for the
Use and Conservation of Amazon Lands

100

Chapter 12:

Amazon Climate Parameters and Plant Growth

101

Chapter 13:

Deforestation and its Effect on Amazon Soils

106

Chapter 14:

The Paradox of Savannas in Amazonia

116

Chapter 15:

Leaching Losses and the Improvement of
Amazon Forest and Savanna Soils

123

Chapter 16:

Selecting Crops and Enhancing Soil Fertility for
Local Amazon Conditions

127

Epilogue		

130

3

APPENDICES
1.

Enhancing soil surveys to help predict fertilizer needs: a
statistical procedure to facilitate soil fertilizer investigations.

144

2.

Tissue analysis for enhancing field fertilizer trials.

147

3.

Estimating fertilizer needs in lesser developed tropical regions.

152

4.

Measuring the surface charge characteristics of oxisols and
ultisols.

156

5.

A field test for iron toxic conditions in poorly drained tropical soils. 159

6.

Correcting Al toxicity in tropical mineral soils.

161

7.

The chemical properties of native savanna and forest soils in
central Brazil.

163

8.

Estimating reference evapotranspiration, and a note on
estimating rainfall intensities.

165

Solution flow through the soil-plant continuum.

168

9.

10. Abstracts of papers applying the authors’ new equation for
calculating osmotic potential.
11.

175

Approximate equivalences between the soil classification
systems referred to in the text.

176

12. Sumario em Portuguese no estudo “A Terra no Região
Geo-ecônomica de Brasilia. Um mapa de Sistemas de Terra”.
(Portuguese Summary of the study “Land in the Geo-economic
Region of Brasilia. A Land Systems Map”.)

181

References to studies available from the authors’ Web Site:
www.agteca.org

4

1.

Personal Computer Version with Database of the Study
“Land in Tropical America”.

2.

The Lands of the Geo-economic Region of Brasilia: Personal Computer
Version with Database.

3.

The Lands of the Northern Amazonian Region of Bolivia: Personal
Computer Version with Database

4.

The Lands of the State of Rondônia, Brazil: Personal Computer Version
with Database.

5.

SIGTERON: Sistema de infomaçāo geográfica para os terrenos e solos do
estado de Rondônia, Brasil.

6.

Analisis de Suelos y Plantas Tropicales. Un Manual de Métodos
Modernos.

Amazon Forest & Savanna Lands

INTRODUCTION
Well over a quarter of a century has passed since the senior
author carried out a pioneering computerized agro-ecological
land resource study of tropical South America titled “Land in
Tropical America” (Cochrane et al. 1985). That study covered one of
the least known areas of the tropical world. It extended over 820
million hectares from Venezuela to southern Brazil, and included
the Amazon basin and its surrounding savanna and Andean
piedmont lands, the Orinoco plains and the Precambrian shield
regions of Brazil and Bolivia. Forests originally covered about
three quarters of the region and savannas the remainder. The
current study re-visits the same region. It has been subdivided
into 3 Sections:
Section 1 provides an overview of the Amazon region based mainly
on the findings of the study “Land in Tropical America” (Cochrane
et al. 1985). The land resources of the region were mapped and
described in terms of “Land Systems”, defined as “recurring pattern
of climate, landscape and soils”. The study was computerized for
use in “main-frame” computers available at that time. It has since
been re-digitized for use in personal computers, a copy of which
is available free on the authors’ Web site “www.agteca.org” titled
“Personal Computer Version with Database of the study Land in
Tropical America” (Cochrane et al. 2003).
Section 2 starts with a summary of how the computerized Land
Systems methodology was refined and subsequently adopted by
the International Soil Science Society. This is followed by summaries
of the findings from more detailed studies that the authors have
carried out of several Amazonian regions including the Geoeconomic region of Brasilia (Cochrane et al. 1989), the northern
Bolivian Amazon, (Cochrane et al. 1992, 1993), the State of Rondônia
in southwestern Amazonia (Cochrane et al. 1998) and several lesser
studies. Digital copies of these studies are also available from
the authors’ Web site, together with details of the methodology
that evolved over the years from these several computerized land
resource studies (Cochrane and Cochrane, 1998).
Section 3 covers a range of topics related to the use of Amazon
lands, mainly based on papers published over the years by the
authors. It is supplemented by the Appendix, which records
summaries of techniques for enhancing land resource and soil
studies, together with some more detailed information from several
of the authors’ papers of interest to scientists studying Amazon and
tropical lands in general.

A brief glimpse of the past
After the discovery of the new world, it was not long before
explorers with illusions of the fabled “El Dorado” penetrated the
inner recesses of the South American subcontinent. Missionaries
followed; they helped stabilize settlements of indigenous peoples,
stimulated agriculture and were mainly responsible for introducing
cattle on the native savannas. Mining for gold and precious stones,
and especially the rubber boom of the Amazon toward the end of
the 19th century, attracted fortune seekers and resulted in further
settlement. However, it wasn’t until the effects of the build-up of
population pressure in the Andean highlands and in the coastal strip
of Brazil became felt in the 1950s that serious efforts were made
to encourage agricultural development in the tropical lowlands.
This led to a second wave of migration by the misguided efforts of
the then governments of countries with Amazonian territories to
“open-up” the region with roads to encourage cattle ranching and
agricultural “colonization”. The lure of finding gold and precious
stones, and the declaration of the Brazilian city of Manãus as a taxfree zone, also helped swell populations. Gold was found in many
Amazonian rivers; dredging for alluvial gold continues apace to this
day with the consequent side-effect of mercury pollution leading to
toxic levels in fish and onwards along the food-chain
to humans.
Colonization and bringing new land into production was at
the expense of destroying vast areas of native forests; this has
accelerated during the past five decades. Some new agriculturebased communities have flourished but many have floundered. The
general failure to understand the nature of, and variations within,
tropical climates, soils and vegetation has often led to failure and
unnecessary human hardship. Ironically, many small farmers have
found that the cultivation of the coca bush, traditionally confined to
mid-altitude Andean regions, flourished in some Amazon lowland
areas. This has resulted in the further loss of many thousands of
hectares of once pristine forests, especially along the sub-Andean
lowlands of Colombia, Peru and Bolivia; these regions are very
susceptible to soil erosion. Flooding of downstream regions is a
consequent and increasing problem. River pollution from the waste
chemicals of cocaine production is playing havoc with native fish
populations. The additional cost of this scourge in terms of the
degeneration of human lives both locally and wherever cocaine is
sold, is impossible to quantify.
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Plate I-1. Well drained savannas called “cerrados” in Brazil, near the city of Anapólis, south of Brasilia.
Indiscriminate logging has proceeded apace in many Amazon
regions parallel with the opening-up of lands by roads in order to
improve local infrastructure. Unfortunately government planners
have rarely taken to account the need to preserve native flora and
fauna in deciding where roads will be built. However, a few more
far-thinking environmental scientists have persuaded governments
to designate some areas of the Amazon as “national parks”.
Notwithstanding, very little attention has been given to averting
the unnecessary degradation of lands both within and outside
those areas. The success in preserving what is left of the worlds
largest remaining reserve of tropical forests, and rehabilitating
the vast areas of the lands already degraded, will depend to a
considerable extent on renewed efforts to understand the nature of
Amazonian land resources and the continuing efforts of scientists
to alert public conscience of the problem.

Past Knowledge of the Region’s Land
Resources
Up until the mid seventies there was considerable debate
concerning the nature of Amazon lands. The FAO-UNESCO Soil Map
of the World (1971, 1974) indicated that there were extensive areas of
very poor and possibly fragile soils, mainly Ferralsols (Oxisols) and
Acrisols (Ultisols), supporting not only the lowland savannas but
also the Amazon forests of tropical South America. This implied the
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need for research to lead to a better understanding of these lands.
In fact there have been many, often conflicting, opinions as to the
nature of their climates, soils and native vegetation.

The savannas
In the past, ecologists often failed to recognize the difference
between savanna formations on well-drained soils as compared
with those on poorly drained soils. For example Beard (1953)
inferred that the existence of savannas in tropical South America
was solely associated with soil drainage problems. His conclusion
was largely based on his observations on the Rupununi savannas
in what was then British Guiana. Other ecologists studying
dry-land savanna regions in tropical South America came to very
different conclusions; this situation was like the old story of blind
men describing an elephant based on what they could touch.
Although undoubtedly there are many different savanna formations
associated with edaphic and, or climatic factors, the authors have
made a fundamental separation based on soil drainage in terms of
“dry-land” and “wet-land” savannas.

Dry-land savannas
Until relatively recent times the very existence of the dry-land
savannas was considered an enigma; this provoked considerable

controversy (Goodland, 1970). Latter, Eiten’s (1972) review of the
savannas of central Brazil, and subsequent studies published in the
proceedings of the fourth and fifth symposiums on the Cerrados
(Ferri 1977, Marchetti and Dantas Machado, 1980), indicated that
they were becoming better understood. The work of Cochrane and
Jones (1981) on the relationship of climates to natural vegetation
formations throughout Amazonia shed new light on the subject.
The soil studies by Cochrane et al. (1985) in the Colombian
savannas and the latter detailed work of Cochrane (1989) on the
differences between savanna soils and adjacent forest soils over
the Geo-economic region of Brazil, shed further light on the
factors determining the development or otherwise of the dry-land
savannas. The latter findings have led to the practical benefit of how
their soils might be amended for successful crop production.
From a farming point of view, it is clearly much less expensive to
prepare dry-land savanna for cultivation than clearing forest from
forested lands. Further, the use of savanna lands for agriculture
undoubtedly causes much lesser environmental stress than the
clearing of forested lands. With successful research to show how the
very extensive 200 million-odd ha, of tropical well-drained savanna
soils in central Brazil could be managed successfully, the openingup of these virgin land for crop production has proceeded apace in
recent years. This has indirectly slowed the rate of deforestation
of Brazil’s Amazon forests. However, a similar situation has not
occurred in the dry-land Colombian-Orinoco savannas to any
significant extent, largely due to political unrest. Plate I-1 is a scene

of well-drained savannas, locally called “cerrados” taken near
Anápolis, a city to the south of Brasilia the capital of Brazil.

Wet-land savannas
Extensive areas of savannas on poorly drained lands are found
throughout tropical South America in addition to the dry-land
savannas. The impeded drainage condition of their soils results in
floristic formations botanically quite distinct from the savannas
formed on well-drained lands. Like the well-drained savanna
lands, they may occur interspersed with forest formations. Very
extensive areas occur throughout the region including the Brazilian
and Bolivian “pantanals”, the Bolivian “pampas de Mojos” and the
Orinoco “pampas” of Colombia and Venezuela. Cattle ranching have
proven successful in some of these regions that have lesser areas of
higher lands to get above flood-waters in the wet-season.
Plate I-2 shows a picture of wetland savannas taken near the
village of Reyes in the lowland “pampas de Mojos” of Bolivia. It is
interesting to note that regions of wet-land and dry-land savannas
may be found adjacent to, or interspersed, one with another.
This is seen in the eastern lowlands of Colombia where the Meta
River separates the northern wet-land savannas from the more
southern dry-land savannas, within the Orinoco plains of Venezuela,
the Mojos pampas of Bolivia and the many dry-land “cerrados’”
formations of tropical Brazil.

Plate I-2. Poorly drained savannas near the village of Reyes in the eastern lowland “pampas de Mojos” (savannas of Mojos), of Bolivia.
Introduction
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may result in the loss of valuable germ-plasm reserves, which is
both ecologically and economically unsound.

Many past authors generalized that Amazon forest soils were
incapable of sustaining agriculture or livestock production after
the primary vegetation was removed (Gouru 1961, Seltzer 1967, Reis
1972, Tosi 1974, Goodland and Irwin 1975, Budowski 1976, Schubart
1977, Irion 1978, Goodland et al. 1978 and others). Yet as Richards
(1952) showed, there are very different soil-forest associations
throughout the Amazon. Further, there was ample evidence to show
that sustained agriculture and livestock production was possible
on limited areas of well-drained, inherently fertile Amazon soils
following forest clearing (Falesi 1972, 1976, Alvim 1978, 1979, Sanchez
1977, 1979, Serrão et al. 1979, Toledo and Morales 1979, Cochrane and
Sanchez 1982). Plate I-3 taken near the town of Altamira in central
south Amazonia pictures a tropical semi-evergreen seasonal forest
growing on nutrient-rich parent rock being cleared for agricultural
production. It is evident that the sustainability of agricultural
production varies markedly from place to place in accordance with
the variations in climate and the fertility of the soils supporting the
original forests. Notwithstanding, considerations of soil and climate
differences put aside, the indiscriminate clearing of native forests

It is clear even to the casual observer that “Amazon” forests vary
considerably in appearance from place to place. This is due to the
interplay of variations in climate, soil drainage conditions and the
inherent fertility of soils, as emphasized in the relatively detailed
study of the State of Rondônia (Cochrane and Cochrane, 2006) and
the analysis of Sombroek (2000). Forests range from virtually pure
stands of native palms to the towering magnificence of Brazil-nut
(Berthollitia excelsa) trees and other many other species seen in
the forests of the western Pando province of Bolivia’s Amazon. The
latter, and those of the adjacent Brazilian state of Acre have been
accredited by Purseglove (1974) as the “centre of origin” of such
valuable trees as the Brazil-nut tree (Berthollitia excelsa), rubber
(Hevia brasiliensis), Cacao (Theobroma cacao); further, they harbor
a wide variety of valuable timber, fruit and medicinal trees, and
shrubs. The senior author can contest to finding Brazil-nut, rubber
and cacao trees growing virtually side by side on the well-drained
oxisolic soils of Bolivia’s north-western Amazon Pando forests
(Cochrane, 1973).

Plate I-3. Tropical semi-evergreen seasonal forest near the city of Altamira in Brazil’s south-eastern Amazon basin. The forest is growing on soils
developed on nutrient-rich parent rock.
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Section 1.

AN OVERVIEW
OF AMAZONIA
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Chapter 1.

THE STUDY “LAND IN TROPICAL AMERICA”
By the late 1970’s there had been a considerable amount of landresource inventory and soil-survey work carried out over parts
of tropical South America. Unfortunately the reports of most of
those studies were not readily available as they were scattered
among many different local government agencies. This situation,
and the often conflicting opinions recorded in the published
literature about the region’s land resources, led the International
Center for Tropical Agriculture CIAT, to contract the senior author
in 1977 to evaluate the land resource of the savanna regions of
tropical South America based on the available information, and
to supplement it with field-work where information was lacking.
A computerized methodology was put in place at the start of the
work to speed analyses and ensure standardized criteria. The work
started as a survey of the savanna regions of the sub-continent,
as those lands were considered a priority by CIAT for developing
germplasm-based agro-technology. In 1979 the study was
extended to the Amazon forested regions.
By 1981 most of the Amazon had been covered to a greater or
lesser degree. Because of budgetary problems, the peer-reviewed
report of the study was not available to the general public until it
was published four years latter as the three volume book “Land in
Tropical America” (Cochrane et al. 1985). Figure 1-1 shows the extent
of the region studied. At the time, the computerized database and
maps of the study were only suitable for “mainframe” computers,
as personal computers were just becoming available and were
primitive on today’s standards. The work has since been re-prepared
for use in personal computers (Cochrane et al. 2003).

Methodology of the Study
Land Systems
The study was modeled on the “Land Systems” approach developed
by Christian and Stewart (1953) in assessing the land resources
of the Katherine-Darwin region of northern Australia. It reduced
land-resource information to a common base by re-defining a Land
System as “an area or group of areas throughout which there is a
recurring pattern of climate, landscape and soils”. This definition,
while conceptually similar to the Australian approach, differed in
that it introduced climate as a direct parameter for Land System
definition. Inherent in the delineation of Land Systems was the
treatment of environmental parameters in the following categorical
order:
Climate: Radiant energy, Temperature, Potential Evapotranspiration,
Water Balance and other climatic factors.
Landscape: Land-form, Hydrology, Vegetation.
Soils: Soil Classification, Soil Physical characteristics,
Soil Chemical properties.
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Figure 1-1. Geographical extent of the land resource survey “Land in
Tropical America”. (The area showed has been reduced from the Land
Systems map of the region; hence the many subdivisions).
Although the work was mainly an exercise in collating existing
information available from the literature and other sources, a
strategic amount of original work was carried out over the region
to help standardize criteria and fill-in knowledge gaps. In-field
observations of landscapes and soils were made by criss-crossing
the region from south to north and west to east by the senior
author piloting his light airplane, a Piper PA-18 (nicknamed a “Supercub”), that he especially adapted for landing on short airstrips in
order to reach hinterland areas. In this way, soil profile descriptions
were made and samples taken for analysis from many usually
barely accessible sites (Plate 1-1). -Incidentally, the presence of a
spade and soil auger strapped into the body of the aircraft raised
the occasional eyebrow by airport inspectors; more than one
asked if the senior author was looking for gold, precious stones or
petroleum! The senior author did not mention his aeroplane survey
work in his book “Land in Tropical America” on the request of CIAT.
For the record, he had spent many years carrying out soil study
expeditions on foot in the Amazon regions of Peru and Bolivia,
starting with a memorial solo balsa-wood log raft journey down
the Alto (upper) Marañon River of north-western Peru in early 1963.
Incidentally, the senior author never went thirsty in the jungle even
on hot days, as shown by Photo Plate 1-3. Plate 1-2 was taken on one
such expedition along the Bolivian piedmont region when he spent
three months cut-off completely from the so-called “civilized” of
this world, and did not miss out on anything!

Plate 1-1. The senior author (left side of the photograph) with his “Super-cub” that he used to fly throughout Amazonia with a spade and soil auger
strapped to the inside of its fuselage! For the record, the senior author flew over the Angel Falls on the upper Caroni River of Venezuela, but did not
see much due to cloud cover; he was very disappointed that day.

Climate
In order to get comparable, standardized climate data and its
subsequent expert analyses for tropical America, this aspect of
the study was subcontracted by the senior author to Prof. George
Hargreaves (Emeritus Professor, Utah State University). Long-term
meteorological data for over 1,000 stations throughout tropical
America were scrutinized, standardized and digitized by his small
team (Hancock et al. 1979). Nevertheless there were some regions in
the Amazon basin without stations and where distances were too
great to permit highly reliable extrapolations.
A summary of the type of data collected and the results of its
analysis has been recorded in Chapter 2.

Landscape
Land form: The most obvious features of landscapes are the various
land forms. These were studied in terms of areas with analogous
characteristics for practical farming. Land-forms result from the
complex interplay of geologic, climatic, hydrologic and biotic
factors (especially native vegetation), over time.

Hydrology: Water often moulds landscapes into very different
land-forms. Needless to say, the floodplains of large rivers contrast
with the landscapes of hilly lands dissected by small streams. The
availability of water is clearly of great importance to agriculture
under dry or seasonally dry conditions.
Vegetation: The native vegetation classes used in the description
of the land systems were identified according to the physiognomic
criteria of Eyre (1968) for tropical forests and Eiten (1972) for tropical
savannas. These have been summarized in Chapter 4.
In practice, the delineation of landscape differences according
to land-forms under similar climate conditions provides a first
approximation for the delineation of Land Systems. Some are
clearly complex repetitive patterns of climate, topography and
soils, especially in hilly areas, whilst others are much simpler.
The different landscape patterns were described as “land facets”.
Information on the land facets was considered basic to the
compilation of the computerized database, although mapping
scales was generally too large for their delineation on maps.

An Overview of Amazonia
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Figure 1-2 which shows a part of land system No. 46 taken from
Cochrane et al. (1985), illustrates the subdivision of Land Systems
into “land facets”. It should be noted that when the smallest
mapping unit was the Land System, thematic mapping (or a one
feature map) for a given characteristic, unless stated otherwise,
represents the rating of the major land facet. This was the norm for
thematic mapping used in the study “Land in Tropical America”.

Soils
Soil Mapping

Figure 1-2. Land System No. 46 of “Land in Tropical America”,
subdivided into “land facets” 1 and 2.

What is not always appreciated by the non-specialist is that almost
without exception all but the most detailed of soil classification
maps delineate “soil units” that contain lesser areas of soils that
differ from those of the principal soil assigned to those units. This
is especially so in the case of large-scale soil and land resource
mapping. The approach of subdividing Land Systems into land
facets, and describing and quantifying the main soils within a facet,
provided a database of the principal soils within a mapped Land
System. Notwithstanding some level of generalization is inevitable
in making an inventory of soils.

Plate 1-2. A photograph taken by the senior author of his helpers during a 3 month soil expedition away from “civilization” along the northern
forest piedmont region of western Bolivia in 1972. The author’s Tsimane Indian assistant seen in the photograph, supplied the group with wild
animal meat using his skill with bow and arrows; he also kept the party amused with many a tale as they sat around the evening
camp-fire (when it wasn’t raining).
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It may be noted that “Soil Taxonomy” does not provide for the
grouping of soils “having similar physical and chemical properties
that reflect their response to management and manipulation
for use” until the Family category is reached (Soil Survey Staff,
1975). Notwithstanding, generalized soil properties inherent to
that classification have been approximated by Eswaran (1977) and
tabulated for the convenience of readers.
As the different classification systems are based on predetermined
criteria, the characteristics of the soils were pragmatically described
in terms of both their physical and chemical properties.

Soil physical and chemical properties
The many physical and chemical properties of the topsoils (defined
for convenience of comparison as the 0 to 20cm depth) and subsoils
(21 to 50cm depth) of the principal soils described for the individual
land facets were recorded when the information was available.
Soil physical properties recorded included: slope, texture, presence
of coarse material, depth, initial infiltration rate, hydraulic
conductivity, drainage, moisture-holding capacity, temperature
regime, moisture regime, and presence of expanding clays.
Soil chemical properties recorded included: pH, percentage of Al
saturation, exchangeable Al, Ca, Mg, K, Na, total exchangeable
bases (TEB), effective cation-exchange capacity (ECEC), organic
matter (OM), available soil P [available P data using the Olsen
method (Olsen et al. 1954), Truog (Jackson 1958) and Brazilian
(Vettori 1969) methods, approximated to values derived by the Bray
II method (Bray and Kurtz 1945)], P fixation, available soil Mn, S,
Zn, Fe, Cu, B, and Mo, free carbonates, salinity, percentage of Na
saturation, presence of cat clays, X-ray amorphous, and elements of
importance to animal nutrition.
Plate 1-3. The senior author drinking sap from a vine "vejuco" to
quench his thirst on a soil expedition along the Bolivian Piedmont
region in 1972.

Soil Classification
The most extensive soil in each land facet was first classified as
far as the Great Group category of the Soil Taxonomy system (Soil
Survey Staff 1975). In addition to they were classified in terms of
the FAO-UNESCO Soil Legend (FAO-UNESCO 1974) and the Brazilian
classification system (Carmargo et al. 1975). A series of typical soil
profiles were recorded in Volume 3 of the original study to provide
examples of the range of soils found throughout the region.
Although the senior author had previously set-up a computerized
system for recording soil profile data (Cochrane 1969), soil profiles
were not digitized for this study due to time restrictions. Software
for recording soil profile descriptions in the field has since been
developed by FAO-ISRIC (1995).

Fertility Capability Soil Classification System (FCC)
The soil chemical properties together with some of the physical
properties were also classified according to the Fertility Capability
Soil Classification System (FCC), devised by Buol et al. (1975), albeit in
a slightly modified form for tropical soils. The FCC system provides a
useful first approximation of major soil properties.

Land System Mapping
Land Systems were delineated directly onto satellite and sidelooking radar imagery following field-work and climate analyses;
they were delineated directly onto 1:1,000,000 satellite imagery or
side-looking radar imagery where this was available as shown on
Figures 1-3 and 1-4 (following page).
Although satellite imagery is superior to radar imagery for mapping
Land Systems, it was not possible at the time of the study to
obtain cloud free imagery for many high rainfall areas; in those
circumstances, Side-looking Radar imagery, where it was available,
provided at least a sufficiently accurate topographical base. For
some areas, the availability of larger-scale aerial photography
helped with the mapping of Land Systems (Cochrane 1969).
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Figure 1-3. Land System mapping on a satellite image of the environs of
Conceição do Araguãia in south-central Amazonia.

Figure 1-4. Land System mapping on radar imagery along the Amazon
River about 350 km west of Manaus.

Figure 1-5. The Land System maps
of the study region following the
the 4 degree latitude by 6 degree
longitude quadrants of the Chart
of the World at the Millionth Scale
index (Kertenetz, 1972).
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The mapping of Land Systems provided a common base for bringing
existing land resource information together. After delineation,
maps were collated and numbered according to the International
Chart of the World at the Millionth Scale index (Kerstenetzky, 1972),
as indicated on Figure 1-5. Field work was necessary to provide onthe-ground control, to help standardize descriptive criteria and to
study the variation of landscape features within the land systems.
As already noted, these variations, although not mapped because of
scale limitations, were described as land facets, and the proportion
of each land facet within a Land System was estimated from a study
of the imagery. Landscape features that could not be mapped due
to scale limitations including soil properties were digitized as an
integral part of the land facet files.

The quality and quantity of the available land resource data
It was found that the quality and quantity of the available data
varied considerably from region to region, that minor and trace
element information was seldom available, and that there were
often large distances between sampling sites. All this compounded
the problems of generalizing data. A small-scale “reliability” map
was printed alongside the printed Land Systems Map of Volume 2 of
the study “Land in Tropical America” (Cochrane et al. 1985, 2003), to
indicate the variability of the available data.

The Digital Data Management
System. The Pioneering Computerized
Methodology.
Science starts with systematization
A computerized methodology was designed and put in place at the
start of the study to systematize and facilitate the rapid appraisal
of the available land-resource information. As an integral part of
the revision, collection and mapping of the climate, landscape,
and soil information, the data were coded and subsequently
recorded in digital format on magnetic tape for use in CIAT’s
“main-frame” computer. This speeded analysis of information
and map making. Incidentally, initially (in 1977) several so-called
“computer experts” told the senior author that maps could not
be digitized… Disregarding the well-meant advice, he devised a
method for making maps based on a simple raster; this turned out
to be technically similar to several of the commercially raster-based
Geographical Information System mapping programs currently
available. Needless to say, since the late 1970’s computerization has
come a long, long way!
The way the Land System data was standardized and coded,
together with the detailed methodology, was originally described
by Cochrane et al. (1979) and subsequently by Cochrane et al. 1985,
2003). It is interesting to mention that the program used to record
non-map data as a database, was the Statistical Analysis System
(SAS) of Barr et al. (1976); it contained procedures for statistical
analyses and data reporting. In this way, the storage, analysis, and

retrieval of information were greatly enhanced. Information could
be made available almost immediately to interested institutions as
printouts or on computer tape. Database software per sé, was not
available when the studies were carried out!
The storage, retrieval, and analysis of data and map reproduction by
computers of course are no longer a novelty; this can be achieved
in many ways. In fact, the new programs and innovations that are
constantly coming on the market ensure the speedy obsolescence
of previous systems. What should not become obsolete are the base
data per sé. To foresee this problem, the information summary, or
“database,” of the study was recorded in Volumes 2 and 3 of the
printed book (Cochrane et al. 1985); this has since been re-digitized
by Cochrane et al. (2003), as explained below under the heading
“The Re-digitization of the 1985 Land Systems study”.
The geographical subdivision of the region into Land Systems
provided minimal geographic units for map making, given the scale
of the study. The subdivisions of the latter into land facets were not
mapped. However, the information relating to the land facets was
coded in the database. In this way building blocks were assembled
for describing and comparing the range of topography, vegetation,
and soils within any one Land System.

The organization of the Land System information
The Land System information was organized in four database files
titled: Climate, Land System, Land Facet and Map:
Climate file: The file, which latter formed the core of CIAT’s
“SAMMDATA” (South American Monthly Meteorological Data)
file, is made up of data for individual meteorological stations.
The parameters recorded were described on a monthly basis as
detailed in Chapter 2. The stations were indexed by geographical
coordinates, altitudes, and reference numbers to facilitate
assignment to Land Systems. The file was compiled to allow
easy programmer access to the data and updating as additional
information becomes available. A minimal number of data set
printouts are recorded in Part 2 of Volume 3 of the study “Land in
Tropical America” Table 2-1 in Chapter 2 records an example of a
meteorological data set.
Land-System file: The Land-System file recorded the generalized
landscape characteristics of the Land Systems and their
subdivision into land facets. It included data under the following
headings: AREA, ALTITUDE, PHYSIOGRAPHIC UNIT No., GENERAL
CLASSIFICATION, DISTANCE BETWEEN PERENNIAL STREAMS and
DEPTH OF WELLS. These are explained in Part 1 of Volume 3 of
the study “Land in Tropical America”. Topographic cross-section
diagrams of the Land Systems were also recorded.
Land-Facet file: The land facet file recorded the coded data of the
land facets under the following headings: GENERAL DESCRIPTION,
PERCENTAGE OF L.S. (Land System), TOPOGRAPHIC CLASS, ALTITUDE,
ORIGINAL VEGETATION CLASS %, INDUCED VEGETATION %, SOIL
CLASSIFICATION, SOIL PHYSICAL PROPERTIES, SOIL CHEMICAL
PROPERTIES, ELEMENTS OF IMPORTANCE MAINLY TO ANIMAL
NUTRITION, and FERTILITY CAPABILITY CLASSIFICATION. These
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descriptors are defined in the glossary of Part 1, Volume 3 of the
study “Land in Tropical America”.

re-prepared for use in GIS programs and the attribute database has
been re-digitized for use in MS Access.

Map file: The Land Systems Maps were indexed by geographical
coordinates in the map file using the Lambert Conical Projections
of the World Map at the Millionth Scale (Wernstedt 1972); each one
of these maps covers an area of 60º longitude by 40º latitude. In
the absence of Geographical Information System software when
the original studies were carried out, they were digitized as a raster
grid with 5 x 4 minute units. At the equator, an area of 5 minutes
of latitude by 4 minutes of longitude covers about 6800 ha. Each
one of these areas was identified as belonging to a given Land
System on the basis of the Land System occupying the greatest
part of that area. Once the 5 x 4 minute areas had been coded,
they were digitized using the FORTRAN computer language. The
digitized maps facilitated thematic map production. These were
usually made by assigning the value of the predominant land facet
to its corresponding land system. The system also facilitated the
production of maps according to various projections and scales.

The organization of the “Personal Computer Version with
Database of the study “Land in Tropical America”.

The printed record of the database for Land in
Tropical America
The book “Land in Tropical America” (Cochrane et al. 1985) contains
a record of the database information. Part 1 of Volume 2 has a copy
of a printed 1:5,000,000 scale Land Systems map of the region in
color compiled and reduced in scale from the original 1:1,000,000
sector maps, together with a booklet detailing its legend. Part
2 of Volume 2 is made up of copies of the original Land System
sector maps at the approximate reduced scale of 1:2,000,000. The
Land System information and the way it was coded is detailed in
Volume 3. By recording this data, agronomists without access to
computers could use the data, as access to computers was only
available to a privileged few at the time the study was carried out!
Further, it facilitated the re-digitization of the study for use in
personal computers PC, to take advantage of the use of up-to-date
Geographic Information System GIS, and Relational Database
RDBS, programs.

The Re-digitization of the 1985 Land
Systems study
Although by nowadays standards the Land Resource Geographic
Information System, developed for the study “Land in Tropical
America” was rudimentary, it in fact incorporated the basic
components of modern Geographic Information Systems, GIS. At
the time the study was completed, the database was only available
to institutions with mainframe computers as a role of magnetic
tape. Needless to say computers and their programs have advanced
exponentially over the last 40-odd years!
The 1985 study has been re-digitized for PC use (Cochrane et al.
2003, titled “Personal Computer Version with Database of the
study Land in Tropical America”). In the PC version of the study, the
original text is accessible using MS Word. The map files have been
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The “Personal Computer Version with database of the study Land
in Tropical America,” available from the authors’ Web site was
originally organized in the following way for ease of reference, but
may be slightly modified as time passes by:
The opening page gives a brief summary of the several features of
the study covered by the PC Version. The word “Home” is invariably
displayed as a button to return to the opening page from any of
the features of the study. The latter are accessed by simply clicking
on their respective blue buttons on the left hand side of the Home
page. The features covered by the PC Version are summarized as
follows:
Book Version. The entire book (3 volumes) was scanned and is made
available as Adobe PDF files or HTML text. The maps of the original
study were scanned for viewing in “JPEG” format.
Digital Database. The MS Access database file “Land Systems.mdb”
can be downloaded. The latter is an attribute data file set organized
to describe and analyze the many properties of the land systems
and their principal facets.

GIS Maps. Access is provided to the many Map files prepared for
use in Geographic Information System GIS software. The latter have
been prepared for use in IDRISI (Eastman, 1993), Arc View (ESRI, 1988)
and the map making program Cartalinx. They include sets of the redigitized original 60º longitude by 40º latitude Land Systems map
segments, a concated land systems map covering the entire region
studied and a selection of thematic maps.
Users Manual. A “Users’ Manual” provides a detailed guide to the
use of the PC Version.
Programs. Programs (software) necessary to view files and manage
the databases are described, along with two freeware programs, to
assist investigators with the use of the PC Version.
Authors. This provides a little information about the authors of the
PC Version.

An outline of the main files prepared for the PC Version of
the study.
To assist investigators interested in different phases of the study,
the digital files of the PC Version can readily be accessed. These may
be summarized in the following categories:

A. Text files
1. A file called Manual2.doc that provides a guide to the use of the PC
Version of the study.
2. A set of 5 files that contain most of the text of the original
published version of “Land in Tropical America” viz:

a) LTA-VOL1.doc. This reproduces most of the original text of
Volume 1 of ‘Land in Tropical America”. Volume 1 summarizes some
important findings of the study, but by no means is an exhaustive
analysis of the work. It should also be noted that several of the
map figures of the original text have been re-prepared using the PC
version of the map database; these have been recorded with the
map, files.
b) LTA-VOL2.doc. This covers the text of Volume 2 of the original
study. Part one is virtually a replication of this booklet. The set of
Land System maps in Volume 2 part 2 of the original published
study have been recorded as separate map files prepared for use in
GIS, refer to the sub-heading, “The Map files”.
c) Part 1 of Volume 3, of the original published study is essentially a
series of printouts of the database information of the land systems.
This information has been prepared as the attribute database for
used in MS Access, as detailed below.
d) Part 2 of Volume 3, which is a series of selected meteorological
printouts, has been reproduced as file LTA-MET.doc. However, it
should be noted that that this data has also been digitized as an
integral part of the attribute database, as detailed below.
e) Part 3 of Volume 3, is a series of typical soil profile descriptions
found throughout the region. This has been reproduced in the file
LTA-SOIL.doc.

B. Map Files
The Map files have been re-digitized for use in IDRISI and Arc View,
respectively. The following lists the prefixes of the re-digitized
versions of the original series of Land System map files which cover
the 4º latitude by 6º longitude quadrants shown on Figure 1-5, viz:
NC19.xxx (Caracas)

SB21.xxx (Tapajos)

NC20.xxx (Boca del Orinoco)

SB22.xxx (Araguaia)

NB18.xxx (Bogotá)

SC18.xxx (Contamana)

NB19.xxx (Río Meta)

SC19.xxx (Río Branco)

NB20.xxx (Roraima)

SC20.xxx (Porto Velho)

NA18.xxx (Cali)

SC21.xxx (Juruena)

NA19.xxx (Pico da Neblina)

SC22.xxx (Tocantins)

NA20.xxx (Boa Vista)

SC23.xxx (Río São Francisco)

NA21.xxx (Tumucumaque)

SD19.xxx (Puno – Rio Beni)

NA22.xxx (Macapá)

SD20.xxx (Guapore)

SA18.xxx (Iquitos)

SD21.xxx (Cuiabá)

SA19.xxx (Içá)

SD22.xxx (Goiás)

SA20.xxx (Manaus)

SD23.xxx (Brasília)

SA21.xxx (Santarem)

SE20.xxx (Sucre)

SA22.xxx (Belém)

SE21.xxx (Corumbá)

SB18.xxx (Javari)

SE22.xxx (Goiânia)

SB19.xxx (Juruá)

SE23.xxx (Belo Horizonte)

SB20.xxx (Purus)

SF21.xxx (Río Apa)

b) The file “LANDSYS.xxx”is a conation of the above sector map
files, and is useful for the production of thematic maps to illustrate
overall characteristics of the region, Refer Fig. 1-5.
c) A selection of thematic map files were produced by assigning the
predominant characteristic of a given theme to a given land system,
to the LANDSYS.xxx file noted above. Clearly, this provides a facility
for producing many similar maps.

C. The Attribute Database file.
The attribute database has been prepared as the MS Access file
Landsys.mdb. This contains the following tables with titles in
portugues:
Sistemas de Terras. The overall descriptors of the Land Systems.
Facetas da Paisagem. The descriptors of the land facets of the Land
Systems.
Estações meteorológicas. The description of the meteorological
stations.
Dados meteorológicos. The meteorological data.
LS_MET. A file to link the meteorological data to the Land Systems.

D. The printed Land Systems map
A printed Land Systems map was appended with the 1985 study
of “Land in Tropical America”. The map was originally a manually
made composition based on, and reduced from, the original
1:1,000,000 sheets. It was designed to provide a visual geographical
overview of the region, always within the precision limitation of
map reproduction at a scale of 1:5,000,000. This map was scanned
as a series of segment map files as an integral part of the PC Users’
version of the study. It provides a pictorial representation of the
main features of the region in terms of climate, landscape (including
natural vegetation), and soil. Clearly these factors vary considerably
from area to area due to the complexity of the agro-forestry land
resources throughout the region.

Synthesis
The Personal Computer version of “Land in Tropical America” allows
scientists to access the original study in the convenience of their
offices. It provides for the generalized description and analysis
of the agricultural and forestry land resources of the region.
Needless to say, it should always be born in mind, that since the
late 1970s early 1980s, there have been advances in the mapping and
understanding of those land resources.
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Chapter 2.

AMAZON CLIMATES
The region studied extends from a little north of the Tropic of
Capricorn to the approximate position of the “meteorological
equator” at about 10º N, as may be seen from Figure 1-1. It extends
over two distinct, but broad climatic regimes; from the “equatorial” with little change in seasons to the “tropical” with stronger
seasonal variations.
The principal factors determining the climates throughout the
region are briefly discussed. Interestingly, the more detailed study
of the climates lead to a new approach for classifying climates for
agricultural and forestry production. This is based on growing seasons. The classification provided a first approximation to describe
the climates of individual Land Systems under natural rainfall
conditions.

Major Climatic Determinants
The major climatic determinants of the equatorial and tropical
regimes are the South Atlantic anticyclone and the equatorial
trough, since the Andes effectively isolates the region from strong
effects of the Pacific anticyclone. The term “equatorial trough” is
used in preference to Intertropical Convergence Zone ITCZ, because,
while the low-pressure trough may be readily distinguished, the
actual zone, or zones, of convergence are ephemeral and the
position may only be fixed by averaging over time (Snow 1976, Riehl
1979). Consequently, the ITCZ may be considered an active part of
the equatorial trough.

The Equatorial Trough
The position of the equatorial trough follows the seasonal march
of the sun, but lags behind by about 2 months. The range of
movement from north to south is very limited when compared with
other continental situations. The equatorial trough is centered at
5º to 10º N during its most northerly advance in August-September
and at 0º to 5º S in February-March (Figure 2-1). During the southern
summer, a continental heat low develops over northern Argentina,
Paraguay, and Bolivia. Frere et al. (1975) point out that some authors
attribute this low to an extension of the equatorial trough, whereas
others maintain that it is a separate phenomenon. In either case,
the result is the same; there is an extended area of high instability
and heavy rain in the western portion of the study area during the
southern summer.
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Polar Air Masses
Invasions of the cold “polar” air mass are common during the southern winter. This produces marked and rapid drops in temperature as
the cold front passes northward. The air mass tends to be channeled
between the Andean highlands and the central Brazilian shield,
frequently reaching the upper Amazon and occasionally spilling over
the Orinoco basin into the Caribbean. The cool change, known in
Brazil as “friagem” and in Bolivia as “surazo”, may last for 3 to 5 days
or, in exceptional cases, up to 15 days. The northerly extent of a typical cold front is shown in Figure 2-1 (Ratisbona 1976).

Rainfall Patterns
Rainfall patterns follow the movement of the equatorial trough
and the development of the continental heat low. They are further
modified by interaction with the maritime air masses. Consequently
the western equatorial zone has no distinct dry season, but
bimodality may be discerned in the rainfall figures. As one proceeds
eastward in the equatorial zone, the dry season becomes more
marked and the bimodality less so. The bimodality remains in the
south-eastern section of the equatorial zone and extends into the
tropical zone. It is referred to as “veranico” in Brazil, a short dry spell
that often occurs in the middle of the wet summer period.
On either side of the equatorial zone, typical tropical patterns
of summer rainfalls and dry winter periods are noticed. Rain in
the southeastern portion of the study area (Mato Grosso and
Goias) appears to be due to winds from the upper Amazon. In
fact, the upper Amazon behaves more like a maritime zone than
a continental one. As was pointed out by Ratisbona (1976), the
potential evaporation of the equatorial forest which is greater
than 1300 mm/year throughout the region, is actually higher than
that from an ocean surface, due to its lower albedo (percentage
reflection of radiation). The dry lands of northeast Brazil including
the so-called “caatingas”, are the result of insufficient penetration
of either the maritime or the moist upper Amazon equatorial
continental air masses to this intermediate region.

Meteorological Data Collection, Compilation and Analysis
Long-term (more than 20-year) data records from over 1,100
meteorological stations were collected to compile meteorological
data sets in digital format as an integral part of the land resource
database (Figure 2-2). This work was carried out as a subcontract to
the survey by Professor (now Emeritus Professor) G.W. Hargreaves
of the Utah State University and a small team he assembled for
the work (Hancock et al. 1979); it subsequently formed the basis of
CIAT’s “South American Meteorological Data SAMMDATA” computer
files, refer to the CIAT web site.

Figure 2-1. Major determinants of climate throughout central
tropical South America showing wind directions and the position
of the equatorial trough.

Figure 2-2. Distribution of meteorological stations and regions for
dependable precipitation calculations (country and area boundaries).
(Source Hancock et al. 1979).

Table 2-1. Meteorological Data of Luziana, Central Brazil. (16° 15’ S latitude, 47° 56’ W longitude, 958m amsl)
		

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Annual

MEAN TEMP (°C)		
MEAN RAD (Langleys / day)		
PRECIPa (mm)		
POT ETb (mm)		
DEP PRECIPc (mm)		
DEF PRECIPd (mm)		
MAIe		

21.9
574
228
164
141
-64
0.86

22
523
201
135
123
-66
0.91

21.2
481
229
136
142
-93
1.04

21.1
495
96
134
53
38
0.4

19.4
452
16
120
0
104
0

18.3
440
7
110
0
103
0

18.1
461
4
118
0
114
0

20
512
5
139
0
133
0

22.1
526
27
146
7
119
0

22.3
529
130
152
76
22
0.05

21.9
527
215
145
132
-70
0.5

21.6
475
317
134
200
-183
0.91

20.9
500		
1475
1632
157
1.49

Notes on table 2-1.									
May to September = dry season						
a PRECIP (mm) = Precipitation in mm		
b POT ET (mm) = Potential Evapotranspiration				
c DEP PRECIP (mm) = 75% probability of precipitation occurrence		
d DEF PRECIP (mm) = Precipitation - Potential Evapotranspiration		
e MAI = DEP PRECIP / POT ET
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The meteorological data sets contain the following
monthly data:
MEAN TEMP

Mean temperature, in degrees Celsius.

MEAN RAD.

Mean solar radiation, in Langleys per day.

PCT SUN

Percentage of possible sunshine.

PRECIP.

Mean precipitation, in millimeters.

POT ET

Potential evapotranspiration, in millimeters.

DEF PREC

Precipitation deficit, in millimeters.

DEP PREC

Dependable precipitation, in millimeters.

MAI

Moisture Availability Index.

For some stations, the relative humidity was also estimated and
appears on the computer printouts as MEAN R.H.; for others, mean
maximum and minimum temperatures are also recorded.
Table 2-1 was extracted from the computer printout of the
meteorological data for Luziania located in the savannas of
central Brazil (Hancock et al. 1979). It illustrates the meteorological
summaries used to help with the delineation of Land Systems. The
data recorded and calculated are:
Mean Temperature: When temperature data (MEAN TEMP) were not
available for a station, an estimate was made based on data from
stations closely related geographically and by taking into account
the relationship between elevation and temperature. Temperature
decreases by an amount of about 0.0055 times the elevation in
meters, or 5.5ºC for every 1000 meters of increase in elevation.
Mean Solar Radiation: When solar radiation data (MEAN RAD.)
were not available for a station, estimates were made from solar
radiation maps developed by Loft et al. (1966), or were computed
from a multiple-regression equation using such values as longitude,
latitude, and precipitation. The solar radiation (RS), in Langleys per
day, was converted to equivalent millimeters of evaporation per
month (RSM) by correcting for the number of days in the month
(DM) and the latent heat of vaporization of water (L) as:
RSM = DM x RS/L
The average L value for a month was calculated from the mean
monthly air temperature in degrees Celsius (TMC) by the equation:
L = 595.9 - 0.55 X TMC.
Potential Evapotranspiration: Potential evapotranspiration POT
ET, was calculated to determine the water balance and growing
seasons. It used to be referred to as the water consumption of an
extended surface of 8 to 15 cm tall, green grass cover that is actively
growing and completely shading soil well supplied with water.
However, Monteith (1973) noted that “experience on experimental
sites ranging from field plots to large catchments has shown that
the restriction to short green cover is unnecessary”. As indicated in
Chapter 12, this question has since been discussed by climatologists
a little more carefully. The term “POT ET” is now referred to more
accurately as “Reference (crop) Evapotranspiration, ETo”. Be all this
as it may, an estimate of POT ET (or ETo) is a necessary climatic
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parameter to help judge the agricultural potential of an area,
especially in comparing similarities and differences in climatic
regimes and predicting irrigation and drainage needs.
From physical considerations, it is well recognized that air
temperature, radiation balance, humidity, and wind speed are
factors for estimating evaporation from a surface (Penman 1963).
However, several workers have shown that empirical relationships
using only temperature are inadequate, but that if radiation
estimates are included, an acceptable estimate can be obtained for
sites where complete information is lacking.
Hargreaves’ (1977a) used his equation based on solar radiation and
temperature to calculate POT ET values in millimeters per month for
the study POT ET was abbreviated by Hargreaves’ as “ETP”:
ETP = 0.0075 X RSM X TMF
In which: RSM is incident solar radiation expressed as equivalent
millimeters of evaporation per month, and TMF is the mean
monthly temperature in degrees Fahrenheit.
Hargreaves (1977b) has shown that his equation compares favorably
with other equations that give acceptable estimates of POT ET.
Precipitation Deficit: The precipitation deficit (DEF PREC) is simply
the difference between the mean precipitation (PRECIP) and the
POT ET.
Dependable Precipitation: Dependable precipitation DEP PREC or
PD, refers to the 75% probability of precipitation occurrence, is the
amount of precipitation that will be equaled or exceeded in 3 out
of 4 years. The probability distribution of monthly rainfall amounts
is known to be skewed markedly toward the lower values. For this
reason, some workers, for example Frere et al. (1975), have used a
log normal distribution to estimate the dependability of rainfall. A
better approximation is the gamma distribution; although it was
originally thought to be rather difficult to calculate, the gamma
distribution can now be done readily using a computer. Hargreaves
and his team at Utah State University made gamma-distribution
estimates of dependable precipitation for many stations in the
area covered by the land systems map. However in order to be
able to fit the distribution, records for a large number of years
must be available. Unfortunately, many stations in the area had an
insufficient period of record. It was noted however, that there was
a strong linear relationship between the mean monthly rainfall and
dependable precipitation if the sample is restricted to a climatically
uniform area (Hancock et al. 1979). It is thus possible within each
sub-area to estimate dependable precipitation (PD) from mean
rainfall (Pm) by a simple equation:
PD = a + bPm
The coefficients a and b were estimated from the existing gamma
distributions. These estimates are shown, by region, in Table
2-2; the regions themselves are indicated in Figure 2-2. The linear
relationship was used to estimate dependable precipitation for all
stations in the study area using as a base the mean rainfall data
given in Wernstedt (1972).

Table 2-2. Regression coefficients for determining dependable
precipitation, by location		
Region/Country		

A value		

B value

Central America		
-23.00		
0.84
South America					
Brazil		
l
-20.00		
0.85
		
ll
-9.00		
0.57
		
lll
-23.00		
0.79
		
lV
-11.00		
0.69
		
V
-11.00		
0.67
-10.00		
0.69
Bolivia			
-25.00		
0.84
Colombia			
-5.00		
0.64
Ecuador			
-25.00		
0.84
French Guiana		
-14.00		
0.77
Guyana			
-10.00		
0.69
Paraguay			
l
-1.00		
0.18
Peru		
		
ll
-5.00		
0.70
-14.00		
0.77
Surinam			
-10.00		
0.69
Uruguay			
-14.00		
0.77
Venezurla			
-23.00		
0.84
Caribbean Islands
Moisture Availability Index: The moisture availability index MAI,
was introduced by Hargreaves in 1972. It is a moisture adequacy
index at the 75% probability level of precipitation occurrence. It is
defined as:
MAI = DEP PREC / POT ET
A MAI value of 1.00 indicates that dependable precipitation equals
potential evapotranspiration.
In order to develop a classification that would take soil-moisture
adequacies to some account, Hargreaves (1972) proposed that MAI
be adopted as a standard index for measuring soil water deficiencies
and excesses by suggesting the following classification:
MAI value

Category

0.00 to 0.33

Very deficient

0.34 to 0.67

Moderately deficient

0.68 to 1.00

Somewhat deficient

1.01 to 1.33

Adequate

1.34 and above

Excessive

Hargreaves showed that there is a good relationship between MAI
and crop production when soil moisture is adequate for a week
or more and recommended a level “less than 0.34” to define a dry
month. Conversely, a wet month was defined as one with an MAI
greater than 0.33, always bearing in mind that this level may be too
low for soils with very low moisture-holding capacities.

Soil Moisture
Interestingly, if the MAI is qualified by the corollary “when soil
moisture is adequate for a week”, it would describe soil moisture
availability in terms of the climatic potential to both supply and
extract soil moisture at a given location during a given period of
time, as well as implying the ability of a soil to store and supply
water. In this sense, the criterion would more sensitive for a given
soil during periods of high potential evapotranspiration than during
periods with lower potential evapotranspiration; further, it would
be more critical for soil with low moisture-holding capacities.
Therefore, the need to take soil moisture-holding capacities
into account in relation to the water balance at a given time of
the year must be emphasized, and taken into account for any
given circumstance. Soil moisture-holding capacities are further
discussed in Chapter 6.

The Problem of Geographical Gaps in the
Meteorological Data
Although a large number of meteorological data sets were collected
and screened for consistency, a problem arose for the Amazonian
region and parts of Central Brazil in that the distances between
meteorological stations with long-term data were often too great to
enable acceptable extrapolations. In an attempt to overcome .this
problem, it was decided to investigate the possible dependency of
the natural vegetation on climate (Cochrane and Jones, 1981).

Physiognomic Vegetation Classes
Physiognomic vegetation classes as defined in Chapter 4, were used
to describe the vegetation of the land facets of the Land Systems.
Figure 4-1 of Chapter 4 provides a picture of the major vegetation
classes throughout the region. It was made as a thematic map by
assigning the vegetation class of the major land facets to the Land
Systems. The vegetation classes include poorly drained savannas,
well drained savannas, tropical rain forest, tropical semi-evergreen
seasonal forest, tropical deciduous forest, caatinga, and others
(including subtropical and submontane forests, swamp forests, and
other vegetation classes). These classes are detailed in Chapter 4.
The term “well-drained savannas” covers those vegetation types
referred to in Brazil as “cerrados,” found on dry land, described
in detail by Eiten (1972). The definitions of forest types follow the
descriptions by Eyre (1968).

Discriminant Analyses of the Vegetation Classes by
Assigning Meteorological Data
A vegetation class was assigned to each of 251 meteorological
data sets, from stations spaced as evenly as possible throughout
the region, on the basis of the native vegetation growing on the
well-drained soils in their vicinities. Sixty-one meteorological
stations were located throughout the savannas, 38 in tropical
semi-evergreen seasonal forests, 49 in tropical rain forests, 84 in
deciduous forests, 8 in subtropical semi evergreen forests, and
11 in subtropical evergreen forests. In order to investigate the
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possible relationships between the native vegetation classes and
climate parameters, unlike the approach adopted by previous
workers, many combinations of different climatic parameters were
calculated from the data sets. Particular importance was given to
using parameters calculated on a seasonal basis and not exclusively
on an annual basis. These parameters included the number of wet
months, wet-season mean monthly temperatures WSMT, wetseason radiation, wet-season potential evapotranspiration WSPE,
and dry season moisture availability DSMA. The latter was an index
of the severity of the dry season, in contrast merely to its length.
The different parameters were then examined through discriminant
analyses, both parametric and nonparametric, to see if they
followed the vegetation classes. Of particular interest was the way
the WSPE parameter discriminated the vegetation classes.

Vegetation and Wet-Season Potential Evapotranspiration
Figure 2-3 summarizes the investigation of the dependency of
the vegetation classes on WSPE (wet-season mean potential
evapotranspiration) and WSMT (wet-season mean monthly
temperatures). The observations were computer plotted in
the WSPE X WSMT space, and clustering of the vegetation
classes can readily be seen. To delineate the classes, the lines of
equiprobability of assignment were manually plotted between
the various populations, by graphically finding the intersects of
successive confidence ellipsoids. The posterior probability of correct
assignment for the vegetation classes was estimated as:

Computer cluster
codes on Figure 2-3.

Probability of correct
assignment

A Deciduous Forest

0.91

B Well-drained savanna

0.68

D Tropical semi-evergreen seasonal forest

0.71

E Tropical rain forest

0.87

F Subtropical semi-evergreen forest

0.67

G Subtropical evergreen forest

0.60

Note: The poorly drained savannas (C) could not be included in this
analysis because there were records from only two sites.)
Using the nonparametric technique of nearest neighbor
classification described by Cover and Hart (1967) as implemented
by Barr et al. (1976), the data set was divided into two randomly
selected halves and each subset used both as a calibration set and
a test set. The two sets of results were then combined to form
estimates of the probability of correct classification. These were
A = .77, B = .73, D = .41 and E = .88. F and G contained no correct
classifications due to the small sample size.
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Figure 2-3. Cluster Diagram of vegetation classes throughout
tropical South America in terms of total wet season potential
evapotranspiration WSPE, and wet season mean monthly
temperatures WSMT (after Cochrane and Jones 1981).
Note: A, deciduous forests including caatingas; B, well-drained
savannas; (poorly drained savannas, C, not shown); D, tropical semievergreen seasonal forest; E, tropical rain forest; F, sub-tropical
semi-evergreen seasonal forests; G, subtropical evergreen forests.
Unbroken lines show equiprobability of assignments. (Unbroken
lines are 95% confidence ellipsoids for the vegetation classes).

Wet Season Potential Evaporation WSPE, and the
Well-Drained Savannas
To check the possible variation of WSPE between well-drained
savannas with different wet-season lengths, the 61 meteorological
data sets from the stations located in the savannas were
subdivided into three groups with 6, 7, and 8 months of
wet season, respectively, and the total wet-season POT ET values
and the wet-season average monthly POT ET values of the groups
were compared.
Table 2-3 shows that there is no significant difference between
the total wet-season POT ET values for savannas having a 6, 7,
or 8-month wet season (t-test probability of difference between
means: 0 .2, not significant). On the other hand, it shows that
the monthly average wet-season POT ET values are significantly
different (t-test probability of difference between means: 0 .001,
very significant). The monthly average wet-season POT ET values
decrease with an increase in the length of the wet season.

Table 2-3. Total wet-season potential evapotranspiration POT ET,
values and monthly average wet-season potential evapotranspiration
values, according to the number of wet season months of the
well-drained savannas.
Length of wet season
No of meteorological data sets

6 months

7 months

8 months

13

39

9

904.7

969.4

976.1

Total Wet Season POT ET*
Mean, mm
Variance

1696

2528

2115

42.86

50.94

48.78

150.8

138.3

122.1

Variance

47.13

49.77

33.05

S.D.

6.146

7.147

6.069

S.D.
Monthly average Wet season POT ET**
Mean

* t-test probability of difference between means: 0.2 (not significant)
** t-test probablity of difference between means: 0.001 (very highly significant)

WSPE throughout the well-drained savanna regions a virtual
constant.
It is clear that the WSPE throughout the well-drained savanna
regions is virtually constant. In Figure 2-3, the group of welldrained savannas (cluster code B) falls in a narrow, compact band
right across the center of the cluster diagram, indicating that they
can be differentiated on WSPE alone! Indeed, the range of WSPE
experienced is remarkably small in spite of considerable difference
not only in wet-season length, but also in wet-season temperatures.
When constants are found in science, progress follows.

Native Vegetation as a Guide for Extrapolating Climatic Data
The discriminate analysis work demonstrates a close relationship
between the native vegetation over the region and WSPE. For any
given month, providing that the Moisture Availability Index MAI, is
high enough to allow relatively unrestricted water availability, the
actual evapotranspiration would closely follow the POT ET under
the natural vegetation cover. Therefore, the WSPE approximates
the annual consumptive water use of the vegetation. As such, the
WSPE is a proxy estimate of the amount of annual energy the native
vegetation can use for growth in the absence of irrigation. It follows
therefore, and as shown by the analyses, that the savannas found
on dry lands occupy a well-defined habitat delimited by the climatic
potential for growth; this potential is greater than that of deciduous
forests but less than that of evergreen and semi-evergreen forests.
Subtropical vegetation classes, although dependent on WSPE,
appear to be further differentiated, as expected, by growing-season
temperature. The group of deciduous forests (cluster code A) is a
composite group.

The finding that WSPE regimes follow major vegetation classes
provides for a better understanding of these inter-relationships.
In the context of tropical South America, with its rapidly
expanding agricultural frontiers, where as often as not little or no
recorded climatic data are available, it is evident that the natural
vegetation growing on well-drained soils can be used as a guide to
extrapolating climatic patterns.

Agro-forestry Climatic Sub-regions
Following from the discriminate analytical work that showed a close
relationship of native vegetation to WSPE, it was decided to use
this finding as the basis for a novel agro-forestry classification of
climatic sub-regions throughout tropical South America. As WSPE
provides a comparable approximation or “proxy estimate” of the
amount of energy available for plant growth, the WSPE regimes
found within the major vegetation zones were used to help define
climatic sub-regions. Together with the length of the wet season
and the Wet Season Mean Temperatures WSMTs, region was
subdivided into five main and two less-defined climatic sub regions;
these are summarized in Table 2-4. It should be clarified that WSPE
was calculated from the meteorological data on the assumption
that the soils of a given locality were well-drained and would hold
sufficient moisture to enable no stress growth for at least a week
under the prevailing POT ET regimes. Clearly, only the natural rainfall
at the 75% probability level was considered, without supplemental
irrigation.
Table 2-4. Climatic Sub-regions of Tropical South America.
Climatic
subregion
code

WSPE* (mm)

Climate Wet
Months** (No.)

WSMT***
(°C)

Subregion name

a

> 1300

>9

>23.5

Tropical rain forest

b

1061-1300

8 to 9

>23.5

Semi-evergreen
seasonal forest

c

900-1060

6 to 8

>23.5

Isohyperthermic
savanna†

d

900-1060

6 to 8

<23.5

Isorthermic
savanna†

e

<900

<6

>23.5

(Semi)-deciduous
forest

f

Subtropical
vegetation‡

o

Otherº

*WSPE: total wet-season potential evapotranspiration, the sum of the
potential evapotranspiration of the wet months
**Wet months are months with a moisture availability index (MAI) >0.33
***WSMT: wet-season mean monthly temperature
† terms not used in accordance with U.S. Soil Taxonomy (Soil Survey Staff,1975)
‡ Subtropical or submontane forests
º Other vegetation on predominately poorly drained or seasonally flooded
lands or nonclassified.
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Approximately 27% of the region falls into the tropical rain forest
sub-region (climatic code a), mainly in the western half of the
Amazon basin. The semi-evergreen seasonal forests, (climatic
code b) characterized by the narrow range of an 8- to 9-month
wet season, occupy 38% of the area, most of it in Brazil east of
Manãus. The isohyperthermic savannas (climatic code c), 16%
of the region, are well-drained native grasslands surrounded by
forest vegetation. They include parts of the Brazilian Cerrados, the
northern and western Bolivian Pampas, and the eastern Llanos of
Colombia, a large part of the central Llanos of Venezuela, and parts
of the Rupununi plains and the Boa Vista and Amapá Cerrados
of Amazonia. Climatic sub-region d, the isothermic savannas,
comprises mainly the central plateau areas of the Cerrados of
Brazil; these differ from the Llanos in terms of a cooler temperature
regime. They occupy 5% of the region. Climatic sub-region e is
comprised of areas covered with deciduous vegetation.
Figure 2-4 indicates the distribution of the climatic sub-regions
throughout Tropical South America.
Table 2-5 shows a meteorological data set from a site in each of the
climatic sub-regions.

Figure 2-4. Climate sub-regions of tropical South America according to
wet season potential evaptranspiration WSPE, length of wet season in
and temperature regimes.
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Table 2-5. Climatic data sets of sites located in each of the major climatic sub-regions of the central lowlands of tropical South America.
Month
Parameter*

Jan.

Feb.

Mar.

Apr.

May

Jun.

Jul.

Aug.

Sep.

Oct.

Nov.

Dec.

Annual

Climatic sub-region a: Tropical rainforest
Site: Cruz do Sul, AC, Brazil. Lat.7º38’S, Long. 72º40’W, 170 masl
MEAN TEMP.

24.40

24.60

24.40

24.20

24.10

23.40

22.90

23.80

24.50

24.60

24.70

24.60

24.20

MEAN R.H.

92.00

92.00

92.00

89.00

80.00

73.00

74.00

77.00

89.00

94.00

87.00

96.00

86.00

PCT SUN

30.00

30.00

31.00

36.00

50.00

57.00

56.00

53.00

36.00

28.00

40.00

23.00

39.00

MEAN RAD.

390.00

391.00

386.00

384.00

412.00

418.00

425.00

451.00

405.00

372.00

447.00

339.00

402.00

PRECIP.

246.00

244.00

269.00

241.00

138.00

104.00

47.00

86.00

147.00

251.00

216.00

241.00

2230.00

POT.ET.

118.00

108.00

117.00

112.00

124.00

120.00

124.00

135.00

119.00

113.00

132.00

103.00

1426.00
-804.00

DEF.PREC.

-128.00

-136.00

-152.00

-129.00

-14.00

16.00

27.00

49.00

-28.00

-138.00

-84.00

-138.00

DEP.PREC.

189.00

187.00

209.00

185.00

97.00

68.00

20.00

53.00

105.00

193.00

163.00

185.00

MAI

1.60

1.74

1.78

1.65

0.78

0.57

0.16

0.40

0.99

1.71

1.24

1.79

Climatic sub-region b: Semi-evergreen seasonal forest
Site: Manuas, AM, Brazil. Lat. 3º8’S, Long. 60º1’W
MEAN TEMP.

25.90

25.80

25.80

25.80

26.40

26.60

26.90

27.50

27.90

27.70

27.30

26.70

26.60

MEAN R.H.

88.00

89.00

89.00

88.00

81.00

74.00

71.00

63.00

67.00

76.00

78.00

85.00

79.00

PCT SUN

38.00

36.00

37.00

37.00

48.00

56.00

59.00

67.00

63.00

54.00

51.00

43.00

49.00

MEAN RAD.

420.00

415.00

418.00

418.00

426.00

441.00

462.00

525.00

541.00

509.00

491.00

443.00

458.00

PRECIP.

276.00

277.00

301.00

301.00

193.00

99.00

61.00

41.00

62.00

112.00

165.00

228.00

2102.00

POT.ET.

132.00

118.00

131.00

131.00

135.00

136.00

149.00

172.00

173.00

167.00

155.00

142.00

1732.00
-370.00

DEF.PREC.

-144.00

-160.00

-170.00

-164.00

-58.00

37.00

88.00

131.00

111.00

55.00

-11.00

-86.00

DEP.PREC.

215.00

215.00

236.00

224.00

114.00

64.00

32.00

15.00

33.00

75.00

120.00

174.00

MAI

1.62

1.83

1.80

1.82

1.06

0.47

0.22

0.09

0.19

0.45

0.78

1.22

Climatic sub-region c: Isohyperthermic savanna
Site: Conceicao do Araguaia, PA, Brazil Lat. 8º15’S, Long. 49º12’W
MEAN TEMP

25.10

24.90

25.20

25.60

25.60

25.10

24.90

26.00

26.70

25.80

25.60

25.20

25.50

MEAN R.H.

88.00

89.00

88.00

79.00

65.00

48.00

48.00

54.00

70.00

83.00

83.00

89.00

73.00

PCT SUN

39.00

37.00

38.00

50.00

66.00

79.00

82.00

74.00

60.00

47.00

45.00

36.00

54.00

MEAN RAD

437.00

431.00

428.00

453.00

470.00

488.00

510.00

530.00

521.00

479.00

477.00

427.00

471.00

PRECIP

253.00

252.00

263.00

163.00

60.00

8.00

7.00

15.00

64.00

163.00

196.00

227.00

1671.00

POT.ET.

135.00

119.00

132.00

137.00

147.00

146.00

156.00

167.00

162.00

150.00

144.00

132.00

1727.00
56.00

DEF.PREC.

-118.00

-133.00

-131.00

-26.00

87.00

138.00

149.00

152.00

98.00

-13.00

-51.00

-95.00

DEP.PREC.

195.00

194.00

204.00

119.00

31.00

0.00

0.00

0.00

34.00

119.00

146.00

173.00

MAI

1.45

1.63

1.58

0.87

0.21

0.00

0.00

0.00

0.21

0.79

1.01

1.31

Climatic sub-region d: Isothermic savanna
Site: Luziana, GO, Brazil. Lat.16º15’S, Long. 47º56’W, 958 masl
MEAN TEMP

21.90

22.00

21.70

21.10

19.40

18.30

18.10

20.00

22.10

22.30

21.90

21.60

20.90

MEAN R.H.

72.00

78.00

79.00

61.00

52.00

41.00

38.00

43.00

63.00

75.00

79.00

87.00

64.00

PCT SUN

59.00

52.00

51.00

69.00

76.00

84.00

87.00

83.00

67.00

55.00

50.00

40.00

64.00

MEAN RAD

574.00

523.00

481.00

495.00

452.00

440.00

461.00

512.00

526.00

529.00

527.00

475.00

500.00

PRECIP

228.00

201.00

229.00

96.00

16.00

7.00

4.00

5.00

27.00

130.00

215.00

317.00

1475.00

POT.ET

168.00

135.00

136.00

134.00

120.00

110.00

118.00

139.00

146.00

152.00

145.00

134.00

1632.00
157.00

DEF.PREC.

-65.00

-66.00

-93.00

38.00

104.00

103.00

114.00

133.00

119.00

22.00

-70.00

-183.00

DEP PREC

141.00

123.00

142.00

53.00

0.00

0.00

0.00

0.00

7.00

76.00

132.00

200.00

MAI

0.86

0.91

1.04

0.40

0.00

0.00

0.00

0.00

0.05

0.50

0.91

1.81
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Climatic sub-region e: (Semi-deciduous seasonal forest)
Site: Ibipetuba, BA, Brazil. Lat 11º1’S, Long. 44º31’W, 434 masl
MEAN TEMP

24.60

24.60

24.60

24.50

23.40

21.90

21.50

22.30

24.90

26.30

25.50

24.80

24.10

MEAN R.H.

56.00

65.00

73.00

56.00

46.00

48.00

45.00

38.00

52.00

59.00

69.00

74.00

56.00

PCT SUN

73.00

65.00

57.00

73.00

81.00

83.00

82.00

87.00

76.00

71.00

61.00

56.00

72.00

MEAN RAD.

621.00

578.00

520.00

535.00

503.00

478.00

489.00

557.00

579.00

596.00

568.00

546.00

547.00

PRECIP

125.00

145.00

136.00

73.00

12.00

1.00

1.00

1.00

7.00

53.00

158.00

198.00

910.00

POT.ET

189.00

159.00

158.00

157.00

149.00

132.00

138.00

160.00

172.00

189.00

171.00

167.00

1942.00
1032.00

DEF.PREC.

64.00

14.00

23.00

84.00

137.00

131.00

137.00

159.00

165.00

136.00

13.00

-31.00

DEP PREC

72.00

86.00

80.00

38.00

0.00

0.00

0.00

0.00

0.00

25.00

94.00

121.00

MAI

0.38

0.54

0.50

0.24

0.00

0.00

0.00

0.00

0.00

0.13

0.55

0.72

Soil Moisture and Rainfall Problems within the Climatic
Sub-regions
Wet-land savannas: The mapping of climatic sub-regions does not
take into account the differences between well-drained and poorly
drained savannas. This fundamental difference between savannas
has led to a lot of confusion in the past concerning the nature of
savannas; poorly drained savannas are found in climatic sub-regions
with 2 to 6 months of dry season, and a wide range of WSPEs, as the
edaphic circumstance of water-logging overrides the climatic effect.
Sandy Soils: Vegetation growing on soils that have less than the
medium capacity to store plant-available water, such as sandy
Spodosols and many Oxisols, can quickly suffer moisture stress.
Such situations occur both in the Amazon basin and in the Brazilian
Cerrados. In the Amazon basin, Alvim and Silva (1980) note that
areas of “campinarana” vegetation (a type of low, open forest) are
prevalent on sandy soils with very low moisture holding capacities,
surrounded by soils with higher moisture holding capacities covered
in semi-evergreen seasonal forests. However, it may be noted that
many of these campinarana areas also suffer from a wet-season
hydromorphic condition.
Veranicos: Veranicos are erratic, but often prolonged, 10-20 day
periods with no rainfall commonly occurring during the “wetseason” months of January and February in the “cerrados”
(well-drained savanna region) of Central Brazil. They are often cited
as the cause of considerable yield reductions in shallow rooting
annual crops.
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Veranicos can usually be identified from the monthly
meteorological data sets as comparative differences between
the MAI values of the peak wet-season months of December to
March. For example, the meteorological data set for Luziania (refer
Table 2-1) shows lower MAI values in January and February than in
December or March; nevertheless, the actual monthly MAI values
for all 4 months are well above the value 0.33 used to signify a dry
month. This would suggest that the moisture-stress condition
resulting in reduced crop yields is not only a climatic problem but
also a soil problem; a function of shallow rooting in soils with low
moisture-holding capacities. In fact, it was demonstrated in the
Cerrados Center (CPAC, EMBRAPA) near Brasilia that this moisturestress condition can be obviated in soybeans growing in Oxisols if
deeper rooting is encouraged by applying single superphosphate to
help overcome soil Al toxicity and P and Ca deficiency conditions (E.
Wagner, Ex-director CPAC, pers. comm. 1983).

A Fresh Approach to Climatic Zoning for Agro-forestry
The wet-season potential evapotranspiration concept has provided
a fresh approach for zoning climatic sub-regions throughout
lowland tropical America for non-irrigated, perennial agricultural
crop and forestry production. It is leading to a better understanding
of the region and provides a basis for defining broadly comparable
climatic conditions for the selection, testing, and transferring
of new pasture plant accessions (CIAT, 1980b). The concept is
compatible with the recently developed theory of unifying
principles for water movements in biological tissues, including
plants (Cochrane, 1994 and Cochrane and Cochrane, 2006, 2007) as
explained in Chapter 12; refer also to Appendix 9.

Chapter 3.

AMAZON LANDSCAPES
From north to south, the region covered by the Land Systems Map
of the original 1:1,000,000 study extends from the Panamanian
isthmus to southern Brazil; from east to west it reaches from the
Atlantic Ocean to the Andean foothills (Figure 1-1).
It covers large part of the watersheds of the Orinoco, Amazon,
and Paraná rivers, South America’s three major river systems. Its
physiography is molded from geological formations spanning nearly
1000 million years; from the Precambrian shields of central Brazil
and the Guyanas rich in granites, micas, and gneiss to the alluvial
deposits of many rivers that occurred in the recent times. Between
these extremes there is a rich diversity of landscape formation on
sedimentary, metamorphic, and volcanic deposits with a gamut
of ages and materials. These include shales from the Devonian to
Tertiary periods; mudstones and sandstones of the recently uplifted
Andean foothills and their more recent andesitic volcanic ash
mantling in the equatorial region; mudstones and sandstones of
the Orinoco, Amazon, and the western Paraná basins dating from

the Tertiary and Quaternary eras; and an extensive Cretacean tufa
(volcanic) capping over parts of the Precambrian-shield region of
southern Brazil (Mozart Parada and Maia de Andrade, 1977).

Geology
The Brazilian shield, visible as the plateaus of central Brazil (refer
Plate 3-1) and the higher lands of eastern Bolivia, and its more
northern equivalent the Guyana shield seen mainly in southern
Venezuela, date to the Precambrian era. They are the oldest land
surfaces in South America.
In some places outcrops of hard granitic rock give these regions
a more broken topography than that often associated with old
surfaces. The landscapes of the two shields are separated by the
much younger Tertiary, Quaternary, and Recent sediments of the
Amazon “basin”. Continental drift theory suggests that these
shields were once a part of the African continent.

Plate 3-1. The Alcantillados tablelands on the western edge of the Brazilian Shield formation. Photograph taken from the air about 150km west of
the city of Rondonôpolis in northern Mato Grosso. The flat cerrados (savanna) lands developed on red oxisolic soils, had recently been cleared and
prepared for soybean cultivation at the time the senior author took the photograph (1979).
An Overview of Amazonia
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The Brazilian shield extends westwards at a relatively shallow depth
across the northern plains of eastern Bolivia (at a depth of about
600 m in the vicinity of the city of Trinidad) to the sub-Andean
piedmonts. According to Schlatter and Nederlof (1966), Bolivia can
be divided into a tectonically higher northern half and a deeper
southern half, separated by a tectonic belt or “fault line” extending
from the city of Arica on the Pacific coast of Chile, to the “elbow”
of the Andes in the environs of the village of Buena Vista about 80
km to the north of the city of Santa Cruz. The fault line continues
eastwards across the continent. This phenomenon, considered
in relation to the tremendous centrifugal forces caused by the
spinning of the world around its axis over the eons, might provide
a possible explanation for the directional change in the lie of the
Andes: A little to the north of Buena Vista, the Andes swing from
a northwest to south direction, resulting in a considerable effect
on climate. Schlatter and Nederlof consider that the Andean uplift
started in mid-Tertiary times. Movements were spirogenic, and
two major Neogene depositional basins were formed; the Altiplano
Trough, sandwiched between the Andes, and the Eastern Foredeep.
Both received sediments mainly from the Andes.
At the end of the Pliocene or possibly the start of the Pleistocene
era, the main Andean uplift created the high Andean Cordilleras.
These are the result of largely vertical uplift with block faulting (a
Germanotype style) and asymmetric folds. They are in a stage of
active erosion.

Plate 3-2. Cachuela Esperanza (a series of large rapids), near the village
with the same name, on the lower Mamoré river which traverses the
tropical lowland of eastern Bolivia. In the early nineteen hundreds at
the height of the “rubber boom”, the so-called “rubber baron” Don
Nicolas Suarez, built a small railway to transport rubber and other
goods around these rapids.

Erosion is particularly noticeable in the sub-Andean foothills, which
in many places show evidence of very recent uplifting. Erosion,
particularly in parts of Peru and Bolivia, is taking place in spite of
the forest cover; it is more dramatic where soft sandstones and
conglomerates are found exposed and bare of vegetation in the
foothill region.

Hydrology
The Orinoco, Amazon, and Paraná river systems drain most of the
region; they provide waterways for transport and fishing and are an
immense resource for power generation. The Amazon river system
is navigable for large, seagoing ships as far inland as Manãus, and
for quite large vessels as far inland as Porto Velho, the capital of
Rondônia State in western Brazil, and to Iquitos and beyond in Peru.
Small riverboats penetrate much further along its many tributaries.
It is unfortunate for Bolivia that rapids (rocks belonging to
the Brazilian shield formation) make the principal Amazonian
tributaries, the lower Beni and Madeira rivers, impassable to river
craft (Plate 3-2), and onwards downstream to Puerto Velho. To
overcome this problem, a railway was built during the height of the
rubber boom in the early 1900s to link the cities of Guajara-Mirim
and Porto Velho; it was abandoned in 1966 (Plate 3-3).
The Parana river basin has undergone rapid development and
landuse change over the past 30 years. The basin now contains over
160 hydroelectric power stations including the Itaipu hydroelectric
facility which alone produces up to 25% of Brazil’s electicity
needs and over 75% of Paraguay’s (Plate 3-4). Throughout the 70’s,
80’s, and 90’s, rapid agricultural expansion caused uncontrolled
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Plate 3-3. A remnant of the fabled “Mamoré-Madeira” railway financed
in the early nineteen hundreds by the entrepreneur Mr. Farquar. to
transport rubber from the town of Guajara-Mirim on the lower Mamoré
river to Pto. Velho on the upper Madeira river. This was to avoid the
many rapids on the upper reaches of the Madeira river that had to be
by-passed by river craft. The railway finally ceased functioning in 1963
following the construction of a new road between these towns. -On
an early visit to the region, the senior author casually came across a
very pleasant elderly negro man who greeted him in English with an
unmistakable West Indian accent. He told the author that he had come
from Barbados at the age of 6 with his dad who was one of the many
workers contracted to help build the railway! It is said that the railway
cost the life of a man per meter of construction, to malaria.

Plate 3-4. The Paranaiba (a) and Itaipu (b) hydroelectric facilities constructed on the Parana river. Itaipu produces 25% of Brazil’s electicity needs
and over 75% of Paraguay’s. There is an ever-increasing pressure to construct dams for hydroelectric power throughout the Amazon region.

Plate 3-5. The “Foz do Iguaçu”. The color of the water of these
spectacular series of waterfalls of the Parana river forming the
Brazilian-Argentine border is indicative of the serious soil erosion
problem of southern Brazil.

Plate 3-6. Examples of conservation practices implemented at key
locations in the state of Parana. Between 2000 and 2003 the junior
author developed a monitoring and modeling system to quantify
sediment delivery to the Itaipu reservoir, resulting in the identification
of key sources of sediments and recommendations for reduction of
sediment delivery to the reservoir throughout the 150,000 km2 Itaipu
basin (Cochrane et al. 2002).
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Plate 3-7. Flooding near the town of Trinidad in the center of the
“Pampas de Mojos”, a tropical lowland wet-savanna region covering a
large extension of eastern Bolivia. This problem has been exacerbated
by the ever-increasing cultivation of “coca” in the foothill catchments
of the head waters of the Mamoré river.
soil erosion and rapid sedimentation of reservoirs. The erosion
in southern Brazil, and the need for urgent control measures, is
indicated by the color of the water tumbling over the Foz do Iguaçu
as shown in Plate 3-5 taken in the late 70’s. Concerns about loss
of potential to generate electicity and reduction in soil fertility
promted hydropower facilities, farmers, and local governments to
promote and implement programs for the wide-spread use of soil
conservation practices (Plate 3-8).
Major hydrological disasters could well take place in the coming
years over parts of the watersheds of the Orinoco and, especially,
the Amazon rivers, unless the on-going tendency to encourage
colonization in unstable foothill regions is discontinued.
Fortunately, the “carretera marginal de la selva” (marginal jungle
road), a road project advocated by an ex-President of Peru in the
1970s, to follow right along the Andean foothills, was abandoned.
Unfortunately however, deforestation of erodable foothill lands
proceeds apace by “colonists” expanding the cultivation of coca.
A current example of this is the increased frequency and intensity
of flooding of the city of Trinidad in the middle of the Bolivian
Pampas de Mojos sited near the Mamoré River, as seen in Plate 3-7. –
Upstream, the Andean foothills are actively eroding due to the coca
cultivation which has accelerated over the past 25 years.

Physiographic Regions
Figure 3-1 illustrates the major macro physiographic regions
identified throughout the region.
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Figure 3-1 Physiographic Regions of Tropical South America after
Cochrane et al. (1981, 1985).

Amazon Basin
This is the lowland region of Amazonia between the sub-Andean
foothills and the Brazilian and Guyanian shields. (See Plates 1-15 of
“Land in Tropical America”, Cochrane et al.1985, or in the PC Version,
Cochrane et. al. 2003). It is drained by many tributaries of the
Amazon river (Plate 3-7). The land surfaces are predominantly plains
or peneplains exhibiting various patterns of dissection, and recent
terrace formations. A large part of the region, especially in the
northwest, is poorly drained; some areas, particularly in the vicinity
of large rivers, are susceptible to annual flooding. A large proportion
of the region is still covered with native vegetation, although the
“colonization” of lands for cattle farming and crop production
especially soy-bean cultivation, has decimated the forests in several
areas mainly south of the Amazon river. This is especially evident
along the Brasilia–Belem highway in the west, and in the States of
Rondônia and Mato Grosso do Norte. -Almost without exception,
when roads are built through forested lands, the forests are quickly
removed by settlers.

Plate 3-8. An aerial view of the junction of the Madeira river with the mighty Amazon river near the city of Manãus in central Amazonia.
The photograph was taken by the senior author flying his small aeroplane from Pto. Velho to Manãus. –He had to divert his flight route to
avoid a “thunder storm” that pounded a region of about 40 x 40 kilometers about 70 kilometers south of Manãus on that particular day.

Brazilian Shield
This refers to the elevated and exposed Precambrian shield region
of Central Brazil and is characterized by old, stable plateau surfaces.
(See Plates 16-30 of “Land in Tropical America). Some areas are
still covered in native vegetation, mainly savannas locally called
“Cerrados” in Brazil. However, considerable development has
taken place during the past 40 years following the establishment
of Brazil’s administrative capital Brasilia, located virtually in the
epicenter of this unit. The formation extends into eastern Bolivia
“Precambrian” region of the Department of Santa Cruz.

as most of the foothills are susceptible to erosion, and especially
those formed on uplifted sandstones. The indiscriminant clearing
of native vegetation from the foothills is aggravating flooding
problems in the Amazon Basin.

Guyana Shield
This refers to the elevated and rugged Precambrian shield region
north of the Amazon river. It is still mainly covered by native
vegetation-forest and native savannas including the Rupununi
savannas of Guyana.

Elbow of the Andes

Mojos Pampas

This unit has been delineated to emphasize the fault line across the
South American continent extending eastward from the “elbow”
of the Andes near Buena Vista nestling in the sub-Andean foothills
of Bolivia. Apart from physiographic implications, the region
has climatic characteristics transitional from the tropics to the
subtropics.

This is an extensive area of wetland savannas in the eastern plains of
Bolivia, allegedly formed from the infill of a geologically postulated
ancient lake between the Andes and the Brazilian shield. (See Plates
35-38 of “Land in Tropical America”). Apart from being a major
cattle-producing area, it is both geologically and archeologically
unique. The presence of hundreds of “square” lakes (Plate 3-10) has
baffled geologists for years; current theory postulates that they are
an effect of faulting in the underlying Brazilian shield formation.

Andean Foothills
This region defines the sub-Andean foothills. (Refer Plates 31-34 of
“Land in Tropical America), and Plate 3-9. It is particularly important
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Plate 3-9. A view of the Andean foothills near the town of Villavicencio in eastern Colombia. There are many scenic regions along the Andean
foothills that would warrant preservation as “national parks” to ameliorate river–flooding in lowland Amazonian regions. Under no circumstances
should the so-called “Carretera Marginal de la Selva” be constructed, that was advocated by a past Peruvian President to “open-up” the Andean
foothills for “colonization”.

Plate 3-10. A scene of the so-called “square lakes” typically (but not
exclusively) found in the eastern Bolivian “Pampa de Mojos” region.
The reason for the development of these lakes is probably associated
with subterranean structural faults in a Precambrian shield formation
underlying the region that extends to the Andean formations.

32

Amazon Forest & Savanna Lands

Plate 3-11. An aerial view of the so-called “raised beds” constructed
by the pre-Colombian inhabitants who lived in the Bolivian “Pampas
de Mojos”. Although archeologists have provided much speculation
concerning these unique earthworks, it is probable that they were built
mainly to permit cultivation of crops above the high water-table levels
of this wet-land savanna region.

Plate 3-12. Dry-land savanna lands near the town of San Tome in
the Orinoco Plains of Venezuela. Some of these lands have been
brought into intensive crop production with the use of irrigation and
fertilization. Extensive areas of wet-land savannas are also found in the
Orinoco basin.

Plate 3-13. An aerial view, taken from the senior author’s light airplane,
of the spectacular “colored lakes” found in the southern sector of the
Brazilian “Pantanal”. The central and northern regions of the Pantanal
are mainly covered by poorly drained savannas.

The presence of “raised beds” (Plate 3-11) in many sites (Denevan,
1964) has presented an enigma to archeologists. The senior author
believes that pre-Columbian peoples cultivated their food crops on
these raised beds simply to raise them above the high, wet-season
water tables of the region. It is interesting to speculate that their
major grain crop was possibly Job’s tears (Croix lacrymai jobi), as
this crop is still cultivated by some of the indigenous peoples in the
region and as a grain crop in the Amazonian Pando Department of
Northern Bolivia. -It is locally referred to as “tropical wheat”.

Orinoco Basin
This is the lowland drainage basin of the Orinoco river and its
tributaries. (Refer to Plates 39-45 of “Land in Tropical America”). It is
largely covered by savannas on both poorly and well-drained lands
(Plate 3-12), but includes some forests, particularly those abutting
the western edge of the Guyana shield and in the northeast.

Pantanal
This is an area in western Brazil and extending into eastern Bolivia,
mainly along its southern border with Bolivia. As the name
suggests, it is a lower, poorly drained savanna region. Nevertheless,
landscape differences and grades of seasonal inundation exist.
Plate 3-13 shows the unique so-called “colored lakes” of the wetter
southern region of the Pantanal.

Paraná Basin
This region includes a large part of the watershed for the Paraná
River found in southern Brazil. (See Plates 51-55 of “Land in Tropical
America”). It is largely made up of savanna and some deciduous
forest covering dissected plain surfaces. There are extensive areas of
sandy soils in the western portion of these plains.

Figure 3-2. Broad topographical classes throughout tropical
South America.
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Plate 3-14. Seasonally flooded lands locally referred to as “varseas” seen
along a minor tributary of the Amazon River near the city of Manãus.

Plate 3-15. A view of the eastern Colombian llanos a little to the north
and east of the town of Villavicenia, showing poorly drained savannas
to the north of the Meta river and well drained savannas to the south
of that river.

Physiographic Units
Within the broad physiographic regions, physiographic units
were identified to separate distinctive landscapes, using locally
recognizable names. As the Land Systems were delineated, they
were assigned numbers identifying them with these physiographic
units. These are listed by country in the glossary to Part I of the
Computer Summary (Volume 3 of the book “Land in Tropical
America”. They present a picture of the major landscape differences
within any one country or region. However, for forestry and
agricultural production considerations, the Land Systems per se
must be considered.

Topography
Figure 3-2 is a computer-based map summarizing the topography
of the region.

Poorly Drained Lands
Approximately 21% (170 million ha) of the region is poorly drained;
82% of these poorly drained lands (139 million ha) is covered with
forests and the remainder by native savannas.
The vast extent of poorly drained forest lands along the Andean
foothills and northwestern Amazonia imposes a natural barrier to
agriculture. Nevertheless, the seasonally flooded lands or varzeas
(Plates 3-14) of major river systems often have naturally fertile soils,
and it is likely that increasingly important areas will be brought
into more intensive production of crops, including wet-land (paddy)
rice and jute, in the not too distant future, always provided that
appropriate levees are built to protect crops against the severe wetseason flooding conditions.
The poorly drained savanna lands have been used successfully since
colonial times for extensive cattle production. Significant areas are
found in the Brazilian Pantanal; the Bolivian Pampas de Mojos the
Casanare plains of northeast Colombia(Plate 3-15) which extend into
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southwest Venezuela as the Apure plains; the island of Marajo at the
mouth of the Amazon river; the Humaitá plains north of Porto Velho
in Rondônia in Brazil’s southwest Amazonia; parts of the Amapá
savannas near the mouth of the Amazon river on its northern
side; parts of the Boa Vista savannas in northern Brazil; and the
contiguous Rupununi savannas of Guyana.

Well-Drained Lands
About 79% (649 million ha) of the region is reasonably well drained.
The major part of this area, 508 million ha, is covered by forest, and
the remaining 141 million ha by savannas. Approximately 77% of
the well-drained lands (497 million ha) has slopes less than 8%, and
23% (152 million ha) has slopes greater than 8%. The relatively flat
lands are often closely dissected by small streams. In fact, over 86%
of the entire area has perennial streams at less than 10 km intervals
and 39% less than 5 km apart.

Topography and Climatic Sub-regions
Table 3-1 provides a summary of the topography within the broad
climatic sub-regions “a” to “e” described in Chapter 2. It is based
on computer analysis.
Sub-region a: There are a significantly higher proportion of poorly
drained lands in sub-region a, the tropical rain forests. Even so,
70% of these areas are well-drained; of these, 128 million ha have
slopes less than 8%. With the notable exception of some areas in
the sub-Andean foothills, such as the Florencia region of Colombia
and the Yurimaguas region in the low Selva of Peru, most of these
lands are still covered by native tropical rain-forest vegetation.
Variations in physiography are common and picturesque along the
narrow sub-Andean foothills. Between the Andean foothills and the
Precambrian shield much of the landscape is uniform and gently
undulating, although it is often interspersed with extensive areas of
poorly drained lands.

Plate 3-16. A typical scene of forest clearing by “colonists’ near the city of Pto. Velho, the capital of the of State of Rondônia, in south-west
Amazonia. Forest clearing has proceeded apace in this State.
Table 3-1. Topography of the climatic sub-regions of the central lowlands of tropical South America.
Sub-region Code, Name

Poorly drained		
<8% slope

			

Well-drained		
8-~30% slope

Total

Total % (of area)

>30% slope

(Areas in million ha)

a Tropical rain-forest

65

125

20

4

217

27

b Semi-evergreen seasonal forest

50

189

64

5

308

38

c Isohyperthermic savanna

31

76

13

9

129

		16

d Isothermic savanna

0

33

6

4

43

5

e (Semi-) deciduous forest

23

62

10

8

103

12

f Subtropical vegetation*

>1

9

1

0

11

0 Other**

0

0

2

6

8

Total area (million ha)

170

497

116

36

819

Percentage of total area

21%

61%

14%

4% 		

* other vegetation on predominantly poorly drained or seasonally flooded lands
b** Non-classified, or submontane or subtropical forest.
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Plate 3-17. The “altillanura”, well-drained lowland tropical savannas
of eastern Colombia near “Carimagua”, the Centro International de
Agricultura Tropical CIAT, experimental station for that region.

Plate 3-18. Highland savannas, (higher than 900 masl) near the city
of Anapólis in Central Brazil.

Sub-region b: By far the largest area of well-drained lands is found
in sub-region b, the tropical semi-evergreen seasonal forests. In
central, eastern, and southern Amazonia, these forests are largely
intact although sizeable areas, especially in Rondônia State of
Brazil’s southern Amazonia, have been cut down in recent years
(Plate 3-16). About 73% (189 million ha) of the well-drained lands
of sub-region B are relatively flat, with slopes less than 8%. The
landscape tends to be less variable than in other sub regions.
Nevertheless, there are major physiographic differences; a large part
is closely dissected by the many tributaries of the Amazon River.

Land Systems, Land Facets and Mapping Scales

Sub-region c: This sub-region is largely defined by the well-drained
isohyperthermic savanna lands. Some extensive areas of flat lands
are found, such as the altillanura plains along the south side of the
Meta river in Colombia’s eastern plains (Plate 3-17), but large tracts
of these lands are strongly dissected.
Sub-region d: This is comprised of the isothermic savannas, mainly
confined to the higher (greater than 900 m) plateau lands of Central
Brazil, and the cooler southern limits of Brazil’s “Cerrados,” which
contain extensive tracts of flat lands dissected by small valleys
(Plate 3-18).
Sub-region e: This sub-region covers a wide range of topographies
on well drained lands to flat poorly drained lands.
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The subdivision of the Land Systems into land facets emphasizes
that landscape is not constant, but continually varying. As practical
farming and forestry has to cope with a variation in land surfaces
and soils, the description of the land facets within a Land System is
clearly important.
As already emphasized in Chapter 1, it should always be borne in
mind that there might well be variations in topography, vegetation,
and soils within a land facet; however some level of generalization
must be accepted in making an inventory of land resources.
This is inherent in all but the most detailed large-scale maps,
such as individual farm maps. For example, the generalization
made in classifying the soils of the land facets according to their
predominant soils is no more serious than those generalizations
currently accepted in “soil mapping”. In fact, the emphasis given to
describing Land Systems in terms of facets adds to the usefulness
and precision of this study.
For very small-scale maps, further generalizations are quite
acceptable. As the mapping scale becomes smaller, the degree of
detail is diminished. It is quite permissible therefore, to depict the
topography, vegetation, and soils of the major land facets as those
predominating over a region. This is useful to provide an overview
of major features-to rephrase an old saying, “to see the forests
and not the trees”. The digitization of the study facilitated the
production of such overview maps. It also facilitated quantification
of properties. Because quantification is made on the basis of the
land facets database, statistics so obtained reflect a much greater
degree of precision than if they were based on thematic maps.

Chapter 4.

NATURAL VEGETATION PATTERNS
OF THE AMAZON.
The distribution of the natural, physiognomic vegetation
classes over the region is illustrated by Figure 4-1. The use of
physiognomic terms does not imply any preconceived ecological
or climatic conditions. The description of the savanna and
forest classes used throughout the study strictly follow those
quantitatively defined terms used by Eiten (1968, 1972) for tropical
well-drained savannas and caatinga and by Eyre (1968) for tropical
forests. Only the classification “seasonally inundated pampas”
has not been defined in a physiognomic sense; these pampas
refer to any lowland tropical savanna or grassland with soils that
suffer from prolonged periods of water-logging. It should be noted
that variations in the vegetation in terms of size and especially
plant species will be found within these broad forest and savanna
regions according to changes in edaphic, minor climatic and biotic
conditions (Richards, 1952 and many other authors).

Savannas
According to Bernal Diaz (1975), “savanna” is a Carib Indian word
signifying “treeless plain”. In modern usage its meaning has
been extended. Eiten notes that “The range in structural forms in
cerrado is completely continuous in the sense that stands can be
found in any region which may be ranged in a series from arboreal,
through all grades of scrub and structural savanna, to (usually) pure
grassland of the cerrado type’. This continuity was recognized by
many early travelers and particularly emphasized by Smith (1885).
The classifications used by Eiten for the well-drained savannas
common throughout central Brazil and commonly referred to as
“Cerrados”, are summarized as follows:
Campo limpo (CL): Grassland with tall visible woody plants
essentially absent, and whose flora is made up of practically the
same species as the ground layer of Campo cerrado. (Note that the
use of Campo limpo here is for a variation of the Cerrado flora.)
Sometimes, when a Cerrado grassland has a few, very scattered, low
but conspicuous shrubs or. acaulescent palms, it is distinguished as
Campo sujo. (see Plate 4-1}.

Figure 4-1. Amazon basin physiognomic vegetation map by Cochrane
et al. (1981, 1985).
*Note: “cerrados and “campos cerrados” translates as savannas and
open savannas; “campos limpos and sujos”, treeless savannas and
savannas with shrubs; “cerradão”, savannas with predominance of
trees; caatinga – dry shrub lands.

Campo cerrado (CC): Includes several forms with total woody plant
cover rather open or sparse, that is, less than 30-40% cover, such as:
a.. Quite open scrub
b. Low arboreal, quite open woodland
c. True physiognomic savanna, i.e. scattered medium-tall or low
trees, or shrubs, or usually both trees and shrubs intermixed, over
a continuous or slightly open layer of grasses, herbs, dwarf shrubs,
and semi-shrubs. (see Plate 4-2}.
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Plate 4-1. “Campo Limpo” near the city of Goiania, central Brazil.

Plate 4-3. “Cerrado” near Anápolis, central Brazil

Plate 4-2. “Campo Cerrado” near Anápolis, central Brazil.

Plate 4-4. “Cerradão” near Planaltina, central Brazil.

Cerrado (strict sense) (C): Includes several forms with the total
woody plant cover closed down to about 30-40% (see Plate 4-3),
such as:

Hyperthermic versus Isohyperthermic Savannas

a. Closed or semi-open low arboreal forms (canopy generally less
than about 7 m tall).
b. Closed or semi-open scrub forms (canopy generally less than
about 3 m tall), the elements of which may be definitely shrubby,
arboriform, or the two mixed.
c. Closed or semi-open scrub mixed with scattered trees of various
heights. The trees may be emergents and form a single upper layer
or, usually, rise to varying heights along with varying heights of
scrub elements so that the upper surface of the vegetation is “hilly.”
Cerradão (CD): Medium-tall arboreal form with a closed or semiopen canopy, but not less than 30-40% tree crown cover; see Plate
4-4.
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It should be noted that the above classification of well-drained
savannas after Eiten (1972) is based solely on the basis of their
relative arboreal biomass contents. The authors introduced the Wet
Season Mean Temperature WSMT, climate parameter when making
a broad agro-ecological zoning to separate the well-drained savanna
regions into two broad subdivision (refer Chapter 7). This separated
these savannas into those mainly found at lower as compared with
higher altitudes and latitudes. The separation did not take arboreal
biomass to account. It was virtually impossible to judge such due
to the effect of clearing for crop production or more intensive cattle
grazing. It should be observed that the separation of savannas into
classes solely on the bases of arboreal biomass has its limitation as
it does not take to account differences in the type and proportion
of species that tend to flourish under different climate and soil
conditions.

Well-drained Savannas and Soil Conditions
The analysis of Cochrane et al. (1985), did not indicates a trend of
increasing arboreal biomass with improving soil conditions, as
summarized in Table 4-1. This was in contrast with that claimed by
Lopez and Cox (1972), probably because the latter authors obtained
their data from a limited region of terrain. Cochrane (1989) latter
showed that there was a statistically very significant difference
between the soil conditions of the well-drained savannas in the
central region of Brazil, as compared with forests; however this was
due to a nutrient imbalance rather than an overall fertility trend.
This is discussed in more detail in Chapter 14.
Table 4-1. Arial extent in percentages of the tropical South American
savannas subdivided on the basis of relative arboreal biomass* and
major chemical constraints.

Low P

Low K

C 85.6

CD 94.3

Al toxic

Low Ca

Low Mg

(> 70% Al sat.)
CD 93.5

C 82.3

CL+ CS 77.6

CC 82.9

C 90.8

C 57.8

CC 74.0

CC 51.5

CD 81.1

CC 88.5

CC 54.4

CL+CS 61.6

C 31.1

CL+CS 58.0

CL+CS 68.1

CL+CS 40.0

CD 49.0

CD 15.5

* Brazilian terminology commonly used refer above (Eiten, 1972).

Forests
The following descriptions briefly identify the tropical forest
classifications as described by Eyre and used the study “Land in
Tropical America” (Cochrane et al. 1985, and the PC version,
Cochrane et al. 2003).
Tropical rain forest: Most of the tree species are evergreen in
habit, casting their leaves and growing new ones continuously and
simultaneously (see Plates 4-5). However, some species may shed
all their leaves for a short period at irregular intervals. Large trees
may develop plank buttresses, although these are more common in
areas with impeded soil drainage. The trunks of species, especially
“lower story” trees, including Cacao (Theobroma cacao), may bear
flowers and fruit. This phenomenon is termed “cauliflory”: the bark
of such trees is usually very thin. Palms may be present, but not in
the great numbers commonly found in poorly drained areas.
A tropical rain forest is usually well over 30m in height. Statistical
appraisal would indicate that it has a three-tiered structure. Under
the often-open upper canopy may be found a layer of smaller trees,
and in turn below this, a lower “story”. Trees in the different layers
are frequently specifically adapted to particular niches within the
microclimatic and structural complex of the forest, and are not
necessarily simply immature forest giants. Thus, trees in the lower
forest layers largely consist of species adapted to reduced light
conditions. Usually a large number of tree species exist in any one
area. These commonly belong to the Rosaceae, Compositae and
Leguminosae families. Lianes and epiphytes are common. The shrub

Plate 4-5. “Tropical Rain Forest” near the city of Cobija in the
north-western Bolivian Amazon.
layer is poorly developed (often just a few ferns and seedlings),
and for this reason it is usually quite easy to walk through a tropical
rain forest.
It should be noted that the description “rainforest” used loosely and
in the popular press, covers a range of semi-evergreen to evergreen
forests and their many hydroseres!
Tropical semi-evergreen seasonal forest: These forests generally
have a two-layered structure, may reach heights of 25m or
considerably more when growing on inherently fertile soils
Generally 20 to 30% of the upper canopy trees lose their leaves in
the dry season. Further, many of the evergreen species of the upper
layer are facultatively deciduous. In other words, they have the
ability to lose their leaves in an unusually extreme dry season. A
high proportion of the lower story trees are evergreens (refer Plate
4-6).
This type of forest differs from the tropical evergreen forest in other
respects. Fewer trees are buttressed. In the early part of the “winter”
season in the south-western areas of the Amazon, many species
produce flowers, especially the lower layer trees. These tend to be
small-leaved.
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Plate 4-6. “Tropical Semi-evergreen Forest” near the town of Riberalta in the Bolivian Amazon.
Tropical semi-deciduous seasonal forest: This forest (see Plate 4-7)
has two strata. The upper at about 15 in is predominantly deciduous.
Evergreen trees are common in the lower layer at 4 to 10 m.
The tree species differ considerably from those found in the semievergreen seasonal forests. They have more gnarled trunks (as
opposed to the straight trunks of the semi-evergreen seasonal
forests); they branch quite near the ground and have umbrella
shaped canopies, or canopies with distinct horizontal strata, as
compared with the compact, conical, or rounded crowns of the
wetter forest; see Plate 4-7. Bottle trees, Acacia species, may be
present. The “bottle” tree south of the equator, flowers about late
April to May with the late rains, fruits, then sheds its leaves. Some
palms that appear to withstand drought may also be present. A high
proportion of the trees are microphyllous. The forest tends to be
poor in lianes. Herbaceous plants, especially grasses, are scantily
represented on the forest floor, although spiny plants, particularly
Bromeliaceae species, may be very common.
A note of the Foregoing Forest Classes
The forest classes described correspond to those growing on
well drained soils. The various sub-seres (modifications), ecotone
characteristic (gradations between two groups), and features
worthy of special note of any one type of vegetation are not
reflected in the vegetation coding. When very different subseres
due to natural phenomena were found, e.g. hydroseres (vegetation
adapted to wet soil conditions), they were classified with the
“Other” vegetation classes. When ecotones were found, they
were assigned to the closest vegetation class.
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Plate 4-7. “Tropical Semi-deciduous Forest” in the northern Brazilian
Amazon.
Caatinga: Caatinga has been described by Eiten (1972) as the thorn
scrub of northeastern Brazil (see Plate 4-8). It is not a structural
form of Cerrado, but a different coordinate, large-scale vegetation
type with different flora; nevertheless, some Caatingas contain
a proportion of savanna (Cerrados) species. Closed scrub is the
commonest form of Caatinga, but this vegetation type also occurs
in many other structures, all natural in some regions: forest,
arboreal woodland, closed shrub (mostly of definite shrubs 2 - 5
in tall), closed scrub with emergent low trees, open shrub (mostly
of definite shrubs 1.5 in tall), shrub savanna (scattered low trees
or shrubs over a closed short grass layer, the Serido form), and

Plate 4-8, “ Caatinga” in the interior of the State of Maranhão in north-eastern Brazil.
others. Many of the shrubs and trees are spiny. Cacti are almost
always present, such as tree cacti of the Cereus tribe, low clumps of
globular and cylindrical species, and Opuntia. Terrestrial species of
bromeliads are very abundant in most Caatingas.
Sub-montane forests: Sub-montane forests are found at altitudes
between about 1000 and 2000 in. The classifications of Eyre were
used and noted on the original coding sheets. These may be
summarized in the following way:
Sub-montane evergreen forest. This forest has a two tiered
structure with an open canopy of trees reaching to heights of 15 to
20m. Ferns are common in the shrub layer. Most of the tree species
are either evergreen or only shed their leaves for short periods at
irregular intervals.
Sub-montane semi-evergreen forest. This forest is similar in
structure to the sub-montane evergreen forest in that it has a
double stratum of trees and an open canopy, but is generally lower
(13 to 16m). A noticeable proportion of trees shed their leaves during
the June to August period. Leaf shed in some species is preceded by
flowering about April, followed by fruiting.
Sub-montane deciduous seasonal forest. This forest usually
has a single layer of trees and tends to be open. Heights vary from
about 8 to 12 in. Thorny scrub and cacti are common in the shrub
laver. Almost the entire forest sheds its leaves for 3 to 5 months of
the year.

Sub-montame microphillious forest. This is a low, 4 to 7m high,
often open forest or scrub. Cacti are common. The density of the
vegetation appears to increase with increasing availability
of moisture. The forest is relatively leafless for 6 to 8 months of
each year.

Land Clearing and Induced Vegetation
The induced vegetation resulting from the clearing of forests and
savannas for pasture and, or crop production has been recorded
for the separate facets of each Land System. Table 4-2 summarizes
the estimated areas of human-induced vegetation throughout the
region up until the late 1970s. It must be noted that these figures
were based on imagery taken over the period 1973 to 1976 and
in-field observations; as such they are very approximate. They do
not take into account areas that have been “cut-over” or partially
altered; only those areas with obvious signs of vegetation changes.
They should only be quoted with qualification. Undoubtedly since
the late 1970s, much more clearing has taken place.
It may be observed that some early estimates made of “forest
clearing” throughout the Amazon using imagery, simply failed
to take to account that there were significant areas of natural
savannas; these areas were counted as areas of “deforestation”.
Originally, this may have exaggerated the concerns of ecologists
concerning the rate of destruction of the Amazon forests.
Nevertheless, subsequent more careful studies have shown that
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deforestation is a serious and ever-increasing problem in many
regions of Amazonia, as emphasized in Chapter 13.
Table 4-2 Areas (ha.) of human-induced vegetation throughout the
central lowlands of tropical South America (from satellite imagery
taken during period 1973-76).

Climatic sub-region
code Sub-region name

Area planted to:
pastures

crops

-------------------------------------hectares-----------------------------------------a

Tropical rain forest

11,697,490

b

Semi-evergreen
seasonal forest

20,904,120

11,999,580

c

Isohyperthermic savannas

13,259,220

6,006,850

d

lsothermic savannas

8.738,000

3,571,620

e

(Semi-) deciduous
seasonal forest

5,622,700

2,647,440

f

Subtropical vegetation*

2,751,320

737,870

O

Other**

1,460,510

804.740

64,433,360

32,727,470

TOTAL

6,959,370

* Other vegetation on predominantly poorly drained or seasonally
flooded lands.
** Non classified, or submontane or subtropical forest.
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Chapter 5.

AMAZON SOILS: CLASSIFICATION
The identification of “land facets” within Land Systems was
used to help bridge the gap between land units and soil units,
as facets are often relatively uniform insofar as soil properties
are concerned. As emphasized in Chapter 1, although land
facets may contain soils with differing properties, some level of
generalization must be accepted in making an inventory of land
resources. This chapter summarizes the soil classification systems
used to describe soils in the original 1:1,000,000 study “Land in
Tropical America” (Cochrane et al. 1985, 2003).

Soil Taxonomy.

characteristics of the soils. For this reason, it was decided to classify
soils only as far as the Great Group level and subsequently describe
them in terms of their physical and chemical characteristics in such
a way as to facilitate the computer grouping and comparison of
properties.
The Land Systems Map and its Legend (refer Volume 2 of “Land in
Tropical America”), details the soil classifications of the land facets
within the land systems to the Great Group level. Figure 5-1, is a
small-scale computer generated map illustrating the main soil
Orders located throughout the region.

The soils of the land facets were first classified as far as the Great
Group category of Soil Taxonomy (Soil Survey Staff 1975). They were
subsequently described in terms of their physical and chemical
properties (refer Chapter 6). In Soil Taxonomy, soils are not grouped
according to those having “similar physical and chemical properties
that reflect their response to management and manipulation for
use” until the soil Family category is reached. This follows the
subdivision of the Great Groups into Subgroups, according to the
scheme:

Order

(10 subdivisions)

Suborder

(47 subdivisions)

Great Group

(230 subdivisions)

Subgroup

(970 subdivisions in the USA)

Family
The Order category separates soils according to their gross
morphology by the presence or absence of diagnostic horizons. The
Suborder separates the Orders according to criteria that distinguish
the major reasons for the presence or absence of horizon
differentiation, principally as related to moisture and temperature
regimes. The Great Group further separates soils according to
the complete assemblage of their several horizons and the most
significant properties of the whole soil. However, the Subgroup
category is virtually only a separation of the Great Group category,
in terms of soils which:
a. Follow the central concept of the Great Group,

Figure 5-1. Soil Orders throughout tropical South America.

b. Are intergrades or transitional forms to other Orders, Suborders,
or Great Groups,

The FAO-UNESCO Soil Legend.

c. Are extragrade soils that have some properties not representative
of the Subgroups.
In other words, the separation according to Subgroup is a
convenience that does not add much to our knowledge about the

For the convenience of readers accustomed to using the FAOUNESCO Soil Legend FAO-UNESCO, 1974), this soil classification
system was also used and was recorded for the land facets within
the land systems on the soil classification legend accompanying
the Land Systems Map. This was also been coded to facilitate
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map making. Figure 5-2 is a small-scale map of the region of the
generalized FAO-UNESCO Soil Legend. Soil climate parameters are
not inherent in the application of the FAO legend.

Soil Profile Analytical Data.
Soil survey reports usually contain a wealth of soil profile analyses;
most national soil laboratories furnish guidelines for interpreting
these analyses. A lot of information can be obtained from such
data, but they must be interpreted in the light of crop requirements.
Because of the many different laboratories and methods used in
carrying out soil analyses, in the Land Systems study an innovation
was introduced to provide a guide to soil-nutrient levels; levels
were detailed in terms of crop requirements. For example, P levels
are described as low (inadequate for most crops except those
tolerant to low levels), medium (inadequate for crops requiring
high levels of the nutrient), and high (adequate for most crops).
This approach should provide a clearer idea of soil nutrient levels,
particularly for the fertility specialist faced with choosing basic
field trial treatments and developing fertilizer recommendations for
new genetic materials, especially those purported to have partial
tolerance to toxic elements, such as Al and Mn, or to produce
satisfactorily with low levels of soil nutrients such as P.

Summary of the Soil Geography of the Region.

Figure 5-2 The FAO-UNESCO Soil Legend classification of tropical
South America

The Brazilian Soil Classification System.
An approximate cross-indexing of the Brazilian soil classification
system (Camargo et al., 1975) with Soil Taxonomy and the FAOUNESCO Soil Legend was recorded (refer Appendix 11).

A Note on Soil Classification Terminology.
Many agronomists regard soil classification terminology as so much
“gobbledygook”, reserved for the special precinct of communication
between soil scientists. Yet, as explained by Eswaran (1977),
information related to soil limiting factors is available from soil
names, particularly in the case of soils classified according to Soil
Taxonomy (Soil Survey Staff, 1975).
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The distribution, by area, of soils of the region is illustrated by
Figure 5-1 at the Order level of Soil Taxonomy (Soil Survey Staff, 1975).
All 10 soil Orders are represented in the region; however, because of
their limited extent, Histosols and Vertisols are not shown in Figure
5-1. The analysis shows that the majority of the soils classify as
Oxisols and Ultisols, which together account for 66% of the region.
Following in extensiveness are the Entisols with about 19%, most
of which are of alluvial origin found along the river network. The
remaining orders cover relatively small areas, but they are locally
important: Alfisols cover 6.7%; Inceptisols, 6.3%; and Spodosols,
Mollisols, Aridisols, Vertisols, and Histosols, with less than 1% all
together. The analysis also shows that 48% of the region is included
in five Great Groups: Haplorthox (18%), Tropudults (10%), Acrorthox
(8%), Fluvaquents (6%), and Quartzipsamments (6%). Table 5-1
provides a breakdown of the Soil Orders in terms of suborders and
Great Groups.
Oxisols: Haplorthox are well-drained Oxisols with very low native
fertility but fairly good soil structure. They are also known as
Xanthic Ferralsols (FAO) and Latossolos (Brazilian system). Many
of them have very high clay contents. Acrorthox are similar
except for a lower clay cation exchange capacity. Table 5-2 shows
chemical data from two Oxisol profiles, one from the Cerrados of
central Brazil and the other from the Amazon basin. They are deep,
uniform, well-drained soils dominated by low-activity clays. Their
structure is good, but they are very acid and low in bases and P. The
Oxisols of the savannas may be high P fixers; those found in the
forested regions are generally not high P fixers. Oxisols are common
throughout the Amazon forest and the well-drained savanna
regions (see Plate 5-1).

Plate 5-1. An oxisolic (Acrustox) soil profile typical of many “cerrados”
soils examined in the Centro de Pesquisas Agropecuarias CPAC, near
Planaltina, central Brazil.

Plate 5-2. Digging a soil profile in an Ultisol near the township of Reyes
in the Pampas de Mojos, Bolivia.

Ultisols: Ultisols are fairly extensive in both well-drained and
poorly drained positions. Tropudults, Paleudults, and Plinthudults
are fairly well-drained, acid, infertile soils but with less desirable
physical properties than the Oxisols because of a significant
clay increase with depth. They are also known as Orthic Acrisols
(FAO) and Podsolico Vermelho Amarelo (Red Yellow Podzolics) in
the Brazilian classification system. The difference between these
Great Groups, the depth to the “clay bulge” in the subsoil, is of
little agronomic relevance. In Table 5-2, examples are given for a
well-drained Paleudult and a poorly drained Plinthaquult (see Plate
5-2) found on the well and poorly drained positions of the tropical

rain forest subregion A. The well-drained member is acid, infertile,
and susceptible to compaction because of its low clay content.
The poorly drained member shows high exchangeable Al contents
in the subsoil, corresponding to a clayey mottled layer, a mixture
of kaolinite and montmorillonite, which appears at first glance to
be plinthite; however, analysis shows it is not (Sanchez and Buol,
1974). It is suspected that many of the soils classified as Plinthudults
by various authors are either Paleudults or Hapludults. Some of
these soils are devoted to shifting cultivation in the upper Amazon,
but most are still under native vegetation because of their low
productivity.
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Table 5-1. Arial extent of the Great Group soil classes in the central
lowlands of tropical South America.

			
			

*Area 		Percentage
(million ha)		of total area

Oxisols Orthox
		
		
		
Ustox
		
		
Aquox

Haplorthox
Acrorthox
Umbriorthox
Eutrorthox
Haplustox
Acrustox
Eutrustox
Plinthaquox

150.0
62.0
4.0
0.8
53.0
32.0
24.0
1.0

18.3
7.6
0.5
< 0.1
6.5
3.9
3.0
0.1

		

Total Oxisols

326.8

40.0

Order

Great Group 		

Order

Suborder

Suborder

Great Group 		

Ultisols Udults
		
		
		
Aquults
		
		
		
Ustults
		
		

Tropudults
Plinthudults
Paleudults
Rhodudults
Tropaquults
Plinthaquults
Paleuquults
Albaquults
Haplustults
Rhodustults
Paleustults

82.0
30.0
29.0
4.0
37.0
15.0
0.3
0.1
8.5
4.9
1.6

10.1
3.6
3.5
0.5
4.4
1.8
< 0.1
< 0.1
1.0
0.6
0.2

		

Total Ultisols

212.4

25.9

Entisols Aquents
Fluvaquents
50.6
		
Tropaquents
8.8
		
Psammaquents
3.9
		
Hydraquents
1.1
Psamments
Quartzipsamments 52.0
		
Ustipsamments
6.1
		
Tropopsamments 2.2
Fluvents Tropofluvents 16.0
				 Ustifluvents 0.7
				 Xerofluvents 0.7
Orthents Troporthents 9.4
				 Udorthents
3.3
				 Ustorthents 1.1

6.2
1.1
0.5
0.1
6.4
0.7
0.3
2.9
< 0.1
< 0.1
1.1
0.4
0.1

		

155.9

20.0

19.1
< 0.1
19.4
0.5
6.6
6.2
2.7
1.2
0.5

2.3
< 0.1
2.4
< 0.1
0.8
0.8
0.3
0.1
< 0.1

56.3

7.0

Total Entisols

Alfisols 		
Aqualfs
				
Udalfs
				
				
Ustalfs
				
				
Xeralfs
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Tropaqualfs
Natraqualfs
Tropudalfs
Rhodudalfs
Haplustalfs
Tropustalfs
Rhodustalfs
Paleustalfs
Haploxeralfs

Total Alfisols

Amazon Forest & Savanna Lands

Inceptisols Aquepts Tropaquepts

19.1

2.3

				
Sulfaquepts
				
Humaquepts
				
Haplaquepts
				
PIinthaquepts
Tropopepts Eutropepts
				
Dystropepts
				
Ustropepts
Andepts Dystrandepts
				
Hydrandepts

3.0
1.0
< 0.1
< 0.1
12.5
7.7
6.6
1.1
0.2

0.4
0.1
< 0.1
< 0.1
1.5
0.9
0.8
0.1
< 0.1

			

51.4

6.4

11.0
1.3
< 0.1 < 0.1
1.3

1.4
0.2

Spodosols
Mollisols

Aridisols 		
Vertisols
Histosols

Total Inceptisols

Aquods Tropaquods
Aquolls Haplaquolls
Udolls
Argiudolls
		
Total Mollisols

Orthids Camborthids 1.2
Uderts Chromuderts 0.5
Hemists Tropohemists 0.2

			

TOTAL

817

0.2
0.1
0.1
< 0.1
100%

*Numbers are rounded to the nearest decimal.

Alluvial soils: Soils along the flood plains of the rivers, although less
extensive, are very important because this is where food crops can
be expected to yield well without the need for soil amendments.
They show little or no profile development and are classified as
Entisols (Great Group, Fluvaquents), Inceptisols, and Mollisols.
These soils are known in other classification systems as Alluvials,
Hydromorphics, Low Humic Gleys, and Dystric or Eutric Gleysols.
Periodic flooding is the main limiting factor.
An example of the chemical properties of an Entisol is given in
Table 5-2. However, from region to region there are often major
differences in native fertility due to the source of sediments,
a highly variable characteristic of varzeas and barriales soils.
Consequently, it cannot be generalized that alluvial soils are always
of high native fertility.
Sandy Soils: Extensive areas of sandy soils, mainly
Quartzipsamments, are found in the Espigăo Mêstre and Parecis
tablelands of eastern and western Brazil, respectively. The former
region is desert in appearance; the latter is covered by grasslands
affected by a strong dry season. There are considerable areas of
other light-textured soils in the region, such as the Psamments in
the vicinity of Três Lagoas, mainly eastward of the Paraná river.

Table 5-2. Soil profile sample analyses of some typical soils found throughout Amazonia.
Horizon
Depth
(cm)

Clay
(%)

Sand
(%)

Ph
in
H20

Organic
C
(%)

Exchange cations (meq/100g)
___________________________
Al
Ca*
Mg

K

ECEC
Al
P
meq/100g Saturation (ppm)
(%)

OXISOLS
Typic Acrustox (Latosol Vermelho Amarelo). FCC: cdhakei.
0-12
45
28
5.1
1.87
12-30
44
26
5
1.40
30-50
48
25
5.2
1.04
50-85
48
24
4.9
0.77
85-125
50
22
5.3
0.50
125-160
50
22
5.3
0.44
160-200
48
22
5.9
0.49
200-220+ 40
31
5.7
0.26

1.8
1.4
0.6
0
0
0
0
0

Experimental Station Brasilia, Brazil**
(Ca + Mg) 0.2*
0.08
8.6
0.2*
0.05
6.6
0.2*
0.03
5.2
0.2*
0.02
3.4
0.2*
0.01
1.9
0.3*
0.02
1.4
0.2*
0.01
1.2
0.3*
0.02
1

Haplic Acrorthox (Latosol amarelo muito pesado). FCC: chaek
0-8
76
15
4.6
2.9
8-22
80
12
4.4
0.9
22-50
84
8
4.3
0.7
50-125
88
7
4.6
0.3
125-265
89
5
4.9
0.2

1.1
1.1
1.2
1.0
0.2

UEPAE-EMBRAPA, Experimental Station Mahuas, Brazil***
1.7
0.3
0.19
3.29
33
0.20*
0.09
1.39
79
0.20*
0.07
1.47
82
0.20*
0.04
1.24
81
0.20*
0.11
0.51
39

Allic Haplorthox (Latosol Vermelho amarelo Alico). FCC: ch
0-5
39
21
5.1
4.00
5-20
43
22
5.0
1.21
20-70
53
23
4.0
0.81
70-140
62
15
4.9
0.39
140-170
63
13
5.4
0.27

1.0
1.6
2.8
2.2
1.4

66km from Rio Branco to Plācido de Castro, Acre, Brazil*º
8.22
3.74
0.68
25.70
7
1.10
1.02
0.17
10.24
41
0.08
0.12
0.07
6.07
90
0.03
0.48
0.03
5.35
79
0.05
0.20
0.03
3.78
81

86
82
67
0
0
0
0
0

1
1

14
4
1
<1
<1

ULTISOLS
Typic Paleudult (Serie Yurimagua). FCC: lhaek
0-7
15
67
4.0
7-48
23
57
3.5
48-67
25
57
3.5
29
57
3.5
67-157+

1.5
0.5
0.5
0.4

0.8
3.2
4.4
5.3

Plinthaquult, Oxic, Allic (Laterita hidrómorfica Alica). FCC: lhakg
0-40
28
42
3.8
2.90
5.2
40-100
30
52
4.0
2.21
5.2
100-130
6
90
4.5
0.16
2.2
130-160
20
64
4.5
0.19
5.6
160-200
21
60
4.6
0.18
6.6

Experimental Station Yurimaguas, Peru*ºº
1.6
0.1
0.12
2.62
1.6
0.1
0.08
4.98
0.8
0.1
0.08
5.38
0.6
0.1
0.08
6.08

31
64
82
87

Lat. 8º46’S,Long. 61º59’W. Municipio Porto Velho, Brazilº
0.15
0.04
0.07
17.62
4
0.16
0.03
0.07
14.97
95
0.11
0.01
0.03
3.47
93
0.11
0.01
0.04
6.47
96
0.13
0.01
0.05
7.49
97

2
3
1
1
1

6.9km from road S.J.Piauí - Méndez, Edo. Piauí, Brazilºº
0.60
0.30
0.08
5.02
33
0.15
0.05
0.05
2.90
59
0.15
0.05
0.03
2.05
62
0.15
0.05
0.03
1.72
62
0.10
0.1
0.03
1.56
67

2
3
2
2
2

ENTISOLS
Quartipsamment, Ustoxic (Areias Quartzosas). FCC: shke
0-10
7
77
4.4
0.71
10-19
6
94
4.8
0.34
19-36
4
91
4.6
0.16
36-81
5
95
4.8
0.18
81-115
11
88
4.9
0.12

0.5
0.6
0.4
0.4
0.5
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Horizon
Depth
(cm)

Clay
(%)

Sand
(%)

Ph
in
H20

Eutric Tropofluvent (Solo Aluvial Eutrófico). FCC: l.
0-10
17
50
5.5
10-80
12
72
5.1
80-90
12
65
5.6
90-180
10
74
5.3

Organic
C
(%)

Exchange cations (meq/100g)
___________________________
Al
Ca*
Mg

2.23
0.66
0.35
0.33

5
32
25
24

K

ECEC
Al
P
meq/100g Saturation (ppm)
(%)

Lat. 1º52’S, Long. 67º41’W, Municipio Japurá, Amazonas, Brazilº*
5.7
1.8
0.59
13.0
5
17
1.7
0.7
0.11
5.7
32
14
2.1
1
0.11
6.2
25
16
1.7
0.7
0.09
5
24
19

ALFISOLS
Tropudalf típico (Terra Roxa Estruturada Eutrófica). FCC: c.
0-8
40
44
7.0
2.51
8-26
49
28
7.3
0.84
26-60
50
24
6.9
0.53
60-100
56
23
6.4
0.26
100-130+
55
24
5.5
0.22

0.01
0.11
0.01
0.11
0.11

Udoxic Dystropept. FCC: cha.
0-16
37
46
16-85
52
30
85-173
49
30
173-208
28
41
208-228
20
56
228-247
28
33
247-350
21
39

INCEPTISOLS
Traverse road - Florencia, Municipio Florencia, Caldas, Colombia¹
3.2
0.95
0.80
0.23
5.66
61
3.5
6.7
0.22
0.43
0.03
7.74
90
0.9
6.3
0.10
0.47
0.08
7.19
90
0
6.1
0.10
0.41
0.14
7.68
90
0
5.2
0.20
0.56
0.11
7.71
85
0
8.1
0.16
0.63
0.17
9.60
89
0
6.1
0.16
0.53
0.21
7.55
87
0

4.7
4.7
4.9
4.9
4.9
4.9
4.9

2.02
0.51
0.22
0.15
0.08
0.09
0.07

Arenic Tropaquod (Podozol Alico). FCC: sgaek
0-3
2
89
3.8
3-5
2
95
4.4
25-50
2
94
5.0
50-90
1
98
5.1
5
93
3.7
90-105
105-125
9
91
4.7

6.3
0.5
0.1
0.0
1.1
2.2

3.0
2.9

125-165

0.8

0.4

*
**
***
*º
*ºº
º
ºº
º*
º**
¹
¹¹
NB.

48

16

76

5.6

5.4
0.7
0.1

Km 8 road to Panelas, Altamira, Edo. Pará, Brazilº**
25.24
2.28
0.26
29.16
3.4
5.96
0.7
0.27
8.91
1.4
3.22
0.65
0.10
5.55
0.23
2.47
0.43
0.09
5.34
0.32
0.75
0.06
4.86
4.4
1.29

SPODOSOLS
Km 4.5 of BR-174 SUFRAMA, Manaus, Brasil¹¹
0.3*
0.16
5.86
0.1*
0.04
0.84
0.1*
0.02
0.12
0.1*
0.01
0.11
0.1*
0.04
3.14
0.1*
0.03
3.03
0.1*

0.03

0.53

Combined levels of exchangeable Ca and Mg are expressed in a single column
Profile 3 of Min. of Agr. Tech. Bull. No. 8 (1979)
Profile SBCS-4 of Carmago and Rodrigues (1979)
Profile 89 of PROJ. RADAMBRASIL, Vol. 12 1976c
Profile Y-6 of Sánchez and Buol (1974)
Profile 24 of Proj. RADAMBRASIL, Vol.16, 1978a
Profile 1 of Proj. RADAMBRASIL, Vol.1, 1973
Profile 39 of Proj. RADAMBRASIL, Vol.14, 1977b
Profile 8 of Proj. RADAMBRASIL, Vol. 5, 1974b
Profile of Benavides (1979)
Profile SBCS-2 of Carmargo and Rodgues (1979)
The citations of these references are found either in the Bibliography of the Main Soil Studies or in the Reference Section
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92
83
83
96
96
75

8
2
2
3
3

Plate 5-3. Hardened plinthite commonly called “laterite” near Carimagua in the eastern “altillanuras” of Colombia.
Spodosols: A soil Order that attracts attention is the Spodosols,
also known as Podzols, Ground Water Podzols, and Giant Tropical
Podzols, including their deeper variants as Psamments. These
soils are derived from coarse sandy materials and are found in
clearly definable spots in parts of the Amazon away from the
flood plains. Native forest vegetation is often different from that
found on Oxisols and Ultisols. It is called campinaranas in Brazil.
The Projeto RADAMBRASIL (1972-78) identified substantial areas of
Spodosols along the headwaters of the Rio Negro, which largely
account for the color of this river; water passing through Spodosols
characteristically carries suspended organic matter. Table 5-2 shows
one example near the Ducke Forest near Manãus. Because of their
extreme infertility and susceptibility to erosion, it would be better
to leave the Spodosols in their natural state. Unfortunately, they
have received more scientific attention than they deserve in terms
of their aerial extent (1.4% of the region). Therefore, the research on
tropical Spodosols in the international literature (Klinge, 1971, 1975;
Stark, 1978; Sombroek, 1966, 1979) should be kept in perspective;
further, under no circumstances should results be extrapolated to
the dominant Oxisols and Ultisols.
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Well-drained fertile soils.
It is estimated that only about 5.2% of the region has welldrained soils high in native fertility. These are classified mainly as
Tropudalfs and Paleustalfs (Terra Roxa Estruturada), Eutropepts
(Eutric Cambisols), Tropofluvents (well-drained Alluvials), Argiudolls
(Chernozems), Eutrustox and Eutrorthox (Terra Roxa Legitima), and
Chromuderts (Vertisols). Nevertheless, they represent a total of
42 million ha, and, where they occur, permanent agriculture has a
better chance of success.
The Terra Roxa soils combine high native fertility with excellent
physical properties; Table 5-2 shows an example of a Terra Roxa
Estruturada near Altamira, Brazil. Many of the successful cacao
plantations are located on such soils. Examples are found near
Altamira, Porto Velho, and Rio Branco in Brazil, and in the “orient”
(eastern region) of Ecuador associated with relatively recent volcanic
deposits.
Laterite or plinthite hazard.The area of soils with plinthite in the
subsoil (Plinthaquox, Plinthaquults, Plinthudults) is limited. They
total about 46 million ha, or 5.6% of the region. This point deserves
emphasis, given the broad generalization that many tropical soils,
if brought into production, will be irreversibly transformed into
hardened plinthite or laterite. These three Great Groups are the
only soils where this phenomenon can occur. However, as the
soft plinthite is in the subsoil, the topsoil has to be first removed
by erosion and the remaining soil dried out before irreversible
hardening to laterite can take place. Since these soils occur mainly
on flat and often poorly drained landscapes, erosion is not likely to
be extensive. Hardened plinthite is generally seen in geologically
predicable positions where the soft plinthite has dried out such as
minor escarpments as shown in Plate 5-3.
It should be noted that many poorly drained subsoils of other soil
Great Groups have mottled colors resembling plinthite, but are,
in fact, mixtures of 1:1 and 2:1 clay minerals (Tyler et al. 1978). The
subject of hardened plinthite is discussed in Chapter 6.
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Soils in Relation to Climatic Sub-regions and Topographical
Position.
In Chapter 5 of Volume 1 of Land in Tropical America (Cochrane et al.
1985, 2002), Table 5-5 of that chapter provides distribution estimates
of the Great Group classification according to climatic sub-regions
and topographic subdivisions. It may be seen that the higher ratio
of Ultisols to Oxisols in sub-region “a”, tropical rain forest, as
compared with sub-region “b”, semi-evergreen seasonal forest,
is associated with the poorly drained areas where wet Ultisols are
abundant. On the well-drained lands in sub-region “a”, the ratio of
Ultisols to Oxisols is significantly lower; 0.54 compared with 0.69 in
sub-region “b”. Ultisols account for a much lower percentage of the
soils in sub-regions C, D, and E.
There is a higher proportion of Haplorthox in sub-region “a”,
Acrorthox in sub-region “b”, Haplustox in sub-region “c”, and
Acrustox in sub-region “d”. Oxisols only account for a small
proportion of the soils of sub-region “e”. The high proportion of
Acrorthox in sub-region “b” indicates a greater extent of soils with
very low cation-exchange capacity (less than 1.5 cmolckg-1 clay)
than in sub-region “a”. The relatively large extent of well-drained
Inceptisols in sub-region “a” is mainly associated with sediments
derived from materials of volcanic origin from the Andes.
The Alfisols found in sub-regions a, b, c, and d are also associated
with superior soil-parent materials, often basic, indicating the
strong impress soil-parent materials have in forming soils even
under vigorous weathering conditions. The most fertile soils found
throughout the region generally are the recent alluvial Entisols;
however, this is by no means always the case. Further, many alluvial
soils are subject to periodic flooding.
Part 3 in the Computer Summary and Soil Profile Descriptions of the
Land Systems in Volume 3 of Land in Tropical America (Cochrane
et al. 1985, 2003), contains a series of soil profile descriptions from
typical land facets described by many different authors. As such
it provides readers, especially soil scientists, with a more detailed
picture of the morphology and properties of some of the soils in
the region and emphasizes the great diversity in soil properties
and agricultural potentials.

Chapter 6.

AMAZON SOILS:
Physical and chemical Properties
In addition to classifying the soils of the land facets, in the original
1:1,000,000 scale study of “Land in Tropical America” (Cochrane
et al. 1985), the soils were described in terms of their physical and
chemical properties.

Subsoil; only used if textural change or hard root restricting
layer is at a depth of 50cm or less.

Soil Physical Properties
Soil physical properties were classified and coded in terms of slope,
depth, initial infiltration rate, hydraulic conductivity, drainage,
moisture-holding capacity, temperature regime, presence of
expanding clays, texture and presence of coarse materials. Details
of their definitions are recorded in the glossary to Part I of Volume 3
of “Land in Tropical America”.
The classification of soils on the basis of physical properties is
designed to evaluate their suitability for crop production from a
physical standpoint; in the words of F. Hardy (pers. comm., 1960),
to study the “root room” of a soil, or its physical characteristics
as a growth environment for roots, tubers, and underground
stems and tissues of all kinds, including nodules for symbiotic
nitrogen fixation. The classification contains the factors necessary
to apply the technique developed by Mansfield (1977) for assessing
land capability for crops based on soil physical limitations. It
also contains the information necessary to use the soil Fertility
Capability Classification (FCC) method of Buol et al. (1975).
Although there are important physical limitations including poor
drainage over 21 % of the region, severe erosion hazard over 8%,
and varying degrees of drought stress, the physical properties of
the balance of the soils covered by the Land Systems Map can be
generally considered favorable.

Soil Texture
In order to generalize soil textural variations throughout the region,
the soil textural classes of the Fertility Capability Classification FCC,
system proposed by Buol et al. (1975), were used in the study. As
proposed by Buol et al., these may be summarized as follows:
Topsoil; texture is average of plowed layer or 0-20cm, whichever is
shallower.
FFC code

Name

S

Sandy topsoil

Loamy sands and sands (USDA,1989)

Description

L

Loamy topsoil

<35% clay but not loamy sand or sand

C

Clayey topsoil

>35% clay

O

Organic soils

< 30% O.M. to a depth of 50 cm or more

FFC code

Name

S

Sandy subsoil

Description
(as for topsoil)

L

Loamy subsoil

		 (as for topsoil)

C

Clayey subsoil

		 (as for topsoil)

R

Rock or other hard root restricting layer

In “Land in Tropical America”, Table 6-1 of Chapter 6 of that book
records aerial data in ha. of the FCC textural classes in terms of the
main climatic sub-regions and the topographic subdivisions within
those regions. The most extensive textures are: loamy (L) (18-35%
clay) and loamy over a clayey subsoil (LC). These L and LC classes
together account for 55% of the soils. Uniformly clayey (C) profiles
account for 26% of the area, the remainder being divided by shallow
soils over rock and other textural combinations. The table also
shows that there is a physical barrier to root development at 50 cm
or less in 15.8 million ha (2% of the region). Sandy topsoil textures
are also important.

Erosion Hazard
Table 6-1 of “Land in Tropical America’ provides a synthesis of the
slope classes of the region. Flat, poorly drained lands cover 21 % of
the lands. Of the well-drained lands, about 61% have level to gentle
slopes (0 to 8% slopes). Topography is rolling (8 to 30% slopes)
in 14% of the region, and steep (more than 30% slopes) in the
remaining 4%. The presence of a textural change within 50 cm of
the soil surface, such as LC, SL, and SC, makes the soils susceptible
to erosion, particularly on steep slopes. The tabular data shows
that 64.8 million ha (8% of the region) have soils with a sharp
textural (SC, LC) change on slopes greater than 8%, or have shallow
soils (LR and CR). It was found that the deep soils with textural
changes, mostly classified as Ultisols or Alfisols, are generally quite
susceptible to erosion unless protected by a plant canopy during
periods of heavy rains.
Indiscriminant forest clearing, especially in hilly regions, often
leads to serious soil erosion and also increases the rate of flow of
water, along with topsoil, away from catchment areas. This, in turn,
provokes flooding from rivers, often many miles downstream. It is
a particularly serious problem in parts of the sub-Andean foothills
where “colonization” is proceeding apace. Such problems can only
be avoided by ensuring that colonizers have as little access as
possible into the sub-Andean foothill regions. Further, that major
roads are located well into the plains areas. The South American
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sector of the Erosion Map of the World (FAO 1989), which was put
together by the senior author, provides additional insights into the
problem of erosion throughout the region.

Soil Moisture Relationships
The definition of soil Great Groups and their extent (shown in
Table 5-1) enabled an estimation of the relative importance of soilmoisture regimes in the region, as defined in Soil Taxonomy (Soil
Survey Staff, 1975). About 61% of the region has an udic or perudic
soil-moisture regime, indicating that the subsoil is moist during 9 or
more months per year. Approximately 21% of the area has an aquic
regime, indicating the presence of waterlogged conditions in some
parts of the solum during the year. The remaining 18% has an ustic
regime, which indicates that the subsoil is dry for more than 90 but
less than 180 consecutive days during the year.
Cochrane et al. (1981) compared the classification of the well-drained
soils in the region at the Great Group level with moisture-regime
classes and total wet-season evapotranspiration regimes WSPE.
They found an approximate relationship, presumably because the
definition of moisture regimes provides for a broad separation
of the Great Groups. However, there was the implication that the
definition of WSPE regimes, or an equivalent approximation of
“usable energy” regimes as accorded by annual water balance
patterns, could lead to an improved classification of soils in the
tropics.
Classification considerations aside, it is relevant to point out that
most soils in the climatic sub-region “b” suffer from temporary
moisture stresses during 3 to 4 months of the year; this affects
plant growth (Ranzani, 1978). The clearly defined dry season in the
savannas makes this situation more obvious, especially in the
well-drained soils of sub-regions “c” and “d”. Even in the clearly udic
soil-moisture regime of sub-region “a”, temporary soil moisture
stress occurs sporadically and severely affects crops like upland rice
and corn (Bandy, 1977). Thus it appears that shallow-rooted annual
plants growing on most well-drained soils in the region can suffer
from lack of water during some part of the year.

Hardened Plinthite or Laterite
As already observed, the physical properties of most Amazon forest
and many savanna soils are generally quite good. The dominance
of coarse gravelly topsoils underlain by plinthite in much of
West Africa’s equivalent to climatic sub-region “b” poses major
limitations to the development of permanent agriculture in that
vast region (Lal et al., 1975). As indicated in Chapter 5, this situation
is not so extensive in tropical South America. However hardened
plinthite or laterite outcrops do occur, but in geomorphically
predictable positions in the landscape, such as on edges of
peneplains or plateaus that have been dissected by streams and
rivers. These are common in the Guyanian and Brazilian shields, and
in the Tertiary surfaces of the Amazon and Orinoco basins. Laterite
outcrops are found in the high Llanos of eastern Colombia near
Carimagua, an ICA (Instituto Colombiano Agropecuario) National
Agricultural Research Center where ICA and CIAT used to work

52

Amazon Forest & Savanna Lands

cooperatively in crop, and pasture research. These outcrops provide
excellent low-cost road-building materials and, consequently,
reduce the cost of opening up many hinterland areas. In fact, the
lack of laterite in many areas is a definite constraint to road building
and construction in general.

Soil Chemical Properties
Soil chemical properties for both the topsoil (0-20 cm) and subsoil
(21-50 cm) were coded and summarized as detailed in the glossary
to Part I of Volume 3 of “Land in Tropical America”. In addition,
the soils were classified in terms of a somewhat modified Fertility
Capability Classification FCC coding as proposed by Buol et al. (1975).
This is summarized as follows:

The Soil Fertility Capability Classification, FCC
The Fertility Capability Classification FCC, system proposed by
Buol et al. (1975), was incorporated in a slightly modified form as an
integral part of the study “Land in Tropical America”. It synthesizes
key fertility information usually available from soil survey reports.
It is considered a technical classification system (Cline, 1949)
specifically designed to help soil fertility specialists. Effectively,
it systematizes much of what may be gleaned from soil survey
reports, particularly those following Soil Taxonomy methodology.
It provides a convenient checklist of the major potential problems
affecting soil fertility, both physically and chemically. By so-doing,
it obviates the need for soil fertility specialists to have an in-depth
knowledge of soil classification and soil survey methodology.
The FCC system consists of three categorical levels: the Type,
Substrata Type, and Condition Modifier. In brief, the Type is the
average texture of the topsoil (0-20 cm), the Substrata Type is
the average texture of the subsoil (21-50 cm), and the Condition
Modifiers refer to chemical or physical conditions. In Volume 1 of
“Land in Tropical America”, Table 5-2 of Chapter 5 records the Fertility
Capability Classification (FCC) as proposed by Buol et al. (1975). The
“Conditioner Modifier” constraints, and the minor changes in their
definition made by the senior author were as follows:
a: Al toxic. In The Land Systems Map and its Legend, “a” is defined
as greater than 70% saturation of the ECEC, in contrast with Buol et
al.’s 60% level. Plants sensitive to Al toxicity will be affected.
b: base reaction free carbonate. Rock phosphate and other nonwater soluble phosphate should be avoided. Potential deficiency of
some micronutrients, mainly Mn, Fe, and Zn.
c: cat clays. Potential acid sulphate soils. Drainage not
recommended without special practices such as brine flushing (H.
Evans, ex. Bookers agronomist, now deceased, pers. comm.,1971).
Might be managed with plants tolerant to flooding and high water
tables.
d: a dry condition. An annual dry season of at least 60 consecutive
days. Limitations to soil moisture. Planting dates for annual crops
should plan for flush of N at onset of rains.
e: low CEC. Low ability to retain nutrients for plants, mainly Ca, K,
and Mg.

g: gley. Gley condition in the subsoil as an indication of water
saturation within 60 cm of the soil surface.

Exchangeable Ca, Mg, Na: (1M KCI extraction). This is a first attempt
to equate soil-nutrient levels with crop needs in the sense:

h: acid. High soil acidity. Possible need for liming and some trace
elements. In The Land Systems Map and its Legend, this has been
defined as those soils with a pH less than 5.3.

A: adequate for most crops

i: phosphorus fixation. Potentially high P-fixation capacity. Requires
high levels of P fertilizer. Sources and methods of P fertilizer
application should be carefully considered.
k: K-deficient. Low ability to supply K. In The Land Systems Map and
its Legend, the level of exchange-able K for this modifier has been
reduced to 0.15.
n: natric. High levels of sodium. Requires special soil-management
practices for alkaline soils.
s: salinity. Presence of soluble salts. Requires special soil
management practices.
v: vertisol. Clayey-textured topsoil. Tillage is difficult when soil
is too moist (or, conversely, too dry), but soils can be highly
productive.
x: x-ray amorphous. Often high P-fixation capacity.
The FCC indexes the common information a soil fertility specialist
examines when studying soil analytical data for potential
limitations. It provides a convenient checklist of potential
constraints and is a very handy supplement to the computerized
soil chemical data. Many of these conditions occur together in
the central lowlands of tropical America. The database of “Land in
Tropical America” contain a summary of the FCC classifiers for each
land facet within a given land system.

Definition of Soil Chemical Properties
Some aspects of the coding and definition of the soil chemical
properties recorded for the study merit additional comments. The
soil chemical parameters examined included the following:
pH: (pH in water, 1:1 soil to water ratio). A pH less than 5.3 was
considered a realistic level to separate soils with a potential Al
toxicity problem. Above pH 5.4, Al is virtually insoluble and not
found either in the exchange complex or in the soil solution; below
about pH 5.3 the amount of Al in soil solution may be significant.
Therefore, pH 5.3 gives a crude critical level for identifying those
soils for which the equation developed by Cochrane et al. (1980)
for estimating the liming requirements of acid mineral soils might
profitably be used (refer Appendix x). The letter “h” was used to
code soils with a pH less than 5.3; this is the same letter used by the
FCC system (Buol et al, 1975), and the definition approximates the
philosophy of the FCC definition of soil acidity.

M: inadequate for crops requiring high levels of the nutrient
B: inadequate for most crops except those tolerant to low levels of
the nutrient.
Exchangeable K: (1M NH4Cl extraction). In practice, there does not
appear to be much difference between the K levels extracted with
NH4CI and NH4OAc. The tentative classification of exchangeable K
also qualifies the potash levels according to the FCC criteria. This
stipulates as an alternative definition of low K that the soil has less
than 10% weatherable minerals in the silt and sand fraction within
50 cm of the soil surface, or that K levels are less than 2% of the
sum of the bases, if the sum of the bases is less than 10 cmolckg-1
(meq/100 g) soil.
Total exchangeable bases (TEB): This is the sum of the exchangeable
Ca, Mg, K, and Na. In some acid mineral soils, Mn and even Fe levels
obtained by extraction with 1M KCI may be high and contribute to
the TEB. Zinc and Cu levels could also be included, but in practice
are generally so low as to be insignificant.
Cation-exchange capacity (CEC): This refers to the effective
cation-exchange capacity (ECEC) calculated by the sum of the
TEB plus Al (1M KCI extraction). The level, less than 4 cmolckg-1
soil, would correspond approximately to less than 7 cmolckg-1 soil,
if the CEC is determined by the sum of the cations at pH 7.0, and
less than 10 when determined by the sum of the cations at pH 8.2
(Buol et al., 1975).
The classification of TEB and CEC in terms of high, medium, and
low clearly has no direct significance with respect to plant nutrient
needs. Nevertheless, they are considered convenient groupings to
help with the interpretation of the soil’s ability to supply nutrients.
When considered together with organic matter content and clay
mineralogy, they provide an idea of the ability of a soil to retain
nutrients and its state of leaching.
Organic matter (OM): The classification has been made to help with
the overall interpretation of soil fertility. The percentage of OM is
determined by multiplying the organic carbon by 1.7.
Phosphorus: The levels refer to P extracted by the Bray 11 method
(Bray and Kurtz, 1945). In very approximate terms, Table 6-1 gives a
comparison of P levels extracted by the Bray 11 method, the Truog
method (Jackson, 1958), and the “available P” method of Vettori
(1969). The classifications are also used to equate soil levels with
plant requirements.

Exchangeable Al: (Al extracted by 1M KCI). The levels used are
considered tentative and mainly applicable to soils with a low
effective cation-exchange capacity.
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Table 6-1. Comparison of P levels (ppm) by classification system.

P code Description
A

Bray ll

Truog Olsen “Available P”

alto, high

>7

>5

>3

>7

M

medium

3-7

2-5

1-3

3-7

B

bajo, low

<3

<2

<1

<3

Phosphorus fixation: Phosphorus fixation is difficult to quantify.
The criterion of Buol et al. (1975) was used: soils with a clay
content greater than 35% and a ratio of free Fe2O3 to percentage
of clay greater than 0:15, or those with allophane-dominant clay
mineralogy, are classified as potentially high-P fixers. In the absence
of more specific information, these parameters give a tentative
rating of potential P-fixation problems.
Manganese: The levels refer to Mn extracted with 1M KCI, defined as
low, satisfactory, and toxic. The definition of Mn toxicity as greater
than 35 ppm or greater than 1% saturation of ECEC is provisional,
as plants vary widely in their ability to withstand high levels of
Mn in the soil solution. Furthermore, Mn levels tend to build up,
sometimes for relatively short periods, under reducing conditions
(Collins and Buol, 1969).
In contrast with often quoted concern of toxic levels of soil Mn, the
senior author detected a Mn deficiency in Sugar-cane being grown
on a relatively high pH, recent alluvial soil in the Santa Cruz district
of Bolivia (Cochrane, 1989, and refer to Appendix 2). He corrected the
problem by applying ammonium sulphate and increased the yield
dramatically. -Previous workers had recommended the use of urea
as a nitrogenous fertilizer, but the application of urea resulted in
an initial raising of soil pH with a consequent substantial reduction
in yield!
Sulphur: The classifications low, satisfactory, high, and unknown
have been made without attempting to define an extraction
procedure or limits for soil S; it only reflects what is known about S
deficiencies as recorded in the literature.
Zinc: (1M KCI extraction). Only the classes low, satisfactory, and
unknown have been used. These levels are based on relatively few
studies with commercial crops; little is known concerning crop
tolerance to different levels of Zn.
Iron: 1M KCI extraction). The classes low, satisfactory, high, and
unknown provide only a rough guide, as they do not take crop
tolerance differences into account. Temporary Fe deficiency
sometimes occurs in sugarcane as plant roots grow through wellaerated, unsaturated topsoils (Senior author, unpublished data). As
the roots penetrate saturated subsoils, the Fe deficiency generally
disappears. At the high level, some crops, e.g. rice, may suffer
from excess Fe (Howeler 1973). Like Mn, soil Fe levels vary with the
fluctuating oxidation and reduction conditions brought about by
different soil-moisture levels.
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Fe-Toxicity: Appendix 5 summarizes an in-field method for
determining Fe-toxic soil conditions found in some (usually poorly
drained) soils. It is often difficult to detect the condition once
the soil has dried out, including soil samples taken for laboratory
determinations; consequently the senior author developed the
method to be used in the field.
Copper: (1M KCI extract): Little is known about critical Cu levels.
Generalized levels have been determined based on experiences from
other tropical areas. There is evidence to suggest that they may be
correlated with P levels in some acid mineral soils (Senior author,
unpublished data).
Boron: (extraction by refluxing with 100ºC water for 10 minutes).
The classes used approximate critical levels for several crops
including sugarcane.
Molybdenum: (1M KCI extract). Little is known concerning soil
Mo levels in the region. The classes used are based mainly on
generalized criteria from other parts of the tropics.
Free carbonates: This characteristic refers to carbonates detected
simply by dropping 30% HCI onto soil samples taken to a depth of
50 cm and observing CO2 effervescence. The presence of calcium
and magnesium carbonates detected in this way is also used as an
FCC modifier: “b” = basic reaction.
Salinity: This is the salinity of the saturated extract at 24ºC of a soil
sample taken to a depth of 1 m. The levels are based on the general
values developed by the U.S. Soil Salinity Laboratory Staff (1954) that
purport to identify those soils with sufficient salinity to present
problems for most crops. It should be noted, however, that some
crops are susceptible to a significantly lower level of soil salinity.
The 4 mmhos level approximates a 1:2.5 soil-to-water extract
conductivity reading of 400 µmhos.
Natric: Sodium levels were given separate mention to identify
problem soils. Sodium affects clay dispersion and moisture
availability. The levels refer to readings for soil samples taken to
a depth of 50 cm and are those limits set by the U.S. Soil Salinity
Laboratory (1954).
Cat clay: This identifies the presence of acid sulphate soils
(Moorman, 1963). It is identified by the criterion of pH in 1: 1 soil-towater extracts less than 3.5 after drying, or jarosite mottles with
hues 2.5Y or yellowier and chromas 6 or more within a depth of 60
cm. It is used with this definition as an FCC modifier: “c” = cat clay.
X-ray amorphous: Greater than 35% clay and pH greater than 10 in
1M NaF, or positive to field NaF test, or other indirect evidences of
allophane in the clay fraction of the surface 20 cm of the soil. This
criterion, the definition of the FCC modifier “x,” purports to identify
soils with allophane-dominated mineralogy; these often have high
P-fixing capacity and low rates of mineralization.

Elements of importance mainly to animal nutrition.
This evaluation was based purely on specific knowledge about
deficiencies and toxicities occurring in a given area. For example,
certain soil areas are associated with iodine deficiency in animals.

The Examination of Soil Chemical Data.
When examining soil chemical data, it is good practice to identify
potential soil toxicity factors first, then examine potential
deficiencies in the light of what is likely to occur, once corrective
measures have been postulated to overcome the soil toxicity
problem. Such an examination must be preconditioned by the
appreciation of climatic and physical conditions.

Plant Tolerances to Toxicities and Deficiencies.
The interpretation of soil chemical data (and certain physical data)
must take the tolerances of different crops and varieties or cultivars
of those crops into account. For example, it may be noted that
several Brazilian wheat varieties have a much greater tolerance to
high soil Al levels than those developed in Canada. The equation
for liming acid mineral soils to correct Al toxicity developed by
Cochrane et al. (1980), was designed to take plant tolerance to Al
toxicity to account.
Historically, probably the first recorded observations on the
variations in crop tolerance to different soil fertility conditions were
made by the senior author (Cochrane, 1962). He examined a series
of Ministry of Agriculture files of the Caribbean Island of St. Vincent
dating back to the late 1800s. Careful records had been kept by the
many successive “botanists” and later “agronomists” of the island’s
crops and experimental work dating back to those times. The senior
author found a hitherto unsuspected relationship between the
fertilizer response of sea-island cotton varieties and their genetic
adaptation to acid, infertile soils. -For years it has been assumed
that the “best” varieties were those that gave the greater responses
to the higher fertilizer treatments.
-Incidentally, the first breadfruit trees were introduced into the
Caribbean via the St. Vincent Botanical Garden by Captain Bligh of
the “Mutiny of the Bounty” fame! A plaque on one old tree claims
that it was the first breadfruit tree to be planted by Captain Bligh.

Summary of Soil Chemical Properties of the Region.
The vast majority of the region’s soils are acid and infertile in their
undisturbed state. From the soil survey classification data, it was
noted that only about 5% of the region has high base status soils
with relatively high innate fertility. The analytical data indicates that
the main chemical soil constraints in the region are soil acidity (Al
toxicity), P deficiency, low effective cation exchange capacity, and
widespread deficiencies of N, K, S, Ca, and Mg. Toxicities of Mn and
Fe are present in some soils as are deficiencies of these elements
in others. Trace element deficiencies, including B, Zn, and Cu, are
commonly seen (Cochrane and Sanchez, 1982), and Mo deficiency
has been identified in the Brazilian Cerrados (CIAT, 1980a).
Table 6-2 summarizes the extent of many of these fertility
limitations in the region. (Table 6-5 of “Land in Tropical America”
indicates those limitations in terms of climatic sub-regions and
topographical differences within those sub-regions). It must be
remembered however, that the figures are largely based on soilsurvey information taken under natural vegetation conditions.

As shown by Falesi (1976), (refer Table 13-1 of chapter 13), in the
semi-evergreen forest circumstance with a large biomass content,
burning in situ can result in returning to the soil very large
quantities of bases, including K and Ca, thus completely changing
the chemical characteristics of the topsoil. The subsoil conditions
may also be affected as nutrients leach down from the topsoil.
The following summarize some of the major fertility limitations of
the region:
Soil acidity: From Table 6-2 it may be estimated that approximately
75% of the region has soil pH values lower than 5.3, indicating not
only an acid reaction but also the presence of potentially toxic levels
of exchangeable Al for many crops. The proportion of acid soils
is less in the flat, poorly drained topographies (52%). Aluminum
toxicity in plants is the main consequence of extreme soil acidity.
As already noted, plant species and cultivars within a species
differ in their tolerance to Al; this may be expressed in terms of
the percentage of Al saturation of their effective cation exchange
capacity (ECEC). Some plants sensitive to Al suffer at levels as low
as 10% Al saturation. In general, however, when there is 70% Al
saturation or more within the top 50 cm, the soil is considered Al
toxic. It was estimated that 358 million ha., or 44%, of the soils
in the region are potentially Al toxic in their natural state. It is
interesting to note however, that Table 6-5 of “Land in Tropical
America” indicates that there is a marked lowering of subsoil Al
saturation levels in the well-drained savanna regions.

Correcting Al toxicity.
Al toxicity in soils may be corrected by liming; unfortunately the
amounts of lime currently being used by farmers to overcome
Al toxicity are usually far in excess of those really needed. Large,
unnecessarily high applications of lime have been made in southern
Mato Grosso, Brazil (see Plate 6-1). As previously noted, the senior
author developed an improved liming equation that permits the
calculation of the minimal lime requirement for a given acid,
mineral soil that will enable the healthy growth of a crop with a
known tolerance to Al toxicity. This equation has been recorded in
Appendix 6 for the convenience of agronomists.
It was noted during the course of the studies, that lime per sé is
not a scarce resource in the region; deposits abound along the
eastern foothills of the Andes and the central plateau of Brazil.
However mining and transportation costs are major limiting factors
especially for distant frontiers. Consequently, the estimation of
minimal lime requirements, along with the use of crop cultivars
with a certain tolerance to high soil Al levels, are important
agrotechnologies for the agricultural development of the region.
This could lead to the more effective use of lime and considerable
savings in the costs of crop production.
Phosphorus deficiency: Table 6-3 shows that 86% of the region’s
soils have topsoil available P levels lower than 7 ppm, according to
the Bray II method. Since the generally recognized adequacy level
of this method for annual crops in Oxisols and Ultisols of Brazil is 7
ppm P, it is safe to state that the vast majority of soils in the area are
deficient in P for most annual crops. Fortunately, this widespread
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Table 6-2. Summary of the Aerial Extent of Selected Soil Fertility
Parameters over tropical South America

Codea

Topsoil
Subsoil (21(0-20 cm)
Area (million % of total 50cm) Area

Range

ha)

> 7.3
5.3 -7.3
< 5.3

0.4
245.8
570.8

(million ha)

% of total

< 0.1
70.1
30.1

0.6
203.2
613

0.1
24.9
75

145
614.4
57.6

17.8
75.2
7

4.1
90.5
722.4

0.5
11.1
88.4

221.5
95.5
141.4
358.6

27.1
11.7
17.3
43.9

243.6
91.3
100
382

29.8
11.2
12.3
46.8

A
> 4.0
163.7
M
0.4 -4.0
338.3
B
< 0.4
315
Exchangeable Mg, cmolckg-1

20
41.4
38.6

68.1
184.6
564.3

8.3
22.6
69.1

A
M
B

20.8
50.3
29

63.1
184.7
568.9

7.8
22.6
69.9

pH
A
M
H

Organuc matter
A
M
B

> 4.5
1.5 - 4.5
< 1.5

Al saturation %
B
M
H
a

0 -10
1O - 70
40 - 70
> 70 (toxic)

Exchangeable Ca, cmolckg-1

> 0.8
0.2 - 0.8
< 0.2

169.6
410.8
236.6

Exchangeable K, cmolckg-1
A
M
B

> 0.3
0.15 - 0.3
< 0.15

97.4
240.8
477.1

12
29.5
58.4

6.3
105.6
705.1

0.7
12.9
86.3

8
4-8
4

255.6
319
242.4

31.3
39
29.7

119.6
283.3
414.1

14.6
34.7
50.7

7
3-7
3

97.1
341.5
378.3

11.9
41.8
46.3

28.4
89.1
699.4

3.5
10.9
85.6

ECECB
A
M
B
Pc, ppm
A
M
B

P fixation
I > 35% clay, % free
Fe2O3/% clay >0.15
O
low
no
estimate,
U
unknown
a

101.2
715.7

12.4
87.6

<0.1

< 0.1

a = Al toxic, FCC modifer in topsoil; A and H = high; B = low;
h = acid, FCC modifer in topsoil; i = FCC modifer for P fixation
k = K deficient, FCC modifer in topsoil; M = medium.

b
c

ECEC = effective cation exchange capacity
By Bray11 method
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P deficiency is not accompanied by a widespread high P fixation
capacity.
From Table 6-3 it is seen that 100 million ha., just 12% of the
region, have soils with a high P-fixation capacity, as defined by
the “i” modifier of FCC. Only those topsoils with more than 35%
clay contents and with a high proportion of iron oxides present
are considered high P fixers (Sanchez and Uehara, 1980; Sanchez
et al., 1980). This situation is largely limited to clayey Oxisols and
Ultisols, and, among them, only those having the “Ci” notation in
the FCC system. Phosphorus-sorption isotherms, conducted with
soil samples of Ultisols from Peru and Brazil by North Carolina
State University (1973) and Dynia et al. (1977), show that the
fixation capacity is low. Clearly, while P fixation is a possible major
constraint of Oxisols in the Cerrados of Brazil and the Llanos of
Colombia, it is not a widespread problem in the Amazon, although
it is locally important. The use of species and cultivars tolerant to
low P levels is a possible alternative to increasing P fertilization in
P-deficient soils.
Low potassium reserves: It was estimated that about 58% of the
region (477 million ha.) has soils with low K availability. Although
burning native forests increases available K levels, this effect tends
to be short-lived, unless rapid recycling takes place. In savanna
regions, seasonal burns do little to increase the invariably low levels
of the soils. Consequently, this is an important economic constraint
in the region. Rapid leaching losses and serious K/Mg imbalances
have been recorded in Ultisols in Peru (Villachica, 1978, Villachica
and Sánchez, 1980).
Low calcium and magnesium levels: Approximately 39% of the
region (315 million ha) has soils with low Ca levels and 29% (236
million ha) low Mg levels.. Burning native forests increases both
Ca and Mg levels. In savanna areas, however, as explained in
more detail in Chapter 14, the problem is not so much as that of
deficiencies as an imbalance (Cochrane, 1989). It is observed, that
many soils low in Ca and Mg are potentially Al toxic; in such cases,
liming will solve both the Al toxicity and the Ca/Mg imbalance.
Low effective cation-exchange capacity: Low ECEC is an important
soil constraint because of the susceptibility of K to leach from
the soil profile and the danger of creating serious nutrient
imbalances among cations such as K, Ca, and Mg. Table 6-3 shows
that approximately 242 million ha (30% of the region) have this
condition in the topsoil, and 414 million ha. (50%) have it in the
subsoil. Low ECEC is more prevalent in sub-regions B and C and
occurs mainly in Oxisols, sandy-textured Ultisols, and all Spodosols.
Sulphur deficiency: McClung (1959) found severe sulphur
deficiencies in a greenhouse trial with soils from the state of Goias,
Brazil, in soils described as Humic Latosols (Acrustox) and in a
sandy Terra Roxa Mixturada (Rhodustalf) in São Paulo. The common
occurrence of S deficiency in the soils of Central Brazil has been
confirmed by several consequent studies, including the recent
greenhouse trials on the Oxisols of Planaltina reported by CIAT
(1980a). Although few field-trial results seem to have been recorded,
S deficiency is probably a major constraint in many savanna soils

Plate 6-1. Unnecessarily high applications of lime in southern Mato Grosso, Brazil.
where sulphur is lost through burning. Sulphur deficiencies have
also been reported by Wang et al. (1976) in rice in flood plains along
the Jari River, a tributary of the Amazon River in eastern Amazonia.
Deficiencies of other nutrients: The region is a haven for scientists
interested in nutrient deficiencies. In the Ultisols of Yurimaguas, for
example, deficiencies of all essential nutrient elements except for Fe
and Cl have been recorded in annual crops (Villachica and Sanchez,
1980). In addition to N, P, and K deficiencies, the most widespread
ones seem to be Mg, S, and Zn. The limited data base for these
parameters impedes a geographic appraisal of where specific
deficiencies occur and their relationship to soil properties.

Investigating soil fertility problems.
To conclude this chapter, it is noted that Appendix 1 has been
written to provide a guide as to what soil nutrient problems may
be deduced from existing soil survey studies to better direct
agronomic work to speed up field-proven answers as to the
fertilizer needs for specific crops. Appendices 2, 3, 4 and 5 provide
agronomists faced with the task of investigating soil fertility
problems a series of techniques for investigating the fertility
needs of specific crops grown under different tropical soil and
circumstance conditions.

Constraints occurring together.
It should be noted that it is not uncommon for several soil fertility
constraints to occur together on the same land units. Only about 42
million ha. (5% of the area) showed no major fertility limitations. It
appears that the most ubiquitous constraint occurring with other
problems is that of soil P deficiency.
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Chapter 7.

AGRO-ECOLOGICAL ZONES
OF THE AMAZON.
The land resource studies of the region (Cochrane et al. 1985) was
originally commissioned as a study of the acid-infertile savanna
regions of tropical South America to provide a basis for the
selection of representative localities for testing promising grass
and legume accessions (CIAT, 1978b). However, as noted in Chapter
1, after the first year’s work, the project was extended to cover the
whole of Amazonia to better understand the nature of its land
resources. It was considered that this would provide a basis for
the development of suitable germplasm-based agrotecnology for
the region as a whole, and avoid the mistakes of the past where
agrotechnologies developed in one “tropical” region simply failed
in another. As Metz and Brady (1980) observed concerning the socalled “Green Revolution”:

is a computer generated map based on Land System groupings
integrating the broad climatic, topographic, and natural vegetation
classes throughout the region. It is a first approximation to put
gross climate and landscape differences into perspective. Table 7-1
summarizes the five agro-ecological zones in terms of their major
vegetation, climatic, and topographic characteristics. It should be
noted that the very poorly drained forest regions indicated on the
map were included within the forest subdivisions according to their
climatic regimes.

“The Green Revolution has failed to fulfill expectations in most
areas of the world. Yields and production levels are only a
fraction of those predicted when the new high-yielding varieties
were first released in the 1960’s. There is a growing recognition
that environmental factors are largely responsible for this failure
of new crop varieties to live up to expectations.”
In other words, many high-yielding cultivars of crops that
performed well in one tropical climate-soil environment have often
given disappointing results in another. Part of the reason for this
is that, in the not too distant past, plant breeders were looking
for “super cultivars” of crops that would solve food production
problems in the tropics, as if the word “tropics” was a sufficient
definition of environment. Unfortunately this is not so. There is now
an increasing awareness of the need to develop new crop cultivars
compatible with the many climate-soil environments of the tropics,
and an urgent need to define these environments more precisely.
As a first approximation to help resolve this problem, the region was
subdivided into agro-ecological zones based on findings from the
Land Systems study, and a summary made of the major land use
constraints within those zones. Clearly, at a more detailed level, the
Land Systems define areas of similar landscape for farming, forestry,
ecological reservations, erosion control or simply conservation;
consequently, the description of Land Systems is fundamental to
land planning and transfer of agrotechnology.

Agro-ecological zones.
Eight agro-ecological zones were delineated to help visualize the
overall land resource differences over the humid lowlands of central
tropical South America for CIAT’s pasture program. However, these
zones also provide an agro-ecological zoning for perennial crops
and forestry regeneration. They are shown in Figure 7-1 which
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Figure 7-1. Geographical extent of the land systems survey showing
Agro-ecological zones, taken from the study of Cochrane et al. (1985).
The basis for the subdivision of the lowlands of tropical South
America into climatic sub-regions is summarized in Chapter 2. The
close relationship of the wet-season potential evapotranspiration
WSPE, to the native vegetation growing on well-drained soils
(Cochrane and Jones, 1981) indicates that gross natural vegetation

characteristics are a function of the amount of energy plants can
use, as accorded by annual water-balance patterns. This finding
together with the broad temperature differences in terms of wet
season mean temperature WSMT, was used as a first broad criterion
for subdividing the region into agro-forestry ecozones for forest
trees, perennial crop and pasture production. The criterion of using
annual WSPE regimes is of course only pertinent for perennial
vegetation.
Considering WSPE, it is well established that the role of
evapotranspiration, which takes place via plant stomata surfaces,
is a critical mechanism to speed the absorption of nutrient ions
from the soil and their subsequent translocation to the vital regions
of plants, as explained by Cochrane and Cochrane (2005, 2007).
Clearly, WSPE is a novel means of estimating the climatic influence
in terms of “useable energy” on the annual growing cycle of native
and introduced perennial vegetation (refer Chapter 2). However,
the water-supplying ability of a specific soil may well temper the
WSPE regime.

The second broad criterion was soil drainage, refer Table 7-1. In
poorly drained lands the ability of plants to withstand waterlogging is of primary importance. Consequently, the poorly
drained savannas, including the picturesquely described Pantanal
of Brazil and Bolivia, which are found throughout the climatic
sub-regions “b” to “e” as defined in Table 2-4 in Chapter 2, were
grouped together as an agro-ecological zone because they are lands
affected by a common problem of prolonged periods of annual
water-logging.
It is necessary to study the climatic and soil characteristics of any
given region in much greater depth for the successful cultivation
of any specific perennial crop or forest species. This is even more
critical for annual crops; the monthly WSPE during their varying
growth-stages must be taken to account, apart from other factors
including temperatures and day length.

Table 7-1. Agro-ecological zones of tropical South America
Area (ha x 1,000,000) of each class
Agro-ecological zone

Climatic parameters

Flat poor
drainage

<8%
slope

8-30%
slope

>30%
slope

Total area

% of
total area

Poorly drained savannas

WSPE <900mm
< 6mths wet season
WSMT > 23.5º C

49

0

0

0

49

7

Isohyperthermic savannas

WSPE 900-1060mm
6-8 mths wet season
WSMT > 23.5ºC

17

72

12

10

111

16

Isothermic savannas

WSPE 900-1060mm
6-8 mths wet season
WSMT < 23.5ºC

1

25

9

7

42

6

Semi-evergreen seasonal forest

WSPE 1060-1300
6-9 mths wet season
WSMT > 23.5ºC

53

145

94

4

296

41

Tropical rain forest

WSPE > 1300mm
>9 mths wet season
WSMT > 23.5ºC

69

88

55

5

217

30

715

Total area (ha x 1,000,000)

189

330

170

26

% of total area

26%

46%

24%

4%

WSPE = total wet season potential evapotranspiration
WSMT = wet season mean monthly temperature
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Soil physical and chemical conditions within the
agro-ecological zones.
The many factors relevant to soil physical and chemical constraints
for the broad agro-ecological zones was examined in detail by
Cochrane et al. (1979, 1985, 2003), and recorded in (Table 1-2 of
“Land in Tropical America”). The following notes summarize the
characteristics of the five main broad agro-forestry ecosystems, as
determined from the Land Systems work:

Well-drained Isohyperthermic Savannas.
It was seen that the predominant soil physical constraint
throughout this agro-ecological zone is low moisture-holding
capacity. This is particularly evident in the Haplustox, Acrustox, and
Haplorthox soil Great Groups within the Oxisol order, and in the
Quartzipsamments and Ustipsamments of the Entisols; soils with
low moisture-holding capacities within these Great Groups account
for over 60% of the soils found in the agroecozone as a whole. The
tendency for rainfall patterns to be somewhat erratic in some parts
of the ecozone suggests a need for plants capable of withstanding
moisture stresses, perhaps beyond that indicated by the length and
intensity of the dry season.
Soil mineral deficiencies, principally P, K, and Ca, are of primary
importance; pasture plants and perennial crops capable of
producing satisfactorily in soils with low levels of these elements
should be sought. However, the more detailed work subsequently
carried out by the senior author over the central “cerrados”
(savanna) region of Brazil, would indicate that the critical problem
of that region is an imbalance of Ca to Mg (Cochrane, 1989). This is
discussed in more detail in Chapter 14. Further, the ability of plants
to tolerate high levels of Al is of importance over about 30% of the
area. Interestingly, the percentage of Al saturation in the subsoil
does not tend to be as high as in the topsoil. Phosphorus fixation is
likely to be a problem in 30% of the soils. In short, the geographical
extent of soils with potential Al toxicity and P-fixation problems is
not as large as might be inferred from small-scale, generalized
soil maps.

Well-drained lsothermic Savannas.
It was seen that in isothermic, as in well-drained isohyperthermic
savannas, low soil water-holding capacity is a serious problem.
Over 70% of the soils, virtually all of them Oxisols, have low
moisture-holding capacities. This problem is demonstrated by the
exaggerated effect the veranicos (erratically occurring dry periods
with little rainfall during the “wet season” in Central Brazil), have on
crop growth and, to a lesser extent on pasture production. Pasture
plants and perennial crops for this ecozone must be adapted not
only to survive a prolonged dry season of 4 to 6 months but also
to resist lesser periods of moisture stress during the wet season.
Perhaps the best way to ensure this is to find plants that will grow
deep roots under the poor chemical conditions of these soils,
coupled with more efficient soil amendments and fertilizers to
promote deeper rooting.
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In the isothermic savannas, in contrast to the iso-hyperthermic
savannas, both soil deficiency and toxicity problems are of primary
concern. Plants should be selected to give satisfactory yields in soils
with high levels of the percentage of Al saturation and low levels
of P, K, and Ca. Phosphorus fixation also appears to be a potential
and widespread problem, so emphasis should be put on choosing
germplasm adapted to very low P availability.
The Al saturation percentage levels tend to diminish with depth;
this is very important insofar as root penetration is concerned. It
also means that the correction of Al toxicities through minimal
lime applications, as calculated by the improved liming equation
of Cochrane et al. (1980), would provide an alternative, relatively
low-cost way of overcoming a serious problem throughout this
agroecozone.

Semi-Evergreen Seasonal Forest.
The analytical data of soil samples, taken mainly from soil profiles
describing soils under native vegetation compiled for this agroecological zone, indicated that potential P, K, and Ca deficiencies
could be widespread problems, and that soil Al levels are often
high in the tropical semi-evergreen seasonal forest areas. However,
as illustrated by the work of Falesi (1972, 1976) and Serrao et al.
(1979), soils under forest vegetation may be changed completely
if the vegetation is burned and the resulting ash returned to the
soil. In other words, the potential fertility of soils in this eco-zone
under forest cover is a function not only of the soil’s fertility but
also of the fertility “stored” in the biomass. Analytical figures
can only provide a satisfactory guide to fertility if the vegetation
is completely removed by clearing lands by bulldozers. After an
adequate burning of vegetation, the fertility of these soils may be
restored. If followed up by careful management using -deep-rooted
pastures, this restored fertility might be maintained for many years.
The phenomenon of “fertility” being stored in biomass would
indicate that, provided adequate management techniques are
used, pastures not so well adapted to very low soil-fertility
conditions for the semi-evergreen seasonal forest agroecozone
might be cultivated. On the other hand, there is clearly a lot more
to be understood about pasture management in these areas, and
the search for pastures better adapted to the ecosystem should
continue.

Tropical Rain Forest.
Owing to the inherent difficulty of burning forests in very wet areas,
the soil analytical figures indicating chemical constraints for the
tropical rain forest agro-ecological zone probably serve as a more
useful guide for selection criteria for pasture plants and crops than
is the case for the semi-evergreen seasonal forests. The percentage
of Al saturation levels are often high, and K levels are almost
universally low. The P, Ca, and Mg figures appear, on the average, to
be slightly higher than those of the other agroecozones, but they
clearly reflect the somewhat higher proportion of inherently more
fertile soils, especially the Inceptisols, Alfisols, and Entisols. These
three soils alone account for about 25% of the well-drained soils of

the region; their presence indicates that the development of pasture
germplasm specifically adapted to acid, infertile soils for this
ecozone is not so high a priority as in the other ecosystems.

Discussion with reference to screening plant cultivars for
tolerance to adverse soil conditions.
The foregoing generalized summaries of the major soil constraints
in the principal agro-ecological zones take what is known into
account. Unfortunately, the recorded soil survey and fertility work
rarely included S, Mn, or minor element assays, because of past
analytical and interpretative problems. It is possible that germplasm
tolerant to low S levels or toxic Mn levels may be required for
some regions. The picture that has emerged from the Land System
evaluation of the major soil constraints, and by inference, the
priorities for desired genetic traits in tropical perennial crops,
pastures and forestry for the acid soils of tropical America’s
hinterlands, is considerably different from what was previously
inferred from past generalized small-scale maps:
a) The first major finding was that P fixation is not a potential
problem over much of the area, but is mainly confined to the
isothermic agro-ecological zone. This calls for a different emphasis
on work designed to tackle P problems. Phosphate rock seems
an attractive, low-cost solution for correcting P deficiencies for
pasture production over much of the region. However, a lot needs
to be learnt about the behavior of rock phosphate in the context
of overall crop growth. There is also a need for more study on the
ability of P and other minerals to move down the soil profile and
stimulate deeper rooting and, consequently, tap more extensive
water and mineral supplies. There is evidence, for instance, that
single superphosphate does this task more effectively than triple
superphosphate (E. Wagner, CPAC, pers. comm. 1981). Nevertheless,
it is certain that plants should be selected for tolerance to soils with
low P levels. This is particularly important in the case of plants for
the isothermic savannas.
b) The second major finding was that potential Al toxicity is not
as widespread as indicated from past small-scale soil maps;
however, it is an important consideration in the isothermic
savanna agroecozone. Fortunately, in this agro-ecological zone the
percentage of Al saturation in many soils diminishes with depth;
thus the strategic use of minimal lime applications will provide a
low-cost solution to many toxicity problems. Plants tolerant to high
Al saturation in soils are still highly desirable for the isothermic
savanna agro-ecological zone, although plant germplasm need not
be screened for tolerance to very high soil-solution Al levels, as has
been the practice by CIAT in the past.
c) The third major finding is that soil Ca and K levels are low on a
very high proportion of the soils. Low Mg levels are also common.
This would suggest that a desirable “trait” in plant germplasm
would be tolerance to low available K, Ca, and Mg.
d) A fourth finding is that the substantial fertility reserves in
arboreal biomass infers that care must be taken in interpreting
the relative importance of soil chemical constraints for the semievergreen seasonal forest agro-ecological zone. It is evident that

by felling and burning the forest cover, many of these soils will
undergo major changes in their nutrient properties. Further, the
restored fertility can be maintained for many years under adequate
management with perennial crops. This would involve only a
minimal input of chemical fertilizers. As a consequence, the search
for germplasm adapted to extremely poor soil-fertility conditions
need not necessarily be a priority for the semi-evergreen seasonal
forest regions. In the tropical rain forest ecosystem, also, the higher
proportion of inherently fertile soils suggests that the search for
crop and pasture germplasm adapted to very low soil fertility need
not be a top priority.
e) A fifth finding concerns soil chemical restraints over the entire
area. Although germplasm testing sites can be more carefully
located to take advantage of the known soil constraints, trials
should be monitored for the complete gamut of potential nutrient
problems. A careful monitoring of nutrient problems using foliar
analytical techniques could lead to a wealth of knowledge about
potential soil problems over the area (Cochrane, 1979). If only one
trace element problem is identified in an area, its solution could
lead to significant socioeconomic benefits.
f) Lastly, it was found that varying moisture-holding capacities
in many of the savanna soils emphasizes the need to maintain
perspective in testing plant accessions adapted to the acid soil
hinterlands. Climate, especially in the sense of the annual energy
available for plant growth as accorded by the soil moisture
regimes, is of great importance in determining the adaptability
of germplasm to any agro-ecological zone, always providing
that soil physical conditions are taken into account and that the
germplasm is adapted to acid-infertile soils. It is therefore necessary
that germplasm be tested in representative soil sites within the
major agro-ecological zones, and over a period of several years,
to accurately assess the influences of climate and soil moisture
conditions.

The need for additional analysis for prioritizing and
screening germplasm-based agro-technology.
It is axiomatic that the varying soil physical and chemical conditions
within the agro-ecological zones need to be examined more
carefully for prioritizing and developing pertinent seed-based
agro-technologies. At the more detailed level, the delineation of the
Land Systems, which define areas of similar landscape for farming
and forestry are of considerable help. Clearly, as the information for
the Land Systems study was digitized and is now available for use
in personal computers (Cochrane et al. 2003), this would facilitate
the analysis of the soil physical and chemical constraints within the
different agro-forestry ecozones for selecting representative sites
for the preliminary screening and subsequent more advanced field
testing of germplasm.
In conclusion, in considering the problem of agro-technology
development and transfer, although the 1:1,000,000 Land Systems
study provides a global picture of the region, more detailed studies
of specific regions of the types recorded in Section 2, are needed
to provide a much clearer picture of developmental needs and
priorities.
An Overview of Amazonia
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Chapter 8.

METHODOLOGY. The Refinement of the Digital
Land Systems Approach and its adoption by the
International Soil Science Society.
Background
The computerized Land Systems study of Tropical South
America enabled an unprecedented degree of analysis of the
landscape, soils, climate, vegetation and land-use of the region
and their inter-relationships. After a dissertation on the study
by the senior author in the World Conference on Soil Science at
Massey University, New Zealand in early 1981 (Cochrane et al.
1981), in which he suggested that the approach could have wider
applicability to the study of soils in the tropics, the then secretary
of the International Soil Science Society Dr. Wim Sombroek
(now sadly deceased), came up to author and said “Tom, we are
going to do this”. True to his word, Dr. Sombroek organized the
International Soil Science Society’s initiative in the mid-1980s
titled the “World Soils and Terrain Digital Database Project”
(acronym SOTER, an abbreviation of soil and terrain), based on
the computerized land systems methodology.
In this chapter the SOTER methodology is summarized and shown
how the file system evolved for use in personal computers, PCs. The
preliminary methodology was initially tested by the senior author
in a study of the Geo-economic Region of Brasilia and subsequently
refined and used in several studies over large areas of western
Amazonia. Some findings from these studies have been highlighted
to illustrate the usefulness of the approach. It is contended that
the basic methodology will be useful for carrying out future land
resource studies throughout the Amazon and other regions of
the tropics.

The World Soils and Terrain Digital Database Project,
acronym SOTER.
The computerized Land Systems approach was further refined and
adopted by the World Soils and Terrain Digital Database SOTER
Project, which started as an International Soil Science Society
(ISSS) initiative in the mid 1980s (Sombroek, 1984; Baumgardner
and Oldeman eds., 1986). It was subsequently supported by the
United Nations Environmental Program (UNEP), ISSS, International
Soil Reference and Information Centre (ISRIC), and the Food
and Agricultural Organization (FAO) of the United Nations (van
Engelen and Wen eds., 1995). It was evident to ISSS members that
computerization would play an increasingly important role in
carrying out land resource studies.
In synthesis, the SOTER project was developed with the initial
objective of creating a digital database file system of terrain and
soil properties to be described according to internationally accepted

definitions (Shields and Coote eds., 1988). By so doing, landscape and
soil characteristics described in any one region of the world could
be compared with those in other regions. The project succeeded
in its objective of developing an internationally agreed-upon file
system for describing terrain and soil properties. Further,
it was seen as a means of minimizing the confusion associated
with the many different taxonomic systems used to classify
soils. Soil taxonomic systems vary from country and even within
countries, and have often led to misunderstandings concerning
the nature of soils by scientists accustomed to using a given soil
classification system.
In the past, the role of soil mapping was largely limited to indicating
the geographical location of a general type of soil or complex of
soils found in a given region. Soils were classified into taxonomic
classification systems, which were usually hierarchal groups
according to a pre-chosen and limited number of parameters that
provided an idea of their general properties. The soils of these
groups were then identified with names derived from the classical
languages. In contrast, the use of the SOTER digital database
focuses on the description of the characteristics or “attributes” of
terrain and soils according to their properties. It should be noted
that SOTER is not an alternative soil or land use classification
methodology. It is a methodology for the systematic compilation
of terrain and soil databases for multiple purposes. Soil and land
use classifications may be derived from and, or compared using the
SOTER database.
It was also foreseen that the compilation of SOTER digital databases
would not only facilitate understanding between different
taxonomic and land use systems but also help bridge the gap
between creating a classical soils map and the problems facing
scientists of developing improved soil management technologies
for crop production and land resource management generally, in
a given region. The database would enable an in-depth analysis
of soil and land properties. The approach, when combined with
adequate sampling techniques during fieldwork and supported
with detailed laboratory soil analysis, may also be used to guide
the more effective design of field experiments, especially fertilizer
and soil amendment experiments. Subsequently, the database
can be used for the application and extrapolation of results of
these experiments to develop better recommendations for crop
production, and the more effective application of expert systems.
The SOTER project through the efforts of the UNEP, ISSS, ISRIC, and
FAO has evolved into a worldwide initiative applicable to all land
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conditions. It was seen that the methodology is particularly useful
as a basic component in compiling land resource geographical
information systems LR-GISs, of extensive areas of the relatively
unexplored tropical forests and savannas of the Amazon and
central Brazil.

The SOTER methodology that evolved from its use in
land resource studies of the Amazon and the savannas
of Central Brazil
Over the years and as opportunities arose, the authors carried out
larger scale, semi-detailed land resource studies over extensive
areas of Amazon forest and savanna regions. As already noted, the
SOTER methodology was initially tested over the Geo-economic
Region of Brasilia. It was subsequently modified and used to carry
out studies of the northern Amazon region of Bolivia and the
western Brazilian Amazon state of Rondônia.
This sub-section provides a brief description of the application of
the SOTER database file system as an integral part of the overall
land resource geographical information system LR-GIS, which
was developed for the study of the State of Rondônian in Brazil’s
western Amazon region (Cochrane and Cochrane, 1998). The
SOTER file system was under development during the course of
the authors’ previous studies. It should be noted that subsequent
to carrying out the latter study, the SOTER project has developed
specific “SOTER” software. However the use of the latter software is
not necessary for the application of the SOTER file system in LR-GIS.
As, at the time of the authors’ Rondônian study, the SOTER project
was limited to developing and improving a file system for the
description and digitalization of terrain and soil resources, the
authors’, while using the SOTER files system had to integrate
those files with a comprehensive Land Resource, Geographical
Information System, LR-GIS. To do so, the LR-GIS was designed to
meet the following norms (Cochrane and Cochrane, 1998):
a) Adopt the use of the standardized, internationally accepted
descriptors for landscape, soils, climate, natural vegetation and land
use, as developed by the SOTER project.
b) Use a file system that organizes landscape, soil, climate, natural
vegetation and land use attributes in a logical sequence. –To use the
SOTER file system as far as possible.
c) Use the scale-independent attribute file database.

In addition it was clear that the LS-GIS should:
d) Use commercially available Relational Database Management
Software RDBMS, for the compilation and analysis of the attribute
database in combination with commercially available GIS software
that permits the linkage of the RDBMS with the GIS software. In this
way the RDBMS facilitates both independent analysis and analysis
integrated with the GIS software, including the production of
thematic maps.
e) Be designed as a low-cost, user-friendly Personal Computer
PC, Users’ Packet that can be used by farmers, foresters and
professionals working in diverse disciplines on their own computers.
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In this way not only land resource information is made available,
but also an analytical tool is provided to facilitate the improved
understanding and management of land. The Packet could be made
available via the Internet.
From the outset of the development of the SOTER project, the ISSS
recognized the importance of describing landscape characteristics
in a universally acceptable manner and arrange such in a logical
database. Underlying the SOTER philosophy was the identification
of areas of landscape “with distinctive, often repetitive patterns of
landform, lithology, surface-form, slope parent material and soil”
(van Engelen and Wen eds., 1995). This definition was a refinement of
the definition of “land systems” developed by Christian and Stewart
(1953). These landscape units were termed SOTER Units. In turn,
SOTER units were subdivided and described according to varying
terrain characteristics into so-called “Terrain Components” which in
turn may be subdivided into one or more “Soil Components”. This
procedure was essentially the same as that developed by Cochrane
et al. (1979, 1985), who subdivided Land Systems into “land facets”
and the later into “soil units”.
The SOTER attribute database was designed to be scale-independent
and so facilitate linkage with GIS map files at any mapping scale.
Details of the definition and delineation of SOTER units and their
subdivisions are explained in the manual prepared by ISRIC (van
Engelen and Wen eds. 1995). The many attributes of the SOTER Units
as defined by the ISSS working groups were arranged in files that
follow a logical hierarchical pattern for describing landscape.

The architecture of the land resource geographical
information system LR-GIS developed by the authors.
In order that the SOTER attribute file set could be used for recording
and analyzing land properties, it was necessary to develop a
functional, integrated computerized GIS to systematize the overall
land resource studies. This meant that the SOTER file set would have
to be integrated into a suitable database management program.
It could be used in a limited way in GIS software that incorporate
databases, or alternatively used in a separate database program
and linked to a GIS program. -As already noted, up until the midnineties, the SOTER project was limited to the development of a
file system.
In the case of the studies carried out to date by the authors, it was
decided to choose separate database and GIS programs, and link
these together by adding some additional identification fields to
the SOTER file set. Clearly, the use of a separate database program
would provide more flexibility in the system, and facilitate the
integration of other databases. Commercially available Relational
Data Base Management System (RDBMS) programs were chosen for
the manipulation of the SOTER file set and likewise commercially
available GIS software for map making and satellite image
interpretation. Providing that the database and map files are
prepared using popular formats, these can be imported into and
used with different combinations of database and GIS software
programs.

Figure 8-1 illustrates the architecture of the land resource GIS
designed for the State of Rondônia, Brazil (Cochrane and Cochrane,
1998). On the lower right-hand quadrant of Figure 8a the TERRAIN
file attributes describe the over-all characteristics of the SOTER
Units. In turn, the TERRCOMP (Terrain Component) file and its
complementary TCDATA (Terrain Component data) file describe the
properties of the various terrain components of the SOTER Unit.
Sequentially, the SOILCOMP (Soil Component) files describe the soils
found within the Terrain Components. In addition to the foregoing
files, the SOTER database has files for Climate, Vegetation and LandUse, with attributes also described according to internationally
agreed-upon parameters. The file system is open to facilitate
linkage with other files that may be associated with the SOTER
Units.
In practice it was observed that although the database files were
designed to support land resource mapping at any scale from
large-scale generalized mapping to smaller scale, more detailed soil
mapping, for complex land situations only SOTER terrain units can
be mapped at scales larger than 1:500,000; with larger scales both
terrain and soil components may be mapped and related to the
database.

The Relational Database Management System RDBMS, and
the Geographic Information System, GIS.
The files of the land resource database describing the properties or
attributes of the natural resources were managed using the RDBMS
programs MS ACCESS, PARADOX, and dBase for PCs. Files produced
in these programs are readily linked with files produced in low cost
GIS programs including IDRISI, and, or Arc View. IDRISI is a complete
but very low-cost GIS program that is easy to use and facilitates the
export and import of cartographic files in a wide range of formats.
The inter-connection of data files of these programs is carried out
either by writing simple ASCII files, or importing files directly as
MS ACCESS or dBase files, depending on the GIS used. In this way,
the work developed database and map files that could be used in
different combinations of RDBMS and GIS software, according to
user’s preferences. Further, the approach ensured that the files
produced would be compatible with new developments in such
software.

An open system
The methodology used for the study is scale-independent and
facilitates the integration of different databases. It is emphasized
that the system is open not only in the sense of facilitating the
integration of new files from diverse sources but also in the sense of
being compatible for use with different combinations of RDBMS and
GIS software programs. What is important is the architecture of the
system (how the many files integrate one with another), and not the
tools chosen for its implementation.
Figure 8-1 shows an additional program incorporated as a part
of the over-all system, namely the FAO-ISRIC-CSIC Soil (profile)
Database SDB, software (van Engelen and Wen eds., 1995). This
public domain software available from FAO for the digitization
of soil profile descriptions enables the automatic printing of soil
profile descriptions in three languages and some analysis. It is a very
useful program that enhances the capacity of the over-all system.
In the case of the Rondônian studies the files of the latter program
were linked to the SOTER files via the creation of two additional
files shown on Figure 8-1, the PROF_GR (profile group) and PROF_LST
(profile list) files. In incorporating the SDB software, care was taken
to avoid duplication of attributes common to both the SOTER files
and the SDB files (Cochrane and Cochrane, 1998).

The hardware requirements need to run the system.

Figure 8-1. The land resources geographic information system (LR-GIS)
developed for the State of Rondônia, Brazil, which integrates the SOTER
file system with commercially available database programs and GIS
software, together with the FAO-ISRIC-CSIC Soil (profile) Database
(after Cochrane and Cochrane, 2001).

In keeping with the philosophy of using PC compatible software,
it was axiomatic that the hardware needed to implement the LRGIS system developed was minimal. It can be run on virtually any
Personal Computer PC. In fact the hardware used for the test studies
over the Geo-economic Region of Brazil (Cochrane and Macedo
1990a, 1990b), consisted of what is now considered primitive, a
33 MHz, 486DX PC with a 140MB hard disk. Digitization of the
maps was carried out using a low cost 12 x 12 inch SummaGraphics
digitizing tablet. Clearly the cost of PCs has dropped substantially
since the late 1980s, while their speeds and capacities have
increased virtually exponentially. It is evident that the sky is the
limit for optional equipment such as plotters, printers and so on.
Larger Scale Studies in Amazonia
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The PC Users’ Packet
The objective of producing a “Personal Computer PC, Users (land
resource database) Packet” was to ensure that the digitized land
resource information would be made available to interested
professionals working in diverse disciplines. By obtaining and
learning how to use two low-cost, very user-friendly programs,
workers can access the land resource information, and analyze it
according to their many needs.
In the case of the recent Rondônian studies summarized in Chapter
11, the PC Users’ Packet was designed to contain:
a) The SOTER files of the study adapted for use in MS ACCESS and
PARADOX-DBASE (or for that matter any other RDBMS that can
accept these files), including a “blank” set of these files for the
convenience of the user.
b) Map files of the delineated SOTER units of the study prepared for
use in IDRISI in both vector and raster formats (the latter prepared
with different sized “pixels” generally ranging from 1ha to 100ha
pixels), and as Arc View shape files. Further, a series of thematic map
files was produced according to the specification of the study. These
files can be imported into and used with most other commercially
available GIS software systems.
c) A copy of the FAO-ISRIC-CSIR (1995) Soil (profile) database adapted
for the tropical or other specific soils of the region, and containing a
selection of representative soil profiles and their analytical data for
the region of interest in both English and Portuguese.
d) A set of spreadsheet files prepared in both EXCEL and QUATTRO
PRO containing the soil analytical data.
e) A digitized copy of the manual prepared for use with the major
word processor programs, to describe the installation and operation
of the system, together with details of the methodology, the files
used, their fields and the definition and classification of attributes.
The manual also contains prepared field input forms for recording
the land, vegetation and soils data.
f) A hard copy of the manual to accompany the PC Users’ Packet.

The procedure for carrying out the digitized land
resource studies
The procedure for carrying out the digitized land resource studies
followed the same basic pattern:
a) Compilation of the PC Users’ manual, detailing the attribute file
system. Forms for inputting the attribute data were prepared as
annexes to the manual.
b) The setting up of the PC Users’ Packet. It was considered that
the PC Users Packet should be put in place right from the start
of the studies, and used both as a type of “back-up” and means
for monitoring progress. This also means that information on
completed sectors of the study and their specific problems may be
made available during the course of the studies.
c) Review of the literature on the land resources of the study region.
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d) Examination of the satellite imagery of the region and preliminary
demarcation of SOTER units. This work is preferably carried out
using a GIS with the capacity for examining and integrating imagery
recorded electronically. In the case of the Rondônian and Bolivian
Amazon studies the SOTER units were drawn on 1:250,000 scale,
Landsat Thematic Mapper satellite imagery, false color composites
of bands 3, 4 and 5 following field-work and on 1: 500,000 scale
black and white imagery in the case of the central Brazilian savanna
pilot study.
e) Compilation of climate data. This activity precedes parallel to the
other initial activities.
f) Organization of the fieldwork program to determine definitive
SOTER unit boundaries, to fill in the landscape attributes input
forms for the field observations and to examine and sample soils
for subsequent analysis. In-so-far-as it is possible, statistically
significant numbers of soil profiles should be examined and
sampled for the principal soils found in the study following the
approach of Cochrane et al. (1985).
g) Field work alternating with office work.
h) Soil analysis in the laboratory of the samples collected during
fieldwork. Analytical results should be inputted directly into the
appropriate database files of the PC Users’ Packet.
i) Digitization of the in-field observations of the landscape
attributes. Procedures “g” to “i” usually run concurrently during the
course of the studies, as digitization is mainly routine secretarial
work.
j). Definitive digitization of the SOTER unit boundaries and
digitization of any other required map features. The geographic
map base, datum and scale will vary according to standards used in
any one region or country.
k) Revision of the PC Users’ Packet database.
l). Analysis and report preparation based on the information
compiled in the PC Users’ Packet, with the subsequent
incorporation of the report into the PC Users’ Packet in addition to
any required “hard copy” printed report.

Testing and Using the SOTER File System in Land resource
studies of the Amazon and the savannas of Central Brazil.
Over the years the authors have carried out larger scale, semidetailed land resource studies over extensive areas of Amazon
forest and savanna regions. As noted previously, the SOTER
methodology was initially tested over the Geo-economic Region
of Brasilia and subsequently modified and used to carry out
studies of the northern Amazon region of Bolivia and the western
Brazilian Amazon state of Rondônia, as well as some lesser areas of
Amazonia. The main semi-detailed studies carried out were:
1. The SOTER pilot project of the savannas of central Brazil at
the 1:500,000 scale, which was supported by EMBRAPA-CPAC
(Cochrane et al. 1987, Cochrane and Macedo, 1990a, 1990b).
2. Land resource studies of Bolivia’s Amazon region at the
1:250,000 scale (Cochrane et al. 1992; Cochrane et al. 1993).

3. The land resource study of the Brazilian state of Rondônia in
western Amazonia at the 1:250,000 scale (Cochrane and Cochrane,
1988, Cochrane et al. 1998).
The areas covered by these studies are indicated in Figure 8-2. Brief
descriptions of these studies follow, together with some highlights
of their findings.

was the presence of an imbalance between Ca and Mg in those
soils (Cochrane, 1989). The finding illustrates the usefulness of
statistically adequate sampling of soils during the course of the
field studies. Past practices of describing and sampling one or two
profiles to represent a given soil, and classifying such on the basis
of some pre-specified criteria, does not provide a sufficient basis for
understanding the properties of soils.
The practical benefit to farmers of the Geo-economic Region
of Brasilia study was that it has provided a knowledge base for
the improvement and application of fertilizers and lime for crop
production. For example, it provided an improved base for the
application of an expert system developed by the University of
Hawaii for the application of lime to amend the predominantly acid
soils found throughout this region (Yost et al. 1990). The Hawaii
expert system for determining the need and amounts for lime
application was based on ameliorating the effect of Al toxicity in
acid mineral soils and used the equation developed by Cochrane
et al. (1980) as its “brain” and starting point. As a result of the land
resource studies, it was necessary to modify the expert system,
to make it applicable to the region. The finding that there was an
imbalance between Ca and Mg in the savanna soils of central Brazil
had to be taken into account in the expert system for making
recommendations to farmers growing crops on soils with, or
susceptible to, this problem.
Chapter 9 provides a more detailed summary of the region with
emphasis on the findings related to the characteristics of this very
extensive dry-land savanna region

The land resource studies of Bolivia’s Amazon

Figure 8-2. SOTER-based semi-detailed land resource studies carried
out in Brazil and Bolivia by the authors.

The SOTER pilot project of the savannas of central Brazil
In coordination with the SOTER program centered at ISRIC in
Wageningen, Holland, a test study using the methodology in a
preliminary format according to the provisional SOTER manual
then available (Shields and Coote eds., 1988), was carried out over
the Geo-economic Region of Brasilia (Figure 8-2), at the 1:500,000
scale. The latter is predominantly a mid-altitude tropical savanna
area found on the Pre-Cambrian plateau formation of central
Brazil, with the capital of Brazil as its epicenter. It covers a region
about the size of the country of Uruguay. The database file system
using the preliminary format was modified for subsequent studies.
Nevertheless it helped with the development of the project.

A land resource study of a substantial area of western Amazonia,
the Brazil-nut region of north-western Bolivia was carried out
in 1992 with World Bank financing (Cochrane et al. 1992), at the
1:250,000 scale. This was followed by a more detailed territorial
Land Use Zoning study of a large part of that region, the Pando
Department of Bolivia (refer Figure 8-2), which was financed by the
Dutch Government (Cochrane et al., 1993). The work was carried out
to provide a land resource database for the sustained development
of the region. In the case of the Pando study, a Land Use Zoning
map, Figure 10-6 of Chapter 10, was prepared to identify extractive
reserves for non-timber forest products including Brazil nuts,
national parks and other uses, to be put into effect by the local
government. Figure 10-6 was only one of many thematic maps
derived from the SOTER unit map of that region. The original
study of the Pando Department of Bolivia was titled “The Land
Resources of the Pando Department of Bolivia’s Amazonia”
(Cochrane et al.1993). Chapter 10 provides a more detailed summary
of the study as an example of one of the least known areas of
Amazonian forests.

Results from the study have been discussed in Chapter 9, as
they are crucial to understanding the nature of the well-drained
savannas of Tropical America. An interesting finding of the survey
was that it provided statistical data to show that the basic reason
for the existence of savannas on the soils throughout the region
Larger Scale Studies in Amazonia
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The land resource study of the Amazonian State of
Rondônia, Brazil

article is of considerable economic benefit to farmers in terms of
estimating fertilizer and amendment needs for their soils.

The objective of the soils and terrain land resource survey of the
Amazonian State of Rondônia, Brazil, (Figure 8-2), was to make
an evaluation of its land potential, and so provide a basis for the
orderly development of the State through zoning of sustainable
agricultural, pastoral, forestry, and conservation activities. The
study started with the compilation of a manual detailing the
methodology, file system, formats etc., and all the necessary
instructions for carrying out the study. This manual titled
“SIGTERON: Sistema de Informação Geográfica para os Terrenos
e Solos do Estado de Rondônia, Brasil, Manual de Usuário”,
(“Geographic Information System of the Land and Soils of the State
of Rondônia, Brazil. Users Manual”) compiled by the authors (1998),
is available from the authors’ Web site www.agteca.org. It may
be used as a guide for carrying out future land resource studies in
Amazonia following the SOTER methodology, as it is the result of
practical experience in using the methodology for semi-detailed
land resource studies.

Chapter 11 provides a more detailed summary of the land resource
study of Rondônia. The complete study has been recorded as the PC
Users’ Packet titled “The Land Resources of the State of Rondônia,
Brazil. A soils and terrain land resource survey” (Cochrane et al.,
1998). This database should provide a wealth of information for
many years to come. It could be used as a model for future studies
not only throughout Amazonia but also throughout other underdeveloped tropical regions.

The SOTER studies showed that Rondônia has a complicated mosaic
of land and soil conditions. Soils vary quite significantly from place
to place in terms of both their physical and chemical conditions.
Figure 11-5 in Chapter 11, which is one of the many thematic maps
derived from the SOTER Unit map of the region, is a generalized
soils map of the State of Rondônia, using the Brazilian soil
classification system (Camargo et al. 1987. It illustrates the diversity
of soil conditions seen throughout the State. Nevertheless, the
overall picture of the soils seen throughout Rondônia is relatively
encouraging when they are compared with the soils of the Pando
Department of Bolivia and the majority of Amazonian soils. It
was found that many of the soils in Rondônia have been derived
from relatively mineral-rich parent materials. Unfortunately, the
indiscriminant destruction of the native forests seen over much of
the region cannot be condoned, as it has resulted in a considerable
loss of biodiversity.
It may be mentioned with regard to the SOTER study of Rondônia
that approximately 3000 soil profiles were described and sampled
during the 18-month duration of the soil studies, by only four
teams of two technicians per team. The work was speeded by
the systematization of the description of the soil profiles for
subsequent digitization using the FAO-ISRIC-CSIC Soil (profile)
Database SDB (1995), software program. The latter as mentioned
earlier, was integrated with the SOTER file system. However, it
was necessary to make up an additional database of the of the
soil profile sample chemical analytical data, as the SDB software
had serious limitations for the recording of such data and their
subsequent grouping and statistical analysis. The chemical
analytical data files prepared in the laboratory were imported into
electronic spreadsheet programs including EXCEL and QuatroPro for
eventual statistical analysis. In this way, the study has provided the
State of Rondônia with perhaps the best soil analysis database of
any State or country in Latin America. The approach outlined in this
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A note on the study conditions
The studies referred to were carried out as opportunities arose
under rigid time-limited, international consultancy contract
conditions. For example, the study of the Pando Department of
northern Bolivia, one of the most remote areas of Amazonia, was
completed in four months by the senior author working with the
assistance of three junior soil surveyors. The Geo-economic region
of Brasilia study was a re-digitization and revision of an existing
land systems study of that region, which was completed by the
senior author working alone during an eight-month period. The
Rondônian study was carried out from scratch over an eighteenmonth period with the help of team of eight junior inexperienced
soil geographers and a secretary. In all cases, the discipline of
using the complete computerized approach for the systematic
compilation of the land resource database PC Users’ Packets
showed that such work need not be expensive, and will result in a
product that is useful for many different purposes.

Observations and the present state of the FAO supported
SOTER studies
The philosophy of producing a Land Resource Geographical
Information System, LR-GIS that incorporates the SOTER file system,
with its RDBMS and map files organized as a PC Users’ Packet, is a
technological approach that has been well proven over the central
savannas of Brazil and the Amazon. The work has provided a wealth
of readily available, analyzable information of use to farmers and
conservation planning. Should land resource scientists (including
soil, vegetation, land usage and land use monitoring specialists),
wish to carry out additional computerized studies in the future,
they can build on an existing PC Users’ Packet as it can be used
for any type of study at any level of precision or scale. They would
not only have the convenience of a ready-made land resource GIS
to avoid re-inventing the metaphorical wheel, but also have the
advantage of using internationally defined criteria for describing
the attributes of landscape, soils, climate, vegetation and land
usage, the result of considerable time and expenditure on the part
of the ISSS.
The methodology results in a useful and attractive product for
people with different interests. It is a proven model that could
be used for carrying-out future studies not only throughout the
Amazon but also in other under-developed tropical regions of
the globe.

As already noted, the SOTER project has been adopted by FAO as the
basis for a “Global Soil and Terrain Database (WORLD-SOTER). The
partners of the project are UNEP, ISRIC, IIASA, European Soil Bureau
and many National Soil Institutes. The main objectives of this
project are stated as:
1. To provide sound Soil and terrain Resources Information on a
global scale (1:5 million). Users “Global and Continental” models
to simulate food project potentials, climate change, river flow
simulation, livestock distribution, research priorities, land
constraint and (very) general land management advice.
2. To provide and educational tool to the Soil Science Community.
3. To provide harmonized norms for soil mapping, soil classification,
soil analysis and interpretation of soil resources information.”
A series of “Interim Products” are currently (2009) available on the
FAO/AGL –Global Soil and Terrain Database (SOTER) web site. These
products include:
1. World Soil Resources (1:25 Million scale.
2. World Soil Resources Report #66
3. SOTER Manual prepared by ISRIC.UNEP/FAO and IUSS. World
Soil Resources Report #74 (prepared with the help of the senior
author).
4. SOTER progress
5. Soil and Terrain Database for Northeastern Africa. (scale 1:1
million)
6. Soil and Terrain Database for South America and Caribbean. (scale
1: 5 million)
7 Soil and Physiographic Database for north and central Eurasia.
(scale 1: 5 million)
8. SOTER Europe (scale 1: 5 million)
9. SOTER Southern Africa (scale 1:2.5 million)
Undoubtedly many other products will be available as time moves
on. However, these products are invariably small scale studies based
on past studies. As useful as they may be, the authors would like to
draw attention to the innate usefulness of the SOTER approach for
carrying out larger scale land resource studies. Those summarized
in the succeeding Chapters 9-11 of this book provide a much more
detailed guide for agro-forestry development and land usage in
those regions studied.
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Chapter 9.

THE GEO-ECONOMIC REGION OF BRASILIA.
The “pilot” study of the SOTER database file system tested over
the Geo-Economic Region of Brasilia.
The “Geo-Economic Region of Brasilia” is predominantly a midaltitude tropical savanna region found on the Pre-Cambrian plateau
formation of central Brazil, with the capital of Brazil as its epicenter.
It covers a region about the size of the country of Uruguay. (refer
Figure 9-1). A Land Systems study of this region had been completed
of this region by the senior author and his Brazilian colleagues
(Cochrane et al. 1989). Portuguese and English copies of this study
are available on the authors’ web site “www.agteca.org, titled “Land
in the Geo-economic Region of Brasilia. A Land Systems Map”. A
Portuguese summary of the study has been recorded in Appendix 12.
The study, which was carried out at the 1:500,000 scale, although it
followed the same approach as the study “Land in Tropical America”
(Cochrane et al. 1985), had not previously been digitized.

c) A series of files for use in database software that record the
many attributes of the mapped land units of the Geo-economic
region in terms of terrain, soils and climate.
d) A series of map files of the land units of region prepared for use
in IDRISI.
With the experience gained in carrying out the project, together
with input from many other International Soil Science Society
members, the SOTER database file system was latter modified for
use in subsequent studies and successive versions of the SOTER
manual developed (van Engelen and Wen, 1995). Nevertheless the
above files can still be used for evaluating the characteristics of
the region.

The Land Systems Study of the
Geo-economic Region of Brasilia.
Note: A Portuguese language summary of the study has been
appended as Appendix 12.
The Land Systems study of the Geo-economic Region of Brasilia
(Cochrane et al. 1989), was originally carried out to provide a more
detailed evaluation of the land characteristics of the region as a
resource for farming, ranching, forestry, recreation and other uses.
It had the specific objectives of providing a guide to help orientate
agricultural development and research priorities throughout the
region and to highlight agro-industrial possibilities. The work may
be considered as a larger scale, more detailed inset or ”window” to
the study “Land in Tropical America” by Cochrane et. al. (1985).

Figure 9-1. The Geo-economic Region of Brasilia.
In coordination with the then recently formed SOTER program
centered at ISRIC in Wageningen, The Netherlands, the senior
author and his Brazilian colleagues digitized the Geo-economic
Region Land Systems study to test the recent SOTER methodology
(Cochrane and Macedo 1990a, 1990b). The file system following the
provisional SOTER manual (Shields and Coote eds., 1988) was used.
This work has been recorded along with the Portuguese version of
the study of the Geo-economic Region of Brasilia and is available
from the authors’ Web site “www.agteca.org”.
The study was digitized in Portuguese with the following set of files:
a) Aprender (Learn). This provides an orientation to the PC Users’
Packet, and the hardware and software requirements to use the
study.
b) Manual do Usuario. This is a manual for the user with all coding
defined according to the provisional SOTER manual definitions.
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Land was described in terms of Land Systems which are
characterized by readily recognizable patterns of climate,
landscape, native vegetation, water resources and soils. They may
be one continuous area or several separate nearby areas of land,
throughout which the same agricultural usage could be successfully
developed. The Land Systems were mapped directly onto 1:500,000
scale satellite imagery following field-work and the description,
sampling and analysis of soil on representative sites of the many
different landscapes. The features of the Land Systems were
subsequently quantified using the preliminary SOTER database files
Cochrane and Macedo 1990a).
The study shows that there are marked variations in the climate,
landscape, geology, native vegetation patterns and soils throughout
the region. The delineation and digitization of the Land Systems
provided a sound geographical, quantitative basis for evaluating the
land resources of the region. This agro-ecosystem base indicated
the extent of homogeneous areas where the same crops and
agricultural systems might reasonably be expected to succeed. It
provides a basis for the formulation of research priories to develop

Plate 9-1. Typical “cerrados” (savanna) vegetation near the city of Anápolis, south of Brasilia in central Brazil.

Plate 9-2. Cleared “cerrados” lands being prepared for cultivation near the city of Goiania, Central Brazil. The red “oxisolic”
soils seen in the photograph are common throughout the region.
Larger Scale Studies in Amazonia
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appropriate agro-technologies for the region and the selection of
typical sites for testing such technologies. It can be used to evaluate
priorities for infrastructure throughout the region including roads.
The following notes have been summarized from the report “Land
in the Geo-Economic region of Brasilia. A Land Systems Map” and
its subsequent digitalization (Cochrane et al. 1989, Cochrane and
Macedo 1990a).

Climate.
Approximately 60% of the region has an isothermic temperature
regime with mean wet-season monthly temperatures averaging less
than 23.5ºC. The remaining 40% of the area has an iso-hyperthermic
temperature regime with average wet season temperatures in
excess of 23.5ºC. A little more than 50% of the region (52%) has a
dry season length of 5 to 5.5 months. –It should be noted that the
Cerrados region as a whole is characterized by having a constant
total wet season potential evapotranspiration WSPE, typical of dry
land savanna regions (Cochrane and Jones, 1981). Further, the region
is susceptible to dry spells of 7-14 days duration, locally referred to
as “veranicos” at the height of the wet season of the year.

Landscape.
Approximately 56% of the lands of the region have altitudes
averaging 700m or higher. About 33% are flat to gently undulating
with slopes less than 8%; 31% have rolling topography with slopes
between 9 and 30% and the remainder are steep lands with slopes
greater than 30%, that are unsuitable for mechanized agriculture.
Only about 4% of the lands have serious drainage problems. The
region was originally covered with mainly savanna vegetation,
locally termed “cerrados”, (Plate 9-1), but most of its original
vegetation has long been modified by cattle ranching or cleared for
agricultural production (Plate 9-2) The latter shows the common
red “oxisolic” soils found throughout the region. There are however
minor inclusions of forest lands that are invariably found on soils
developed in inherently nutrient-rich parent materials.

Soils.
The soil characteristics of the region were summarized in terms
of their physical and chemical properties for the individual Land
Systems of the Geo-economic Region. The following is a brief
summary of their principal features.

Soil physical properties.
About 83% of the soils of the region appear to have low waterholding capacities. As few of the soils were found to be light
textured, stony or shallow, it is clear that their low water holding
capacities are largely a reflection of the predominance of “oxic”
soils with high Al and Fe sesquioxides. The latter imparts a strongly
developed microstructure on these predominately kaolinitic clay
soils which results in water-holding capacities approaching those of
sands. However, unlike sandy soils, they usually have a considerable
resistance to water-induced erosion. Soil droughting due to
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“veranicos” is not uncommon during the wet-seasons in many of
the low water-holding soils.

Soil chemical properties.
Most of the soils of the region have developed from pre-weathered,
nutrient-poor rock including a gamma of chloritic and micaceous
schists and sandstones. Consequently it is not unexpected that
they have very poor chemical properties. A high percentage 92%,
have low P levels, 77% have low Ca and Mg levels, and 60% are
low in K. Further, it is evident that many soils have series nutrient
imbalances; approximately 74% have low Ca/Mg ratios, 69% low
Ca/K ratios and a lesser 17% have low Ca/Mn ratios. Many soils have
both low Ca/Mg and Ca/K ratios.
The often very low Ca levels in the soils and the relatively higher
Mg levels (although in absolute terms these were both often but
not always low compared with soils from other tropical regions),
appeared to the senior author to be a fundamental characteristic
of many of the soils found throughout the region. He suspected
that this might account, at least in part, for the evident changes in
the natural vegetation. For example he noted that the Ca/Mg ratios
diminish substantially between profiles GE-131 to GE-132, taken
from a deciduous forest and cerrados (strictu-sensu) respectively,
on “visually” similar soils (refer Cochrane et al. 1989). These latter
profiles were sampled less that 5 km one from another. Comparable
changes were also detected in the soil analyses between Cerradão
and Cerrados soils sampled in the EMBRAPA-CPAC experimental
station near Planaltina; the Cerrados soils had lower Ca/Mg than
that of the cerradão. It was also observed that Land System No.
25 had apparently fertile soils with adequate Ca levels supporting
cerrados vegetation. Other examples of cerrados were found on
relatively calcium-rich soils were found in the drier N.E. sector of
the Geo-economic region, including Land Systems Nos. 43 and 44.
However, on closer examination the soils of these Land Systems had
low Ca/Mg ratios due to high Mg levels.
The preliminary examination of the soils of the regions was
followed by a more in-depth analysis by analyzing statistically the
soil data. This confirmed that the basic reason for the existence of
savannas on the soils throughout the region was the presence of an
imbalance between Ca and Mg in those soils (Cochrane, 1989, -refer
to Appendix 7 for a précis of that paper). This finding is discussed
in more detail in Chapter 14, as it is crucial to understanding the
nature of the well-drained savannas of the region.
It may be emphasized that the latter finding illustrates the
usefulness of statistically adequate sampling of soils during
the course of the field studies. Past practices of describing
and sampling one or two profiles to represent a given soil, and
classifying such on the basis of some pre-specified criteria, does
not provide a sufficient basis for understanding the properties of
soils. This was pointed out in the study of Land in Tropical America
(Cochrane et al. 1985); an example of the application of statistical
technique has been recorded in Appendix (1).

Other nutrient problems.
Table 1 of the report “Land in the Geo-economic region of Brasilia.
A Land Systems Map” includes a preliminary indication of the
likelihood of deficiencies attributable to the trace elements Zn,
Fe and Cl. However, this must be interpreted with considerable
reserve, as little information is available to guide the interpretation
of the data. Nevertheless, it is likely that Zn levels are low in
many cerrados soils. The application of large lime dressings may
well exacerbate the availability of Zn, and result in Zn deficiency
problems.
Fe toxicity. As noted by Cochrane and Gomes de Sousa (1986), Fe
toxicity may be a problem in the lesser areas of the poorly drained
soils found throughout the region. These authors developed a novel
field method for detecting this problem which been recorded as
Appendix (5). The detection of Fe toxic conditions is difficult if not
almost impossible in air dried soils used in laboratory analysis.
Al toxicity. Aluminum toxicity would appear to be a potential
problem for Al sensitive crops in many of the cerrados soils.
However when the exchangeable Al levels of the topsoils were
compared with those of the subsoils, whereas as much as 76% of
the topsoils of the region have high Al levels, only about 24% of the
subsoils have the problem. Clearly, the equation developed by the
senior author (Cochrane et al, 1980) facilitates the correction of Al
toxicities, especially when subsoil Al levels are low. Nevertheless,
calcium applications in excess of those needed to correct Al
deficiencies may be necessary to balance low Ca/Mg levels in some
soils, and low Ca/K and perhaps Ca/Mn in others. -It may be noted
that the “expert system” developed by the University of Hawaii
(Yost et al., 1990) for the application of lime to amend Al toxicity
problems throughout the region, used as its “brain” and starting
point the equation developed by Cochrane et al. (1980). That system
has since been amended for making recommendations to farmers
growing crops in the region, to take into account the findings of
the land systems study, and specifically the question of low Ca/Mg
ratios (pers. comm.., Yost,1990).
CEC and AEC ratios. Attention was paid to both the cation exchange
capacities CEC, and anion exchange capacities AEC, of the soils of
the region. Low CEC values indicate a very limited ability of a soil
to retain nutrient cations. In such cases it is clearly desirable to
increase the CEC by practices including the incorporation of organic
matter or attempting to build up organic matter levels through the
use of grass-legume leys or comparable techniques. Approximately
74% of the soils rate as having low CEC values. It is important to
note that nearly the same percentage of soils (72%), have relatively
high AEC values. This implies that these soils, apart from being able
to retain cations on their exchange surfaces, can also retain anions
such as NO3- and SO42- and Cl-. The recognition of the importance
of AEC in tropical soils, and problems inherent in methodologies
devised for its measurement, led the senior author to develop an
improved analytical methodology for measuring AEC together with
CEC and both nutrient cations and anions for the study (Cochrane
and Gomes de Souza, 1985).

It should be borne in mind that most of the soils with both CEC
and AEC are “variable charge” soils, meaning that their exchange
capacities will be affected by changes in pH and to a lesser extent
by the concentration of the soil solution and the relative types of
ions in solution. Consequently, liming affects both CEC and AEC
values (Cochrane and Gomes de Souza 1985). Notwithstanding, an
“apriority” knowledge of the AEC values is fundamental for the
improved management of many of the region’s soils. For example,
the AEC affects the movement of SO42- down the soil profile when it
is applied as gypsum (CaSO4) dressings to accelerate the movement
of Ca2+ down into the subsoil of soils with low Ca levels or Ca/Mg,
Ca/K and, or Ca/Mn imbalances or high Al values, to correct these
many problems. It is also becoming clear that leaching in many
tropical acid soils is dependent on the presence of NO3- ions in the
soil solution. In this respect knowledge of AEC is most important.
Nitrogen is applied to most arable crops, often in initially excessive
dressings which may well accelerate leaching. Even under natural
conditions the level of NO3- in soil solution may be excessive due to
the “nitrogen flush” phenomenon that may occur at the start of the
wet season (Hardy, 1946); this has undoubtedly contributed to the
nutrient-poor condition of the many of the cerrados soils. Perhaps
the development of AEC is nature’s way of slowing down the rate of
leaching! The subject of leaching in the cerrados soils is discussed in
much more detail in Chapter 15.
It may be noted that the soil analytical data supplementing the soil
profiles data of the report on the Geo-economic Region (Cochrane
et al. 1989), does not include S, Cu, and Mo or Bo analyses. In point
of fact, some Cu, SO42- and B analyses were carried; but the Cu and
SO42- levels were too low to be detected with the novel 0.5M.NH4NO3
extraction method used for the analyses as recorded by Cochrane
and Gomes de Souza (1985). (Unfortunately time and lack of staff
did not permit the carrying out of the more common water-extract
B analyses; and the senior author had no guide for interpreting the
B analyses carried out using the 0.5M.NH4NO3 extract). Potential
S deficiency may well be a problem for crops grown on cerrados
sols, and the possibility of Cu and Mo deficiencies should not
be overlooked. Boron deficiency has been reported in some
wheat cultivars grown on leached oxisols in the region (da Silva,
pers. comm., 1987), but the study carried out indicated that the
application of B may be detrimental for some other crops. Chlorine
deficiency may be a potential problem in some soils, although the
criterion of deficiency level used, namely less than 3 ppm, must be
regarded as very tentative. It was noted that in the Na levels of may
soils appear very low, and may indicate the need for “salt-licks” for
satisfactory cattle production in many areas.
Nitrogen deficiency. Nitrogen levels in the soils were not indicated
in the study. It is considered a ubiquitous problem for most
crops, leguminous crops partly excluded. Clearly, in soils with low
exchange capacities, it may be wise to consider split dressings to
avoid excess NO3- induced leaching of nutrient cations. -On the
other hand, strategic nitrate applications may be used to accelerate
the movement of Ca into subsoils to ameliorate Ca related
problems.
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Table 9-1. A synthesis of the land use potential of the Geo-economic Region of Brasilia

Broad Climatic Regimes
Land use potential
category

Iso-thermic
5-6mth dry season

6-8mth dry season

Low fertilizer needs
suitable for arable
mechanized crops

land systems: 15,20

land systems: 58

land systems: 36, 38,
64, 68, 75

Area: 434,738 ha

Area: 30,832 ha

Area: 487,151 ha

% of total: 1.89%

% of total: 0.13%

% of total: 2.12%

land systems 1, 3, 6,
8, 11, 12, 25, 62, 75

land systems:
28, 55, 67, 76

land systems: 22,61

land systems: 29,35,
40, 41,49, 59, 60, 63,
77, 78, 79

Area: 4,072,967 ha

Area: 850,049 ha

Area: 798,560 ha

Area: 3,527,232 ha

% of total: 17.73%

% of total: 3.7%

% of total: 3.48%

% of total: 15.36%

land systems:
4, 14, 16, 17, 21, 26

land systems:
47, 69, 53

Area: 1,202,465 ha

Area: 197,326 ha

% of total: 5.24%

% of total: 0.96

High fertilizer needs
useable for arable
mechanized crops

Low fertilizer needs
useable for hand
cultivated crops

High fertilizer needs
useable for hand
cultivated crops

Iso-hyperthermic
5-6mth dry season

6-8mth dry season

Percentage of Total

4.14%

40.27%

6.10%

land systems:
2, 13, 18, 74
Area: 3,410,070 ha
14.85%

% of total: 14.85
Lands mainly suitable
for extensive grazing
and, or forestry

land systems: 5, 7,
9, 10, 19, 27, 32, 70

land systems:23,
33, 44, 46, 50, 51,
52, 56, 57, 71, 72, 80

land systems: 24, 30,
31, 34, 37, 42, 43, 45,
48, 54, 65. 66

Area: 1,572,454 ha

Area: 2,021,441 ha

Area: 4,360,878 ha

% of total; 6.85

% of total: 8.80

% of total: 18.88%

34.64%

Total area: 22,966,163 ha

Parent material differences.
From the descriptions of the individual Land Systems of the report
it was evident that the varying types of parent rock on which the
different soils were developed, exerts a strong influence on their
fertility and potential for sustained production. Those soils formed
from basis igneous materials such as the gabbros of Land System
No. 20, or even granite-like materials and especially the many soils
developed on calcareous materials, have a much higher natural
fertility than those formed on ancient pre-weathered schists and
quart-rich sediments. As the former obviously have much greater
reserves of plant nutrient-rich minerals, they are likely to sustain
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years of relatively intensive crop production with a minimum
of fertilizer and soil amendment input. On the other hand, the
soils formed from mineral–poor parent materials would require
much greater and constant fertilizer and soil amendment inputs
to achieve acceptable crop production. They would probably best
be managed by following a 2 to 3 year crop sequence including
a leguminous crop and preferably the incorporation of green or
organic manures, with a grass-legume ley for a “rest” period of 4 to
5 years.

Land use potential and agro-industrial possibilities.
The report provides a guide to the land use potential of the
individual Land Systems and indicates those where complementary
agro-industries are likely to be needed. Clearly, the use to which
any one area of land is put will reflect changing socio-economic
pressures. Nevertheless there are many interesting areas for
expanding both agricultural production and agro-industry. It is
worth noting as a general observation in this respect, that in most
of the Land Systems with superior land resources, physically and
chemically speaking, the local farms and supporting townships
show evident sign of a developing prosperity.

A summary of the agricultural potential of the region
In order to make a summary of the land use potential of the
Geo-Economic Region, Table 9-1 was drawn up. It groups individual
land systems into 5 broad categories:
1. Lands with low fertilizer needs useable for arable mechanized
crops.
2. Lands with high fertilizer needs useable for arable mechanized
crops.
3. Lands with low fertilizer needs useable for hand cultivated crops
4. Lands with high fertilizer needs useable for hand cultivated
crops, and
5. Land mainly suitable for extensive animal grazing and, or
forestry.
These 5 categories were further subdivided according to broad
temperature and length of dry season regimes.
It can be seen from Table 9-1 that only about 4 % of the soils of
the region are rated as having low fertilizer needs and useable
for arable, mechanized crops. There is a further 6% that have low
fertilizer needs, but their usage is mainly limited to hand cultivated
crops because of their steep topography. These fertile soils are
found in different climatic conditions which will influence the
types of crops selected for cultivation. It is interesting to note that
those limited to hand cultivation are found in the cooler, wetter
areas generally considered appropriate for coffee production. All
the soils rated as having low fertilizer need have developed from
comparatively mineral-rich materials.

The highest single area of lands, about 40%, has been rated as
having soils with high fertilizer needs useable for arable mechanized
crops. About half of these are found in the cooler higher areas of
the region, and the other half in the warmer, lower altitudes. In the
cooler, isothermic climates, the highest proportion of the soils are
found in areas with longer wet seasons. In contrast, in the warmer
isohyperthermic climates most are areas of land with short wetseasons which would limit usage to short, wet-season crops. All
the lands rated as having low fertilizer needs would have serious
fertility management problems and would probably best be used
for mixed farming with perhaps a 1 to 3 year crop sequence including
a leguminous crop, followed by a 3 to 5 year (or more) grasslegume ley. Consequently, on average probably only a third of the
acreage should be used for arable cropping during any given year, if
sustained and settled agricultural systems are to be established.
In addition to the 40% of the region with high fertility needs
useable for mechanized, arable cropping, about 15% has been rated
as lands with high fertility need useable for hand cultivation. These
lands are located in the wetter highland areas, and might well be
used for expanding tree- crop cultivation. The remaining 35% of
the region is rated as having soils mainly suitable for extensive
grazing or forestry; it should be noted however that minor pockets
of more productive and tractable lands are usually present within
these areas.

Conclusion
The study shows that there is a reasonable potential in the
Geo-Economic Region of Brasilia for the expansion of both
agricultural and cattle production. However, care must be taken
to choose the right crops and farming systems for any one land
system. Further, the successful usage of the large areas of low
fertility land will depend on the development of improved fertilizer
practices, which can only evolve through a much more intensive
research effort. The development of mixed farming systems for
the flattish lands with high fertilizer needs should be considered
a priority to ensure their long-term productivity. Careful planning
to establish infrastructure and agro-industries to better serve
the agriculturally promising land systems would help maximize
development and eventual prosperity.
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Chapter 10.

THE NORTHERN AMAZON
REGION OF BOLIVIA.
The Land Systems studies of the Brazil-nut
region and the Pando Department
of Bolivia using the provisional SOTER
File system.
Two studies were carried out over the northern Amazon region
of Bolivia using the provisional SOTER file system during its early
development period following its initial testing over the Geoeconomic Region of Brasilia. The first was a World Bank sponsored
project of the Brazil-nut and rubber forests of the region (Cochrane
et al. 1992). The second a land resource survey of the Amazonian
Pando Department that was carried out between 1992 and 1994 as
an integral part of a Dutch Government sponsored “zoning project”
of that region (Cochrane et al. 1994a, 1994b). The Pando Department
is indicated by Figure 10-1. The Brazil-nut region extends as irregular
areas a little south of the department.

comm. 1970) considers this region and the neighboring Brazilian
State of Acre, as the “center of origin” of Brazil-nut, rubber and
cacao (Theobroma cacao) tree species, of incalculable genetic value.
Until relatively recent times, the forests of Bolivia were virtually
untouched in contrast with the neighboring Amazon territories
of Brazil, where forest removal following timber extraction
and subsequent complete clearing for pasture production has
proceeded apace over the past fifty years. Unfortunately, with the
collapse of the rubber tapping industry in the mid 1980s and the
build-up of demographic and migratory pressures, felling for timber
(Plate 10-3), and complete forest clearing for pasture, is now taking
a toll of what was one of the most spectacular forest regions of the
western Amazon
(Cochrane, 1973).

Figure 10-1. The location of the Amazonian Pando department of
northern Bolivia.

Brazil-nut and rubber forests.
Brazil-nut (Bertholletia excelsia), and rubber (Hevia brasiliensis)
forests cover a large part of the northern-most Bolivian Amazon
region, including the Pando Department and the Vaca Diez province
of the Beni Department, Plates 10-1 and 10-2. Purseglove (private
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Plate 10-1. A Brazil-nut tree (Betholia Brasiliensis) soaring above the
forest canopy. Photograph taken near the town of Riberalta, in the
Bolivian Amazon.

Plate 10-2. Rubber tapping near the abandoned village of Santa Rosa in
the north-western region of the Pando province of Bolivia.

Plate 10-3. Extraction of Mara (Swietania macrofilia) a type of
mahogany, in the central Pando Department of Bolivia. Unfortunately,
extraction for valuable lumber is often followed by complete forest
clearing for establishing pasture for cattle ranching, completely
destroying what was only relatively recently a pristine tropical
forest region.

Previous Knowledge of the Region.

hazards of indiscriminate land usage in terms of the medium and
long-term productivity and prosperity of the region.

The FAO-UNESCO Soil Map of the World (1971, 1974), indicates that
the soils of the region are low fertility Ferralsols (Oxisols) and
Acrisols (Ultisols), which support a fragile tropical forest ecosystem.
A more detailed appraisal of the study region was carried out by
Cochrane (1973), but without the aid of modern satellite imagery
and remote sensing techniques. He found that many of the soils
in the region were highly weathered and of low natural fertility.
Further work using satellite imagery confirmed the earlier findings
(Cochrane et al., 1985).
More recently, Cochrane et al. (1992), carried out a study of the land
use potential of the Brazil-nut region of Northern Bolivia, following
the provisional World Soils and Terrain Digital Database SOTER
methodology as detailed by ISRIC (1991). This latter study delineated
the land units of the region and provided details of the inherently
fragile nature of the soils of the region. It emphasized the very real

It is of significance that not one of these studies identified any
substantial areas of fertile soils that are not subjected to seasonal
flooding and, or, have poor drainage conditions. They invariably
paint a picture of inherently poor soils supporting fragile forest
ecosystems. Nevertheless it was evident from these studies that
considerable differences in land formations, native vegetation and
soils exist over the region.

The methodology used for the study of the Pando
Department of Bolivia.
The Pando land resource study followed on from the study of the
Brazil-nut region of northern Bolivia. It was designed to provide a
more in-depth appraisal of the varying forests and soils found in
the Pando department, not only as a basis for territorial zoning but
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also to determine the most economically and ecologically sound
uses for the land (Cochrane et al. 1994a). The study followed the
methodology detailed in the SOTER Procedures Manual (FAO-ISRICUNEP-ISSS, 1993) which had become available (with an input from
the senior author), although additional flexibility was added to the
system to better cope with larger scale studies, and to facilitate use
by Personal Computers PCs, of varying capacities using different
software programs. The methodology was in fact very similar to
that used in the study of the Brazil-nut region. The mapping of the
SOTER Units covered the Department with an average precision
approximating the 1:500,000 scale. The work was carried out as an
integral part of the worldwide SOTER initiative.

Climate study.
The studies started with an examination and analysis of the
available meteorological data, followed by its incorporation with
the SOTER database. A considerable amount of climatic work had
been carried out for the region by Hargreaves and his co-workers
(Hargreaves, 1977; Hancock et al, 1979; Hargreaves et al, 1978;
Cochrane et al. 1985 and Povoa 1988). Hargreaves’ methodology for
calculating potential evapotranspiration was chosen as it gives a
good correlation with the measured lysimeter data collected under
the control of the American Society of Agricultural Engineers ASAE
(Hargreaves, 1977, 1989).

thematic map. The resulting maps are comparable to most thematic
maps, including soil maps drawn by conventional methods, as
the latter invariably represent generalizations caused by scale
considerations. Scale limitations are often ignored by ill-informed
readers in examining and interpreting maps.

Field-work.
Because of the lack of comprehensive soil and field information
due to the area specific nature of most of the recorded information
on the region, it was necessary to carry out a series of in-field
studies to describe the soil and land characteristics and collect
representative soil profile descriptions and horizon samples.
Four major field expeditions were carried out during 1992 and
three in 1993; these were complemented with several smaller
expeditions to provide a comprehensive coverage of the region.
Aerial reconnaissance completed the task of examining the most
inaccessible parts of the region, and helped with the extrapolation
of the on-ground studies. The latter was carried out by the senior
author piloting his Piper PA-18, Short Take off and Landing STOL,
aircraft, specially adapted for aerial reconnaissance work. (Plate
10-4).

Meteorological data sets from 5 meteorological stations, Cobija,
Guayaramerim, Puerto Maldonaldo (in neighboring Peru), Riberalta
and Rurrenabaque were compiled as an integral part of the SOTER
database. This data collected and analyzed followed the approach of
Hargreaves and his co-workers (Hancock et al. 1979), and included:
TEMP – mean temperature in degrees Celsius
SUNP – percentage of possible sunshine
RADI – mean solar radiation, Langleys per day.
RAIN – mean precipitation, in mm
PETH – potential evapotranspiration, in mm.
RDEF – precipitation deficit, in mm
DP75 – dependable precipitation at 75% probability level
MAI – moisture availability index; MAI = DP75/PETH

Delineation of SOTER UNITS on satellite “image maps”
and thematic mapping.
Parallel to the climate studies, an initial, provisional delineation of
the SOTER (land) Units was carried out on composite, geographically
corrected satellite imagery, using bands 3, 4 and 5 of the Thematic
Mapper (TM) 1:250,000 imagery; these were referred to as “satellite
image maps”. At this scale, “Terrain Components” (the first
subdivisions of a SOTER Unit) were often mapped. In making
thematic maps, these were assigned the classification of their
major property. When only a SOTER Unit could be mapped, this was
assigned the principal property of its largest Terrain Component.
The mapped units so classified, were grouped by the Geographic
Information System GIS, software program to form the desired
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Plate 10-4. The senior author’s “super-cub” on a bush airstrip a little
south of the town of Riberalta, Bolivia. The oxen used for riding by the
local people are referred to as “buey caballos” (oxen horses).
The major soil study expeditions followed the regions of influence
of the Beni, Acre, Orthon, and Madre de Dios rivers, and transected
the region from west to east and north to south. Soils were studied
and sampled along many transects, mainly following exiting bush
trails both by on foot and by motorcycles. Hand-carried Geographic
Positing System GPS, equipment was used to locate the position
of sample sites and the study transects, and to identify these on
the satellite imagery. Plates 10-5 and 10-6 are typical scenes of the
field-work.

Plate 10-5. The junior author using a hand-held Geographic Positioning
System (GPS) unit to locate the position of a soil profile studied in the
Pando Department of Bolivia.

Plate 10-6. Examining a soil profile pit in the rain near the location of
the village of El Tigre near on the southern edge of the Madre de Dios
River in northern Bolivia.
Incidentally, on a previous study of this region in 1974, the senior
author spent an evening at the tiny village of El Tigre. To his surprise, he
found the skin of an Anaconda with its head the size of a cow’s head
still intact, that was stretched over the rafters of two palm-covered
houses separated one from the other by a distance of 6 meters, and
supported with a temporary “h” made of poles between the houses.
He measured the length of the skin at a little over 19 m. Its width was
well over a meter near its center, and he wasn’t able to get his thumb
and forefinger around the circumference of its main scales. This giant
animal had been dragged out of the river by the local natives, after
they shot a dozen or so bullets into the back of its head. Apparently,
the locals managed to hunt such a beast occasionally. Its dried meat
hanging up on racks to dry, undoubtedly kept them well supplied
with food for many a day. The senior author speculates that the
snake probably lived in a back-water swamp of the Madre de Dios
for many a long year, and was swept into the main river during a
flood. – Undoubtedly, the “experts” would call him a liar about this
observation.
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The soil profile database.
The recorded soil profile data was reorganized using the FAO-ISRIC
Soil (profile) Database SDB2 Version (1991), to facilitate the, storage,
retrieval and examination of that data. This was integrated with
the SOTER database. Following field-work, the in-field descriptions
of the soil profiles examined by the authors were added to this
database. In fact, the final soil profile database consisted of over
400 soil profile descriptions and their analyses; more than 360
were described during the course of the in-field studies between
1992 and 1993. All the soil profile descriptions were standardized
according to the FAO guidelines (FAO, 1990b). The methodology
used for the analysis has been detailed by Cochrane and Barber
(1993); for practical purposes it is similar to that of the International
Soil Reference and Information Center ISRIC (van Reeuwijk ed. 1987).
The quality of the analyses in the CIAT-BTAM soils laboratory at
the time they were carried out was monitored bi-annually by the
international system set-up by ISRIC for comparing soil analyses
world-wide, supported by the University of Wageningen, Holland.

Map making, map digitization and Geographic Information
System GIS, software.
With the successive completion of the field work, the laboratory
analysis of soil sample data, the climate studies and the subsequent
analysis of the SOTER database of the region, the definitive SOTER
Units were delineated directly onto the 1:250,000 satellite imagery
and digitized using Geographic Information System GIS, software.
The IDRISI software developed by Eastman (1992) was chosen for
this purpose; it was the GIS software being used by the United
Nations Environmental Program UNEP, at the time of the study.
Input of the mapped information into the IDRISI system was carried
out using the IDRISI ancillary program TOSCA (Jones, 1991). A small
digitizing tablet “Summasketch II”, was used for this purpose. Once
transferred to IDRISI, the mapped SOTER Units were subjected to the
ample spatial analysis procedures of that system, and formed the
basis for computer generated thematic maps. IDRISI provides for the
export of map information in a variety of formats compatible with
all the major GIS, commercially available software.
The final SOTER Unit map may readily be converted for use with
other Geographic Information System GIS, software, such as Arc
Info and ERDAS. In fact, files prepared in the latter format were
included with the “Personal Computer PC, Users Packet” prepared
to provide easy access to the results of the studies (Cochrane et al.,
1994).

The SOTER digital database.
Prior to the definitive delineation of the SOTER Units, the SOTER
land resource database file set detailed in the SOTER procedures
manual (FAO-ISRIC-UNEP-ISSS, 1993), was organized into a relational
database management system RDBMS. The set of files was
originally designed for use with dBase 4+ but with some minor
modifications, were used with Paradox 4+. However, the files
can be imported into Microsoft Access and most other database
management software.
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The objective of the SOTER database file set, apart from facilitating
computerization, is to provide a facility for describing land resource
information on an area or spatial basis, and to transcribe the point
soil profile data from in-field observations to the mapped areas
shown on the SOTER map. The database was in fact the first SOTER
database to be setup up in accordance with the 1993 standards. It
should be emphasized that the design of the SOTER database file
system is open-ended, and facilitates the integration of other types
of databases including socio-economic data, and specific forestry
and agronomic data, with the land resource database.
The soil profile data per sé, was incorporated into the system via
the FAO-ISRIC Soil Database SDB2 Version software (1991), as already
noted. An additional file “PROF.GRP” (soil profile groups), was added
to the SOTER database file set to group similar soils into groups
to facilitate the statistical analysis of the spatial variation, or the
variation over an area of terrain, of soil attributes, especially their
chemical (nutrient) properties.

The Personal Computer PC, Users Packet.
The land resource files that summarize all the information gathered
during the course of the survey work over the Pando Department of
Bolivia, were recorded as an integral part of the Personal Computer
PC, Users Packet, attached to the final report on the land resources
of that region (Cochrane et al., 1994a).
In addition to a digital copy of the final report on the Pando
Department in Microsoft Word format, the Personal Computer PC
Users’ packet was organized into three sections: Section 1, SOTER
database files; Section 2, IDRISI map files and Section 3, FAO-ISRIC
SDB2 (soil profile) database. The vegetation and other data were
compiled as separate but inter-connectable files. This enabled the
compilation of accurate statistical information about climate,
landscapes, soils, vegetation and land use. The SOTER Unit map that
was delineated on the satellite image maps at the scale of 1:250,000
following field work and subsequent data analyses were recorded in
Section 2 of the study along with a series of thematic maps. The PC
Users’ Packet provides easy access to all information recorded and
analyzed for the convenience of future investigations Cochrane et
al, 1994b).

A summary of the land resource study of the Pando
Department of Bolivia.
The Pando Department extends from Peru in the west and is
frontiered with Brazil to the north and east. To the south, and more
so to the southeast, it merges with the wet-land Mojos savannas,
locally called “pampas”. It is dissected by several major rivers.
From the border with Peru in the west, the mighty Madre de Dios
River runs eastwards until it joins the northward flowing Beni River
near the township of Riberalta. Further to the north, the Orthon
with its major tributaries, the Madidi and Tahuamanu rivers, also
flows eastwards until it merges with the Beni River. Along the
frontier with Brazil, first the Acre, and then the Abuna river, channel
eastwards; the latter to meet the north running Mamoré river,
which merges with the Beni river a little north of the township of

Cachuela Esperanza where Pre-Cambrian, granitic rapids impede
navigation (see Plate 10-7) There are wide seasonal fluctuations in
the volume of water flow in all these rivers, resulting in considerable
differences in water levels, often in excess of 15m, with consequent
seasonal flooding of their younger alluvial deposits

In contrast with the warm northerly air masses, invasions of cold
polar air masses are common during the drier winter months and
produce marked and rapid drops in temperature as the cold front
passes northward. These cool winds, referred to as “surazos” in
Bolivia, may last from 3 to 8 days or, in exceptional cases, up to 15
days. Temperatures may drop to as low as 6 degrees Centigrade
in a matter of a few hours. The passage of the cold front is often
accompanied by rainsqualls and marked atmospheric turbulence,
especially during the April to Aug. period.

The nature of the growing season.
Hargreaves (1972) formulated the “Moisture Availability Index MAI,
at the 75% probability level of precipitation occurrence” to identify
dry and wet seasons based on soil water adequacies. He showed that
there is a good relationship between MAI and crop production when
soil moisture is adequate for a week or more and recommended a
MAI level “less than 0.34” to define a dry month. Conversely, a wet
month is defined as one with a MAI greater than 0.33, bearing in
mind that this level may be too low for soils with very low moistureholding capacities. The MAI indices show that the region has a
distinct dry season, ranging from 3 to 5 months; the dry season is
more pronounced in the eastern part of the region.

Plate 10-7. The Cachuela Esperanza rapids near the township with the
same name, in the lower Mamore’ river, which impede navigation.
The statute in the foreground is of Don Nicolas Suarez, the famous
“Rubber Barron” of the early 1900’s. At the height of the rubber boom,
Don Nicolas built a small railway to bypass these rapids to facilitate
the transport of rubber down-river via the Madeira River to the city of
Manãus in Brazil, for eventual transshipment into ocean-going ships
destined for Europe and the United States.

The Region’s Climate.
Analysis of the meteorological data supported the findings of
Cochrane et al. (1985) that the major determinant of the climate
of this area of the Amazon is the seasonal migratory movements
of the low pressure Equatorial Trough ET, often referred to as the
Inter-tropical Convergence Zone. The position of the ET follows the
seasonal march of the sun, but lags behind by about 2 months.
During the southern hemisphere summer a continental heat low
pressure zone develops over northern Argentina, Paraguay, and
southern Bolivia which influences the ET movement, and results in
high instability and heavy rains throughout the region during the
December to March period.

Potential evapotranspiration PETH, was calculated not only to
determine the water balance but also the nature of the growing
seasons. Soil conditions aside, the estimations of potential
evapotranspiration confirmed that the region has an adequate
growing season for many tropical crops, including perennial crops
that can withstand a definite, but not too prolonged, dry season.
The exceptions are crops sensitive to sporadic cold spells, including
some rice and corn cultivars that farmers might be tempted to grow
under irrigated conditions during the dry winter months. Clearly,
perennial crops sensitive to significant dry season conditions, such
as many African Oil Palm cultivars, may not yield well, except on soils
with high water retention properties or mild soil internal drainage
problems.

Landscape and Soil Conditions.
As the climate of the region was not a major factor for limiting the
growth of many tropical crops, pastures and trees, the appraisal
of the land resources of the region focused on its landscape and
soil conditions. Firstly in terms of land-form and topography, soil
drainage and, or flooding problems. This was followed by an analysis
of other soil physical conditions limiting plant growth including soil
depth, stoniness and the presence of root restricting horizons or
layers and soil moisture holding capacities, and finally on soil nutrient
and potential toxicity conditions.
The region is a dissected plains area. To the west it was found to
be slightly higher, with a median altitude a little in excess of 150m;
Quaternary fluvial sandstone-mud stone mixed and often compacted
sediments overlie Tertiary mixed sediments (Leyton and Pacheco,
1989). These appear to have been uplifted in relatively recent times,
and subjected to more intensive natural erosion, resulting in strong
peneplanation and significant areas of small hills. The higher
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formation gradually and unevenly slopes towards the east. About
midway across the region, median altitudes fall to less than 150m;
here the lithology is probably almost exclusively of Quaternary
fluvial origin, and peneplanation much less pronounced.

The native forest classes and minor savanna regions were also
generated from the SOTER Unit mapping as generalized by
Figure 10-3.

There is an evident relationship between the direction of flow of the
major rivers of the region, and its over-all geology and landform.
The northward flow of the Beni and Mamoré rivers approximately
coincides with the influence of the Brazilian Pre-Cambrian
shield formation (Ahlfeld and Branisa, 1960), which underlies the
Quaternary fluvial sediments of the eastern segment of the region.
Protuberances of the Brazilian Shield, including small hills formed
from granites and gneiss, may be seen near Cachuela Esperanza and
northwards to the border with Brazil. The rapids along the Beni and
Mamoré rivers from Cachuela Esperanza northwards, are a direct
consequence of the Shield formation, and indicate the shallowness
of the formation along the border region with Brazil. Extensive areas
of low-lying, seasonally waterlogged lands are found in this area,
possibly reflecting the underlying influence of impermeable Shield
materials, although more probably a result of the effect of the
Shield in “damming” surface and ground water flows.
To emphasize the diversity of the lands of the region, a landscape
map was generated from the SOTER Unit map using the IDRISI
software, to provide an overview of the topography of the region
in terms of: Hills, High Peneplains, Low Peneplains, Plains and
Flood plains, Figure 10-2. It was seen that significant proportion of
the region has soil drainage problems in addition to the generally
recognized flooding problems; a third of the land surface is affected
by these two problems.

Figure 10-3. Native vegetation of the Pando Department as described
in terms of the physiognomic classes used by UNESCO (1973), with the
modifications recorded in Table 10-1.

Native vegetation
The native vegetation of the region was described in terms
of the physiognomic classes used by UNESCO (1973), with the
modifications as shown in Table 10-1.

Figure 10-2. Landscape map of the Pando showing significant areas
with poor soil drainage and flooding problems. (Note: UTM zone 19S
coordinates in metres).
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TABLE 10-1 Regional Native Vegetation Classes. Adapted from UNESCO (1973).
FOREST VEGETATION
Code

Description

Area in ha.

IA2E

Tropical semi-evergreen seasonal forest, 50100% of emergents dry season deciduous

Forests on well drained, non-flooded soils:
IA2ET

as IA2E, but tall: emergents over 40 m.

1,021,400

IA2EM

as IA2E, but medium: emergents 30-40 m.

3,265,400

IA2EL

as IA2E, but low: emergents less than 30 m.

Forests on imperfectly drained or flooded soils:
IA2EMG

as IA2E, but medium, drainage imperfect

130,700

IA2ELG

as IA2E, but low, drainage imperfect

569,700

IA2ELH

as IA2E, but low, drainage poor

204,800

IA2EMF

as IA2E, but medium, annually flooded

444,000

IA2ELF

as IA2E, but low, annually flooded

84,800

IAS

Swamp forests: low with graminoid species

579,500

Code

Description

Area in ha.

VB6

Poorly drained savannas

18,600

SAVANNA VEGETATION

Total Remaining Native Vegetation:

6,240,000

Note. All estimates include areas taken up by rivers, lagoons and swamps.

Tropical Semi-evergreen Seasonal Forests predominate through
the region with hydroseres found as inclusions on poorly drained
or flooded lands). The forests on the well-drained lands have
emergents forming an open upper story canopy that ranges from
35 to 50m in height, depending on the specific land areas (Plate
10–8). Most of these emergents loose their leaves during the latter
part of the wet season (August -September), including the Brazil
nut and rubber trees. In terms of non-timber products, it was seen
that it is rich source of both Brazil nuts and rubber, which are often
seen growing virtually side-by-side in this region, along with native
cacao. It was estimated that over 50,000 ha of this once majestic
forest had already been cleared for cattle ranching by 1990 in
the vicinity of Cobija, according to satellite imagery studies, and
over 80,000ha seriously degraded by timber extraction and other
activities (Cochrane et al., 1994a). It is evident that forest clearing
is accelerating, and that many more hectares of forest have either
been completely cleared or seriously degraded since that date.

Plate 10-8. Land recently cleared for cattle ranching, and clearly
degraded, near the city of Cobija, Pando Department, Bolivia. The
destruction of the magnificent forests that covered this region, as
seen by the size of the lonely Brazil-nut tree, is to be deplored.
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by soils that are either poorly drained and, or, are subject to annual
flooding. In fact, 825,700 ha of the non-flooded soils have drainage
problems, as seen on the Landscape Map of the region, Figure 10-2.
The latter problem is area specific and predominates in several
SOTER units.
Only 3,308,762 ha or approximately 52% of the region has soils
with slopes less than 8%, and that are neither flooded nor poorly
drained. This statistic does not take to account other soil physical
limitations including soil textural problems such as sandy or gravely
conditions, water holding capacities or root restricting layers.
Further, it obviously does not take soil fertility to account.

Soil chemical properties.
Soil analyses were carried out on most of the profile samples
collected during the field expeditions; a lesser amount of analyses
have been recorded in the literature. This data was summarized as
database files in Section 1, SOTER files of the PC User’s packet and
in Section 3 of the same packet as an integral part of the FAO-ISRIC
SDB2 Version soil (profile) database. It was clear from the analytical
data that almost all of the soils have poor and fragile fertility states.

The fertility of the non-hilly, non -flooded,
well-drained lands

Plate 10-9. Tropical Semi-evergreen Seasonal Forest near Puerto Rico,
Pando Department of Bolivia.
There are some minor areas of mainly poorly drained savanna lands
in the southeastern areas of the region, about 19,000ha in all. The
boundary between the forests and savannas is quite abrupt, with
transitions occurring over distances of 100-200m or less, which
reflect the radical changes in soil physical and sometimes chemical
conditions, as seen elsewhere in the sub-continent (Cochrane, 1989).

Soils.
The soils of the Pando were classified according to both the FAOUNESCO revised legend (1990), and the United States Department
of Agriculture’s Soil Taxonomy classification (1987). It was found
that 82% of the soils classify as Ferrasols or Lixisols according to
the FAO system and 58 %, classify as Oxisols and 24% as Ultisols,
according to Soil Taxonomy. This indicates that the majority of the
soils of the region are highly weathered soils poorly supplied with
plant nutrients, but does not highlight their physical properties. It is
emphasized that in contrast to traditional soil mapping, the SOTER
methodology facilitates a much more in-depth examination of their
soil physical and chemical properties.

Soil physical limitations.
In the words of the late F. Hardy (Pers. comm., 1960), it is necessary
to study the “root room” of a soil, or its physical characteristics as
a plant growth environment. From the database it was estimated
that approximately 2,024,000 ha or 32%, or of the region is covered
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Table 10-2 provides a summary of the major soil chemical properties
affecting plant nutrition, or the “fertility”, of the non-flooded,
adequately drained, non-hilly or steep (less than 8% slopes), lands
of the region. Lands so defined cover approx. 52% of the total
study area or 3,308,762 ha out of the total area of the department,
of approx. 6,318,900 ha. The information has been drawn from the
database. The data shows that the soils are very poorly supplied
with plant nutrients,

Native vegetation and soil conditions.
There was an observable relationship between the native vegetation
and soil physical conditions throughout the region. This is seen in
the marked changes in floristics and physiognomy of the native
forests growing on well-drained lands with those on soils that
are poorly drained or subject to flooding. When poor drainage
conditions are coupled with poor fertility conditions, the forest
vegetation gives way to savanna vegetation, as seen in Figure 10-5.
In the case of the tall forest vegetation growing on the well drained
soils the soils studies showed that these have almost invariably
formed on soils that are very poorly supplied with nutrients. The
little fertility that they have is undoubtedly intimately linked to the
carbon cycle of their forest cover.
Although it was seen that some SOTER units had higher innate
fertility levels than others and supported taller forests, this effect
was not quantified in these studies. What was evident was that
taller forests were seen in the more humid western half of the
Department. Be this as it may, indiscriminate forest removal leads
to the rapid chemical degradation of these lands, as is evident in the
Cobija region where lands are being cleared for ranching, (see Plate
10-8).

TABLE 10-2. Chemical Properties of the 3,308,782 ha of Flat, Well-drained, Non-flooded Soils covering the Region.
Property

Percentages of defined area

pH:

Low < 5.4

Med 5.4 – 6.5

High > 6.5

topsoil

79

21

0

subsoil

70

30

0

Carbon:

Low < 0.6%

Med 0.6 – 3%

High > 3%

topsoil

4

96

0

subsoil

79

21

0

Phosphorus:

Low < 3ppm

Med 3 – 6ppm

High > 6ppm

topsoil

48

52

0

subsoil

94

6

0

Calcium:

Low < 0.4

Med 0.4 – 4

High > 4

topsoil

26

74

0

subsoil

67

33

0

Magnesium:

Low < 0.2

Med 0.2 – 0.8

High > 0.8

topsoil

18

68

14

subsoil

28

76

6

Potasium:

Low < 0.15

Med 0.15 – 0.3

High > 0.15

topsoil

32

57

11

subsoil

79

10

11

Sodium:

Low < 0.1

> 0.1

topsoil

72

28

subsoil

78

22

Aluminum:

Low < 1

Med 1 – 1.5

High > 1.5

topsoil

22

27

51

subsoil

21

20

59

ECEC:

Low < 4

Med 4 – 10

High > 10

topsoil

70

30

0

subsoil

77

23

0

(Olsen)

(Exchangeable cations, cmolckg-1 )

Al Sat. >55% of ECEC: Topsoil 51% Subsoil 70% of area
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Land Use Zoning.
The final objective of the SOTER study of the Pando Department
was to draw up a “Zoning map” on the basis of the research on the
existing soil and forest resources of the Department, in order to
provide a guide for future land usage of the region. It is clear that
Pando is blessed with unique forestry resources; unfortunately the
same cannot be said about its soils, which are almost universally
inherently infertile and unable to support intensive agricultural
usage without the input of large and costly soil and fertilizer
amendments. Consequently, the region was zoned to take
advantage of its natural native forest advantages.
Land Use Zones were defined and delineated as a result of
interdisciplinary discussions following the completion of the interlinked and separated studies carried out by the team members of
both the soils studies and the vegetation studies of the region. As
shown on the Land Use Zoning map, Figure 10-4, eight land use
zones were delineated:

1. Settlement Areas
2. Extensive Ranching Areas
3. Native Forest Reserves for Flora
4. Native Forest Reserves for Fauna
5. Extractive Forest Reserves
6. Managed Forest Reserves
7 Critical Watershed Regions, Water Erosion Hazard
8. Critical Watershed Regions, Flooding Hazard.
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Figure 10-4. The Land Use Zoning map for the Pando Department
of Bolivia.

Native forest reserves. The need to maintain the center of
origin of Brazil-nut, rubber and cacao trees under native
forest conditions.
It is contended that the areas potentially zoned as native forest
reserves should be regarded as areas for the careful preservation
of the regions flora and fauna. In the special case of the native
forest reserve for flora this is one of the last remaining typical parts
of the “center of origin” of many of Amazonian’s natural forest
tree products including Brazil nuts, rubber and cacao. Its unique
biodiversity and genetic resources should be preserved as a treasure
throve not only for future generations of Bolivians, but also for all
humanity; international attention should be focused on this region
and finance sought for its proper maintenance. Logging in the
region, and forest clearing must be stopped. It is a crime against
humanity to destroy the Amazon forests of the Pando for pasture
production for cattle raising or by “colonization” by small farmers.

Chapter 11.

THE WESTERN AMAZON STATE OF
RONDÔNIA, BRAZIL.
INTRODUCTION.
Agricultural colonization has proceeded apace in the southwestern
quadrant of Brazil’s Amazonia in the States of Rondônia and Acre,
over the past 30 odd years as a consequence of the construction
of the all-weather BR-364 highway linking the States of Mato
Grosso, Rondônia and Acre with the rest of the country. This
highway has provided a valuable alternative corridor for the
export of agricultural produce and minerals to European and
North American markets from central-western Brazil via the port
city of Porto Velho, the capital of Rondônia on the upper Madeira
River, Plate 11-1. The latter is a major tributary of the Amazon River,
and is navigable by large (over 2000 ton capacity) barges between
Porto Velho and Manãus, where produce can be transshipped to
ocean-going vessels; a situation not unlike the Great Lakes – St.
Laurence seaway of northern America. The new road has resulted
in the opening up of a large part of the region, and colonization
has resulted in the deforestation of extensive tracts of land. This
situation has received much local and international criticism in
the sense that an ecological disaster had either occurred or was in
the making.

de Rondônia ITERON” (the “Land Institute of Rondônia”), and the
consultancy group “TECNOSOLO-DHV-EPTISA”. The work was
financed through BIRD Loan Agreement 3444-Br. The foundation
stone of that study was considered to be a soils and terrain land
resource survey of the State. The senior author was contracted to
lead a team to carry out this survey. The State of Rondônia extends
over approximately 24,000,000ha of southwestern Amazonian as
shown by Figure 11-1, delineated on a “satellite image map”.

Figure 11-1. The State of Rondônia, Brazil delineated on a satellite
image map.

Plate 11-1. The Madeira River at Pto. Velho, capital of the State of
Rondônia, Brazil. From here large barges transport goods down river to
the city of Mauãus on the Amazon river.
To address this situation, the government of Rondônia
commissioned a somewhat tardy study titled the “Second
Approximation of the Ecological and Socio-economic Zoning
project 2a ZEE-RO” (Segunda Aproximação do Zoneamento SócioEconômico Ecológico do Estado do Rondônia). The objective of the
project was to “zone” the lands of Rondônia in order to encourage
and implement ecologically sound development and conservation
policies. The study was carried out in accordance with the terms
of reference of a contract signed between the “Instituto de Terras

Stated clearly, the purpose of the soils and terrain land resource
survey of the State of Rondônia was to make a scientific
evaluation of its land potential in order to provide a basis for the
orderly development of the State through zoning, of sustainable
agricultural, pastoral, forestry and conservation activities. It was to
provide an unbiased assessment of the present state of the lands of
Rondônia and establish a “benchmark” for the future evaluation of
the effects of colonization, development and deforestation. Based
on the study “The Land Resources of the State of Rondônia, Brazil”
(Cochrane et al., 1998), the present chapter was written to:
a) Provide a brief summary of the World Soils and Terrain Digital
Database SOTER, project methodology adapted for the study.
b) Summarize land conditions throughout the State of Rondônia.
c) Draw attention to the considerable variation in land conditions
throughout the State in terms of climate, topography, parent
materials, soils and natural vegetation.
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d) Provide a value judgment of the potential of Rondônia for
agricultural production, and
e) To show that similar land evaluation surveys at the same level of
detail would be beneficial for many regions of the Amazon.

The World Soils and Terrain Digital Database SOTER, project
methodology adapted to the study.
The fundamental approach to evaluating the lands of Rondônia
was an adaptation of the Australian “Land Systems” methodology
(Christian and Stewart, 1953), as refined for digitization by the
International Soil Science Society’s initiative, the World Soils and
Terrain Digital Database SOTER, program, (van Engelen and Wen,
eds. 1995). As noted in Chapter 8, the SOTER program followed on
from the pioneering work of Cochrane (1980) and Cochrane et al.
(1985) in their computerized land system study covering tropical
South America. Land was mapped and studied as it is seen in the
field, through the mapping of “soils and terrain units”, defined
as: “areas of land with distinctive, often repetitive patterns of
land-form, lithology, land surfaces, parent material and soils”. For
the State of Rondônia study, these mapped units were termed
SOTRO Units (Solos e Terrenos do Estado de Rondônia, the Soils
and Terrain of the State of Rondônia); they are comparable to the
SOTER Units (Soils and Terrain Units) of the World Soils and Terrain
Digital Database. They form the geographic base for visualizing
land characteristics and differences throughout the State. The
SOTRO Units as seen in the field were delineated directly onto
geo-referenced, “satellite image” maps at the 1:250,000 scale. The
SOTRO Unit maps were compiled as 19 segment maps to facilitate
overlays on the 19 segments of the 1:250,000 satellite image maps of
Rondônia; they were recorded as both vector and raster files for use
in geographic information software.

The geographical information system of the terrain and
soils of Rondônia, titled “SIGTERON”.
From the outset, the work was systematized through the
development of a Geographical Information System GIS, of the
lands and soils of Rondônia that was termed “SIGTERON” ,an
abbreviation for the Portuguese title of “Sistema de Informação
Geografica dos solos e Terras de Rondônia, (Cochrane and Cochrane
1998). This consisted of a soils and terrain digital database of their
characteristics or “attributes” integrated with a Geographical
Information System. The database followed the International Soil
Science Society’s “World Soils and Terrain Digital Database (SOTER)
project” methodology (van Engelen and Wen eds.,1993, 1995) which
was expanded by integrating the FAO-ISRIC-CSSS Multilingual Soil
(profile) Database, SDBm (1995) and other database files, including
climate and “agricultural suitability”. During the course of the
study soil profiles were sampled and their analyses recorded in the
database. The soils and the numerous thematic maps of Rondônia,
were compiled by linking the SOTRO Units map files with selected
information from the attribute database.
The principal inter-linked databases of the SIGTERON system, as
illustrated in Figure 8-1, and already described in some detail in
Chapter 8, are:
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1) The SOTER file system as agreed upon by the ISSS (van Engelen
and Wen eds. 1995) compiled as a set of relational database files
to describe and facilitate the analysis of the many land and soil
attributes, of the mapped SOTRO units. This database was termed
“SOTERON” (Solos e Terras de Rondônia).
2) A series of map files of the mapped the SOTRO Units. These
were produced in formats compatible with both the low-cost IDRISI
software and the higher cost Arc/Info software.
3) A soil profile database using the FAO-ISRIC-CSIC, Multilingual
Soil (profile) Database, SDBm (1995). The latter was modified for
the conditions of Rondônia’s tropical soils, and to facilitate the
printing of soil profile descriptions in Portuguese. In addition, a file
termed ANASOLO was created to store the soil analytical data that
was carried out in more detail than that afforded by the foregoing
database.

A note on soil analyses.
Soil analyses were carried out using methods recommended both
internationally (Cochrane and Barber, 1993), and by EMBRAPA-CPNS
in Brazil (EMBRAPA-SNCLS, 1979). A much lesser number of analyses
were found in the literature; unfortunately, the methodology of the
latter analyses was rarely recorded. In addition to using the SDBm
soil (profile) database, the very comprehensive “ANALSOLO” file of
the SOTERON database was compiled to record the more detailed
analyses of the soil samples.

The SIGTERON Operational manual.
The SIGTERON operational manual for the computerized study
was written on the basis of the International Soil Science Society’s
SOTER initiative. The system was put into operation from the start
of the project, and provided the necessary standardization for
carrying out the routine land and soil evaluation work in the field.
The computerized system provided a framework to monitor the
progress of the field, laboratory and office work throughout the
study period. The methodology of the approach is detailed in the
SIGTERON manual (Cochrane and Cochrane 1998), The approach has
also been summarized by Cochrane and Cochrane, (2001).

The composition of the report on the land resources
of Rondônia.
Apart from a generalized description of the climate, geography,
geology, landscape and native vegetation of the region, thumbnail
sketches were written to summarize the main features of the 244
SOTRO Units mapped at the 1:250,000 scale onto satellite imagery,
throughout Rondônia. These formed the body of the report on the
land resources of Rondônia, (Cochrane et. al. 1998), which as noted
in the introduction, has been annexed in digital format with the
CD titled “The Land Resources of the State of Rondônia, Brazil”.
The summaries provide the reader with a brief description of the
location, area, physiography and topography, altitude, lithology,
hydrology, climate, soils, vegetation, land use and agricultural
suitability of each SOTRO Unit. They also include cross-section
diagrams of the landform and vegetation of the SOTRO Units to

help the reader visualize its landscape and to illustrate how the
latter separates into “Terrain Components”. The soils of the SOTRO
Units were described in a little more detail; the main morphological
characteristics and fertility of the principal soils of the Terrain
Components of the SOTRO Units were individually summarized.
The descriptions of the SOTRO Units are best read in conjunction
with an examination of the 1:250,000 soils and land suitability
maps attached to the report. In a sense, the thumbnail descriptions
of the SOTRO Units are a type of “encyclopedia” of the principal
characteristics of the mapped SOTRO Units of Rondônia. Further
detailed information is recorded in the “SOTERON database”, which
can be accessed either by using MS Access or Paradox; it is available
from the authors’ Web site.

Land use classes.
Land use classes were recorded for the SOTRO Units in the
“SOTERON database” during the normal course of the field studies
in terms of both the SOTER Land Use Classes (van Engelen and Wen
eds. 1995) and the Brazilian agricultural land suitability assessment
methodology (Ramalho Filho et al. 1978). They were based on in-field
estimates. Some further observations relevant to agricultural land
use suitability have also been included.

A Summary of the land conditions throughout the State
of Rondônia.

Further, a range of steep and broken sandstone hills, the Serra dos
Pacaas Novas, extends inland from its central western border a little
to the north of the city of Guajará-Mirím, and extensive, dissected
sandstone tablelands, the Chapada dos Parecis covers much of its
southeast and eastern regions where the State shares a common
border with the State of Mato Grosso.
In the south-central sector of Rondônia, an extensive alluvial wetland
savanna or “pantanal” shares a common border with Bolivia along the
Guaporé River. To the north of the Serra dos Pacaas Novas, lesser hill
formations and a complex of peneplains mosaic the otherwise flatter
northern region of the State. With such diverse parent materials,
soils and especially their physical and chemical properties, vary
significantly from place to place. This diversity enables interesting
opportunities for agricultural enterprise, always providing that the
latter fit the right situation.
The natural vegetation cover of the State ranges from tropical
swamp vegetation, wet and dry land savannas (termed “cerrados”
in Brazil), semi-deciduous seasonal forests and semi-evergreen to
almost evergreen seasonal forests; the latter vary with soil drainage,
flooding and fertility conditions. However, along the major highways,
and especially along the BR-364, most of the original forest has
been removed. This has largely happened during the past 30 years.
Pasture establishment for cattle grazing covers the greatest part of
the deforested lands, although significant areas are being used for
perennial and annual crops (Plates 11-2 to 11-6).

The following summary has been abstracted from the study to
provide the reader with an insight of some of the more significant
characteristics of the region:

The geography of the State of Rondônia.
It was found that the State of Rondônia would appear to be one of
the more complex Amazonian regions in terms of its hydrology,
landform, geology and soils. This was not so evident from past
smaller scale studies of the Amazon including the 1:1,000,000
Radam Brasil studies (1972-81), and the computerized study of
Cochrane et al. (1985), as recorded in Section 1 of this book.
Along a large part of the extensive western border of the State,
the Guaporé - Mamoré - Madeira river system flows northwards
following the western exposure of the Pre-Cambrian Brazilian
shield formation that underlies most of the State. As noted in the
introduction, the Madeira River is navigable from Porto Velho,
the capital of Rondônia, and the importance of this in terms
of the export of products from central western Brazil is worth
emphasizing. The Ji Parana – Machado River and its tributaries, is
the second largest river system of the State and drains much of its
eastern sector. It joins the Madeira River near the northern tip of the
State. Lesser tributaries of the Madeira River drain the central and
western areas..
A mosaic of peneplain surfaces interspersed with hills derived
from the erosion products of elevated and exposed Pre-Cambrian
Brazilian shield granites, gneiss and schists covers a large part of
the State. Diversifying the landscape, peneplains and hills formed
on intrusions of younger igneous materials are occasionally seen.

Plate 11-2. Poorly drained forest lands about 180 kilometers along the
road from Guajara- Mirim to Pto. Velho.

Plate 11-3. Wet-land savannas in the south-western segment of the State
of Rondônia.

Larger Scale Studies in Amazonia

89

Plate 11-4. Dry-land savannas in southern Rondônia.

Plate 11-6. A typical scene of forest clearing in the vicinity of Pto. Velho,
Rondônia.

Agricultural climate.
The land resource evaluation of the State started with
an assessment of its “agricultural climate”. Data from 27
meteorological data sets for stations distributed throughout
Rondônia were computed in terms of monthly rainfall probability,
Reference Evapotranspiration and their Moisture Availability
Indices MAI, using Hargreaves equations (Hargreaves, 1977, 1981,
1994). The latter were used to define a dry versus wet months and
calculate “wet season potential evapotranspiration” regimes as
first used by Cochrane and Jones (1981). Additionally, a rainfall
erosivity index was calculated according to Weishmeier and Smith
(1978). This information was recorded as an integral part of the
SOTERON database of the SIGTERON system, and additionally as
a set of climate data files for use with the electronic spreadsheet
programs EXCEL and QuattroPro. It was integrated with the map
files through the assignment of the meteorological stations to
the mapped SOTRO units; in this way climatic thematic maps can
readily be computer generated to visualize the agricultural climatic
characteristics of Rondônia.

Plate 11-5. A remnant of a Tropical Rainforest in central Rondônia. A
large proportion of the State has been deforested by both “colonos”
and cattle ranchers. Along the major roads, and especially along the
BR-364, only remnants of the original forests may be seen.
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It was found that Rondônia can be subdivided into two of the
broad climatic sub-regions formulated by Cochrane et al (1985)
on the basis of studies throughout tropical South America, refer
Figure 11-2. The northerly half of Rondônia has a wetter “Tropical
Humid Hyperthermic” regime with a wet season potential
evapotranspiration regime of 1061 to 1300mm, 8 to 9 wet months
(with Hargreaves’ Moisture Availability Indices greater than 0.33),
and a wet season mean temperature greater than 23.5ºC. This is
significantly different to the drier southern half of the State, which
has a “Tropical Moderately Humid Hyperthermic” regime with a
wet season potential evapotranspiration regime of 900 to 1060mm,
6-8 wet months and a wet season mean monthly temperature
greater than 23.5ºC. Notwithstanding, it should be noted that the
climatic patterns of the individual SOTRO units may vary quite
significantly within these sub-regions, and should be taken to
account in agricultural planning. For example, the southwestern
area of Rondônia is more affected by “friagems” (cool southerly

winds during the April to September of the year), than the eastern
and northerly areas. Altitudinal differences affect temperature
regimes; temperatures are significantly cooler on the Serras and
high tablelands. Further, local landforms influence rainfall patterns.

Table 11-1 shows that approximately 75% of the lands of Rondônia
(17,700,000ha) have level land forms with slope gradients less than
8%, and a further 21%, sloping landforms with slopes on average
ranging between 8 to 30%. Only a small fraction of the State has
steeply sloping lands. Unfortunately, 19% of the level lands have
poor drainage and, or stoniness problems.
Considering the level lands of Rondônia without serious drainage
and, or rock - stoniness problems, approximately 50% (8,960,000
ha) are found in the more humid parts of Rondônia, the Tropical
Humid Hyperthermic climatic sub-region; only 3% of the latter are
found at altitudes greater than 300m. In contrast, approximately
30% (5,393,650 ha) of the level lands are found in the less humid
regions, the Tropical Moderately Humid Hyperthermic climatic subregion, but about 24% of the latter at altitudes greater than 300 m.

Figure 11-2. The agricultural climatic sub-regions of Rondônia
(2 = Tropical Humid Hyperthermic, 3 = Tropical Moderately Humid
Hyperthermic)

Land-forms.
The overall topography of the soils of Rondônia have been
summarized in Table 11-1, and illustrated by Figure 11-3, which
subdivides the landforms according to the SOTER definitions; the
latter have been further subdivided in terms of drainage, presence
of rocks and, or stoniness and lithology.

Figure 11-3. Landforms, drainage, surface stoniness and lithology
of Rondônia.
Map codes:
Landform: L = level lands, S = sloping lands, T = steep lands, C =
composite landforms.
Drainage classes: DB = soils with satisfactory drainage, DM = soils
with impeded drainage. Surface stones and, or rocks: <15%P or
>15%P = % of surface stones and, or rocks. Lithological classes: I
= igneous rock, M = metamorphic rock, S = sedimentary rock, U =
unconsolidated rock.
Height above sea level of flat lands: < 300 or >300 in meters.
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TABLE 11-1. Land-forms, Drainage, Lithology, Surface Rocks and, or Stoniness and climate of Rondônia.
Landform

Altitude

Slope

Drainage

Lithology†

Rocks/stones‡

Climate§

Area ha¶

L

<300m

8%

satisfactory

I, M

<15%

2

8,652,270

L

>300m

<8%

satisfactory

S, U

<15%

2

311,040

L

<300m

<8%

satisfactory

I, M

<15%

3

4,100,661

L

>300m

<8%

satisfactory

S, U

<15%

3

1,282,989

L

<300m

<8%

deficient

<15%

2

878,078

L

>300m

<8%

deficient

<15%

3

2,049,380

L

<300m

<8%

satisfactory

>15%

2

186,844

L

>300m

<8%

satisfactory

>15%

3

262,803

L, level lands

Total level lands

17,726,065

4

S, sloping land
S

>8%

I, M

<15%

2

3,083,677

S

>8%

S, U

<15%

3

1,433,405

S

>8%

>15%

2

420,124

S

>8%

>15%

3

65,949

Total sloping lands

5,001,165

T, steep lands and/or composite landforms

2

28,622

T, steep lands and/or composite landforms

3

617,576

Total steep lands

646,525

Rivers, lakes and cities, and alluvial SOTRO units that pass through more than one climate region

322,549

Notes.
†
Lithological classes: I = igneous rock, M = metamorphic rock, S = sedimentary rock, U = unconsolidated rock
‡
Percentage of surface rocks or stones.
§
Climatic sub-regions: 2 = Tropical Humid Hyperthermic, 3 = Tropical Moderately Humid Hyperthermic
¶
Estimations of areas were made directly from the database.

Hydrological resources.

Physiognomic native vegetation.

While the land resource study did not include a specific evaluation
of the hydrological resources of Rondônia, it was evident from the
water-balance calculations and the extensive river network that
the State is amply blessed with water resources. Several of the
rivers pass through topography that would appear to favor the
construction of large dams suitable for the generation of cheap
hydroelectric power (refer Plate 11-7). This subject would warrant
further investigations. As noted by Hargreaves and Merkley (2003),
electricity can now be reticulated over large distances at low costs
using back-to-back AC/DC transmission techniques; this could
supplement the supply of electrical energy to a Brazilian national
grid. Clearly, the generation of cheap electricity, if feasible, would
be of considerable economic benefit for Rondônia, both for local
use and as an “exported” product.

The native vegetation of the region was described in terms of
the physiognomic classes used by UNESCO (1973). A very close
relationship was seen between the physiognomic vegetation
classes and soil properties, especially in terms of the drainage
properties of the soils, as observed by Cochrane et al. (1985). It was
further observed, that on the well drained soils, the physiognomic
vegetation patterns followed their “total wet season potential
evapotranpiration WSPE, regimes”, as formulated by Cochrane
and Jones (1981). As explained by those authors, WSPE provides for
a proxy estimate of the “amount of energy” natural vegetation
growing on well drained soils can take advantage of during the
annual growing cycle, assuming very limited growth during the
dry months of the year when soil water is no longer available. As
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Plate 11-7. Rapids called locally “cachuelas” on the upper Madiera River about 100 km south of the city of Pto. Velho.
latter shown by Cochrane (1989), the soil chemical properties of well
drained soils will influence the type of natural vegetation growing
within those broad regimes.

The soils maps of Rondônia.
Soils maps of Rondônia were completed at the scale of 1:250,000
(19 map sheets equivalent to the 1:250,000 topographical maps
of the State), and subsequently generalized to 1:500,000 (4 map
sheets), and 1:1,000,000 respectively. These maps would more
correctly be termed soil “taxonomic” maps. They were produced
to summarize the soil classes as defined according to the Brazilian
soil classification system (Camargo et al 1987), to give readers
acquainted with that system an ”overview” picture of the principal
soils of the State. Nevertheless, it is observed that any area mapped
as a specific soil or soil complex, will almost invariably contain a
lesser proportion of other soils. In contrast with “traditional” soil
survey methods, the SIGTERON database permits the production
of soil classification maps using both the USDA system (Soil Survey
Staff, 1975) and the FAO Legend (FAO-UNESCE,1974,1988), and the
several more recent updates of those systems. An example of a soil
taxonomic map of the State has been recorded by Cochrane and
Cochrane (2001), Figure 11-4.
The soil mapping was based on in-field studies during the course
of which detailed descriptions of 2,914 soil profiles were selected
for recording in the SDBm soil (profile) database (FAO-ISRIC-CSSS,
1995). A summary of the chemical and some physical analyses of
soil samples taken from the several horizons of those profiles were
recorded in that database. The exact geographical location of the
soil profiles sampled in the field was determined by Geographical
Positioning System instruments, and these points were located on
the 1:250,000 soil maps.

Figure 11-4. A summarized soil classification map of the soils in the
State of Rondônia following the Brazilian soil classification system
(Camargo et al., 1987), which was derived as a thematic map from
the SOTER unit map and database.

A summary of the principal soil features of
Rondônia.
Soil physical properties.
The examination of soils according to their physical properties
facilitates the evaluation of their suitability for agricultural and tree
crop production, and their susceptibility to erosion. In the words of
the late Prof. F. Hardy of the Imperial College of Tropical Agriculture
(pers. comm., senior author 1959), in examining soils, it is necessary
to evaluate “root room”; in other words the physical environment of
a given soil for plant root growth. Some of the physical problems of
the soils of Rondônia are:
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Soil drainage problems.
From Table 11-1 it may be estimated that approximately 16% of
the level lands of Rondônia have soils with drainage problems. In
addition to “surface” drainage problems, many soils have internal
drainage limitations and others, including many of the river terrace
and valley floor lands, are subject to annual flooding. Clearly the
magnitude of the soil drainage problem imposes a severe limitation
on land usage. Great care must be taken in choosing lands for
agriculture that are free from drainage problems, as the costs of
overcoming poor drainage in soils are usually very high.

Sandy soils and soil moisture holding capacities.
Soils derived from quartz-rich sandstone or their transported
alluviums and colluviums, occur over extensive areas of the
Chapada de Parecis in the southern part of the State and to a lesser
extent, in the Serra dos Pacaas Novas in the central western region.
Approximately 1,300,000 ha of sandy soils are found throughout
Rondônia, although they are mainly found in the latter 2 regions.
These soils have severe physical and chemical constraints; their
water holding capacities are very low.
It has already been mentioned that most of the southern half
of Rondônia suffers from seasonal moisture stress during 3 to 5
months of the year. The low soil water holding capacities of sandy
soils, or those with lighter textured topsoils including many Ultisols,
aggravates this situation. Consequently, water deficiencies for the
establishment and growth of shallow rooted crops are common in
the sandy soils of southern Rondônia.

The soil water holding capacities of the clay soils.
The soil textural characteristics of the soils of Rondônia have been
well documented in the SOTERON database. Although a lesser
proportion of the region (only about 7%) has light textured soils
or soils with lighter textured topsoils, it should be noted that
many of the heavier (clayey) textured soils often have high Al-Fe
sesquioxide levels. This “oxic” condition, characteristic of oxisols or
“latosols”, results in the well-developed, very fine crumb structures,

Plate 11-8. Hardened plinthite commonly called “laterite” in an exposed
road cutting near “El Fortin”, in south-west Rondônia.
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Plate 11-9. “El Fortin” (the fortress) on the east bank of the upper
Guaporé River, the western border of Brazil with Bolivia, built in the
eighteenth century to defend the Brazilian border against intrusion
from the Spanish empire. The fortress was built almost entirely of
bricks made from soft plinthite that were subsequently drilled and
hardened by exposure to the sun.

Plate 11-10. Another view of “El Fortin” overlooking the Guaporé river,
separating Brazil from Bolivia.

noticeable in the field using a magnifying glass. Curiously, this
crumb structure, which imparts a considerable structural stability
to these soils, reduces their capacity to withhold soil moisture. This
implies that these clayey “oxic” soils tend to act a little more like
lighter textured soils in-so-far-as their water holding capacities are
concerned, than would be implied from their heavy clay textures
(Cochrane et al. 1985). On the other hand, many of these soils have
good drainage properties because of their well-developed micro
structuring, and are considerably less “fragile” than inferred by
several authors.

Coarse soil materials.
Hardened plinthite or “laterite” was often seen in geomorphically
predictable positions of the landscape, particularly on the edges
of the peneplains where seasonal wetting and drying of “soft”
plinthite in the clay sub-horizons has resulted in the formation of
laterite. In general, such formations were not considered to be a
serious restriction to plant growth, due to their generally limited
extent. Notwithstanding, a few of the SOTRO Units do have some
shallow soils where plinthite, and or hardened plinthite may be a
serious limiting factor to plant growth; specifically, some of the
savanna soils were seen to have this problem.
It was interesting to see how “soft plinthite” was put to use in the
construction of the old fort known as “El Fortin” on the eastern
bank of the Guaporé River, built in the colonial period to help defend
Brazil against intrusion by the Spanish empire of the day. On drying
soft plinthite hardens and forms bricks useful as a building material
(refer to Plates 11-8, 11-9 11-10).
A more common problem seen in many of the soils of the region, is
the presence of gravel size laterite particles and, or “ironstone” FeMn concretionary materials which may make cultivation difficult.

Soil erosion.
During the course of the field-work an evaluation was carried out of
the actual erosion of lands throughout Rondônia. This was carried
out according to the SOTER methodology and the information
recorded as an integral part of the SOTERON database. In general,
soil erosion was not found to be a serious problem, due to the
aggregate stability of many of the “oxic” soils prevalent throughout
the region. Notwithstanding, the hill-slope soils are prone to
erosion, especially following deforestation.
In addition to the observed erosion, calculations were made using
the index developed by Wischmeier and Smith (1978), EI30, to gauge
the potential of rainfall to cause soil erosion, as noted previously. It
was seen that there is a 40% variation in the potential of rainfall to
cause erosion throughout the State.

Soil chemical properties. The soil chemical analysis
database.
Detailed chemical soil analyses were carried out on most of the soil
profile samples collected during the field expeditions; 10,779 sets of
analyses were recorded in the SOTERON database.

It is risky to make generalizations when considering the soil
chemical conditions for a region with soils as varied as those found
in Rondônia. Notwithstanding, it is interesting to make a few
observations on the chemistry of Rondônia’s soils, if only to draw
the attention of the reader to the type of problems that may well
exist on a given soil. It should be noted that soil chemical properties
are best examined in terms of profile groups, which often contain
enough analytical data to facilitate meaningful statistical analyses
and evaluations of a soil’s chemical and plant nutrient properties.
Examples of the methodology for the statistical examination of soil
profile analytical samples of groups of similar soils, was originally
demonstrated by Cochrane et al. (1985).

Soil acidity, pH.
Low pH levels affect the availability of several essential plant
elements. Further, a pH less than 5.4 is considered potentially
critical, as it provides the necessary soil solution environment for Al
toxicity problems (Cochrane et al. 1980). It is clear that the majority
of the soils of Rondônia have very low pH values; the average of all
the topsoil profile samples is 4.96 with a standard deviation of 0.9.
Consequently, many of the soils may require liming for effective
crop production. Nevertheless, although the lowest pH recorded
for a topsoil sample in Rondônia was 3.4, the highest was 8.4. This
indicates the need for taking care in making “generalizations”.

Positive delta pH.
A further interesting feature of the soils of Rondônia is that
occasionally they show what are termed “positive delta pH” values;
these are values calculated by taking the difference between pH
determined in 1M KCl solution and water. A positive delta pH value
is a strong indicator of the presence of a substantial anion exchange
capacity AEC, in a soil. AEC is an important and much overlooked
feature of tropical soils; it may be present even in the absence of
a positive delta pH (Cochrane and Souza, 1985). As explained by
Cochrane (1991), the development of AEC in tropical soils is probably
“nature’s way” of slowing the degradation of soils by stopping the
nitrate leaching process of cations held to the soil surfaces. Chapter
15 provides a more detailed discussion on the leaching process of
tropical soils.

Aluminum Al, toxicity.
The average value of all the Al saturation values of the topsoil
samples taken during the course of the studies was 34.1% with a
range of 0 to 92.5%. Many of the soils of Rondônia were seen to
have high percent aluminum saturation levels of their effective
cation exchange capacities. As many of these soils also have low
pH levels (less than 5.4, a condition permitting the solution of
toxic Al hydroxides in the soil solution), they have potentially toxic
conditions for crops with low tolerances to Al. Very substantial
applications of lime (1 to several tons per ha) would be needed to
overcome this condition in many of the soils found throughout the
State. However, the equation developed by Cochrane et al. (1980)
for liming tropical acid soils, provides a cost-effective formula
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for liming soils by taking into account crop tolerance to Al toxic
conditions. Its application in Rondônia could save farmers a lot of
money in terms of reducing liming costs, as it has in many other
parts of the world (Yost et al. 1990)

Phosphorus.

Carbon levels.

Other plant nutrients.

In accordance with the analyses, the organic carbon levels, which
are used to indicate soil organic matter contents, are in the medium
range in the topsoils but very low in the subsoils; average 1.8 versus
0.49. As soil organic matter levels are intimately linked to soil
fertility, there is clearly a need to conserve the upper horizon of
these soils through cultural practices. It should be noted however,
that the determinations were carried out using the Walkley-Black
method as adapted by Cochrane and Barber (1993). This WalkleyBlack method is affected by free Fe in soils, and care must be used
in interpreting results.

Exchangeable cations; calcium, magnesium, potassium and
sodium.
The majority of the topsoils have exchangeable cation levels in the
medium to low range with, as often as not, very low subsoil levels.
Effectively, the levels appear to follow the organic matter patterns.
In the many circumstances of soils developed in mineralogically
poor parent materials, soil fertility was probably largely dependent
on the organic matter cycle of the original forest cover. In those
soils there is a close relationship between organic carbon levels and
total exchangeable cations.
The levels and especially the ratios of exchangeable Ca, Mg and K
should always be examined in determining the fertilizer needs of
a given soil, as demonstrated by Cochrane (1989) with reference to
the savanna (locally called “cerrados”) soils of central Brazil. In that
region of Brazil, he found an almost perfect correlation between
the native vegetation patterns and soil Ca/Mg ratios; savannas
invariably occurred on soils with low Ca/Mg ratios. In fact, inverse
Ca/Mg ratios were also seen in some of the better-drained cerrados
soils in Rondônia. It is noted that the latter have usually developed
in nutrient-poor, sandy soils derived from sandstones, and are
found in the southern, less humid area of the State with a “total
wet season potential evapotranspiration regime” favoring the
development of savannas (Cochrane and Jones 1981).

Effective cation exchange capacity.
The effective cation exchange capacity of many of the soils found
in Rondônia, (an average of 2.8 cmolckg-1 in the soil profile topsoil
samples), would generally be considered low. However, the values
are not as low as comparable soils found in the central cerrados
(savanna) region of Brazil (Cochrane 1989). While the majority of the
soils have developed in strongly weathered parent materials, many
have formed in the weathering products of relatively mineral-rich
soil parent materials including basalts, granites and gneiss. The
latter are generally relatively well supplied with plant nutrients and
have a superior capacity to supply nutrients for crop growth.
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The available phosphorus P, levels of the topsoils are predominantly
in the lower medium range and unlikely to sustain crop growth for
any length of time, over most of Rondônia.

Nitrogen.
Nitrogen analyses were carried out for the soil profile topsoils
samples. Nevertheless, due to the rapid change in nitrogen levels
with time and especially on drying (the soil analyses were carried
out in Cuiaba in the neighboring State of Northern Mato Grosso),
the analyses must be interpreted with considerable caution, as
explained by Cochrane and Barber (1993).
It is interesting to noted with respect to nitrogen in tropical soils,
that there is usually a strong “flux” (or release) of nitrates at the
start of the wet season, probably associated with bacterial build
up during the dry season, as first observed by Hardy (1946). This
phenomenon is important in managing crop cultivation, especially
to take advantage of the release of nitrogen early in the wet
season. It is also a very important part of the leaching mechanism
in tropical soils as explained by Cochrane (1991), and detailed in
Chapter 15.

Sulfur.
Analyses were carried out for sulfur and trace elements on a
selection of the soil profiles. The ranges of the values found can be
used to indicate potential problems. In other words, if a soil shows
a low level of a trace element in relation to the average analytical
value, then a potential deficiency problem might be suspected.
With respect to sulfur, it was seen that levels tend to follow the
organic matter levels; deficiencies may well develop in a few years
following deforestation.

Zinc.
Zinc levels often appear to be marginal. Consequently, it is probable
that zinc deficiencies will be induced on soils requiring heavy liming
to overcome Al toxic conditions; care should be taken to avoid this
problem by adequate but not excessive supplementation.

Manganese and Iron.
Of the 460 of soil profiles examined for Mn and Fe, approximately
16% had levels of exchangeable Mn greater than 2cmolckg-1, which
would be considered high by most standards. Potential Mn toxic
conditions were most common in the poorly drained soils. A similar
situation was seen with respect to Fe. Poorly drained soils thought
suitable for wetland rice growing, should be examined for Fe toxic
conditions, preferably in the field using the test developed by
Cochrane and Souza (1986), refer to Appendix 5.

TABLE 11-2. Exchangeable Cation Analyses of soils with Inherent Fertility Differences Related to Parent Materials
Profile RO1639†
Upper boundary of sample (cm)

Lower boundary of sample (cm)

pH in water

ECEC‡

Ca

Mg

K

Na

H

Al

0

15

6.5

6.08

4.33

1.23

0.5

0.02

0

0

40

50

6.3

6.00

3.54

2.19

0.25

0.02

0

0

70

80

5.7

4.96

2.42

2.21

0.31

0.02

0

0

Upper boundary of sample (cm)

Lower boundary of sample (cm)

pH in water

ECEC‡

Ca

Mg

K

Na

H

Al

0

15

4.7

0.94

0.10

0.03

0.04

0.01

008

0.68

25

45

4.8

0.78

0.11

0.03

0.01

0.00

0.17

0.46

65

80

4.9

0.75

0.17

0.07

0.01

0.00

0.13

0.37

110

125

4.5

1.60

0.10

0.02

0.00

0.00

0.12

1.35

Upper boundary of sample (cm)

Lower boundary of sample (cm)

pH in water

ECEC‡

Ca

Mg

K

Na

H

Al

0

10

4.5

2.04

0.11

0.05

0.09

0.01

0.35

1.43

20

35

4.6

1.51

0.11

0.07

0.06

0.01

0.49

0.77

70

85

5.0

0.70

0.14

0.05

0.01

0.01

0.12

0.37

110

120

5.3

0.55

1.16

0.03

0.01

0.00

0.07

0.31

Profile RO1550†

Profile RO1581†

† Analyses extracted from the soil analyses file of the SIGTERON database
‡ Effective cation exchange capacity. Analyses of cations quoted in cmolc kg-1 soil (Cochrane and Barber, 1993).

Soil parent material and fertility.
Throughout the State a close relationship was almost invariably
observed between the parent material of the soils and their inherent
fertility, as accorded by their chemical analyses. The following three
examples from the moderately humid southern region of the State
illustrate this effect:
a) SOTRO Unit No. RO-0133, found on basic igneous rock with
moderate to high fertility levels. Example: Profile group RON-082,
typical profile RO1639. Refer Table 11-2 for the exchangeable cation
analyses.
b) SOTRO Unit No. RO-0127, found on coarse-grained sandstones,
with very low fertility levels. Example: Profile group RON-066,
typical profile RO1550. Refer Table 11-2 for the exchangeable cation
analyses.
c) SOTRO Unit No. RO-0126, found on fine-grained sedimentary
deposits with low fertility levels. Example: Profile group RON-064,
typical profile RO1581. Refer Table 11-2 for the exchangeable cation
analyses.

This observation clearly goes against popular belief originating
from early workers studying tropical soils that parent material was
of little importance in determining their fertility. The implication
of soil parent materials and their influence on native forest cover, is
discussed more fully in Chapter 13, which discusses the question of
deforestation on soil fertility.
A note on soil mapping using the SOTER method.
Emphasis should be accorded to the fact that in contrast with
“traditional” soil mapping, the SOTER methodology facilitates a
much more in-depth examination of soils and particularly in terms
of their properties, as the basic information about each SOTRO
Unit, whether mapped at the level of the unit as a whole or as
Terrain Components, may be linked to the more detailed SOTERON
attribute database of the SIGTERON system. The latter facilitates
the compilation of accurate statistical information about the land
resources. Following analysis, aggregated information can be
depicted in many different ways as thematic maps, such as the
combined “climate, landform, drainage and surface rocks and,
or stoniness of the level lands” shown in Figure 11-5. In addition,
geographical information from different sources can be integrated
directly with the SOTRO map database via GIS analyses.
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Figure 11-5. Climate, landforms, drainage and “surface rocks and, or stoniness of the level lands”, of the State of Rondônia.
Map codes:
C = climate regimes, 2 and 3.
L = level lands, S = sloping lands, T = steep lands.
DB = satisfactory soil drainage, “DM” = somewhat deficient soil
drainage.
P = % surface rocks and, or stoniness of the level lands
Altitude. “>300” = greater than 300m and “< 300” = less than 300m
above mean sea level.

Land use.
From the field studies, it is evident that some areas of land are
currently being under-utilized and others used for purposes for
which they are not suited. Many areas which should have been
left under natural vegetation, have been cleared for marginal
agricultural and, or pastoral activities. Further, it is evident that
virtually no thought had been given in the past to the preservation
of lands under natural vegetation, for the conservation of
hydrological resources.

Areas unsuitable for intensive agriculture.
Although the land picture of Rondônia is complicated, some
areas can be “zoned” as unsuitable for intensive agriculture and
are probably best left in their natural state or only used very
extensively. Without going into specific details as such work is
outside the scope of the present report, those areas would include:
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1) The “pantanal” region in the south-western part of the State to
the west of Cerejeiras, running northwards along the Guaporé River
bordering with Bolivia.
2) A large part of the Chapada de Parecis to the north of Vilhena and
its sandy “chapada” extending into Mato Grosso.
3) The lands encompassing the Serra dos Pacaas Novos, with some
exceptions.
4) The very poorly drained lands to the south and west of Abuña and
several other similar lesser areas.
The existing regions delineated as Indian reserves, forestry reserves
and biological reserves should be left with their forests intact for
ecological and hydrological reasons. It is self evident that care
should be taken to avoid any further clearing of forests on steeply
sloping lands not only to avoid erosion but also to preserve the
hydrological benefits of forested lands. This is critically important in
catchment areas to control river flows.

Areas suitable for mechanized agriculture.
The cultivation of grain crops including soybeans, are best carried
out in the less humid areas, and preferably in the slightly cooler
temperature regimes of higher lands. Consequently, there is no
doubt that the southern half of the State contains the majority
of lands potentially more suitable for mechanized grain crop
production. The Ji-Parana - Pimenta Bueno – Rolim de Moura region
and the more southerly Vilhena region extending to the south

and west, are undoubtedly the general areas where mechanized
crop production will prove successful. However, other areas along
the BR364 to Ariquemes and beyond, and to lesser extent regions
along the BR429 towards Costa Marquez, have a reasonable
potential for more intensive agricultural usage via mechanization.
Notwithstanding, a much more in-depth analyses is needed before
recommendations as to specific areas suitable for mechanized
grain crops cultivation (or for this matter any other type of crop
cultivation) are made. The use of the SOTERON database will help
locate specific areas potentially suitable for different types of
agricultural land usage.

A relatively encouraging picture for the future of Rondônia.
Looking to the past and the rather reckless removable of Amazonian
forests in parts of Rondônia, the results of the study show that large
areas of the State would best have been left under their original
forests. Fortunately, the extent of lands usually considered as
“fragile” or unsuitable for agricultural usage is not nearly as great
as often implied by the popular press. In fact, considering the need
for opening up areas of potentially productive lands for human
occupation, it would seem on closer examination that many of
the lands that have been “colonized” in Rondônia have potentially
productive soils which would justify their more intensive usage
under different farming systems, provided that they are properly
managed.
Summary.
The compilation of SOTERON, the PC Users’ Packet of the
Geographic Information System of the Soils and Terrain of Rondônia,
has provided a wealth of information for land-use planners, farmers,
foresters and agricultural professionals alike. During the course of
the survey an analysis of the climate of the State was carried out
and particular emphasis given to studying the soils; nearly 3000 soil
profiles were examined, sampled and their analyses recorded as part
of the database which should be of considerable value in the years
to come.

One of the positive aspects of the soils found in Rondônia is that
substantial areas have been derived from relatively mineral-rich
parent materials. This is not the norm throughout the Amazon.
Another positive aspect of the soils of Rondônia is that many have
a well-developed microstructure due to their high Al-Fe sesquioxide
contents. While this tends to impart a considerable structural
integrity, which facilitates drainage and ameliorates erosion, it
reduces their water-holding capacities.
The variability of the soils found throughout the State would raise
the question “have past land resource studies over Amazonia
have been too broad to identify agriculturally significant soil
differences?” Land resource surveys at the level of detail of the
Rondônian study would appear to be warranted in many other parts
of the Amazon.
In synthesis. The soils of Rondônia present a complicated, but
basically encouraging picture of an area of Amazonian soils that
in general terms are better than the average in both their physical
and chemical properties. The more promising lands from an
agricultural point of view are found towards the southern half of
the State, and within reach of the well located BR-364 highway, by
secondary roads. The BR-364 highway which traverses Rondônia
from its southeastern corner to its northwestern juncture with
the port city of Porto Velho on the navigable Madeira river, would
warrant improvement not only as a major backbone highway for
the future agricultural development of the State, but also as an
important truncal highway for the alternative export of grains
and other agricultural produce from the productive, and very
extensive flat plateau (chapada) lands of the Mato Grosso. It is
evident that the State is strategically located as a gateway for the
export of agricultural and forest produce from extensive regions of
southwestern Amazonia including northeastern Bolivia. Apart from
its strategic location, the State of Rondônia has a diversity of land
resources with significant areas of relatively fertile soils, to conclude
that it is a promising region for agricultural development in the
Amazon.

It is clear even from the very small scale map of Figure 11-3, that
Rondônia has a diverse and complicated mosaic of land conditions.
This is patently evident from an examination of the larger scale
1:250,000 scale soil and land suitability maps. The climate of the
northern half of the State is significantly more humid than that of
the southern half. Further, landscapes and soils vary considerably
from place to place; the latter in terms of both their physical and
chemical properties. Notwithstanding, there is a substantial area
of the State with almost flat, relatively fertile, well-drained soils
that are suitable for intensive agriculture. As these are mosaiced
with soils with very different physical and chemical conditions,
considerable care must be taken in selecting soils for crop
production and, or more intensive settlement.
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Section 3.

FINDINGS FROM
THE LAND RESOURCE
STUDIES FOR THE USE AND
CONSERVATION OF AMAZON
LANDS.
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Chapter 12.

AMAZON CLIMATE PARAMETERS
AND PLANT GROWTH.
The use of the “wet season potential evapotranspiration WSPE”
parameter in the agro-forestry climate classification of the
Amazon region was considered a “proxy statement of the amount
of energy natural vegetation can take advantage of during its
annual growth cycle” (Cochrane and Jones 1981). The parameter
was chosen to emphasize the importance of considering the
ambient energy for the growth of the native vegetation during the
period of the year when growth is not limited by soil water stress.
It was considered that temperature is not generally as limiting a
factor for plant growth in the Amazon, although a temperature
parameter was defined to take the cooler temperatures of
the higher altitude regions to account for crop production, as
noted in Chapter 2. However, it is noted that even relatively
minor temperature fluctuations may well affect the growth of
vegetation in some circumstances.

The Estimation of Annual Useable Energy by Native
Vegetation.

Dry Seasons in the Amazon.

As explained in Chapter 2, for the authors’ early study of the
Amazon (Cochrane et al. 1985) potential evapotranspiration POT
ET was estimated using Hargreaves’ equation (Hargreaves, 1972).
Hargreaves adopted a pragmatic approach to the estimation of
POT ET. His basic equation is based on radiant energy and ambient
temperature, which is then adjusted on a region by region basis by
using different correction factors to correlate with locally measured
lysimeter data. The use of correction factors for the estimation of
POT ET are quite appropriate, but by nature approximate.

As explained in Chapter 2, the length of the dry seasons throughout
the Amazon was estimated by the calculation of wet season
potential evapotranspiration WSPE, on the basis of Hargreaves’
Moisture Availability Index MAI, defined as:
MAI = DEP. PREC. / POT ET
in which:
DEP. PREC. is the “dependable precipitation”, the monthly
rainfall expected 3 out of 4 years, and POT ET the potential
evapotranspiration (Hargreaves 1972).
A dry month was defined as having a MAI less than 0.34, assuming
soil conditions with a water holding capacity to supply water for
at least a week. However it was observed in Chapter 2 that this
will vary with the time of the year. More water would have to be
supplied by soils during periods of high POT ET than periods of
low POT ET. A soil with a lower capacity to supply plant water
would mean that the criterion MAI less than 0.34 would have to
be qualified. The subject of soil moisture is discussed in Chapter
5. Notwithstanding, the index developed by Hargreaves provides
a basis for the broad classification of climate regimes; it is a first
approximation for defining the length of the wet and dry seasons
taking average water supplying capacities by soils to account.
For a more in-depth consideration of soil water conditions and
stress in plants, it is axiomatic that local soil conditions must
be evaluated. This can only be done by examining the physical
conditions of the soils. In addition to considering the ability of
different soils to supply water to plants, the characteristics of the
plants themselves must be considered. This latter aspect was taken
into account by the use of the “crop coefficients” suggested by
Hargreaves (1972).

Hargreaves developed his methodology for irrigation purposes
in-order-to provide reasonable estimates of the water requirements
of different crops under varying climate conditions. The authors’
adoption of his approach for assessing the broad agro-forestry
climates of the Amazon was to emphasize the aspect of “energy”
usable for the growth of native vegetation as proxied by the
estimation of POT ET, rather than for the assessment of water
balance for irrigation purposes. The principal author’s friendship
with Prof. Hargreaves dates to the early 1970s, and it is gratifying to
him that the predictive value of his POT ET equation has received
due recognition. (Choisnel et al. 1992).

Potential Evapotranspiration.

For the Land System study, POT ET provided an approximate, but
comparative estimate of the amount of environmental energy
available for the growth of natural vegetation from region to region.
In fact, POT ET is only a partial estimate of the energy available for
the growth of vegetation, albeit probably that of a high proportion
of the energy; it is an estimate of the evapotranspiration of short
grass grown in lysimeters. In effect it measures the amount of water
transpired by the grass grown in the lysimeters per unit area.
It is very difficult to estimate the total amount of energy used for
the growth of native vegetation in any given region; many factors
affecting the supply and use of energy must be taken to account.
For example it is difficult to assess the consequences of albedo,
the proportion of reflected to incident electromagnetic energy,
which is influenced by the nature of the earth’s surface covering,
including such considerations as the percentage of water or land
cover and the type and height of vegetation of the latter, let
alone seasonal variations in leaf color or surface flooding. All such
factors will vary to greater or lesser degrees in estimating energy
available for plant growth. Notwithstanding, it was interesting to
discover a statistically significant relationship of the physiological
vegetation categories found throughout the Amazon region with
WSPE (Cochrane and Jones, 1981). This is demonstrated by Figure
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Plate 12-1. A scene of the Amapa savannas (cerrados) near the city of Macapa to the north of the mouth of the Amazon river.
2-3 in Chapter 2, and would confirm that POT ET estimated a high
percentage the total amount of energy available for plant growth.

WSPE and the Well-drained Savannas.
The finding that the well-drained natural savannas, or to use the
Brazilian term “cerrados”, regions fall within a very narrow band
of WSPE (900-1060mm) throughout the Amazon, was of particular
interest (Plate12-1). Although the senior author latter showed that
these savannas only occur when there were adverse soil fertility
conditions, they do not appear to have developed on soils with
nutrient problems unless the WSPE falls within this narrow band
(Cochrane, 1989). This would infer that the use of the POT ET
parameter is critical to an understanding of how these savannas
may be used for agro-forestry usage, while at the same time it
demonstrates the importance of considering local soil nutrient
conditions. As discussed further in Chapter 14, in the well-drained
savannas of central Brazil, the latter was shown to be an imbalance
between Ca and Mg in those soils (Cochrane, 1989).
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Seasonal Temperature and WSPE Fluctuations.
Apart from soil mineral imbalances, nutrient deficiencies and
toxicities, relatively minor temperature fluctuations may well affect
the growth of vegetation. The more detailed climate work covering
the south-western Amazon regions as précised in Chapters 10 and
11 illustrates that in the “winter” months, cold fronts proceeding
from the south-eastern region of the continent may seriously affect
the growth of plants. In fact, temperatures as low as 6ºC have been
recorded in the Beni-Pando region of Bolivia. The cold fronts are felt
as far north as Peru’s north-western Amazonia.

Wet season variations in POT ET.
In addition to, and partly as a result of the effect of temperature
fluctuations, it is interesting to note that variations in the energy
available for plant growth in “tropical” wet seasons will seriously
affect plant production.
An example in the senior author’s personal experience was when
“dwarf” wheat cultivars developed for “tropical” conditions, did
not render the promised yields in the Santa Cruz district of lowland
Bolivia. To cut a long story short, high yielding “tropical dwarf”

wheat cultivars developed in Mexico were introduced into Santa
Cruz, Bolivia in the mid-1960s to coincide with the latter part of that
region’s wet season, in an attempt to solve Bolivia’s shortage of
wheat. –The senior author was given the task of selecting trial sites
for their introduction and subsequent cultivation and monitoring.
Unfortunately, the yields for the tropical dwarf wheat cultivars
were about half of that obtained in their place of origin; the senior
author was blamed for the problem. Consequently, the following
year a distinguished “wheat expert” was contracted at considerable
expense and given the task of re-testing the wheat cultivars. His
results were even worse. It wasn’t until several years latter that the
senior author noted during a consultancy he was carrying out in
Mexico for the World Bank, that the total POT ET during the critical
growing period of the “tropical dwarf” wheat in Santa Cruz was
about half that of the Mexican experimental station in which they
were selected. –It is unfortunate that plant breeders have often
failed to assess the characteristics of the “tropical” climate in which
they have developed plants for solving world food problems, as
observed by Metz and Brady (1980).

Ambient Energy and Plant Growth.
Plant physiologists have long appreciated that the amount of water
plants transpire through their stomata apertures is closely related
to their growth. Nevertheless as noted above, this relationship
would appear to have been overlooked in the past for evaluating the
characteristics of tropical climates for plant production.
Ambient energy for plant growth is mainly used in the
following ways:
a) The transpiration process which is fundamental to the rate of
absorption and transport of water-carried nutrient ions from the
soil (Cochrane 1994, Cochrane and Cochrane, 2007).
b) The diurnal movements of stomatal guard cells that regulate
the apertures of the plant stomatal pores to control the rate of
transpiration. For any large area of terrestrial natural or maninduced vegetation the total number of guard cells is virtually
incalculable (Cochrane and Cochrane, 2009a, 2009b).
c) The photosynthetic process for the production of sugars from
atmospheric CO2, to facilitate the distribution of plant solution
with its nutrient ions via the phloem vessels, and also to provide
precursor compounds necessary for the subsequent synthesis of
plant tissues for growth, reproduction (flowering, fruiting and seed
production) and repair of damage by storms, insects and animals.
It is interesting to reflect that the authors were unable to obtain
data from the literature of the relative proportions of the energy
used in the above processes. However it would seem probable that
a greater proportion of the energy available for plant growth is used
for the transpiration process. This is undoubtedly the reason for the
good correlation found between WSPE and the distribution of the
physiological native vegetation classes throughout the Amazon
(Cochrane and Jones, 1981).

Reference Evapotranspiration ETo
Although the senior author used the term POT ET for his early
studies, in current literature the term has been changed to
Reference (crop) Evapotranspiration, ETo, (Hargreaves, 1994). Clearly
this correction in terminology is in order although POT ET was in
fact used in the same context.

The 1985 Hargreaves equation.
Hargreaves et al. (1985) published a modification of the original
Hargreaves’ equation (1972) that eliminated the need for regional
correction factors. It gives satisfactory calculations for many
regions. Following an evaluation by the Centre Common de
Recherche of the European Economic Community (Choisnell et al.
1992), it was shown to give results closest to the classical Penman
formula. His 1985 equation requires only measured values of
maximum and minimum temperatures and was thus recommended
for general use. The equation is:
ETo = 0.0023 x RA x (ToC + 17.8) x TD0.05
in which:
ETo and RA = same units of equivalent water evaporation; RA =
terrestrial radiation,
TD = Tmx + Tmi (mean maximum minus mean minimum
temperatures in degrees Celsius); ToC is (Tmx + Tmi)/2.
Values of RA (in mm/day) are given in Table A8.1 of Appendix 8.
(Hargreaves notes that average temperatures of 10ºC or 30ºC will
result in values of RA that differ from those for 20ºC by less
than 1.0 %).
It may be observed that although the later Hargreaves equation
does not use regional correction factors, for the estimation of the
evapotranspiration for different crops a series of correction factors
called crop coefficients KC, are recommended to be used with
the equation (Hargreaves 1990 and Hargreaves and Samani 1991).
Hargreaves recommended that KC be standardized. The guidelines
prepared by Allen et al. (1998) are useful in this respect. It would be
interesting to have a value for the varying tropical forest vegetation!
As already noted Hargreaves work and methods were developed
primarily for irrigated farming (Hargreaves and Merkley 1992,
Hargreaves and Allen 2003). However, he observes that ETo can be
used in other studies including water surface studies in general. He
also notes that calculated values of MAI are useful in evaluating the
need for surface drainage; values greater that 1.33 indicate the need
for either good natural or constructed surface drainage

The Limitation of the Use of Lysimeters for ETo Estimations.
Hargreaves (1994) notes that the measured evapotranspiration ET
values not only varies between different grasses or legumes, but
also with the way the latter are cultivated including height and
frequency of cutting, and fertilization. As shown many years ago
by the senior author (Cochrane 1962. 1969) some plant species and
cultivars of the same plant specie, are more tolerant to poor soil
conditions than others and will respond differently to different
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cultivation treatments, especially fertilization. Hargreaves (1994)
also notes that “the design of lysimeters, size and type of the buffer
area, and climate and management interactions” also varies. He
suggested that “ETo” needs to be more clearly defined and has
proposed standards.

Theoretical considerations on the estimation of
evapotranspiration and the movement of water solutions
through plants.
The problems arising from measuring evapotranspiration using
different plants and cultivation techniques in lysimeter studies
may better be understood with reference to the implications of the
authors’ new osmotic potential equation based on the inherent
energy of water, and its applicability to solution movements
through the soil-plant continuum (Cochrane 1994, Cochrane and
Cochrane 2006, 2007, and refer to Appendix No. 9). Soils rich in
nutrients resulting from heavy fertilization, would more likely to
have soil water solutions rich in mineral ions than unfertilized soils.
This will affect the osmotic potential of the soil water solution and
its consequent translocation up the plant xylem vessels and rate of
evapotranspiration.
As shown by the authors, osmotic potential is a factor of the
spacing between solution water molecules as affected by the size of
the solute particles (ions and\or molecules), the number of solution
molecules held to those particles and the loss of energy of the
water molecules to keep the solute particles in the solution state.
The basic equation for calculating the components of pressure
across a semi-permeable membrane that separate pure water from
a water solution were originally formulated by the senior author as
(Cochrane 1983, 1984):
Po = P1 – Px + Py + Ph
In which:
Po = osmotic or external pressure. The osmotic potential is the
negative value of Po; both terms are used throughout the text.
P1 = pressure exerted by the solute free or “pure” water separated by
a semi-permeable membrane from a water solution.
Px = pressure exerted by the “free” water molecules in the solution;
those water molecules not attached to solute particles, and in
the theoretical absence of solutes. This is the result of increasing
the average distance traveled by the water molecules during the
cooperative structural relaxation phase of liquid water (Stillinger
and Rahman, 1972; Sarkisov et al., 1974). An individual molecule is
visualized as an integral part of an intermittent structure; for a
fraction of time it is free to move.
Py = pressure lost by the free solution water to keep the solute
“particles”, molecules and, or ions, in solution.
Ph = pressure lost by the free solution water to keep the water firmly
held or “bound” to the solute particles in solution.
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The pressure difference between the potential of the “pure” water
and the “free” solution water in the theoretical absence of solutes
is expressed as {P1 – Px}. In the solution state, the solute particles
are considered to be a spacing mechanism. By increasing the space
between the water molecules, the distance they travel during the
period of molecular displacement associated with changes in water
transient “structure”, is increased. Conversely, the force on collision
with one another is decreased by the square of the time taken for
the extra distance they travel; this results in a considerable loss
of force. In the case of the solute molecules, the energy for their
maintenance in the solution state is drawn from the free water
molecules, and taken into account by pressure Py. Pressure Ph takes
to account the loss of energy of the free water molecules to keep
water molecules firmly held to solute particles, in solution.
Appendix (9) provides interested readers with the necessary
information for the calculation of the several components of
osmotic potential according to the authors’ 2007 revisions
(Cochrane and Cochrane 2007). Further, Appendix 10 contains the
abstracts of two recent papers published by the authors related to
the application of the equation with relation to the opening and
closing of stomata pores.. The first titled “Differences in the way
potassium chloride and sucrose solutions effect osmotic potential
of significance to stomata aperture modulation” (Cochrane and
Cochrane, 2009a), provides an insight into the mechanism of
stomata aperture modulation. The second abstract titled “The
vital role of potassium in the osmotic mechanism of stomata
modulation and its link with potassium deficiency” (Cochrane and
Cochrane, 2009b), highlights the vital role of potassium in plants in
that deficiency will limit the development of stomata so necessary
for plant growth.

Transpiration.
In the above context, it may be noted that an implication of the new
equation for calculating osmotic potential developed by Cochrane
(1983, 1984, 1994) and subsequently improved by Cochrane and
Cochrane (2007), is that in-so-far-as the water molecules in plant
solutions are concerned, in both “transpiration” and “osmosis”
the same process of increasing the space between the solution
water molecules reduces the energy status of the remaining water
solution. As explained by Cochrane and Cochrane (2006, 2007), the
various mechanisms employed in plants for changing the energy
status of plant water solutions effects flow and the consequent
distribution of nutrients throughout their tissues. The changing
of the spacing between the xylem solution water molecules by
transpiration (evaporation at the open stomatal pores of leaves)
provides a clear explanation of how water absorbed from soil moves
up the xylem vessels. The subsequent distribution of sugars and
nutrient elements via the phloem tissue is also largely due to sugar
molecules affecting the special relationships of the solution water
molecules.

There are several implications related to plant transpiration and
the measurement of ETo arising from the theoretical work of the
authors’ equation:
1) Soils rich in nutrients resulting from inherent soil fertility
conditions or from heavy fertilization during cultivation in the
lysimeters, would more likely to have soil water solutions rich in
mineral ions than unfertilized soils. This will affect the osmotic
potential of the soil water solution, its absorption via root hairs,
its translocation up the plant xylem vessels and subsequent rate of
evapotranspiration via the stomatal pores.
2) The total number of stomatal pores per unit area of the grass
or legume grown in any given lysimeter may vary with that
of other plants grown in other lysimeters and effectively alter
evapotranspiration rates due to different total evaporative surfaces.
As noted by Cochrane and Cochrane (2009a) the numbers of
stomatal pores per cm2 of leaf area varies between different plants,
ranges in the many thousands from 4,000 to 50,000!
3) The height and frequency of cutting the grass or legumes
cultivated in the lysimeters will affect the numbers of active
stomata, and the measured rates of evapotranspiration.
It is axiomatic therefore, that evapotranspiration as measured in
lysimeters managed by different organizations and with different
grass/legume crops will give varying results. Hargreaves (1992)
emphasizes the need for standardization, but clearly grasses grown
in temperate zones will vary with those grown in tropical regions,
and much work remains to be carried out on this subject.
It is evident that different types of vegetation such as forests
with varying heights and density of plants with different numbers
of both stomata pores per cm2 of leaf surface and total leaf
surfaces, will undoubtedly give different measurements of
evapotranspiration as compared with that measured by lysimeters.
However other factors should be considered. It is probable, that
in the short grass lysimeters used to measure ETo, the energy
needed to “evaporate” water by the evapotranspiration process,
all other factors being equal, would be higher than that needed to
evaporate water at the top of a tall tree. This is due to the increased
spacing between the water molecules of the latter at the stomatal
evaporative surfaces compared with a closer spacing of water
molecules at the evaporative surfaces in of the much shorter grass
cultivated in the lysimeters. The solution water of the lysimeter
grass has more energy due to a closer spacing between its water
molecules, whereas the former has “used up” energy during a
much longer translocation up their xylem vessels. Just what the
differences would be would need to be measured. From theoretical
considerations, the use of lysimeters for the estimation of ETo in
relation to different vegetation types needs to be examined more
carefully; a lot more research is needed.

Be the foregoing comments as they may, it is evident that the ETo
as measured by lysimeters has provided a good correlation with
the physiognomic vegetation classes throughout the Amazon
(Cochrane and Jones, 1981). The differences between the ETo as
measured in short grass of lysimeters and that of tall vegetation, is
undoubtedly significant but the relative differences appear not to be
so great as to invalidate its use to gauge of the relative quantities of
ambient energy available for the growth of natural vegetation.

Conclusion.
The authors applied Hargreaves methodology and especially the use
of his POT ET and, or ETo equations, to estimate the energy plants
can use, as a basis to compare the varying climate circumstances
throughout the Amazon. The approach was used both for the
overall generalized Land Systems study and the more detailed
semi-detailed land resource studies. In keeping with the change
of nomenclature of POT ET to ETo, perhaps in future studies the
term “wet season potential evapotranspiration WSPE” should be
amended as “wet season reference evapotranspiration, WSRE”!
Putting aside semantics, the generalized climate “classification”
is novel and strictly for agro-forestry purposes under annual rain
fed conditions, in keeping with the concept of equating climates in
terms of the relative amounts of ambient energy available for the
growth of native vegetation during the annual growing cycle. In
the more detailed studies, attention must be drawn to the seasonal
changes in the relative monthly energy available for the growth
of vegetation, which may well affect the cultivation of different
agricultural crops and forestry species.
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Chapter 13.

DEFORESTATION AND ITS EFFECT ON
AMAZON SOILS. Findings with specific reference
to the more detailed land resource studies.
Deforestation in the Amazon.
The Amazon basin contains the world’s most extensive remaining
tropical forest formations together with some lesser but still
extensive areas of naturally occurring savannas. Unfortunately
increasingly large areas of the forests are being cleared for cattle
ranching and arable farming, especially soy-bean production.
Cochrane et al (1985) estimated on the basis of the then
recently available satellite imagery taken from 1973 to 1976, that
approximately 18.7 million hectares of the Tropical Rain Forests of
the region together with 32.9 million hectares of the Semi-evergreen
Seasonal Forests had been deforested for human use. Many more
recent studies show that deforestation in the Amazon has increased
substantially, and is proceeding apace along many fronts.
Without exception, all countries with Amazonian territories have
lost large areas of forests to either agricultural “colonization” or
cattle and soybean production. Apart from the progressive loss
of forests in the environs of expanding townships, major regions
of deforestation have invariably followed the construction of
highways. The Brasilia to Belem highway that was bulldozed
through the southeastern Amazonian forests in the sixties is a
classical example. Nowadays, it is almost impossible to see virgin
forests along this route due to land clearing for agriculture and
pasture production. Another example of the relationship of road
construction to deforestation has occurred in more recent times
in the Brazilian State of Rondônia, and on-going deforestation
tragedies are taking place in Bolivia, Peru, Ecuador, Colombia and
Venezuela. Plates 13-1 and 13-2 illustrate the ever increasing loss of
Amazon forests.

Plate 13-2. Deforestation for cattle ranching in southern Amazonia.
Dr. Luis Azevedo, late of the Centro de Pesquisas Agropecuarios do
Cerrados CPAC, Brazil, who accompanied the senior author on several
of the central Brazilian studies is shown sampling the soil in front of
a lonely tree. Brazilian law prohibits the felling of certain forest tree
species including Brazil-nut trees, which nevertheless eventually dieout when exposed to the elements following deforestation.
Many environmentalists have rightly deplored the ever-accelerating
loss of Amazonian forests because of their legitimate concerns
over the loss of bio-diversity, land degradation and the suspected
effects of deforestation on the region’s climate. A number of
past authors have even considered Amazon “rainforest” soils
incapable of sustaining agricultural or livestock production after
the primary vegetation is removed (Tosi, 1974, Budowski, 1976,
Goodland and Irvine 1976, Irion 1978), and others. Undoubtedly
the lack of sufficiently detailed studies of Amazon soils has partly
been responsible for such over-simplistic opinions. Be all this as it
may, there is a considerable controversy concerning the effects of
deforestation. Incidentally, the term “rainforest” is a misnomer, as it
hardly takes to account the effects of varying climate, soil drainage
and, or flooding that results in differences in forest formations.

Deforestation limited by soil drainage. Forest and savanna
hydroseres.

Plate 13-1. Deforestation near the town of Altamira in central
Amazonia, south of the Amazon river.
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Perhaps one of the most obvious but often over-looked aspects of
Amazonia by ecologists is the simple fact that at least 21% of the
region is either covered by water or has soils virtually saturated
by water during prolonged periods of each year, as noted in
Chapter 3. These lands are unlikely to be used for agricultural or

pasture production in the foreseeable future. In Chapter 3, Figure
3-2 provides a picture of the region in terms of well-drained and
poorly drained physiognomic vegetation types. If the extensive
and intricate river system, lakes, swamps and land that is flooded
together with a map of soils with different degrees of impeded
drainage is to be overlaid on a map of the Amazon it is easy to see
that an alarmist view of the Amazon turning into a “Red Desert”
(Goodland and Irvine 1976) is most improbable.
There is an extensive range of physiognomically different forest
hydroseres throughout the region. These include swamp forest
vegetation types, forests subject to annual flooding and a range of
hydroseres with varying populations of palms on poorly-drained
soils; refer to Plate 13-3. Some of these lands dry out during the
peak dry season period some do not. Complexing the picture is the
mosaic of wetland savannas, which vary considerably in nature from
region to region, and within regions. Interestingly, the Pantanal of
Mato Grosso in western Brazil may be zoned into 3 broad regions
according to the degree of annual flooding as shown by the Land
Systems Map of Cochrane et al. (1985). Plate 13-4 provides an aerial
view of the northern region of the Pantanal of Mato Grosso.

The effect of deforestation on climate.
Perhaps the most commonly bandied about theme in the
popular press and sundry ill-informed “experts”, is the effect of
deforestation of the Amazon on climate. With reference to the
relative effects of the removal of forests on climate throughout the
region, Hargreaves (pers comm., 1981), tentatively estimated that if
all the Amazon forests were removed and replacement by pastures,
this would result in an approximate 12% reduction in annual
potential evapotranspiration. This clearly would have a significant
effect on the region’s climate. However, taking to account that
about 25% of the region is covered with rivers, swamps, “varzeas”
and areas of very poorly drained soils that would unlikely be
“deforested”, the annual evapotranspiration of the region might be
reduced to perhaps 8-9 %. Be all this as it may, land degradation and
especially the loss of biodiversity, are undeniably serious concerns;
the indiscriminant removal of native forests can never be condoned.
Sombroek (2006) emphasized the relative risks of the loss of
biodiversity throughout the Amazon.

Plate 13-3. “Stilt palms” in a forest growing on soils with impeded
drainage a little t the west of the city of Pto. Velho, Rondônia, Brazil.

The sustainability of the well-drained, non-flooded Amazon
“forest” soils following deforestation.
The main purpose of this chapter is draw attention to the question
of the sustainability or otherwise of the well-drained, non-flooded
Amazon “forest” soils for agricultural production following forest
clearing, because of the often and deplorable indiscriminant
removal of these great resources. Attention is focused on the
diversity of Amazon soils and especially their inherent nutrient
supplying capacity. Specific examples are taken from the findings
of the authors’ semi-detailed land resource studies of the State of
Rondônia in Brazil’s Amazonia and that of the Northern Amazon
region of Bolivia summarized in Chapters 10 and 11 respectively.
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Plate 13-4. An aerial view of a lake and its surroundings in the northern sector of the Brazilian “Pantanal” south of the city of Cuiaba in the
northern Mato Grosso.

Rondônia.
The State of Rondônia, which extends over approximately
24,000,000 ha. of the Brazilian south-west Amazon, was opened
up for agricultural colonization in the recent past through the
construction of the all-weather BR-364 highway linking the States
of Mato Grosso, Rondônia and Acre with the rest of the country. This
has resulted in the indiscriminant deforestation of large tracts of
land, and has stoked the fire of the acrimonious on-going debate
in the popular press on the effects of Amazonian deforestation on
climate and the loss of biodiversity.
Chapter 11 provides an overview of the land resource study of
Rondônia. As detailed, the work followed the World Soils and
Terrain Digital Database (SOTER) methodology (Cochrane et al.
1998, Cochrane and Cochrane 2006,). The agricultural climate of
the region was analyzed. The physical characteristics of the landforms, soils, parent materials and physiognomic vegetation classes
as seen in the field were described and complemented with the
examination and sampling of a large number of representative soils.
These characteristics were classified and coded according to the
many parameters detailed in the SIGTERON manual (Cochrane and
Cochrane, 1998,).

108

Amazon Forest & Savanna Lands

Findings and discussion.
As recorded in Chapter 11, it was found that Rondônia has a complex
mosaic of many different geological formations with contrasting
lithologies, dissected by an intricate river system. Figure 11-3 of that
chapter provides a visualization of the many different landforms
of Rondônia. About 50% of the level lands of Rondônia without
serious drainage and, or surface rock or stoniness are found in
the more humid northern sector of Rondônia, the Tropical Humid
Hyperthermic climate subregion; only 3% of the latter are found at
altitudes greater than 300m. In contrast, about 24% of the flat lands
seen in the southern, less humid region, the Tropical Moderately
Humid Hyperthermic climate subregion, are found at altitudes
greater than 300m.
With such diverse landscapes, coupled with significant climate
differences, it is not surprising that the soils found in Rondônia vary
significantly in terms of both their physical and chemical properties.
What is of particular note is that of the complex lithology of
Rondônia which ranges from igneous through metamorphic to
sedimentary rock and unconsolidated materials. This results in the
diverse parent materials of the region’s soils.

Native Vegetation.
The original native vegetation cover of the State ranged from
tropical swamp vegetation, wet and dry-land savannas (loosely
termed “cerrados” in Brazil), semi-deciduous seasonal forests
and semi-evergreen to almost evergreen seasonal forests and the
several hydroseres of these physiognomic formations, with varying
palm populations and other, especially shrub-layer, characteristics.
These formations vary not only with soil drainage and flooding, but
also with inherent soil fertility conditions. Unfortunately, along
the major highways, and especially along the BR-364, most of the
original forest has been removed. This has mainly occurred during
the past 25-35 years. Pasture establishment for cattle grazing covers
the greatest part of the deforested lands, although significant areas
are being used for annual crops, especially in the southern parts of
the State.

Observations on the variation of native vegetation with
climate and soil conditions.
It was found that there is a close relationship between the
physiognomic vegetation classes, climate and soil properties
throughout Rondônia. With reference to the well-drained soils,
the physiognomic vegetation patterns followed their Wet Season
Potential Evapotranpiration (WSPE) regimes, as formulated by
Cochrane and Jones (1981), and summarized in Chapter 2. The
concept assumes that plant growth is very limited during the dry
months of the year when soil water is restricted. Consequently as
previously explained, WSPE regimes provide a proxy estimate of the
ambient energy that native vegetation, growing on well-drained
soils, can take advantage of, during the annual growing cycle.
Nevertheless, as later established statistically by Cochrane (1989a),
the soil chemical properties of well-drained soils may over-ride the
climate influence on the physiognomy of natural vegetation.
It was observed that on well-drained soils within either of the two
major WSPE regimes of Rondônia, there was a clear relationship
between the height and vigor of the native forests, and the inherent
fertility of their soils. The inherent fertility of a soil is its ability to
supply plant nutrients over time, and is related to the mineralogical
nature of its parent-rock, which is often a function of its lithology.

Soils.
As noted in Chapter 11, during the course of the field studies detailed
descriptions and their chemical analysis of 2,914 soil profiles were
dug throughout the State and their separate horizon samples
analyzed and recorded. Their physical properties were described
according to the FAO criteria (FAO, 1990a). Their chemical properties
were evaluated through soil analyses using methods recommended
both internationally (Cochrane and Barber, 1993), and by EMBRAPASNCLS (1979), under the supervision of the senior author. The
analyses of the soil samples were recorded in both the FAO-ISRICCSSS Multilingual Soil (profile) Database (1995) and complemented
with an additional set of more comprehensive files. As summarized
in Chapter 11, Figure 11-4 illustrates the diversity of soils found

throughout the State. Brief notes on some of those properties and
their influence on native vegetation follows:

Soil Physical Properties
Drainage problems: The Rondônian study estimated that
approximately 16% of the level lands of the State have soils with
drainage problems with the consequent association of forest
hydrosere formations, often with varying palm populations, Plate
13-3. In addition to surface drainage problems, many soils have
internal drainage limitations and others, including many of the
river terrace and valley floor lands, are subject to annual flooding.
In some areas, including the environs of the township of Humaita
to the north of Porto Velho, poor soil drainage undoubtedly
contributes to the formation of wet-land savanna vegetation. .
Soil texture: Only 7% of Rondônia has light textured soils or soils
with lighter textured topsoils. The water holding capacities of these
soils are very low, and they often have severe chemical constraints;
some of the well-drained light textured soils only support savanna
vegetation. Perhaps paradoxically, it was seen that many of the
heavier (clay) textured soils which have high Al-Fe sesquioxide
levels tend to act more like lighter textured soils in-so-far-as their
water holding capacities are concerned. On the other hand, because
of their well-developed micro structuring, these “oxic” soils are
relatively stable, have good drainage properties and are much less
“fragile” than implied by some authors.

Soil Chemical and Nutrient Properties
Detailed chemical soil analyses were carried out on most of the soil
profile samples collected during the field expeditions; 10,779 sets of
analyses were recorded in the database. A few observations on the
chemistry of Rondônia’s soils illustrate the type of problems found:
Soil acidity, pH: The majority of the soils of Rondônia have low
pH values; the average of all the topsoil profile samples is 4.96
with a standard deviation of 0.9. Low pH levels affect availability
of several essential plant elements. Further, a pH less than 5.4 is
considered potentially critical, as it provides the necessary soil
solution environment for Al toxicity problems (Cochrane et al. 1980).
Consequently, about 69% of soils are below the critical pH and
many of the latter may require liming for effective crop production
should their forest cover be removed. Nevertheless, although the
lowest pH recorded for a topsoil sample in Rondônia was 3.4, the
highest was 8.4; this indicates the variations of the soils found.
Exchangeable cations: calcium, magnesium, potassium and
sodium: The majority of the topsoils of the state have exchangeable
cation levels in the medium to low range with as often as not,
very low subsoil levels. In these soils there is a close relationship
between organic carbon levels and total exchangeable cations.
The innate fertility of the soils developed in mineral-poor parent
material is undoubtedly related to the organic matter cycle of the
original forest cover.
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Low Ca/Mg ratios were seen in some of the well-drained, light
textured (sandy) savanna soils in southern Rondônia. As summarized
in Chapter 14, Cochrane (1989a) found an almost perfect correlation
between the native vegetation patterns and soil Ca/Mg ratios in the
savannas of central Brazil.
Phosphorus: The available phosphorus levels of the topsoils are
predominantly in the lower to medium range. Consequently, many
of the soils are unlikely to sustain crop growth for any length of time
without phosphorus fertilization following deforestation. However,
this is the case of many soils found in other parts of the tropics that
are in use for productive agriculture.

Soil Parent Material, Inherent Fertility and Native Vegetation.
Throughout Rondônia a close relationship was observed between
the parent material of many soils and their inherent fertility, as
judged by their chemical analyses. Further, the better their inherent
fertility, the more vigorous their native vegetative cover. Table 11-2
of Chapter 11 records three examples of well-drained soils found in
the moderately humid southern region of the State to illustrate this
relationship.
The overall findings showed that soils formed on basalts, granites,
and gneiss are usually considerably more fertile than those
on sandstones and other mineral-poor parent materials. This
observation clearly goes against popular belief originating from
early workers studying tropical soils that parent material was of little
importance in determining their fertility.

Conclusions from the Rondônia land resource study.
The study demonstrated the considerable differences that may be
found in the so-called “Amazon forest soils” and their native forest
cover. This was evident in Rondônia with its diverse and complicated
mosaic of land and soil conditions.
In-so-far-as the question of the sustainability of Amazon soils to
support agriculture following deforestation, it was found that the
effective cation exchange capacity of many of the soils throughout
Rondônia would in fact be considered low. Nevertheless, most
of the analyses showed that they were not as low as comparable
“oxic” soils found in the central cerrados (savanna) region of Brazil
(Cochrane et al. 1989), where arable agriculture has been successfully
developed.
Although the majority of the soils have developed on strongly
weathered, mineral-poor parent materials with low cation exchange
capacities, quite extensive areas have formed on the weathering
products of relatively mineral-rich soil parent materials including
basalts, granites and gneiss. These are often well supplied with
plant nutrients and have the capacity to sustain the supply of
nutrients over time for crop growth. Many are being, or could be
used for successful agricultural and pastoral production. In contrast,
the extensive areas of well-drained soils on flat terrain which
have developed on nutrient-poor parent materials would require
heavy dressings of lime and fertilizers for successful agricultural
production. However, it was clear that the extent of lands usually
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considered as “fragile” or unsuitable for sustainable agricultural and
pastoral usage is not as great as often implied by some authors and
the popular press.
Looking at the past reckless removable of the varying Amazonian
forests in parts of Rondônia, the study showed that large areas
of the state would have best have been left under their original
forests. This is a sad state of affairs that cannot be condoned.

The North-eastern Bolivian Amazon studies.
As summarized in Chapter 10, between 1992 and 1994 a land
resource surveys of the Brazil-nut region of northern Amazonian
Bolivia was followed by a more detailed survey of the Pando
Department of Northern Bolivia (Cochrane et al. 1992, 1994). The
region extends from Peru in the west and is frontiered with Brazil to
the north and east. To the south and more so to the south-east, it
merges with the wet-land Mojos savannas, locally called “pampas”.
The objective of the Pando study was to provide a basis for the
sustained development of that Department and to draw-up plans to
preserve its valuable forest resources, which unfortunately were and
still are, being decimated at an ever-accelerating pace. Botanists
have long recognized this region as an integral part of the “center of
origin” of Brazil-nut, rubber, cacao and other tropical tree-crop and
timber species.
The Northern Amazon Region of Bolivia is a dissected plains area
with soils mainly formed from Quaternary fluvial sandstonemudstone mixed sediments. The direction of flow of the major
rivers of the region is related to its landform and geology. About a
third of the land surface is affected by soil drainage and, or seasonal
flooding problems. The diversity of the lands of the region are
illustrated by the landscape map, Figure 10-4.
The native vegetation of the region was described along with the
detailed soil descriptions, and classified according to the system
developed by UNESCO (1973), as summarized in Table 10-1 of Chapter
10. These physiognomic classes, which are similar to those detailed
by Eyre (1966) and summarized by Cochrane et al. (1985), were
supplemented with in-field observations.

Deforestation in the Northern Bolivian Amazon.
Until the mid-1980s deforestation in the northern Bolivian
Amazonia was mainly confined to relatively minor areas around
the few major towns of the region. The strip of land enveloping the
road from Cobija, the capital of the Pando Department, to the town
of Porvenir, which was built in the early 1970s was an exception,
as was the region affected by the construction of the road linking
Riberalta to Guayaramerim to the east of the Department of
Pando. Land clearing in the environs of both cities has increased
dramatically in recent years. Even between 1986 and 1990, satellite
imagery showed that the area cleared in the vicinity of Cobija
alone, increased by 56%; 27,680 ha to 43,080 ha (Cochrane et al.
1994). Throughout the region as a whole, by 1990 those authors
estimated that over 50,000ha of these majestic forests had been
cleared for cattle ranching, and over 80,000ha seriously degraded
by timber extraction and other activities. Since that time, forest

clearing has proceeded apace and many more hectares of forest
have either been completely cleared or seriously degraded. With
the construction of the road linking the region to the Bolivian
highlands in the mid-1980’s to “open-up” and connect the region
with the rest of the Bolivia and Brazil, deforestation has accelerated.
Unfortunately, wherever roads penetrate Amazonian forest regions,
as demonstrated by the Brazilian experience, deforestation almost
invariably follows.
The deforestation problem was acerbated by the unfortunate
collapse of the rubber-tapping industry in the mid-1980s. This
resulted from a silly dispute with neighboring Brazil, the major
buyer of Bolivian natural rubber, over demands for payment in
“US dollars”, at that time prohibited by Brazilian law. Be this as it
may, as the rubber could not be sold, there was a rapid migration
of the region’s rubber-tapers to the local towns. This was coupled
with the influx of highland Indian people taking advantage of the
newly constructed road linking the region with the capital city, La
Paz. Although many of the latter found that trading in coca at all
stages of purity was more profitable than honest work, others in
combination with the local now unemployed, and “entrepreneurs”
from elsewhere, saw an opportunity to harvest timber from the
forests to make their fortunes. This has led to the sorry state of the
on-going rapid destruction of one of the world’s last “Gardens of
Eden” forest regions (Cochrane 1973, Cochrane and Cochrane 2008).

The Land Resource Studies of the Northern Amazon Region
of Bolivia.
Chapter 10 provides an overview of the land resource study of the
northern Amazon region of Bolivia. The work used the criteria under
development by World Soils and Terrain Digital Database (SOTER)
project. The region’s agricultural climate was examined in some
detail. The physical characteristics of the landforms, soils, parent
materials and physiognomic vegetation classes as seen in the field
were complemented with the digging, examination and sampling of
representative soil profile pits. The latter were classified and coded
following the FAO guidelines (FAO, 1990a). Analyses of the chemical
properties of the soils were carried out using the internationally
recognized methods detailed by Cochrane and Barber (1993),
under the supervision of the senior author, in the Santa Cruz Soils
Laboratory that he had originally established in 1965.
Following field-work and laboratory analyses, the descriptions of
the soil profiles and their sample analyses were digitized using the
FAO-ISRIC Soil (profile) Database program SDB2 Version 1 (FAOISRIC 1991). This facilitated the storage, retrieval and examination
of that data. The final database consisted of over 400 soil profile
descriptions and their analyses, more than 360 of which were
described during the course of the in-field studies.
The native vegetation of the region was described in terms
of the physiognomic classes used by UNESCO (1973), with the
modifications as shown in Table 10-1. These physiognomic classes,
were supplemented with the in-field observations on their several
hydroseres and other features.

Plate 13-5. Tropical Semi-evergreen Season Forest in the central Pando
Department of the Bolivian Amazon.

Climate.
Annual rainfall averages about 1,800mm in the western sector of
the region, and grades to about 1,600mm in the east. There is 3 to
5 month dry season that, following the annual rainfall distribution,
is more pronounced in the eastern sector of the region. There are
severe fluctuations in temperatures over the entire region from
about April to September; these are caused by cold fronts, locally
called “surazos”, when temperatures may drop to six degrees
centigrade or less!

Native Vegetation.
Tropical Semi-evergreen Seasonal Forests predominate through the
region, with differing hydroseres as inclusions on poorly drained,
and or flooded lands. The forests on the well-drained lands have
emergents forming an open upper story canopy that ranges from
35 to 50m in height, depending on the specific land areas; these are
generally taller in the west (Plate 13-5). Many of the emergents loose
their leaves during the latter part of the dry-season from August to
September.
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Apart from many valuable timber species, the forests are rich in
Brazil-nut and, or rubber trees. The latter are often seen growing
virtually side-by-side, although rubber trees are more commonly
seen in areas of poorly drained soils. Native cacao is also found
in the forests, especially in the western parts of the region. It is
interesting to see native cacao trees growing as an integral part of
these forests on nutrient-poor, oxisolic soils. This latter observation,
first recorded by Cochrane (1973), would provide evidence that the
forests of the region are an important remnant of the “center of
origin” of cacao. It is also of interest to note that native cacao is not
confined to the more fertile alluvial soils of Amazonia, as generally
thought (Dr. J, Cunningham, pers. comm., senior author, 1973).
Figure 10-3 illustrates the native vegetation cover of the Pando
Department. There are some minor areas of mainly poorly drained
savanna lands in the southeastern areas of the region, about
19,000ha in all, but by far the largest extent of the region was
covered by forests. The boundary between the forests and savannas
is quite abrupt, with transitions occurring over distances of 100200m or less, which reflect the radical changes in both soil physical
and sometimes chemical conditions, as seen elsewhere in the subcontinent (Cochrane, 1989a).

Soils
Although the Pando Department has been blessed with unique
forestry resources it is clear that the same cannot be said about its
soils, which are almost universally inherently infertile. Eighty two
percent of the soils were classified as Ferrasols or Lixisols according
to the FAO legend (1990b) and 58 %, classify as Oxisols and 24%
as Ultisols, according to Soil Taxonomy (U.S Soil Survey Staff, 1975).
Clearly, the majority of the soils of the region are highly weathered
and poorly supplied with plant nutrients.

Soil physical characteristics
As noted in Chapter 10 steeply sloping lands that are very
susceptible to erosion cover over 30% of the region; only their
existing forest cover protects these lands from severe soil loss. In
fact, many of the hilly lands are doubly susceptible to erosion, as
their soils have a distinct textural change. These are the Ultisols
with light textured topsoil horizons over heavier textured subsoil
horizons. Even on relatively gentle sloping sites, the latter are
susceptible to erosion, as may be witnessed by the many eroded
areas of lands cleared of their forests for cattle production in the
vicinity of Cobija.
It was estimated that 3,308,762 ha or approximately 52% of the
region has soils with slopes less than 8%, that are neither flooded
nor poorly drained. This statistic, which at first glance might
indicate the extension of lands potentially suitable for agricultural
or agro-pastoral purposes from a gross physical perspective,
does not take to account other soil physical limitations including
soil textural problems such as sandy or gravely conditions, water
holding capacities or root restricting layers, as summarized in
Chapter 10. Further, it obviously does not take soil fertility to
account.
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One of the unique characteristics of the predominant oxisolic
soils of the region, was their micro-structuring. It was noted, that
under native forests, even the clay-textured oxisols were so well
structured and friable as to allow the soil scientist to literally “poke”
his index finger into the soils with little resistance, even at depths
of a meter or more! This observation, although not very “scientific”,
is indicative of the extensive “root room” of these soils (Hardy,
1959, pers. comm. senior author), which permits the absorption of
soil water from a large volume of soil, with its dissolved nutrients,
albeit in low concentrations. The “reverse Darwin effect” noted by
Cochrane (1989b) as a result of ants and other insects continually
burrowing deep down into the soils and depositing leaf litter with
their accompanying nutrients, is undoubtedly an important source
of nutrient material for the native vegetation.

Soil chemical limitations
The chemical analytical data shows that almost all of the soils
that might be considered for agriculture according to their gross
physical conditions have poor and possibly fragile fertility states.
Only relatively minor variations were found in the soil chemical
properties between the SOTER Units of the well-drained soils.
It is evident, that their parent materials, resulting from the
decomposition of the predominant sandstone-rich lithology, are
mineral-poor.

The fertility of the flat, well-drained lands free from
flooding.
Chapter 10 records a summary of the major soil chemical properties
affecting plant nutrition, or the “fertility”, of the non-flooded,
adequately drained, flattish (less than 8% slopes), lands of the
Pando Department of Bolivia. In synthesis, (refer Table 10-2):
Soil acidity or pH: About 79% of the topsoils and 70% of the
subsoils have low pH levels (less than 5.4, regarded as strong acid
conditions), which could affect the availability of some essential
plant elements and would provide the necessary soil solution
environment for Al toxicity problems.
Carbon levels: The carbon (C), levels, which are used to gauge soil
organic matter contents, are in the medium range in the topsoils
but very low in the subsoils.
Phosphorus: The available phosphorus levels of the topsoils are
predominantly in the lower medium range, and unlikely to sustain
crop growth for any length of time with deforestation without
substantial fertilizer dressings.
Effective cation exchange capacity: The effective cation exchange
capacities of the soils, even their topsoils, are predominantly low;
70% rated as low. This follows as they have been formed in strongly
weathered parent materials that have an inferior capacity to supply
nutrients for crop growth.
Exchangeable cations, calcium, magnesium, potassium and
sodium: The topsoils have exchangeable cation levels in the
medium to low range. Subsoil levels are low.

Aluminum: 70% of the topsoils and 77% of the subsoils have high
percent aluminum Al, saturation levels of their effective cation
exchange capacities. As most of the soils have low pH levels (less
than 5.4, a condition permitting the solution of toxic Al hydroxides),
they have potentially toxic conditions for the growth of many
tropical crops (Cochrane et al., 1980).
The study like all previous studies of the Pando Department, did
not lead to the discovery of any substantial areas of land that could
be considered as being “inherently fertile”, in comparison with the
findings related to the soils of the neighboring Brazilian State of
Rondônia. Apart from low nutrient and pH levels, a high percentage
of the soils have potential aluminum toxicity problems.

Native Vegetation, Soil Conditions and Parent Material
There is a clear relationship between the native vegetation and
gross soil physical conditions throughout the region. This is seen in
the marked changes in the floristic composition and physiognomy
of the native forests growing on well-drained lands with those
on soils that are poorly drained or subject to flooding. When poor
drainage conditions are coupled with poor fertility conditions, the
forest vegetation may give way to wet-land savanna vegetation.
In the case of the forest vegetation growing on the well drained
soils, the studies showed that these have almost invariably formed
on soils that have formed in mineral-poor parent material. The
soil organic matter levels are undoubtedly critical in maintaining a
supply of nutrients for the growth of the forests. The exchangeable
cation levels follow the organic matter levels, confirming that
soil fertility is largely dependent on the carbon cycle of the forest
cover. Apart from the carbon cycle phenomenon as commonly
understood, the observation above concerning their physical microstructuring properties of the soils facilitates the absorption of soil
solution water and nutrients to considerable depths.
In addition to the cycling of plant nutrients via leaf fall and its
integration into the soil where losses occur through leaching
and runoff into streams and rivers, it should be remembered that
carbon, oxygen and nitrogen for the development of plant tissue
is obtained from the air. Photosynthesis facilitates the “fixing” of
carbon. The plant transpiration processes facilitates the absorption
of oxygen, and nitrogen which is available via electrical storms and
nitrogen fixing soil organisms. The ability to take advantage of such
is dependant on the nature of the climate, especially WSPE regimes
coupled with the ability of soils to supply soil water for plant growth
and supply nutrients. Complexing the latter, and often critical
to it, as is the case with burrowing insects, is the role of many
other insects and living creatures interacting in any given forest
ecosystem. This varies from climate to climate region and from
soil to soil condition. Clearly the removal of the native forests will
seriously affect the absorption and use of the latter elements, and
the ability of the forests to regenerate..
Taller forests were seen in the western half of the Department;
these are associated with the higher WSPE regime in the west, which
favors the absorption of nutrients from the soils over longer periods
of time and its build-up via the carbon cycle and atmospheric

Plate 13-6. A large but lonely Brazil-nut tree, the only remaining
remnant of a once pristine forest in a degraded pasture for cattle
ranching near the town of Cobija, the capital of the Pando Department
of Bolivia.
conditions. It was noted that some of the SOTER units mapped had
slightly higher innate fertility levels than others and supported taller
forests than those with slightly less fertile soils according to the soil
analyses; however this effect, although observable in the field, was
not quantified.

Conclusions from the Northern Bolivian Studies.
There are readily observable differences between the physiognomies
of forests growing on the well-drained soils of the region as
compared with the several hydroseres on poorly drained or
seasonally flooded lands. It was also evident that climate differences
has a distinct impress on the forest height.
The lack of clear-cut differences in the mineral-poor nature of
the parent rock of the region, contrasted with the very different
lithological formations that mosaic the Brazilian State of Rondônia.
Deforestation of the region’s soils almost invariably leads to their
rapid chemical degradation as seen in the Cobija region where lands
have been cleared for ranching; there the soils are barely able to
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A study near Paragominas in eastern Amazonia.

support pasture growth, as emphasized by Plate 13-6. It is evident
that the existence of the magnificent forests growing on the
well-drained soils of the Pando Department are dependent on the
maintenance of their complex ecosystem. Forest regeneration takes
many years as evidenced by local experience.

One of the often quoted relatively long-term demonstrations of the
effect of burning after deforestation in situ has been recorded by
Falesi (1976). Table 13-1 records data from Falesi’s work (Serrão et al.,
1978) in which demonstrates the effect on soil chemistry following
the burning and subsequent cultivation of pasture of semievergreen seasonal forest growing on an Oxisol near Paragominas,
along the Belém-Brasilia highway.

Unfortunately, deforestation is proceeding in northern Bolivia at
an ever-accelerating pace. Nevertheless, with the exception of the
lands in the vicinity of its major population centers and the recently
constructed road net-work, there is still a proportion of its original
forests physiognomically intact. Areas potentially zoned as natural
reserves as a result of the studies, should be regarded as areas for
the preservation of the region’s unique flora and fauna. It should be
emphasized that these are some of the last remaining virtually still
intact, remnants of the “center of origin” of many of Amazonian’s
productive forest trees including Brazil nuts, rubber and cacao and
many timber species. The unique biodiversity of these remaining
forests with their genetic resources should be preserved as a
biological treasure throve. Forest clearing and logging should be
prohibited. Only responsible management based on the more
effective use and preservation of the forests will ensure the future
prosperity of the region.

The marked improvement in topsoil chemical properties is evident;
burning and the incorporation of ash completely changed nutrient
properties. It is interesting to observe that these changes persisted
for 7 years under grass management for cattle grazing, with the
exception of P levels.

Slash and burn.
The so called “slash and burn” system of cutting and burning
of forests has been used for eons by native peoples for crop
cultivation; mineral from the ash from the burning on the soil
surface is quickly leached into the topsoil and undoubtedly
facilitates crop growth. However, usually after about 2-3 years under
this system, the forests are left to revert to their former state, due
to rapidly diminishing crop yields. This is undoubtedly partly due to
the build-up of weeds, and the increasing work to control such as
the years go by.

Studies in other regions of Amazonia.
Experiences in the clearing of forests in other parts of the Amazon
has been summarized by Cochrane and Sánchez (1980). The
following much quoted study is of special interest:

Table 13-1. Average Chemical Composition of the Topsoil (1-20 cm) of an Oxisol under Evergreen Seasonal Forest and Panicum Maximum Pastures
of Different Ages in the Proximity of Para, Brazil.

Topsoil analyses:

Exchangeable

Available

3+

Clay

O.M. %

N%

ph in H O

Ca Mg , Al
meq/100g

K, ppm

P, ppm

Al. sat. %

FOREST

65

2.79

0.16

4.4

1.47

1.8

23

1

53

1 yr. pasture

50

2.04

0.09

6.3

7.53

0

31

10

0

2

2+

2+

Soil under:

3 yrs. pasture

60

3.09

0.18

6.9

7.8

0

78

11

0

4 yrs. pasture

55

2.2

0.11

5.4

3.02

0.2

62

2

6

5 yrs. Pasture

50

1.9

0.1

5.7

2.81

0.2

66

3

6

6 yrs. Pasture

51

1.9

0.09

6

3.84

0

74

7

0

7 yrs. Pasture

48

1.77

0.08

5.7

2.61

0

47

1

0

8 ysr. Pasture

52

1.69

0.08

5.4

2.1

0

39

1

0

9 yrs. Pasture

50

2.34

0.11

5.9

4.1

0.1

70

2

2

11 yrs. Pasture

45

3.37

0.15

6

4.1

0

86

1

0

13 yrs.pasture

62

2.8

0.2

5.6

4.8

0

54

1

0
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The study by Falesi (1976) on an area of oxisolic soils basically follows
this age-old practice. Clearly, providing care is taken to incorporate
the ash from burning a forest into soils followed by the cultivation
for pastures and subsequent good management, soil degradation
may be ameliorated as shown by that author, and demonstrated
in Table 13-1. However, eventually the soils degrade, albeit a little
more slowly than they would if they were used for annual crop
production.
Not all results related to burning forests and the subsequent
management of improved soil fertility are as promising as those
suggested from Falesi’s work, as observed by Cochrane and Sánchez
(1980). It is probable that tropical evergreen forests present a
contrasting situation, partly due to the problems of burning these
forests in their more humid climate. Nor is it implied that cutting
and burning even semi-evergreen seasonal forests will solve soil
fertility problems for all crops.

Terra Preto do Indio.
It is interesting to note that the so-called “terra preto do indio”
found along some of the major Amazon river systems (and
elsewhere in the region), have been used for perhaps thousands of
years under the “slash and burn” system for the cultivation of crops,
by some Amerindian tribes. These are basically anthropogenic soils,
built up over many years by the incorporation of food and human
waste materials near relatively stable present or past settlements
(Sombroek, pers. comm., senior author, 1997). The incorporation
of fish, animal and human bones has resulted in the color change
of these soils from red or red-yellow to dark brown or black due to
the build-up of exchangeable calcium. They are invariably chosen
for cultivation by native peoples in preference to the adjacent red
oxisolic or ultisolic soils found under nearby forests. It may be
observed however, that many soils currently being described by
some anthropologists as “terra preto do indio” are simply soils
developed on calcium-rich soil parent materials, in no way related to
the anthropogenic soils described by Sombroek.

Deforestation on Amazonian Alfisols, in the environs of
Altamira
Cutting and burning forests growing on soils with a higher fertility
status due to better parent materials, specifically the Alfisols of
Altamira along the “Trans-Amazonic” highway of Brazil, results in
much better crops than cutting and burning forests on intrinsically
less fertile lands, as recorded by Morán (1977). Morán showed that
the fundamental fertility of a soil would have a very significant
effect on subsequent crop production following deforestation; the
selection of superior soils in terms of their parent material clearly
facilitates farming success.

Conclusions concerning the effect of deforestation on
Amazon soils
The diversity of the soils found throughout the Amazon, as
illustrated from the semi-detailed studies of Rondônia and northern
Bolivia and other studies, should put to rest questions concerning
the sustainability of “Amazon rainforest” soils for agricultural
usage following deforestation. Attention has been focused on the
diversity of the inherent nutrient supplying capacities of the welldrained soils found in the Amazon. Many past authors simply failed
to recognize the impress of the nature of the parent material on
which the soils have developed, attributable mainly to differences in
their lithology. Further the variation in climates over Amazonia has
likewise been overlooked.
Considering soils without gross physical problems such as those
on steep terrain or poorly drained and, or subject to flooding, it was
seen that in the Brazilian State of Rondônia there are substantial
areas of soils that have developed on relatively nutrient-rich parent
rock. The Alfisols found in the environs of Altamira in the eastern
Amazon have also developed on chemically rich parent rock. These
soils would be able to sustain agriculture usage for many years to
come, always provided that moderate amounts of amendments
and fertilizers are available to keep production at acceptable
levels, under a given cultivation system. In contrast, there are
large extensions of soils, including those covering most of the
northern Bolivia Amazon region, which have developed in nutrientpoor parent rock. Without the availability of large amounts of
amendments and fertilizers, the latter would not be able to sustain
productive agriculture. In synthesis, there are clear differences in
soil fertility conditions found throughout Amazonia and overgeneralizations are simply spurious.

The need to preserve biodiversity
Notwithstanding the foregoing observations, it is evident that
the clearing of forests, even on soils formed on nutrient-rich
parent materials, should not necessarily be encouraged. A careful
evaluation of the relative benefits made of managing forests for
their native product production together with the need to preserve
their valuable bio-diversity among other considerations, should
be carried out before decisions are taken to “colonize” such lands.
The loss of the unique Brazil-nut and Rubber forests of northern
Bolivia, the “center of origin” of those valuable plant species would
be a crime against humanity. (Cochrane and Cochrane 2008).
Land resource surveys at the level of detail of the Rondônian and
Northern Bolivian studies, would be warranted in many other parts
of the Amazon for the effective zoning of land resource usage to
slow the unnecessary destruction of forests in the future.
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Chapter 14.

THE PARADOX OF SAVANNAS
IN AMAZONIA
Savannas intermingle with the forests of Amazonia. Extensive areas
of natural savannas are found to both the northern and especially
the southern parts of the region and even along the northern side
of the Amazon River as it flows into the Atlantic Ocean. Figure
4-1 of Chapter 4 is a computer-generated map showing broad
physiognomic vegetation classes including the location of the main
savanna formations. The latter cover approximately 21% of the
region or 172 million hectares (ha) of the total 819 million ha shown.
The savannas may be separated into two broad edaphological
classes; wet-land savannas covering 31 million ha and dry-land
savannas totaling 141 million ha. (Cochrane et al.1985a, 1985b)

Wet-land Savannas.
The fundamental edaphological difference between wet-land
savannas with savannas occurring on well-drained soils was
often overlooked by ecologists in the past, and has led to
confusion concerning their nature. Whether in fact very poor
soil drainage and seasonal waterlogging is the only cause for the
occurrence of wet-land savannas may be questioned; many other
physiological vegetation formations occur on poorly drained lands.
Notwithstanding, it is evident that seasonal waterlogging is a
predisposing factor for the occurrence of these savannas, and that
they are very different from savannas found on well-drained soils.
Large extensions of wet-land savannas are found throughout the
region. These include: the Brazilian “Pantanal”, the Bolivian “Pampas
de Mojos”, the northern-eastern Colombian Apure Llanos (plains)
and the contiguous Casanare Llanos of Venezuela, a large part of
the Island of Marajó at the mouth of the Amazon river, the Humaita
savannas 300 km. north of the city of Porto Velho in the State of
Rondônia, the “Pantanal de Araguaia” on the south-eastern margin
of the Amazon valley, parts of the Amapa savannas on the northern
side of the mouth of the Amazon river, and areas of the Boa Vista
savannas in northern Brazil together with the contiguous Rupununi
savannas of Guyana. Although the soils of these wet-land savannas
are virtually saturated with water during prolonged periods of
each year, they almost invariably dry out in the latter part of the
dry season. Consequently, many of these savannas have been
used successfully since colonial times for extensive cattle ranching
(Plates 14-1, 14-2). They occasionally mosaic with savannas found on
well-drained soils. The “murundus” (mound) formations seen in the
predominantly dry land savanna regions of Brazil (Plate 14-3) and
elsewhere, are examples of wet-land savannas occurring on minor
areas of poorly drained soils in areas with mainly well-drained soils.
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Plate 14-1. Poorly drained savanna lands (cerrados) south of the city
of Boa Vista in northern Amazonia, Brazil.

Plate 14-2. Poorly drained savannas, locally called “pampas”, near
the village of Reyes in the north-eastern “Pampas de Mojos” of
eastern Bolivia.

Plate 14-3. “Murundus” or small mounds seen in the rear of this
photograph taken near the township of Planaltina, central Brazil.
These are poorly drained soils often found as minor intrusions in
predominantly well drained savanna lands.

Iron toxicity in the wet-land savannas?

Dry-land savannas.

Although the authors have studied many soil profiles of the wetland savannas, they have not carried out detailed studies of their
chemical properties and how they may change during the annual
cycle of wetting and drying. However, the occurrence of possible
iron toxic conditions has been identified in some waterlogged
savanna soils.

Dry-land savannas on well-drained soils are found throughout
the “cerrados” region of central Brazil. Extensive areas are also
found in the Colombian Llanos south of the Meta River, areas of
the Venezuelan Llanos, the western Brazilian Shield (Precambrian)
region of Bolivia, parts of the Boa Vista savannas of northern
Brazil, the Cerrados of Amapa and several other areas. The central
Brazilian cerrados extends over very large tracts of relatively flat
lands dissected by minor streams; it is the most rapidly expanding
agricultural frontier of the American continent, Plates 14-4 and
14-5.are scenes of dry land savannas seen in central Brazil and the
eastern llanos of Colombia, respectively.

In many well-drained soils, oxidizing conditions are associated with
the red-brown colors of insoluble ferric forms of iron, particularly
ferric oxides and hydrous oxides. These colors contrast with the
gray colors common under waterlogged conditions resulting from
the reduction of ferric iron to soluble ferrous ions. However, in
many savanna soils studied in the “cerrados” of Central Brazil, and
especially members classified within the broad Latossolo Vermelho
Amarelo group of the Brazilian Classification system (Camargo 1981),
wet season waterlogging occurs without clear color differentiation.
Further, the identification or otherwise of ferrous ions in soils in
analyses carried out in the laboratory, is often missed, as when soils
are dried out prior to analyses, the ferrous ions revert to the ferric
state. In order to overcome these problems, and in view of the need
to identify iron toxic conditions in wetland soils thought suitable
for the cultivation of water-tolerant crops especially rice, the senior
author developed a novel test for identifying probably iron-toxic
conditions in the field (Cochrane and de Sousa, 1986, summarized in
Appendix 5).
The test was used to identify iron toxic conditions on soils along a
cross-section (catena) of the Cerrados (savanna) landscape of the
EMBRAPA-CPAC (Centro de Pesquisa Agropecuaria dos Cerrados)
experimental station. These included an upland poorly drained
Latossolo Vermelho-Amarelo (LVA) soil sited near the edge of a
“chapada” (upper plain surface), a well-drained Latossolo VermelhoEscuro (LVE) soil in an intermediate slope position and a poorly
drained hydromorphic soil in the lower part of the landscape. No
Fe2+ ions were detected in the poorly drained upland LVA as the soil
water was well oxygenated due to lateral flow through the soil. A
negative test was given for the LVE soil; this was expected as these
are well drained, adequately aerated soils. On the other hand, the
hydromorphic soil in the lower part of the landscape gave a very
strong test for ferrous iron, even at a depth of only 5cm. It was also
demonstrated that subsequent tests on the samples taken from
the hydromorphic soil to the laboratory and allowed to dried out
diminished rapidly in intensity. This was due to the predictable
effect of oxidation on drying, and emphasized the need for
examining ferrous iron conditions in the field.
It is possible that many of the hydromorphic soils supporting
savanna vegetation found throughout central Brazil have high
Fe2+ ion levels, and may have potentially iron-toxic conditions that
would mitigate against the successful cultivation of water tolerant
crops. However the authors do not have enough information to
associate this problem with the occurrence of the wetland savanna
conditions elsewhere. Where water is well oxygenated, the problem
does not appear to develop.

Plate 14-4. Well-drained savannas “cerrados” in the highland “Planalto”
of near Planaltina, central Brazil.

Plate 14-5. Well-drained savannas “pampas” in the eastern lowlands of
Colombia, south of the Meta river.
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The enigma or paradox of the occurrence of savannas on
well-drained lands.
The existence of well-drained savannas found occurring
throughout Amazonia rather than forests, was considered an
enigma by past “authorities” that has provoked considerable and
at times acrimonious controversy amongst ecologists. Climate,
edaphological, geomorphological, biotic and anthropological
explanations, or combinations of these were advanced by many
different authors to explain their existence (Goodland, 1970). Eiten
(1972) indicated the complexity of factors influencing the native
vegetation of cerrados ecosystems. Unfortunately, past theories
were either based on visual observations or studies of localized
areas, rather than valid statistical studies based on climate and
soil parameters that affect the growth of native vegetation over
wide regions. –As noted in Chapter 4, the old story of blind men
describing an elephant by touching it in different places..

Climatic factors.
Practically all the well-drained savanna regions suffer from severe
dry season moisture stress to a greater or lesser degree, either
because of lack of rain and, or due to their occurrence on soils with
low water-holding capacities. Some predominantly savanna regions,
including central Brazil, also suffer from temporary soil water
shortages even during the wet season. The so-called “veranicos”
(dry spells) that occur mainly between January and February
throughout central Brazil are roughly equivalent to the “Indian
Summer” effect common to other parts of the tropics.
Cochrane and Jones (1981) investigated the dependency of natural
vegetation on a number of climatic parameters throughout
Amazonia using the meteorological data sets of Hancock et al.
(1979). Their work is summarized in Chapter 2 and expanded in
Chapter 12. As explained, a physiognomic vegetation class was
identified and assigned to the well-drained soils of each of 251
locations for which long-term (more than 20 year) meteorological
data were available. Following a series of discriminate analyses on
many climatic parameters calculated from the data sets, including
wet season potential evapotranspiration WSPE, wet season mean
temperature WSMT, wet season radiation, number of wet months,
average dry season moisture availability, mean annual temperature,
and mean annual radiation, it was found that the parameters which
most correlate with vegetation were the WSPE and WSMT. As shown
by Figure 2-3 of Chapter 2, the well-drained savannas occur in a
surprisingly narrow 900-1060mm WSPE band right across the center
of the diagram and may be differentiated from the other vegetation
classes on the sole basis of this criterion. It is clear therefore
that the WSPE of the dry land savannas is a virtual constant.
When constants are found in science, progress in understanding
phenomena invariably follows.
As explained by Cochrane and Jones (1981) WSPE is a “proxy
statement of the amount of energy natural vegetation can take
advantage of during its annual growth cycle”. As explained in
Chapter 2, the parameter is used along with temperature as a broad
tropical agro-ecological climate classification. Table 2–4 of Chapter
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2 provides a breakdown of the savannas of the region using the
agro-ecological climate classification. The savannas have been
separated into isohyperthermic (hot, lowland equatorial) savannas
and isothermic (cooler, higher altitude or lower latitude) savannas.
It is clear that the suitability of a region for a specific crop or pasture
should always be evaluated in relation to the amount, distribution
and characteristics of the “energy” available for growth during the
various phases of its growing periods. Past climate classifications
have not taken to account this fundamental factor!

Forests in predominantly well-drained savanna regions.
As already indicated, soil water holding conditions will influence
the severity of drought conditions and the consequence effective
length of the wet season. Hargreaves’ Moisture Adequacy Index,
MAI (1972) for gauging soil water stress conditions is based on an
average soil condition, and consequently the calculations of WSPE.
It follows that detailed studies of any given area should take soil
conditions to account.
The characteristic WSPE regime of the dry-land savannas not
withstanding, abrupt changes from savannas to forests are often
seen over very short distances Plate 14-6. This would suggest
that although the well-drained native savannas are found within
a narrow WSPE range, their development would be dependent
on additional factors, possibly edaphological (soil) conditions.
Although past authors sometimes observed that forested areas
intermingle with the well-drained savannas on “similar looking”
soils, Lopez and Cox (1971) reported that they had found an increase
in soil fertility with increasing arboreal biomass in a localized area
of the central Brazilian Cerrados, appearances notwithstanding. This
led Cochrane (1989) to carry out a detailed chemical examination of
the soils supporting savannas as compared with those in adjacent
areas supporting forest vegetation, over a much wide region of the
central Brazilian “cerrados”.

Plate 14-6. Changes from savannas to forest lands often occur over
short distances, as shown by this aerial view 90 kilometers south of
the town of Riberalta in northern tropical Bolivia. The photograph
was taken of a part of AGTECA’s private Amazon “savanna land-forest
ecological reserve” showing the airstrip, camp and the Geneshuaya
river in the background.

The soil chemical conditions of the dry land savannas.
The work reported by Cochrane (1989) was carried out as a corollary
to a comprehensive land systems soil survey of the Geo-Economic
Region of Brasilia, covering some 22 million hectares surrounding
and including the 2 million hectares of the Federal District
(Cochrane et al. 1989). The study of the Geo-economic Region of
Brasilia has been summarized in Chapter 9.

analytical values for the A1 and B2 horizons of the 10 forest and 38
cerrados soils representing the Geo-Economic Region of Brasilia are
recorded in Table 14-1, together with the comparisons of the mean
values of the cerrados and forest soils by the t-test. From these
data, the following observations may be made:

Past work.
Improved crop production in the savannas (cerrados) of central
Brazil was correctly associated with increasing rooting depth. This
ameliorates water stress during the “veranicos” or dry spells that
are common towards the latter part of the wet season (Goedert
et al.1980). Deeper rooting of crops was achieved by deep liming
(Gonzalez-Erico et al. 1979), attributed to overcoming Al toxicity.
Ritchey et al. (1980) also attributed deep rooting in corn (Zea mays
L.) to the “correction” of Al toxicity by the downward movement of
calcium incorporated in the plow layer as lime. However, following
additional work, Ritchey et al. (1982) hypothesized that rooting
depth in the cerrados oxisolic soils was more likely to by limited by
Ca deficiency than Al toxicity; they established a “critical level” for
soil Ca of less 0.02 cmolckg-1. Although not observed by those latter
authors, the acrustox soils of their study had Ca/Mg ratios varying
from 0.4 to 1.8, with an average of 0.9 to a depth of 90 cm. These
low ratios suggested to the senior author a possible imbalance
between Ca and Mg.
The study of the chemistry of the soils of the Geo-Economic
Region of Brasilia.
Cochrane (1989, and refer to Appendix 7) analyzed soil samples
from the A1 and B2 horizons of 48 profiles of well-drained soils
representing the major landscapes of the Geo-Economic Region of
Brasilia, on the basis of their occurrence under native vegetation.
Exchangeable cations including K, Ca, Mg, Na, Mn and Al were
determined in an initial extraction with 0.5M NH4NO3, and CEC
and AEC by equilibrating the soil with NH4NO3 solution strengths
reflecting measured field conditions (Cochrane and de Souza, 1985).
Thirty eight of the profiles analyzed were taken from sites found in
the predominant cerrados ecosystems of the region and 10 from
the smaller inclusions of native forest covered lands. The savanna
vegetation of the cerrados sites had been modified by extensive
cattle grazing and annual burning. The native forests had been
periodically cut over for timber, but were distinguishable from
heavily wooded cerrados (locally called “cerradão”), by the paucity
of grass species in their shrub layers. In terms of US Soil Taxonomy
(Soil Survey Staff, 1975), the cerrados soils included 21 acrustox, 12
haplustox, 2 eutrustox, 2 rhodustalf, 1 eutropept and 1 ustropept.

Al Toxicity: The relative Al saturation of the CEC and the relative
Al contribution to the sum of the Ca, Mg, K, and Al values, which
would approximate the effective CEC (ECEC) in these low pH
soils, were highly correlated: % Al(CEC) = 10.772 + 1.617 % Al (sum
of cations); r = 0.88, for the 48 B2 horizon samples. From this
regression equation, it was calculated that 30% Al saturation of the
CEC approximates 60% Al saturation of the ECEC, a level considered
toxic for many crops (Sanchez et al. 1982). On this basis, the original
data indicated that only one forest soil had toxic levels of Al in its
A1 horizon, and none in their B2 horizons. In contrast, 24 cerrados
soils had toxic levels of Al in A1 horizons and 13 in their B2 horizons.
Clearly, Al toxic conditions were more common in the cerrados soils.
The condition appears not so severe in the B2 horizons of either soil
group. In fact, extractable Al was not detectable in seven of the B2
horizons of the cerrados soils, which would confirm that Al toxicity
is not a ubiquitous condition in those soils.
Ca Deficiency: Calcium deficient conditions defined by Ritchey et al.
(1982) as < 0.02 cmolckg-1 soil, were found only in the cerrados soils,
although one forest soil had a marginal value of 0.03 cmolckg-1 in
its B2 horizon. The SDs of the mean Ca values were large in both the
forest and cerrados soils.
Eighteen of the 38 cerrados soil profiles have Ca deficient levels in
their B horizons. Six of these soils would also be considered Al toxic;
hence, 12 of the 38 profiles or about 32 % appear to have Ca deficient
conditions in the absence of Al toxicity. On the other hand, 11 of
the remaining soils, or 29%, had neither Ca deficient nor Al toxic
conditions in their B2 horizons.
Calcium deficient conditions were found only in the cerrados soils.
However, cerrados also occurred on soils with high levels of Ca. A
little over 30% of the cerrados subsoils had Ca deficient conditions
in the absence of Al toxicity, indicating that the former condition is
often independent of the latter.
Mn Toxicity: The original data showed that the proportion of Mn in
the total extractable bases was just over 20% in the B2 horizons of
two of the forest soils and eight of the cerrados soils. In three of the
cerrados soils, this proportion exceeded 40% suggesting a greater
potential for Mn toxicity.

The chemical data from the soils under cerrados were compared
with those under forests with special reference to their Al, Ca
and Mn levels, cation ratios, CEC, AEC and AEC/CEC ratios. Mean,
standard deviation (SD) and minimum and maximum values were
calculated for their A1 and B2 horizons. Student’s t-test was used to
compare the data. -The mean, SD, and minimum and maximum soil

Findings from Amazon studies

119

Table 14-I. A comparison of chemical analyses of the Al and B2 horizons of soils under forest and cerrados vegetation in the Geo-economic Region
of Brasilia.
pH

K+

Ca2+

Mg2+

Mn2+

Al3+

CEC

AEC

%AI

AEC/CEC

Ca/Mg

Ca/K

Mg/K

cmolc kg-1
Horizon A1
Forest soils (10 profiles)
Mean

5.4

0.23

4.08

1.06

0.11

0.14

4.33

0.11

10

0.09

3 .1*

7.1

4.5

SD

0.5

0.20

4.92

0.95

0.12

0.16

3.53

0.19

17

0.20

1.4

6.2

3.0

Min.

4.9

0.05

0.05

0.02

0.01

0.02

0.96

0.00

0

0.00

1.5

1.0

0.5

Max.

6.3

0.64

15.5

2.68

0.39

0.50

10.1

0.62

48

0.65

5.8

21.7

8.7

Cerrados soils (38 profiles)
Mean

5.2

0.14

0.27

0.38

0.04

0.52

1.60

0.22

33

0.16

0.9*

1.9

2.3

SD

0.3

0.08

0.43

0.93

0.04

0.32

0.68

0.19

16

0.14

0.5

2.1

3.0

Min.

4.6

0.03

0.01

0.03

0.00

0.00

0.50

0.00

0

0.00

0.1

0.2

0.3

Max.

6.0

0.45

2.43

5.83

0.18

1.50

3.40

1.07

69

0.56

2.5

10.6

16.7

Horizon B2
Forest soils (10 profiles)
Mean

5.5

0.13

1.92

0.62

0.08

0.10

2.91

0.39

4

0.18

3.0**

16.9

5.5

SD

0.4

0.14

2.27

0.61

0.07

0.14

2.11

0.41

6

0.21

1.5

17.4

5.3

Min.

4.8

0.01

0.03

0.01

0.01

0.00

0.89

0.00

0

0.00

1.2

0.9

0.4

Max.

6.2

0.38

7.40

1.76

0.21

0.45

7.60

1.15

15

0.55

5.8

53.7

17.0

Cerrados soils (38 profiles)
Mean

5.4

0.06

0.07

0.20

0.03

0.33

1.40

0.50

20

0.41

0.7**

1.2

2.2

SD

0.3

0.05

0.17

0.67

0.03

0.38

0.70

0.35

17

0.28

0.5

1.5

5.1

Min.

4.5

0.01

0.01

0.02

0.00

0.00

0.33

0.00

0

0.00

0.1

0.1

0.1

Max.

6.1

0.36

1.00

4.20

0.13

1.33

3.27

1.60

57

1.00

1.7

9.2

32.0

* Mean values significantly different by t-test (P<0.01)
** The only mean values significantly different by t-test (P < 0.001). All other comparisons of the means of the chemical data were not significantly
different at P<0.05
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Ca/Mg Ratios.
The mean values of the Ca/Mg ratios were significantly higher in
the forest soils (P < 0.001). The lower confidence limit at P < 0.001
for the mean value of the B2 horizons of the forest soils is 1.5, in
contrast with an upper confidence limit of 0.9 for the mean value
of the cerrados soils. In fact, none of the cerrados profiles had a Ca/
Mg ratio greater than 1.7 in the B2 horizons and only one had a Ca/
Mg ratio which exceeded 2.0 in the A1 horizon. Conversely, only one
forest soil had a Ca/Mg value of less that 1.8 in either their A1 or B2
horizons.
The very highly significant difference between the means of the
Ca/Mg ratios of the forest versus cerrados soils indicates that the
balance between Ca and Mg was more useful than Ca deficiency
as a differentiating criterion between the two vegetation classes.
It was interesting to note also, that the mean Ca/Mg ratios of
the cerrados soils remained virtually the same with increasing
depth (the low Ca/Mg ratios of their A1 and B2 horizons were not
significantly different), and the same was true of the normal ratios
in the forest soils.
Ca/K Ratios: Although the low Ca/K ratios were common in both
the A1 and B2 horizons of the cerrados soils, in four of the 38 profiles,
these ratios approach or exceed a level of 5.0, which is considered
to be adequate (Bear and Toth, 1948); Adams and Henderson, 1962;
Liebhardt, 1981).
Mg/K Ratios: In both the forest and cerrados soils, Mg/K ratios
were usually higher that the adequacy value of 0.6 proposed by
Rosalem et al. (1984) for Brazilian oxisols, and the value of about
0.5 suggested by the work of MacLean and Finn (1967), Lierop et al.
(1979) and Rahmatullah and Baker (1981) for various soils and plant
combinations.
Soil pH: In both the forest and cerrados soils mean pH values
increased slightly with depth. No correlation was found between
the pH and the % Al saturation values, probably because pH levels
often exceeded 5.4 when the solubility of Al is greatly reduced in
soils (Cochrane et al. (1980).
CEC, AEC and AEC/CEC Ratios: There were wide variations in CEC,
AEC and AEC/CEC ratios in both the forest and cerrados soils. The
higher CEC values were generally found in the forest soils, and
conversely the higher AEC values and AEC/CEC ratios in cerrados
soils. In the latter, the CEC/AEC ratios of 16 of their B2 horizons
(42%), exceeded 0.5, and one equaled 1.0, indicating the importance
of AEC in the exchange complex of these soils.

Ca/Mg ratios distinguish cerrados from forest soils in
central Brazil.
Of the many chemical properties examined, only the mean Ca/Mg
ratios were significantly different between forest and cerrados soils.
Nevertheless, this is statistical evidence that a soil fertility factor
will influence the occurrence of forest in a predominantly tropical
savanna region. This was probably the first hard evidence found
of a correlation between physiognomic vegetation type and soil
chemical conditions. (Plate 14-7).

Plate 14-7. A forest remnant near the city of Goias Velho in central
Brazil, with “bottle trees” typical of soils with high exchangeable
calcium levels and high Ca/Mg ratios.
It is not suggested that a low Ca/Mg ratio is a ubiquitous feature
of all well-drained savannas lands. Soil analysis previously carried
out on a series of soil profile samples taken throughout the welldrained eastern savannas (“Llanos”) of Colombia suggested that
adverse Mg/K ratios may well be a limiting factor for plant growth
(Cochrane et al., 1985). However in retrospect, it is also possible that
the analyses carried out to determine Ca and Mg levels by the CIAT
laboratory (a versenate titration method) were faulty or at least
insensitive. (The senior author later detected some serious flaws in
that laboratory on being asked to review an analyses related paper
by a colleague. -After an acrimonious denial, the senior author was
eventually proven right, and the problems corrected.).

The dry-land savanna wet season potential
evapotranspiration, WSPE regime and soil conditions.
As reported above, Cochrane and Jones (1981) demonstrated
statistically the influence of the “total wet season potential
evapotranspiration WSPE regimes”, on physiognomic vegetation
classes throughout tropical South America. It would appear that the
latter is a predetermining factor for the development of the dry-land
savannas, but that soil moisture holding and chemical factors may
modify the type of vegetation found. It is evident that within the
narrow WSPE regime common to the well-drained savanna lands of
tropical South America, soil chemical properties may well over-ride
the development of savannas and support forest vegetation as
shown by the work of Cochrane (1989).
The development of soil chemical problems is probably influenced
fundamentally by the climate regime, which accelerates the
leaching of soil nutrients and weathering of soil parent materials.
As discussed more fully in Chapter 15, the “nitrogen flush” effect
first reported by Hardy (1946) undoubtedly results in the leaching
of soil cations, but at differential rates. Ca appears to be more
readily leached than Mg. The process will also vary with the type
of soil parent rock and the availability of cations. As an example,
calcium-rich parent rock is less likely to lead to Ca deficient soils
Findings from Amazon studies
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than most other types of rock. Many of the intrusions of “forests”
found in the savanna regions have developed on calcium-rich soil
parent rock in comparison with the predominantly highly weathered
rock of the savannas. Notwithstanding, as well-drained savannas
are occasionally found on relatively Ca-rich soil parent materials,
the reason for the development of the Ca/Mg imbalance common
to the cerrados soils is much more complicated. It is undoubtedly
a result of the subtle inter-play of climate, soil leaching, time and
parent rock.

Agronomic implications of the findings concerning the
chemical properties of the well-drained soils.
For Central Brazil, the low Ca/Mg ratios of the cerrados soils
undoubtedly influence the growth of some crops. Lime or other
Ca amendments including CaSO4 may be needed to overcome low
Ca/Mg ratios, in addition to ameliorating Ca deficiency, Al and Mn
toxicity, and improving the availability of other plant nutrients.
However, within the region, soils that supported well-drained
savannas in their native state do vary from place to place. Soil
amendment and fertilizer treatments for crop production must take
both soil differences and the tolerance of specific crops to adverse
soil conditions, to account.
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Chapter 15.

LEACHING LOSSES AND THE IMPROVEMENT
OF SAVANNA AND FOREST SOILS.
A high proportion of Amazonia, probably over 80%, has soils
that may be described as “leached acid soils” that run a severe
risk of further chemical degradation if used unwisely (Cochrane
et al. 1985). These include most of the Oxisols, Ultisols, and
Spodosols. Even some Alfisols and Inceptisols are susceptible
to leaching. Land clearing practices and unsuitable cropping
patterns often degrade soil fertility, which will require large doses
of amendments and fertilizers for its restoration. Therefore, it is
important to consider some of the underlying principles that are
emerging concerning the management of the fertility of these
soils, especially as they relate to the comparison of savanna and
forest conditions.

by Cochrane et al. (1985) would suggest that the relative extension
of soils with net positively charged subsoils horizon are not great.
Clearly, soil horizons with clay minerals that are predominately
positively charged have a greater capacity to retain anions than
cations. This picture contrasts with the soils found in most of the
temperate regions of the world where soil parent materials are often
relatively young and the principle clay minerals are the 2:1 types. The
latter have virtually a permanent negative charge, or at least one
that is not greatly affected by variations in pH, ionic strength, or the
dielectric constant of the soil solution.

Leaching in soils is sometimes referred to as “chemical erosion”.
It may be defined as the loss of nutrients in soil solution away
from the rhizosphere, the region of soil in which plant roots are
found and consequently are able to absorb nutrients. A soil that
allows for deep rooting of native vegetation or crops is less likely
to lose nutrients through leaching than a shallow soil with little
“root room” (to use a phase coined by the late Prof. Fred Hardy
(pers. comm., 1959). To fully appreciate the susceptibility of a soil
to leach if used for a specific purpose, the interactions of climate,
vegetation, soil biotic factors, and mineralogical status must be
considered. While climate, vegetation, and soil biotic factors are
universally accepted as variables, it is not so well recognized that
the soil mineralogical status in tropical soils is also a considerable
variable, as has been manifest by the authors’ studies.

The variable-charge exchange-capacity of different tropical soils
has been studied by many authors including: van Raij and Peech
(1972), Gillman (1974), Keng and Uehara (1974), El Swaify and Sayeth
(1975), Gallez et al. (1976), Gillman and Bell (1976), Morais et al. (1976),
and Cochrane and Sousa (1985). Those latter workers with special
reference to the oxisolic soils of central Brazil, developed a simple
methodology for measuring cation and anion-exchange capacities
and the levels of both cations and anions, in acid mineral soils. The
method provides a new approach for approximating soil surface
variable-charge exchange-capacity analyses to field conditions
(refer Appendix 4 for a summary of the methodology). Tropical soils
have often, but by no means always, formed from old weathered
materials and are usually rich in residual materials resulting from
eons of weathering. These are principally kaolinitic type clays
and iron and aluminum oxides. As observed by Gillman (1979) the
surface charge of soil clays are dependent on pH, ionic strength,
dielectric constant, and even the counterion valency of their soil
solutions.

Variable Charge Soils.

Leaching anions.

To understand the tendency of soils to leach, it should first be noted
that the clay fractions of many tropical soils have both positively
and negatively charged surfaces; these charges, measured in terms
of their cation and anion exchange capacities, are pH-dependent,
and have a strong influence on leaching. The delta pH test, “pH
H2O - pH KCl” is often used as a first approximation to judge if the
balance of the soil colloidal particles are positively or negatively
charged; if negative, soils are considered to be negatively charged
and if positive, soils are positively charged.

Because of the variable-charge exchange capacity nature of many
of the soils in the region, they have both a cation exchange capacity
and an anion exchange capacity; the former is responsible for
retaining nutrient bases, principally Ca++, Mg++, K+, Na+, Mn++, Al+++,
and the latter anions including NO3-, SO42-, HCO3-, and Cl-. In the
soil solutions the main anions found are NO3- and SO42-, with lesser
amounts of Cl- and HCO3-. -It may be noted that the amount of free
bicarbonate ions that can exist in acidic solutions, except just on
the acid side of neutrality, are extremely small (Nye and Greenland,
1965).

Propensity of Soils to Leach.

It is becoming increasingly evident that the charge characteristic of
many soils of the region is a variable. As indicated by Cochrane et
al. (1981), it is likely that many of the soils of the region would have
subsoils that may classify as “variable charged”. A proportion of
these soils may in fact have one or more subsoil horizons that are
predominantly positively charged according to the delta pH test
or more sophisticated analyses. However, the work of as shown

The nitrate ion, the principal cause of leaching in soils.
Under natural conditions the nitrate ion is the most common
anion found in soils. Atmospheric nitrogen reaches the soils via
electrical storms and via fixation by nitrifying bacteria and fungi,
in addition to the eventual decomposition of vegetable and animal
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wastes. If nitrates, sulphates or chlorides are added to the soil
solution, some will be absorbed depending on the anion exchange
capacity of a soil. However, the others will remain in the soil
solution where they will be balanced by cations. The main cations
that balance these anions in soil solution are Ca2+, Mg2+ and K+, with
Al3+ becoming important in soils with pH values lower than 5.4.
Conversely, if cations are added to the soil, some will be absorbed
on the soil surfaces, but others will stay in solution where they
must be balanced by anions. In other words, for any soil the total
concentration of cations in the soil solution depends on the total
concentration of anions and vice-versa; they must balance. Clearly,
the almost inexhaustible supply of atmospheric nitrogen would
indicate that the main anion involved in the leaching process is the
nitrate ion.

contribution to their ability to hold and supply nutrient cations.
Darwin’s observations were made on temperate soils.

The modification of soil charge characteristics.

Ironstone: a partial result of ant activity in Plinthite-rich
soils?

The addition of significant quantities of soil amendments especially
lime can produce a change in the charge characteristics of soils;
this will modify the ability of a soil to restrain the loss of nutrients
through leaching. Unfortunately, studies of the effect of soil
amendments on the surface charge of the soils are still virtually at
the “identification of a potential problem” stage, and much work
needs to be done before the full implications of the phenomenon
can be translated into practical farming terms.
There are of course other ways to modify the exchange capacity
of a soil apart from the application of amendments such as lime
or calcium sulphate. The many practical farming experiences of
successful soil management involving the incorporation of large
amounts of organic matter is generally attributed to making
available plant nutrients. In fact, the addition of organic matter
also affects the exchange capacities of soils through the increase
of cation-holding colloids. -The draconian incorporation of over
80 tons per acre of sugar-cane refuse to sugar-cane cultivated
on an acidic oxisol in Malaya, resulted in the complete alteration
of the soil cation exchange properties (T. Thompson, Tate and
Lyle Technical Services, pers. comm., 1977). However, there are
also examples of successful management of soil exchange
properties with minimal input, such as the application of single
superphosphate on an oxisol in the cane fields of Trinidad, W.I. (F.
Hardy, pers. comm., 1959). -In that instance, the calcium sulphate
content of the single superphosphate was sufficient to change the
charge characteristics of the soils and ameliorate its ability to hold
Al3+. It is evident that a little science may go a long way to solving
problems cheaply..

The Role of Organic Matter and the “reverse Darwin effect”.
One of the lesser-discussed contributions of Darwin to science was
his observation on the role of earthworms in building-up organic
matter in soils (Darwin, 1881). In brief, he observed that earthworms
were responsible for building-up the topsoil organic matter of
soils. Although not appreciated by Darwin, the earthworms
were indirectly responsible for the usually high cation exchange
capacities of the soils and so effectively making a tremendous
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In contrast, one of the features of many tropical soils is the presence
of ant and termite mounds. These often extend well below the
surface in well-drained soils. The busy builders and occupants of
ant structures have most of their colony members employed in the
gathering of surface leaves for feeding the fungii that provide the
food for the younger generations. So, the tendency is to deposit
organic matter deeper into the soil and thus eventually improve
the ability of soils to supply nutrients by encouraging root growth.
Be this observation as it may, it is evident that ants in many
circumstances are, in a sense, “biological ploughs” that tend to
renovate many tropical soils and thus indirectly slow the effects
of leaching and soil degradation.

In some Ultisolic soils the occurrence of hardened plinthite or
laterite stones, rock and boulders, commonly called ironstone, has
been attributed to ant activity resulting in the transport of soil
from moist horizons with soft plinthite to above the soil to build
mounds beyond the water-tables where it dries out and solidifies
into hardened plinthite or laterite. This may be seen as a negative
effect of ant activity in such soils. -There is no doubt that soft
plinthite will soon harden into ironstone on repeated drying and
wetting as observed by Buchanan in India in the mid eighteen
hundreds. Certainly, the formation of hardened plinthite is often
observable along the edges of ridges or cliff faces where soils rich
in soft plinthite are subjected to seasonal wetting and drying.
Interestingly as discussed in Chapter 11, “El Fortin” the fort built by
the Portuguese on the east side of the Guaporé River to protect the
western Brazilian border from Spanish expansion, was built of this
latter material

Water percolation through soil.
It is evident, but often not appreciated, that leaching cannot occur
unless water with dissolved cations and anions percolates through
soil. The amount and rate of percolation will depend on the physical
properties of soils which enable them to hold and otherwise restrain
water movements down the soil profile, together with the climatic
water balance, and the type of vegetative covering and its stage of
growth.
Soil water-holding capacities: Soil water-holding capacities vary
considerably from soil to soil. Although soils with high clay contents
generally hold more moisture than sandy soils, many clayey Oxisols
have soil moisture-holding capacities approaching those of lighttextured soils due to micro-structuring attributed to iron and
aluminum sesquioxides. In fact, the low water-holding capacities
of Oxisols in the isothermic savannas of Central Brazil invariably
exaggerates the impact of the so-called “veranicos”, or Indian
summers; these are irregular periods of drought occurring during
the height of the wet season (Goedert et al, 1990), and often affect
crop growth.

Climate: Climate water-balance patterns, as already emphasized in
Chapters 2 and 12, vary from ecosystem to ecosystem and in the
context of soil water percolation must be qualified by the waterholding capacity of a given soil.
Root-room: The “root-room” of a soil, or the suitability of the soil
for root development in both a physical and chemical sense, will
affect percolation and consequently leaching losses, particularly if
roots are well developed through the surface layers of a soil and can
penetrate deeply.
Vegetative cover: The type of native vegetation or cultivated crop
covering, its stage of growth, and the rate at which it transpires
(or, to put it crudely, how much water it “pumps” out of a soil)
will have a significant effect on the rate of soil-water percolation.
Transpiration will obviously proceed apace during periods of high
potential evapotranspiration, and vice-versa, always providing
that soil water is not limiting. Clearly, a good vegetative cover is
obviously a pre-requisite to ameliorate the rate of water reaching
the soil surface, and the distribution of its roots its subsequent
percolation

Nitrogen Flushes and Leaching.
Nitrogen flushes were first described by Hardy (1946). These occur in
tropical soils with a marked dry season. They often follow a pattern
of gradual nitrate build-up in the dry season, a rapid but shortlived increase or “flush” at the start of the wet season, and a rapid
tapering off as the wet season progresses. Flushes appear most
marked in ustic moisture conditions.
It is probable that the rapid build-up of microbial activity,
particularly nitrifying bacteria at the start of the wet season, is
associated with nitrogen mineralization (Birch, 1958); this proceeds
faster at the lower C/N ratios resulting from a dry-season period.
More recently, Semb and Robinson (1969) have shown that
nitrification can take place at the very low soil moisture tensions
(below 15 bars) found in subsoils during the dry season.
Wild (1972) showed that nitrates move upward from the subsoil to
the topsoil during the dry season. Conversely, Semb and Robinson
(1969) found that the NO3- ion percolated down to the subsoil after
the initial “flush” at the start of the wet season. As the excess of
nitrate must be balanced by nutrient cations, the phenomenon
could result in considerable soil leaching (losses of cations as well
as valuable N), unless plant roots can absorb soil water and so
avoid a permanent loss of nutrients from the plant rhizosphere.
Significantly, Kinjo and Pratt (1971) indicate that nitrate leaching may
be reduced if the subsoil has a degree of anion-exchange capacity.

Leaching in Savannas. The significance of the development
of anion exchange capacity.
Although few studies have been recorded in tropical America,
there is evidence that nitrates will move with percolating soil water
beyond the main actively growing rhizosphere soon after the start
of the wet season, in savanna conditions (J. Salinas, CIAT, pers.
comm., senior author, 1980). It is probable that this phenomenon

aggravates the much leached, acid condition commonly found in
these regions. The nitrates and accompanying cations percolate
down the soil profile faster than the main body of roots grows,
or faster than those which survive the dry season can absorb
soil moisture. Once grass roots are well established losses are
considerably reduced; however by that time the main effect of the
“flush” of nitrates may be over.
The occurrence of soils with high anion exchange capacities is a
common phenomenon in many well-drained savannas developed
on leached oxisolic soils. This may be looked upon as an important
mechanism of “nature” to slow down or completely avert the
destruction of these soils by reversion to rock, by ameliorating the
nitrate leaching effect with the on-set of the rains at the start of
the wet season.

Leaching Trends in Forests.
In contrast to savannas, Nye and Greenland (1960) reported that
there are many studies on forest soils that indicate a minimum of
leaching beyond the rhizosphere. The reasons for this are threefold.
First, the main body of tree roots does not die back in the dry
season, as is common with grasses; therefore, they afford a more
efficient mechanism to absorb percolating water. Second, a high
amount of water, at least that from light rainfalls, is held on the
leaves of trees and absorbed directly or is held by the leaf litter;
consequently, the amount of water physically entering the soil is
reduced. Third, with the exception of some of the semi-evergreen
seasonal forest regions, the dry season is generally not as severe
under forest as under most dry-land savanna conditions, and thus
there is a lesser build-up of nitrates in the topsoil. It is evident
therefore, that forest vegetation provides a very efficient system
of nutrient re-cycling, which largely avoids a net leaching of
plant nutrients.
It should also be noted that not only are forests much more
effective in recycling nutrients than savannas, but also they provide
a much greater storehouse for nutrients. In a certain contrary sense,
they may be described as being able to “leach” nutrients out of
soils; they have a maximum ability to withdraw nutrients from a
soil and use them to produce biomass. Recycling nutrients via leaf
fall and tree aging and decay, together with the addition of nitrogen
from the atmosphere via electrical storms, undoubtedly is sufficient
to maintain most tropical native forests found on nutrient-poor
soils. Analytically, many forest soils appear to be as chemically poor
under their native vegetation as their savanna counterparts when
derived from similar parent materials.
Comparative figures of nutrients stored in forests versus savanna
vegetation are not available for the region, but data from the
African continent (Vine, 1968) would indicate that forests may store
up to 10 times the amounts of nutrients stored by savannas. This,
however, varies between forests and according to the arboreal
content of savannas; Vine records figures to show that savannas
with a high arboreal content have a greater reservoir of plant
nutrients than do the open grassland types.
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Fertility Improvement in savannas and forests.

Fertility Improvement in Forests.

It is good sense to ensure that nutrients stored in biomass are
returned to soils by burning and producing ash if lands are to
be cleared of their original vegetation and used for agriculture.
This simple stratagem often referred to as “slash and burn” has
been used by tropical bush farmers for thousands of years. This
is particularly important in the case of forests, but may also be
of significance in savannas with relatively high arboreal biomass
content, such as the Cerradāo of Brazil.

In contrast with many savanna soils, weathered, leached forest
soils can usually be significantly improved by the incorporation of
nutrients stored in their biomass through burning. Experiences in
the clearing of forests have been detailed in Cochrane and Sánchez
(1982). One of the most spectacular demonstrations of the effect
of burning after cutting in situ has been recorded by Falesi (1976)
as summarized in Chapter 13, Table 13-1, in which semi-evergreen
seasonal forest growing on an Oxisol near Paragominas, along the
Belém-Brasilia highway, was cut, burned, and transformed into
pasture. The marked improvement in topsoil chemical properties is
evident; burning and the incorporation of ash completely changed
the nutrient properties of the soil. Further it was of considerable
interest that those changes persisted for many years under grass
cultivation, with the exception of P levels. Probably soil N is largely
tied up by the grass, and little leaching takes place. The climatic
regime in this circumstance may also have helped avoid the
excessive nitrogen flush effect as seen under savanna conditions.

Fertility Improvement in Savannas.
Notwithstanding the foregoing comments, for most savannas
which do not have a significant amount of arboreal biomass,
improvement of their soils if these are weathered and leached,
must largely rely on correcting toxicity problems and through
the application of fertilizer. Care must be taken in fertilization
and the application of amendments to avoid significant losses of
the original costly inputs. Further, excess liming has often been
responsible for inducing trace element nutrient deficiencies,
especially of Zn (Spain, 1976).
The “nitrogen flush” effect is particularly pronounced in savanna
regions; fertilizer dressings and soil-amendment practices such as
liming would best designed to take this phenomenon into account.
Crops and pastures should be selected and managed, in-so-far as
it is possible, to help avoid excess nitrate leaching at the start of
the dry season. Nitrogen fertilizer treatments for many crops may
best be delayed until after the effect of the initial nitrogen flush
has passed. Conversely, in liming practices to ameliorate high
soil Al levels for those crops sensitive to Al or to overcome Ca/Mg
imbalance or even Mn toxicity problems, advantage may be taken
of the nitrogen flush to help with the incorporation of Ca deeper
into the soil profile. In such cases, lime should be incorporated
into the soil at the start of the wet season or, if feasible before the
start of the wet season. Work to improve management practices
through a better understanding of the nitrogen flush and anion
leaching generally could lead to higher, more stable production in
the savannas.
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Not all results related to burning forests and the subsequent
management of improved soil fertility are as promising as those
indicated from Falesi’s work, as demonstrated by Cochrane and
Sánchez (1982). It is probable that tropical rain forests present a
more difficult situation, partly due to the problems of burning these
forests in their more humid climate. Nor is it implied that cutting
and burning even semi-evergreen seasonal forests will solve soil
fertility problems for all crops. As indicated by Morán (1977), cutting
and burning forests growing on soils with a higher fertility status
due to better parent materials, specifically the Alfisols of Altamira
along the Trans-Amazon highway of Brazil, results in much better
crops than cutting and burning forests on intrinsically less fertile
lands. The innate fertility of a soil will have a very significant effect
on crop production, and the selection of superior soils in both
savanna and forest circumstances will facilitate farming success.

Chapter 16.

SELECTING CROPS AND ENHANCING SOIL
FERTILITY FOR LOCAL CONDITIONS.
Agronomists and farmers everywhere are keenly aware of the
need for new crop varieties and cultivars to improve production.
However, they are often faced with the problem of judging the
suitability of a cultivar which has proven superior elsewhere, for
a local climate and soil condition. The Land Systems Map and
data base and especially the studies at the larger SOTER studies
at scales of 1:500,000 and higher as summarized in Chapters 9-11,
provide a first step geographical orientation of climate, landscape,
and soil parameters for this purpose.

Transferring Technology Based on Land Systems or
SOTER Units.
The comparison of Land Systems or SOTER Units is a useful
starting point for the transfer of seed-based agronomic and
forestry technology throughout the region. Their environmental
descriptors provide a basis for the more selective introduction of
promising cultivars from other parts of the region and other regions
of the tropical world, with known climate and soil conditions.
Unfortunately, the presence of biotic factors, including pests and
diseases, against which an otherwise promising cultivar may have
little or no resistance, is not always known; such may exclude
the use of those cultivars in a given land system or even more
an entire continent, as is the case of some cassava varieties that
were originally introduced into Africa from tropical America that
had little or no resistance to African mosaic disease (Purseglove,
pers. comm. with senior author, 1960). On the other hand, many
very successful crop introductions have occurred away from their
“centers of origin”, as was the case of rubber (Hevia brasiliense).
Purseglove (1974) gives examples of such successful introductions,
and attributes the lack of insect and other predators as a significant
contributory factor.

Climatic factors.
Within certain limits, it may be possible to develop agronomic
practices for local climate-soil environment to take advantage of
promising cultivars adapted to apparently different environments
elsewhere. Climates must be considered in relation to the type of
crop being grown. For perennial crops, the annual climatic patterns
should coincide. On the other hand, for short-term annual crops, the
seasonal and monthly characteristics are paramount. Consequently,
annual crops are often grown successfully in regions with very
different overall climatic patterns. What is important is to try to
match the water-balance, energy regimes, day lengths, and so on, to
ensure that the local climatic conditions during the life cycle of the
promising cultivars are compatible with those in which they were
originally developed.

Soil factors
Of the non-biotic factors affecting the successful introduction of
promising cultivars, perhaps the trickiest to assess is the ability of
soils to meet their nutrient needs without the use of uneconomic
applications of soil amendments. This is particularly true in
the tropical under-developed, acid-infertile soil circumstances,
where the specific traits desired in a cultivar may be, for example,
tolerance to excessive aluminum and low phosphate availability.

Tolerance to low fertility conditions.
As explained in Chapter 6, Cochrane (1962) found by analyzing the
results of the long-term records dating back to the early nineteen
hundreds, of a considerable series of “fertilizer trials” on different
cultivars of the same crops (including “sea-island” cotton and
arrowroot!), in the West Indian island of Saint Vincent, that certain
cultivars did not respond as well as others to large doses of
fertilizers. It was apparent to the senior author that some of the
cultivars that did not respond as well as others gave reasonable
yields with lower fertilizer inputs. In other words, that their nutrient
needs were better adapted (or “tolerant”) to soils with lower fertility
levels. The author’s concept of selected cultivars of crops being
better adapted to poorer soil fertility conditions was not acceptable
to the “experts” at that time, but is now well appreciated. It is an
important concept in considering the transference of seed-based
agrotecnology, especially when considering the ability of crops
to survive under what may normally be thought of as “toxic”
conditions.

Enhancing Soil Fertility Information
It should be emphasized that although much information can
be deduced from small-scale maps including the Land Systems
or SOTER maps, these maps are scale limited; consequently, in
the absence of detailed soil studies, it will often be necessary for
agronomists to enhance the soil information for any particular area
of interest.
The careful evaluation of soil survey data can help the agronomist
“zone-in” on what are likely to be probable soil nutrient problems,
always provided that sufficient information is recorded. Visual
crop deficiency symptoms seen in any area also help. In fact, the
presence or absence of the minor and trace element constraints
recorded in the Land Systems printouts in Volume 3 of the study
by Cochrane et al. (1985) were often confirmed by observing
visual symptoms on crops (See Plate 15-1). In his study of the
tropical lowlands of Bolivia, the senior author (Cochrane, 1973)
paid particular attention to the identification of visual deficiency
symptoms on Dwarf Cavendish bananas.
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Soil fertility information enhancement in the SOTER studies.
The concept of analyzing the samples from a group of soil profiles
to permit a statistically useful analysis of the potential chemical
properties of predominant or extensive soil types was applied in
the case of the authors’ more detailed studies of the Geo-economic
region of Brasilia, the State of Rondônia and the Pando department
of Bolivia (refer to Section 2.).

The Geo-economic region of Brasilia.

Plate 15-1. Phosphorus deficiency in Dwarf Cavendish bananas growing
in a coffee plantation near Pereira, Colombia.
For many undeveloped areas, especially where soil fertility has been
little affected by the incorporation of soil amendments, the value
of a soil survey can be enormously enhanced with a minimum of
effort when it is carried out, if a number of soil profiles, or even
topsoil samples, can be described and sampled. This will permit
the statistical comparison of soil nutrient levels over a given soil
unit. Cochrane (1969) has shown that 12 to 18 topsoil samples,
spaced over a relatively constant soil unit, will provide an adequate
population in a statistical sense, to calculate means, standard
deviations, and correlations between soil chemical properties;
these are meaningful for helping to understand soil fertility. By
this procedure, as outlined in Appendix 1, unnecessarily repetitive
soil sampling is avoided, and soil analytical time can be profitably
spent in carrying out as complete a set of analyses as possible. Most
routine soil survey sample analyses are restricted to describing
the more “permanent” soil properties. The case of total mineral
analyses occasionally excepted, they rarely provide complete major,
minor, and trace element analyses as now commonly carried out
for soil fertility investigations. In fact, the lack of minor and trace
element analytical data available to the authors throughout the
regions surveyed, was particularly disappointing. Part of the reason
for this is historical. In the past, minor and especially trace element
analyses were difficult and costly. The advent of atomic absorption
spectrometry in the 1960s changed this situation. Unfortunately,
old habits die hard.
The methodology developed was first tested in the context
of the present work on Land System No. 201, in which the ICA
(Instituto Colombiano Agropecuario)-CIAT Carimagua agricultural
station is located; the results are summarized in Appendix 1 and
by Cochrane et al. (1985). The results of identifying soil toxicity
problems, probable nutrient deficiency problems, and possible
nutrient problems compared well with the actual findings from
CIAT’s experimental work over the previous 12 years! The approach
advocates a breakaway from normal dogma concerning the
collection of soil samples for fertility analysis, which involve making
artificial composite samples from 12 to 20 sub-samples.
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In the case of the Geo-economic region of Brasilia study (Chapter
9), the technique of enhancing the soil survey work led to the
identification of a Ca/Mg imbalance in the soils of the cerrados
(savannas) of that region, and a fresh approach to improving crop
production. This finding went against past concepts related to
the basic problems of the soils of the region, which attributed
the principal problem to Al-toxicity. Undoubtedly the finding has
saved farmers considerable amounts of money in unnecessary lime
applications, and speeded the opening-up of many of the savanna
lands for productive agriculture.
It may be pertinent to note, that the opening-up and improvement
of the savanna lands for crop cultivation in tropical South America,
especially the cerrados of Brazil, has gone a long way to slow the
deforestation of Amazonia forests by providing a more economical
alternative for crop cultivation.

The State of Rondônia, Brazil.
In carrying out the SOTER land use study of the State of Rondônia
(Chapter 11), the authors added to the SOTER database an extra
step in organizing the file system to take into account the need
for obtaining data to help with determining the probable nutrient
deficiencies of the soils of that region. This step was to organize the
soil profiles in terms of “groups”, the so-designated “ProGp” (profile
group) file, when relatively extensive areas of much the same soils
were found. –In point of fact, the soil analysis database of Rondônia
is probably the most detailed, systematically organized soil analysis
databases of any region of the Amazon, and should provide a wealth
of data for many years to come.

The Pando Department of Bolivia’s Amazon.
The soil analytical database of the Pando Department of Bolivia
(Chapter 10), is not nearly as extensive as that of the State of
Rondônia. Nevertheless, as the soils in the region are not nearly
so variable as those found in the adjacent State, it has provided a
useful guide as to the main chemical characteristics of the relative
flat soils of the Department. It has provided sufficient evidence to
demonstrate the fragility of the chemical nature of the soils and a
basis for warning that the soils are simply not suitable for intensive
cultivation purposes. The data clearly shows that forest removal
will quickly lead to the almost irreversible soil degradation of that
region.
In short, it is the authors’ recommendation that all future soil
work along the SOTER “Land Systems” approach for larger scale

surveys should take to account the need for the replication of soil
profile descriptions (or in the very least top-soil sample) replication
accompanied with detailed soil chemical analyses to enhance the
usefulness of such studies for providing a guide as to soils fertility
conditions for foresters and agronomists.

Local experience with fertilizers.
Farmers often have taken their own initiative in applying fertilizers
and amendments to their crops, especially those cultivating annual
crops in the savanna regions of the sub-continent. Cochrane (1988)
has shown how this information can be taken advantage of to help
save unnecessary applications of fertilizer. The concept which led
to the development of an equation for estimating optimal fertilizer
dressings for crops is applicable to many tropical regions where
relatively little is known about the fertilizer needs of a crop, and
also to help avoid unnecessary work elsewhere. Appendix 3 provides
a summary of the approach and how the equation may be used by
foresters and agronomists.

Field trials with foliar analysis control to enhance findings.
Although soil information can be considerably enhanced by a
relatively minor amount of work, field trials must still be carried
out to quantify the nutrient needs of promising crop cultivars.
Unfortunately, in many lesser developed circumstances, progress is
often slow and recommendations incomplete.
In supplying fertilizer recommendations for the new generations
of crop and pasture plant cultivars allegedly with a degree of
tolerance to soil toxicities and low nutrient levels, it is necessary
to use proven, comprehensive, but time-saving methods to
establish recommendations. In many tropical lands, in addition
to soil toxicities and major nutrient deficiencies, limiting factors
may include minor or trace element deficiencies or imbalances;
consequently, the methodology adopted must provide a means of
identifying these problems as quickly as possible. In this respect,
Cochrane (1979) has shown that within a time span of less than 2
years, he was able to identify both minor and trace elements in
field-proven conditions in Santa Cruz, Bolivia. The methodology
he devised, which involves the monitoring of field trials through
comparative tissue analyses, has been recorded in Appendix 2. The
philosophy of the approach aims at starting field trials as soon as
possible and maximizing information by subjecting tissue analysis
data taken on a plot by plot basis, at a predetermined stage of crop
growth to the same statistical analysis as yield data.
Plate 15-2 shows how vigorous the growth of sugar-cane was in the
lowland department of Santa Cruz, Bolivia, following the correction
of a Mn deficiency detected by foliar analysis used to supplement a
fertilizer trial results!

Conclusions

Plate 15-2. Vigorous sugar-cane growth as a result of correcting Mn
deficient conditions detected from foliar analyses in the lowland Santa
Cruz Department of Bolivia. Refer to Appendix 2 for further details.
elsewhere must be proven in the local circumstance. The techniques
suggested for enhancing the soil fertility information to help with
the selection of treatments in field trials, and the comparative
tissue analysis methodology suggested for maximizing information
from such trials, are both particularly relevant to tropical areas with
limited research facilities.
The use of the SOTER database and complementary agronomic
techniques should lead to the selection of food and tree-crop
cultivars with farm-effective fertilizer recommendations for a
given ecosystem, more speedily and much more cheaply than has
been the norm in the past. It should also contribute to the more
successful conservation and use of the soil resources of the Amazon
and in tropical regions elsewhere.

The SOTER Land Systems database provides a geographical and
technical base to help guide the successful transfer of seedbased agro-technology both throughout the region and from
other parts of the tropics. Nevertheless, technologies developed
Findings from Amazon studies
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EPILOGUE

THE ASSESSMENT OF THE LAND
RESOURCES OF THE AMAZON and other
TROPICAL REGIONS
The work recorded in this book demonstrates the feasibility of
undertaking a comprehensive assessment of tropical land resources
on a continental basis, given the support of national scientists, in
a short period of time. The computerized Land Systems approach
facilitates the synthesis and management of information now
available in various forms in many organizations throughout the
world. It permits a thorough analysis of climate, landscape, and
soil factors, and provides a rapid means of quantifying these
environmental constraints. Such studies bring to light general
research needs and provide a geographical base for the transfer
of seed-based agronomic and forestry technologies from one
location to another. They complement work being carried out
by national programs and international projects, including the
FAO land resource studies; activities in the International Soils
Museum, Wageningen; the USAID funded Soil Management Support
Services and IBSNAT (International Benchmark Sites Network for
Agrotechnology Transfer) programs based at the Universities of
Hawaii and Puerto Rico; many British Technical Assistance DIFID,
programs; the tropical soils research program at North Carolina
State University and many other organizations big and small
including the authors’ humble Agrotecnologica Amazonica AGTECA,
organization.
The Land Systems database and Geograhic Information System is
already being put to good use in helping to develop and transfer
new pasture-plant and food crop cultivars in tropical America. It
is a proven and novel way to investigate basic climate-landscapevegetation-soil relationships per sė. -Experience shows that crop
cultivars often do just as well, if not much better in continents
away from their centers of origin, always providing climate and
soil circumstances are comparable. This is because new regions
where the crops are being introduced, may not be cursed with
the indigenous diseases common to their centers of origin;
the successful cultivation of rubber taken from the Amazon to
Malaya is a classical example (Purseglove 1974). It is interesting
to reflect therefore, that tremendous mutual benefits lie in store
for all countries if similar surveys and analyses could be extended
throughout the tropics in general.
As noted in Chapter 8, after the senior author had given an
exposition related to the Land Systems work over tropical America
to the International Soil Science Congress held at Massey University
in February of 1981, the then secretary of that organization, Dr.
Wim Sombroek came up to the author and said “Tom, we are going
to do this world-wide”. This led to the development of the SOTER
project as a basis for a tropic-wide Land Systems base with the
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description of soil parameters according to criteria agreed-upon by
internationally renowned scientists. Further the project facilitated
the more detailed evaluation of land resources, as demonstrated in
Section 2. However, as evidenced by the authors’ approach to the
use of the SOTER attribute file database system, it is advantageous
to integrate climatic data and soil profile data, together with GIS
mapping programs, to make a complete land resource information
system (Cochrane and Cochrane 2001).
Although many areas of the tropics and underdeveloped world
have yet to be covered by SOTER compatible studies, the creation
of such databases should eventually enhance the transference of
promising crop and tree cultivars, and the application agro-forestry
technologies successfully developed in one tropical ecosystem to
other environmentally compatible areas with a much greater degree
of success than in the past. This is not to suggest that problems
will not arise. Every continent, and the different ecological regions
within the continents, have specific biological problems (pests,
diseases, weeds, and soil microorganisms) that could affect the
successful transfer of technologies. Nevertheless, considerable
time and effort will be saved by ensuring compatible matches
between the climate-soil environments for the transfer of seedbased agro-forestry technologies rather than using the “hit or miss”
methods unfortunately still largely in vogue today. However, the
authors would emphasize once again, that the SOTER project as
currently being applied, should be complemented with additional
information, especially in terms of both climate and statistically
pertinent soil information. The authors’ studies have demonstrated
the obvious need for integrating climate information as a basic
part of land resource studies, and adopting the statistically-based
approach to creating more meaningful soil information.

The SOTER Global Information System
There will be many benefits arising from the SOTER global
information system. Not the least would be the progressive buildup of improved soil information so cultivars well-adapted to the
many climate-soil environments of the tropics, will enhance the
ability of nations to better plan and manage production problems
in environmentally, socially, or economically fragile regions. In
short, a tropic-wide Land Systems or “SOTER” database would be an
invaluable resource for individual nations now striving to meet the
escalating need for food and plant-origin renewable energy, in an
ever-changing world.
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APPENDICES

Appendix 1. Enhancing Soil Surveys to Help Predict
Fertilizer Needs; A statistical procedure to facilitate
soil fertility investigations.
Agronomists requiring information for designing field fertilizer
trials are faced with the problem of deciding which nutrient
elements should be incorporated as trial treatments. They
usually look to soil survey studies to help with their decisions.
However, with the exception of very detailed surveys, most
survey reports are based on the examination and recording
of a few “typical” soil profiles to “classify” soils according to
predetermined “classification systems”. Often there is simply
not enough information available for the selection of the most
likely treatments to maximize results, and often key elements are
overlooked (Cochrane, 1979). This is because the typical profiles
chosen may not be sufficiently representative from a soil fertility
perspective; further, the analysis of soil profile samples recorded
may not include critical elements.
The approach advocated by Cochrane (1969) for enhancing soil
surveys for fertility investigations is to examine and sample 12 to
18 soil profiles or topsoil samples over a relatively constant soil
unit. Once these samples have been analyzed chemically (and this
analysis should be as complete as possible), the chemical analytical
data might be analyzed statistically to establish means, standard
deviations, and a correlation matrix. This can then be scrutinized
and interpreted to help understand soil fertility problems according
to the following procedure to identify probable toxicity and nutrient
problems, always bearing in mind the crop and its genetic make-up
in terms of nutrient tolerances and demands:

A) Scrutinize the statistical data
Firstly, inspect means, maximums, minimums, and standard
deviations to:
1. Identify probable and possible toxicity problems (Al, Mn, and Fe)
from the soil analytical figures.
2. Identify probable and possible deficiency problems in the
same way.
3. Note circumstances that could give correlations with little
implication insofar as soil properties are concerned, including those
populations with small standard deviations compared with their
means (perhaps those with a standard deviation less than 20% of
the mean)
Secondly, inspect the correlation matrix for possible meaningful
correlations, in the sense of A-3 above, and list both positive and
negative correlations in order of significance. It has been well known
for many years that relationships exist between the availability
of certain major and minor nutrients. The presence of strong
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correlations within this sample may indicate that the relationships
in question may apply to the specific soil under study.
B) Interpret the statistical findings:

a) In the event of a probable toxicity problem:
1. For Al, calculate liming needs according to the equation of
Cochrane et al. (1980).
For Mn, “guesstimate” liming needs.
For Fe toxicity, ensure that the soil is well drained.
2. Then reconsider the implication of these treatments on the
deficiencies and their correlations. There is a possible implication
that a positive correlation between two elements will mean that
raising one will increase the availability of the other if it is not in
short supply, or cause more serious deficiency if it is in short supply.
For a negative correlation, the reverse situation would apply.

b) In the event of probable deficiency problems:
1. Consider first the implication of any actions that will probably be
taken to solve a toxicity problem, if such exists.
2. Starting with the most serious problem, estimate a fertilizer
application for adequate correction. If this probable deficiency is
correlated with another, consider possible effects of the correction.
3. Continue this process for other deficiencies, in descending order
of apparent importance.

A test of the procedure.
The procedure was applied to land system No. 201, land facet No. 1,
the principle soils (Haplustox) of CIAT’s Carimagua station located
in the eastern plains of Colombia; the. correlation matrix of the
soil analytical data has been recorded in the tables of Appendix. 3,
Volume 1, of Cochrane et al. (1985).. In the case of the land system
No. 201, (refer to Tables A1-1 and A1-2 ) with reference to the topsoil
analytical data, the statistical procedure indicated the existence of:
1. Toxicity problems for Al and Fe (the latter if soils used were under
wet conditions).
2. Probable nutrient problems for P, K, Ca, and Mg.
3. Possible nutrient problems for Mn, Zn, and B.
This resulted in the following recommendations following from the
Statistical Procedure
1) K deficiency. The addition of K might aggravate the Mg deficiency
problem. Therefore K and Mg should be added together.

2) Possible Mn, Zn, and, B deficiencies. The correlations of these
elements with others were not as highly significant as others and
could probably be field tested without too much problem. For
example, the negative correlation between Zn and pH (in H2O)
is probably only significant if major changes take place in pH.

Although S levels appear moderate, availability could be questioned.
The positive correlation between P and Cu levels should be borne in
mind. In this respect, the type of P fertilizer to be applied must be
considered in the light of its ability to supply other nutrients (such
as S and Ca in the case of single superphosphate), apart from the
effect of the fertilizer components on leaching.

Table A1-1. Soil analytical data of samples of 18 profiles throughout land facet No.1. Land System 201: horizon A.
Sample

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

18

pH

pH

H2 O

KCI

OM

P

AI

Ca

Zn

Mn

Cu

Fe

5

Mo

4.8

3.9

1.7

1.5

1.4

0.09

0.40

1.8

0.36

24.4

5.0

1.04

4.7

3.7

5.3

1.7

3.8

0.07

0.55

2.3

0.53

15.4

4.5

1. 31

4.6

3.6

4.2

1.6

3.8

0.15

0.55

4.0

0.53

23.4

4.5

1. 23

4.6

3.7

3.8

1.5

2.8

0.10

0.60

2.1

0.36

38.4

6.0

1.18

4.4

3.6

4.3

2.1

3.6

0.12

0.70

3.3

0.71

58.4

7.0

1. 24

4.4

3.7

3.8

1.0

3.1

0.08

0.55

1.9

0.53

40.0

3.5

1.01

4.5

3.7

4.5

1.8

3.0

0.11

0.50

5.9

0.53

16.8

3.0

1.04

4.3

3.6

3.6

1.2

3.7

0.11

0.55

3.9

0.71

39.0

5.0

1.17

4.5

3.6

3.6

1.5

2.6

0.12

0.60

2.8

0.53

44.0

6.0

1. 36

4.6

3.7

3.5

1.5

2,3

0.14

0.60

2.6

0.35

50.4

6.0

1. 27

4.7

3.8

3.4

4.8

2.0

0.18

0.60

2.2

4.94

60.0

8.0

0.99

4.5

3.8

3.9

1.4

2.5

0.08

0.75

1.9

0.36

51.6

8.0

1. 20

4.8

3.7

3.3

1.2

2.9

0.08

u.50

2.4

0.71

24.4

5.0

1.01

4.8

3.6

2.8

1.7

2.5

0.09

0.50

3.6

0.53

39.0

7.0

1. 31

4.6

3.9

4.8

1.0

2.6

0.09

0.50

2.8

0.71

41.2

4.5

1. 36

4.4

3.8

4.1

1.1

2.9

0.09

0.45

2.6

0.90

66.8

4.5

1. 36

4.7

3.7

3.5

1.7

2.7

0.08

0.45

2.8

0.53

26.8

6.0

1. 29

4.7

3.7

3.9

1.1

2.8

0.07

0.40

1.5

0.53

49.6

5.0

1.40

Mg

K

Na

CEC

(%Al sat.)

B

0.02

0.05

0.03

1. 59

90

0.26

0.01

0.01

0.03

3.92

98

0.32

0.02

0.10

0.03

4.10

93

0.30

0.02

0.10

0.04

3.06

93

0.35

0.02

0.14

0.04

3.92

93

0.26

0.01

0.07

0.03

3.29

95

0.30

0.02

0.11

0.03

3.27

93

0.24

0.02

0.09

0.03

3.95

94

0.26

0.02

0.07

0.03

2.84

93

0.23

0.02

0.07

0.03

2.56

91

0.28

0.02

0.11

0.05

2.36

87

0.23

0.02

0.07

0.03

2.70

94

0.24

0.01

0.06

0.07

3.12

95

0.25

0.01

0.05

0.03

2.68

94

0.30

0.02

0.10

0.03

2.84

93

0.17

0.03

0.10

0.03

3.15

93

0.23

0.01

0.08

0.03

2.90

94

0.22

0.01

0.06

0.04

2.98

95

0.28
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Table A1-2. Preliminary description of analytical results from Table A1-1
Variable

No. of
samples

Mean

S.D.

Preliminary
Description*

pH H2O

18

4.58888889

0.15296631

L

pH KCl

18

3.71111111

0.09633818

L

OM

18

3.77777778

0.77955912

M

P

18

1.63333333

0.84575062

VL

Al

18

2.83333333

0.62778790

H

Ca

18

0.10277778

0.02986352

VL

Mg

18

0.01722222

0.00574513

VL

K

18

0.08000000

0.02970443

VL

Na

18

0.03500000

0.01043185

L

CEC

18

3.06833333

0.63078149

VL

% Al Sat

18

93.22222222

2.28950433

T

B

18

0.26222222

0.04236474

L

Zn

18

0.54166667

0.09275204

VL

Mn

18

2.80000000

1.05160941

VL

Cu

18

0.79722222

1.04454778

M

Fe

18

39.42222222

15.1222296

T

S

18

5.47222222

1.39823652

M

Mo

18

1. 20944444

0.13798859

M

* T = toxic (Fe under poorly drained conditions),
VL = very low,
L = low,
M = moderate,
H = high.

It was clear from the data that fertilizer trials to further investigate
fertility problems for the Carimagua soil should be designed to take
liming, P, K, and Mg treatments into account and, if possible, Mn,
Zn, B, and possibly S and even Cu. (The soil under investigation is
well-drained and should not used for wetland crops without proper
investigation to avoid possible Fe toxicity problems).

Discussion
The recommendations from the statistical procedure applied to
the Carimagua soil compared well with actual findings from CIAT’s
experimental work over the 12 years previous to the application
of the procedure: Al toxicity and low levels of P and bases (K, Ca,
and Mg) were found to be the major limiting factors for many
arable crops planted experimentally in the region (Spain, 1976). Fe
toxicity was reported for flooded rice (Howeler, 1973). Ngongi et
al. (1977) found K and S deficiency problems in cassava. Howeler
et al. (1977) also describe lime by Zn, Mn, B, and Cu interactions in
cassava; further, they found that high liming rates reduced yields
by inducing Zn deficiency and possibly Mn and B deficiencies.
Much costly experimental work went into establishing these and
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similar results (reported in CIAT’s annual reports); had the statistical
sampling procedure reported in this Appendix been incorporated
into the initial soil survey study of the region, the soil fertility
specialists would have saved both time and costs. There is clearly
a critical need to improve the role soil surveys play in providing a
basis for soil fertility investigations, especially when carried out
on undeveloped lands. It may be noted that this procedure was
also followed experimentally for a limited number of other soils,
including soils from central Brazil and northern Bolivia.
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Appendix 2.

Tissue Analysis for Enhancing Field Fertilizer Trials.
The authors’ philosophy for improving fertilizer recommendations
for crops is to start field fertilizer trials as soon as possible in any
area where new crops are being introduced and monitor the trials
through comparative tissue analysis.

especially moisture stress. Tissue samples are thus best collected
after a suitable period of non-climatic induced conditions.

Implementing the Results of Monitoring.

Once the treatments are chosen, field trials should be kept as simple
as possible; replicated plot designs are often adequate. However,
the size and number of plots are important considerations. Plots
should be large enough to facilitate “splitting” of treatments.
Additionally, non-treated plots should be laid down alongside the
trial for further work, wherever possible.

Once the trial has been laid down and monitoring has started,
any results of the monitoring that suggest the need for further
in-field trial treatments should be implemented as soon as possible.
Comparative tissue monitoring ensures that appropriate action
can be taken timely enough to investigate problems not obvious
from the original soil analytical data. For example, Table 2 in the
copy of Cochrane’s 1979 paper, (see below), shows how the Mn
concentrations in the leaves of sugarcane altered with increasing
applications of (NH4)2SO4. This was detected soon after the trial
started and led to the speedy laying down of a supplementary trial
to confirm that Mn was indeed deficient. In another trial reported in
the same paper, the levels of Zn also looked suspiciously low; again,
speedy action by splitting the trial for Zn led to the finding that Zn
was, in fact, deficient. The net result of this work was that fertility
problems were identified and fertilizer practices formulated with
a minimum of delay. -It is interesting to speculate just how many
“fertilizer trial results” carried out over the past hundred or so years
have attributed the results to “deficiencies” of elements incorrectly!

Monitoring

A practical example of the technique.

Selection of Treatments for Field Trials.
If sufficient soil analytical information from soil surveys is available,
the technique described in Appendix A1 can fill a void in helping
to determine nutrient factors that should be examined in a field
trial. This approach advocates a breakaway from normal dogma
concerning the collection of soil samples for fertility analysis, which
usually recommends the making of an artificial composite sample
from 12 to 20 sub-samples in the field. Such a technique is useful for
monitoring fertility characteristics of individual plots in a field trial,
but is not so useful for obtaining a preliminary judgment to select
treatments.

When the treatments and design of a trial are chosen, a program for
monitoring the trial through soil and, especially, tissue analysis on a
plot by plot basis is essential. Composite samples for both soils and
tissue samples should be used to fairly represent the plot by plot
treatments. Tissue analysis should be as complete as possible. Most
laboratories, even in lesser developed countries, have a capacity or
could easily extend their capacity to do this work. Consequently, the
fertility specialist has a reading on all elements necessary for plant
nutrition.

Treating Tissue Analytical Data as Yield Data.
By taking plot by plot composite tissue samples, Cochrane (1979)
has shown that the need for a prior knowledge concerning tissue
analytical figures is obviated. He illustrated that the analytical data
for the samples can be treated and analyzed statistically in the
same way as yield data, to determine any significant differences.
This is a considerable break from existing practices, which center on
the time consuming and costly procedures previously advocated for
establishing “critical” levels for tissue analytical data. Obviously, the
use of tissue analyses will be enhanced if previous work is available
to obtain an idea as to possible deficiency levels.
Cochrane has emphasized that in order to take meaningful tissue
samples, the trial must be monitored for meteorological conditions,

The use of tissue analysis to complement fertilizer trials on a
plot by plot basis is independent of a prior knowledge of nutrient
content and would have wide applicability. The following paper
written many years ago by the senior author has been recorded
to demonstrate how the latter concept was applied to detecting
soil deficiencies in sugar-cane grown in the vicinity of Santa Cruz,
Bolivia.

Manganese and zinc deficiencies in sugar-cane grown in
Entisols near Santa Cruz, Bolivia
T. T. COCHRANE
Published in: Trop. Agri. (Trinidad) Vol. 56, No.3 July 1979.

ABSTRACT
Mn deficiency was identified on an Ustifluvent in a replicated block
trial with (NH4)2SO4 treatments equivalent to 0, 22, 44, 66, 88 and
110 kg N/ha. There were very highly significant linear responses not
only in terms of weights of cane and sugar, but also in terms of leaf
N and Mn levels. Leaf Mn concentration increased from 23 to 43
p.p.m. A follow-up trial with MnSO4 applications (equivalent to Mn
at 8 kg/ha) confirmed the Mn response. Zn deficiency was identified
on a Mollic Ustipsamment in an NPK factorial trial. Leaf Zn levels
averaged 9.5 p.p.m. The subsequent splitting of plots in this trial
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to test the effect of Zn at 6 kg/ha resulted in a significant yield
response and a significant increase in leaf Zn to 11.0 p. p.m. The Zn
treatment also resulted in a significant increase in leaf Mn from 48
to 56 p.p.m.

INTRODUCTION
THE PIEDMONT SOILS of the eastern lowland plains of Bolivia have
largely been formed on the erosion products of the adjacent,
actively eroding, soft sandstone ranges which extend along the
length of the sub-Andean chain. According to Ahlfeld and Branisa
(1960) these sandstones were laid down as sediments in the tertiary
period and have been subject to spectacular uplift movements
in relatively recent times. They are high in quartz and are often
calcareous. As recorded by Cochrane (1973), the soils formed on the
alluvial deposits of the smaller river systems originating in the subAndean ranges have coarse textures, high quartz sand contents and
are generally well supplied with calcium and phosphorus.
The objectives of this paper are to record the identification of Mn
and Zn deficiencies in sub-Andean Entisols; these deficiencies were
brought to light by leaf analyses used to complement field fertilizer
trials and monitor possible side effects of fertilizer applications.
They were found during the course of a series of regional fertilizer
trials on sugar-cane summarized by Cochrane (1977) in an
unpublished report for the Bolivian sugar-cane growers.

Soils
The Mollie Ustifluvent, soil A, has developed in a very recent alluvia
deposit of the Piray river near Montero, Santa Cruz, Bolivia. It is a
well drained, medium textured, dark brown soil. A topsoil analysis
(0 to 15 cm carried out in September 1970 is recorded in Table 1. The
pH was 7.4, and P, K, Ca and Mg levels were satisfactory. The soil
had a previous history of 20 years continuous sugar-cane cultivation
with reduced yields of late years.
Table 1. Some physical and chemical properties of the soils
Olsen
Na+
Ca++ Mg++
(mequiv./100 g soil)**

Soil

pH

EC*
(mho/cm)

OM
(%)

P
(p.p.m)

K+

A

7.4

0.42

2.6

24

0.8

0.4

27.0

3.0

6.8

0.20

2.9

9

0.4

0.4

12.0

2.0

B

Electrical conductivity measured in 1:5 soil:water suspension.
**Cations measured after extraction with 1.0 N NH4OAc.

*

The Mollie Ustipsamment, soil B, was found on an older deposit
of the same river system as soil A about 10 km westwards. The
subgroup “Mollic” is not recorded in the Ustipsamment great
group (Soil Survey Staff, 1975; but describes the soil. It has a well
drained, medium to light textured, dark brown topsoil, pH 6.8, lying
over a progressively sandier subsoil rich in quartz. The September
1970 topsoil analyses indicated satisfactory Ca and Mg levels but
moderate to low P and K levels (Table 1). The cropping history was
almost identical to that of soil A.
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Field methodology
Fertilizer trials were carried out on first ratoon sugar-cane, cultivar.
“CO421”, on selected plots of uniformity trials laid down for that
purpose the preceding year. The plots had given comparable yields
at the first harvest in mid-July 1971. The sugar-cane had been planted
on a 1 m x 1 m triangular grid basis using two setts, each of three
nodes, per planting hole to ensure uniformity of plant population.
The plot was 50 m2 in area and was enclosed within double guard
rows. Soil samples were taken annually at harvest time at 1 to 15 cm
and 15 to 30 cm depths. Yield data were recorded in terms of the
weights of fresh cane and of sugar.

Leaf analyses
The trials were monitored plot by plot by leaf analyses. The top
visible dewlap leaf (TVD leaf) was chosen for sampling following
the procedure described by Le Poidevin and Robinson (1960), using
the centre 20 cm of that leaf, less midrib. Samples were taken from
25 plants per plot and combined to obtain a representative plot
sample. They were taken following a minimum period of three
weeks during which the soil moisture was adequate, to avoid
problems related to element mobility associated with moisture
stress. The leaf analysis data were compared by subjecting them to
the same statistical analysis as the yield data.
Originally it was planned to carry out chemical analyses of all the
major, minor and trace elements of the leaf samples. Owing to lack
of facilities, it was only possible to carry out N, P, K, Ca, Mg, S, Mn,
Zn, and Fe analyses on a limited amount of foliar material.

Trials on soil A
Experiment I.-A randomized block trial with rates of (NH4)2SO4
corresponding to 0, 22, 44, 66, 88 and 110 kg N/ha was conducted
with four replications. The treatments were applied to threemonth-old ratoon cane on 7th October 1971. Monitoring of the
trial through leaf analyses started in December. As the data from
composite samples indicated, substantial increases not only in N
(1.4 to 1.9 per cent dry matter (DM) basis), but also in Mn levels (23 to
43 p.p.m. DM), it was decided to establish immediately a follow-up
trial, experiment II, to see if a response to Mn could be obtained,
Leaf sampling was repeated in February 1972. The experiment was
harvested on 26th July 1972.
Experiment II.-A randomized block trial with four treatments in five
replicates was laid down on 23 January 1972. The treatments were:
control (0); MnSO4, (8 kg Mn/ha); (NH4)2SO4, (88 kg N/ha); and MnSO4
(8 kg Mn/ha) plus (NH4)2 SO4 (88 kg N/ha). The trial was harvested on
5 July 1972.

Trial on soil B
Experiment III.-A single replicate N x K x S, 3x3 factorial experiment
confounded in three blocks was laid down. Treatments were 0, 34
and 68 k/ha N, 0, 30 and 60 kg/ha K2O and 0, 12.5 and 25 kg/ha S
applied as NH4NO3, KCl and flowers of sulphur to three-month-old
ratoon cane on 1st October 1971. The trial was harvested between 17
and 20th August 1972.

Foliar analysis of the control plot sampled in February 1972 gave the
Zn concentration as 9.5 p.p.m. which according to Evans (1959, 1965)
would be critical for cane growth. Consequently, it was decided to
continue the trial for a further year, but to modify it by splitting the
plots for Zn. On 1st September 1972, fertilizers were applied to the
second ratoon cane repeating the previous year’s treatments, with
the exception that nitrogen rates were increased to 0, 51 and 102
kg/ha. ZnSO4 was applied at the rate of 6 kg Zn/ha. This trial was
monitored by leaf analyses; leaf samples were taken on 9th March
1973 and the trial was harvested on 20th June 1973.

RESULTS AND DISCUSSION
Mn deficiency
Experiment l on soil A showed that there was a very large and highly
significant (P<0.001) linear response to (NH4)2SO4 both in terms of
weight of sugar-cane and weight of sugar (Table 2). The control
plots had an average cane yield of 79 t/ha whereas the 110 kg N /
ha plots had an average yield of 140 t/ha, an increase of 77 per cent.
Of particular interest was the fact that both N and Mn in the leaf
increased significantly (P = 0.001) with increasing rates of (NH4)2SO4
in a linear fashion.

Table A2-2. Effect of different rates of N on yield of cane and sugar and concentration of mineral constituents of the leaf on a dry matter
basis in experiment l
N rate

Wt. of cane
per plot

Wt. of sugar
per plot

Mineral concentrations in leaf
N

P

K

Ca

Mg

S

Mn

(kg/ha)

(kg)

(kg)

(%)

(%)

(%)

(%)

(%)

(%)

(p.p.m.)

0

393

30

1.14

0.16

1.00

0.18

0.10

0.10

23.8

22

453

34

1.17

0.13

0.97

0.20

0.09

0.11

26.3

44

506

38

I. 26

0.16

1.14

0.20

0.12

0.12

26.3

66

532

40

1.13

0.13

1.00

0.20

0.11

0.13

28.3

88

611

49

I. 38

0.14

1.01

0.19

0.12

0.13

36.3

110

701

50

1.39

0.16

1.15

0.16

0.12

0.11

41.3

36

4.14

0.11

-

-

-

LSD
(P=0.05)

6.8

Table A2-3. Effect of Mn and N, alone or in combination, on yield of cane and sugar in experiment II
Treatment

Average wt. of cane per plot (kg)

Average wt. of sugar per plot (kg)

0

113

0.9

MnSO4

129

10.5

(NH4)2SO4

130

11.2

MnSO4+(NH4)2SO4

136

11.3

LSD (P=0.05)

17

1.15
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The follow-up trial with direct MnSO4 applications (experiment II)
showed that there was a significant response to Mn in terms of
sugar yields (Table 3). It was clear, therefore, that both N and Mn
were limiting, and that (NH)2SO4 not only supplied N but also made
Mn more available. This was probably associated with a temporary
lowering of soil pH, although the soil pH taken before the trial and
at harvest time a year later showed no marked trend.

Table 5 summarizes the average leaf mineral contents “with and
without the application of Zn. There were significant (P=0.01)
increases not only in leaf Zn but also in leaf Mn levels due to the
application of Zn.
Table A2-5. Effect of applied Zn on concentrations of minerals in the dry
leaf in experiment III

Zn deficiency

N

Experiment IlI on soil B showed that there was a significant linear
response to N in terms of weight of cane and leaf N concentration
and that Zn also caused a statistically significant increase in yield of
cane (P = 0.05) and Zn content of leaf (P = 0.01) (Table 4).
Table A2-4. Effect of N, K, S and Zn on yield of cane and concentration
of N and Zn in the dry leaf in experiment lll
Concentration in leaf
Treatment

P

K

Ca

Mg

(%)

(%)

S

Mn

Zn

Fe

Treatment (%)

(%)

(%)

(%)

(p.p.m.)

(p.p.m.)

(p.p.m.)

0Zn

1.45

0.25 0.87 0.21

0.08

0.05

48.4

9.5

11.1

+Zn

1.39

0.25 0.87 0.21

0.08

0.05

55.8

11.0

10 .1

LSD
(P=0.05)

–

–

–

2.3

0.3

–

–

The effective monitoring of the trials by comparative leaf analyses
was mainly a result of the care taken to sample during the period of
vigorous vegetative growth under no-stress climatic conditions of
adequate moisture and temperature.

Wt. of cane
per plot

N

Zn

(kg)

(%)

(p.p.m.)

0N

117.4

1.39

9.9

IN

125.5

1. 37

10.3

2N

139.7

1.48

10.7

0K

124.8

1.42

10.6

lK

128.7

1.38

10.3

2K

129.1

1.38

10.1

0S

126.8

1.42

9.7

IS

129.6

1.52

10.8

CONCLUSIONS

2S

126.1

1.28

10.5

LSD (P=0.05)

21.0

0.04

0,5

0Zn

122.7

1.44

9.5

+Zn

132.0

1.35

11.0

There was a response to Mn in the Mollic Ustifluvent soil. (NH4)2SO4
applications not only supplied N but also made Mn more available
for sugar-cane growth. This was brought to light by the leaf analyses
and corroborated by the fact that direct applications of MnS04 to
the soil resulted in a significant increase in sugar yield.

LSD (P=0.05)

4.75

-----

0.3

Undoubtedly, however, the successful use of the method stemmed
in part from the use of the TVD leaf. This tissue is neither very
young nor very old, and has shown consistently good relationships
between nutrient contents and deficiency symptoms. Nevertheless,
a lack of prior knowledge in the choice of a tissue for sampling
need not preclude the use of the procedure for monitoring other
crop~soil-climate relationships, especially if those techniques for
comparing yield and age with nutrient concentration: as developed
by Terman and Engelstad (1972), Terman and Noggle (1973: and
Terman et at. (1975) are used to compensate for element dilution and
mobility effects.

Zn deficiency was identified in the Mollic Ustipsamment soil.
Low Zn concentrations in the leaf indicated a deficiency which
was subsequently proved by direct soil applications of ZnS04.
The Zn applications caused an increase in both leaf Zn and Mn
concentrations.
The deficiencies reported would probably have gone unnoticed
if the trials had not been monitored via leaf analyses. The leaf
analytical data were sensitive indicators, and when analyzed
statistically they showed highly significant responses to applied
nutrients. The use of tissue analyses in this way is independent of
a prior knowledge of leaf nutrient content, and would have wider
applicability to complement fertilizer trials. This is particularly
relevant in tropical areas with limited research resources” and
limited knowledge concerning the effects of fertilizers on soils.
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Appendix 3.

Estimating Fertilizer Needs in Lesser
Developed Tropical Regions.
When new crops are introduced, and especially in the lesser
developed tropical regions of the world, there is generally a lack
of information concerning the nutrient supplying capacity of the
soils to provide for healthy plant growth. Fertilizers, generally
N-P.K mixtures, are often applied with no real knowledge of crop
requirements. Nevertheless, the assessment of the possible
responses to fertilizer dressings can be used to provide a better
guide for future fertilizer applications, at least until controlled
fertilizer experiments can be carried out. An easy approach to
facilitate the calculation of more economical fertilizer applications
was developed by the senior author, (Cochrane T.T, 1988, Soil Sci.
Soc. Am.J. 52:525-529), with the title:
“A differential equation to estimate Fertilizer Response Curves”.
The methodology summarized in this Appendix has been extracted
from that article.

ABSTRACT (from the original article)
Second order polynomial equations are generally used to estimate
fertilizer response curves. However when new crops are introduced,
and especially in the lesser developed tropics, experimental data
are often inadequate for their application; consequently alternative
functions might be considered. This study was conducted to
develop a simple differential equation to predict fertilizer response.
The equation was formulated on the hypothesis that the slope
at any point along the response curve, but beyond the inflection
point if it is sigmoidal in shape, is proportional to the difference
between the crop yield at that point and maximum yield; dY/dF = k(
Y - Ym), in which Y = yield, F = fertilizer increment from a chosen initial
condition point at or beyond the inflection point, k = a constant
and Ym = maximum yield. The equation was explained with the
help of a theoretical corn (Zea mays L.) response to N curve, and
was tested successfully against the response data of fertilizer trials
recorded for sugar-cane (Saccharum cv. L.), bananas (Musa cv.
L.), potatoes (Solanum tuberosum L.), rice (Oryza sativa L.), bean
(Phaseolus vulgaris L.) and Panicum maximum (L.) grass. Predictions
of yields along the response curves, compared with equivalent
yields of the recorded curves, exceeded r2 = 0.995. No advanced
mathematical skills are needed to use the equation, which is easily
derived and applied with only the help of a hand-held calculator
with an Inx key. Further, it is readily incorporated into profit
equations for estimating economically optimal fertilizer dressings.
As the equation may be derived using data that is too tenuous for
other functions, it may warrant wider testing.
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Introduction
Although many of the currently available functions to predict the
response curve may give the best fit for a given set of experimental
data, and so add precision to the estimation of economically
optimal levels of fertilizer dressings, in many circumstances data
is insufficient, or simply not available, for their application. This
situation often arises when new crops are introduced, and even
when established crops are replaced with improved cultivars with
different fertilizer demands. Lack of data may be especially critical
in many lesser developed tropical regions with little or no history of
fertilizer use and experimentation. Consequently, the objective of
this study is to provide an alternative approach to approximate the
response function, through the development of a simple differential
equation that needs a minimum of data and mathematical
expertise for its specific derivation and application; further to show
that the function is readily incorporated into profit equations to
estimate economically optimal fertilizer applications.

Theory
In the hypothetical response curve of corn grain to N, Figure A3-1,
the shape of the curve between the inflection point Z, and that
of maximum yield M, suggests that the response of the crop to
increasing N application will change at a rate proportional to the
difference between its yield for a given level of N and its
maximum yield.
Corn
Grain
Yield
(kg ha-1)

M

100

200

Nitrogen application (kg ha-1)

Figure A3-1. A hypothetical response function showing the relationship
between corn grain yield and level of N, (after Cady and Laird, 1973).

The response of the crop to increasing N application can be
expressed as the function:
dY/dF = k(Y – Ym)

[1]

in which:
Y = yield of crop (kg grain ha ), Ym = maximum yield of crop
(kg grain ha-1), and F = fertilizer applied from point Z (kg N ha-1)
-1

After separating variables, Eq.[1] can be integrated:

ƒ dY/ (Y – Y ) = ƒ k(dF)
m

[2]

which on integration becomes:
In (Y – Ym) = kF + C

[3]

by taking both sides of Eq. [3] to the power of e
(Y – Ym) = ekF + C = ekF x eC

[4]

and since eC will be a constant, let it be C, thus:
Y = Ym + CekF

[5]

Equation [5] is the general formula of the response curve.
In the specific formula for a given circumstance, both C and k
must be evaluated. With reference to Figure A3-1 as a generalized
example with theoretical corn grain yield response values to N, C is
calculated from an “initial condition” letting F = 0. This may be at
the inflection point or any point between Z and M. If F = 0, then ekF
= ek(0) = 1.
By substituting F = 0 into Eq.[5] and letting the initial condition
coincide with Z where yield Y = 3600 kg grain ha-1, and with the
maximum yield Ym = 6300 kg grain ha-1:
3600 = 6300 + C

Measured Y

Calculated Y

kg ha-1
O (at Z)

3600

Initial condition

20
40
80t
120
160
200
240
280

4310
4860
5530t
5890
6080
6190
6260
6300

4327
4858
5888
6080
6182
6237
6267

t

Values of N and Y used for calculating k in the specific equation.

Testing the Equation
Four basic questions arose concerning the equation, and are
detailed in the original, published article.:

Question 1.

[7]

Answer to question 1.

[8]

and k = -0.01568. Consequently, the specific formula for the
response curve of Figure A3-1 is:
Y = 6300 - 2700 e-0.OI568F

N levels

The first was if the equation could be used to predict the response
curve when the inflection point “Z” is not known, as is common for
experiments carried out on relatively fertile soils.

The constant, k, can now be calculated by substituting a value
for F and its corresponding Y value from Figure A3-1 into Eq.[7].
For example, if F = 80 kg N ha-1, then Y = 5500 kg grain ha-1,
and by substituting these values into Eq.[7]
5530 = 6300 - 2700 e80k

Table A3-1. Measured v/s calculated corn grain yields from Figure
A3-1, using the differential equation.

[6]

therefore C = -2700. By substituting C = -2700 into Eq.[5],
Y = 6300 – 2700 ekF.

suggested that it provides a “law” for fertilizer response, but merely
a means of approximating the response curve between Z and M of
Figure A3-1.

Through testing the equation on experimental data from a sugarcane trial with increasing levels of (NH4)2SO4 equivalent to 0, 22,
44, 66, 88 and 110 kg N ha-1, with four replications, it was found
knowledge of the location of the inflection point of the response
curve is not necessary for the application of the equation.

Question 2.
[9]

Values of Y can now be calculated for any value of N, remembering
always that the N values are read from the inflection point where
F = 0, and do not necessarily correspond to those applied as
fertilizer.
Table A3-1 records a series of measured values for successive N
levels between Z and M of Figure A3-1 as read off the response
curve, and their equivalent values calculated using Eq.[9].
The values are very similar.
It might be noted that the same type of function as Eq.[5], though
obviously not applied to fertilizer response, was first formulated by
Isaac Newton to describe the Law of Cooling, and has since been
used to express many other physical phenomena. However it is not

The second question was, if the constant k, of a specific yield
equation varies according to the location of the third yield level
used in its derivation, between point Z or that chosen as its initial
condition. A banana (Musa cv. L.) trial data recorded by the Regional
Research Center (1964), was used to examine this question.

Answer to question 2.
The banana trial results clearly indicated that k values derived using
a range of yield levels between the initial condition where F = 0, and
that of maximum yield, are relatively constant. Nevertheless, they
do vary near the extremes of the curve; this would indicate that
the yield levels used to derive the specific equations are best
chosen from the middle third of the response curve. It may be
noted that the equation gave a very close prediction of the response
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curve; r2 = 0.999 on comparing the equivalent recorded versus
calculated yields.

Question 3.
The third question that arose was “how does the equation compare
with other models used to predict the responses curve”, but
ignoring the fact that other models need considerably more data for
their derivation. Waugh et al. (1975), recorded a comparison of the
N response curves given by quadratic, square root, logarithmic and
“linear response and plateau” models fitted to the combined results
of potato (Solanum tuberosum L.) trials carried out in the central
highlands of Bolivia. The trials had a common central composite
rotatable design with four levels each of N, P, and K. Consequently
it was decided to use the same data to calculate a response curve
using the equation, and to compare the result with those of the
other models, by tabulating yields at equivalent fertilizer levels.
In addition to the foregoing information, the equation was tested
against other recorded data: the rice (Oryza sativa L.) response to N
curves recorded by Sanchez (1972) for Peru and Australia, each based
on the combined data of many experiments, were summarized
separately in tabular form to compare their equivalent yield levels
with those calculated by the equation. The effect of N on bean
(Phaseolus vulgaris L.) yield from a series of field trials carried out
in Central America between 1971 and 1973 (Bazan, 1975), that was
fitted to a quadratic response curve, was also summarized in tabular
form to compare yields with those calculated by the equation. Fi
nally, yield levels from the response of Panicum maximum (L.) grass
to basic slag applied to a Colombian Oxisol in pot trials (Centro
Internacional de Agricultura Tropical, 1977), were compared with
those calculated by the equation.

Answer to question 3.
In comparing the equation with other models, it should be borne
in mind that a function which provides the best “goodness of fit”
with one set of experimental data, will not necessarily do so with
another. For the potato trial data used by Waugh et al. (1975), the
square root model gave the best fit; R2 = 0.738**. Yet this varied
little from the “linear response and plateau” model, R2 = 0.737**,
the logarithmic model, R2 = 0.730** and the quadratic model, R2 =
0.664**. The senior author (1988) compared yields at equivalent N
levels taken from the response curves predicted by those models,
with that of the yield levels calculated by the equation. It compared
best with the square root model, r2 = 0.9964, but compares almost
equally as well with the logarithmic model, r2 = 0.9958, and only a
little less favorably with the quadratic function, r2 = 0.9797.
The comparison of the rice response to N data recorded by
Sanchez (1972), with those calculated by the equation, was also
summarized by the senior author (1988). For the comparable yields
of the Peruvian data r2 = 0.997 and for those of the Australian data
r2 = 0.9998. The bean yield data that compared yields taken from a
quadratic response curve with those calculated by the equation,
but using yield values taken from that curve to derive the specific
equation, showed that for the recorded v/s. calculated yields,
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r2 = 0.995. Finally, the Panicum maximum yields recorded differed
very little from the calculated yields; r2 = 0.999. Consequently, it was
shown that the equation not only compares well with other models
used to estimate the response curve, but also does so for a wide
range of crop and soil circumstances.

Question 4.
The last question asked was that of the ease with which the
equation can be incorporated into profit equations to estimate
economically optimal fertilizer dressings. To address this question,
an example of the calculation of a profit equation is recorded, using
an equation derived for estimating the calculated sugar response to
(NH4)2 SO4 curve of an experiment.

Answer to question 4.
To demonstrate how the equation facilitates the calculation of
economically optimal fertilizer applications, an equation that
was used to calculate the response curve of a sugar trial with
different levels of (NH4)2SO4 (refer Table 3 of the original article),
was incorporated into the following “profit equation” to calculate
the level of N applied as (NH4)2SO4 for sugar-cane production under
sugar factory control:
P = YPo - a – YP1 – FP2

[10]

in which
P = profit
Y = yield of sugar, kg ha-1
P0 = price received for sugar
P1 = price of variable costs dependent on yield
P2 = price per kg of N applied beyond point Z of Figure A3- 2
in the original article.
a= fixed costs to achieve the yield at point Z.
If P0 = $0.25, P1 = $0.10 and P2 = $1.00, then by substituting these
values into Eq.[10] along with Eq. [10] of the original article to
describe Y
P = (10000 - 1200 e-0.1493F) 0.25 - a
- (10 000 - 1200 e-0.1493F) 0.10 - 1.0 F

[11]

Eq.[11] simplifies to:
P = (10000 - 1200 e-0.1493F) 0.15 – a -1.0 F

[12]

by differentiation
dP/dF = 26.874e-0.1493F – 1.0

[13]

by maximizing P at dP/dF = 0,
1.0 = 26.874 e-0.1493F

[14]

and therefore, F = 22 kg N ha .
-1

The F value can now be substituted into Eq.[11] For example, if the
fixed costs “a” are calculated as $400 ha-1, then the profit P = $1072
ha-1. In comparison, when Po = $0.15 kg-I sugar, and keeping P1 and P2
constant, then F = 14.7 kg N ha-1, and P = $79 ha-1.

It is evident that the equation for calculating Y can be used with
other profit equations of the type described by Eq.[10], to greatly
facilitate the calculation of economically optimal levels of fertilizer
input.

Additional observations.
The equation differs from second order polynomial functions
in that it can only estimate the response curve to the point of
maximum yield; it also tends to slightly underestimate this point.
On the other hand, it needs only a minimum of yield data for its
specific derivation, and gives consistently good yield predictions.
No special mathematical skills or computer equipment are needed
to use the equation; only a handheld calculator with an Inx key was
used for the calculations in this study. Further, it is readily incorpo
rated into profit equations. Consequently, it may help meet the
needs of agronomists faced with the problem of making fertilizer
recommendations when the available data is too tenuous for other
functions, and would appear to warrant wider testing.
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Appendix 4.

Measuring the Surface Charge Characteristics of
Oxisols and Ultisols.
A simple, sensitive method for the routine measurement of
the cation and anion exchange capacities (CEC, AEC) and both
exchangeable cations and anions in low-activity clay soils was
developed by the senior author. It is also suitable for studying
the effect of Cl- and SO42- on the surface charge characteristics
of Oxisols and Ultisols. It was originally published as the paper
titled “Measuring surface charge characteristics in Oxisols and
Ultisols” (Cochrane and Gomes de Souza, 1985); a summary of the
publication follows:

MEASURING SURFACE CHARGE CHARACTERISTICS
IN OXISOLS AND ULTISOLS.
ABSTRACT
A method is described for measuring cation and anion exchange
capacities (CEC, AEC) and both exchangeable cations and anions
in low-activity clay soils, using NH4NO3 solutions; CEC and AEC
are determined by equilibrating soil with solution strengths
that reflect field conditions, as indicated by osmotic potential
measurements. Comparative analyses illustrate that the initial 0.5M
NH4NO3 extraction provides an effective alternative for routine
exchangeable cation, anion, and Al analyses. The methodology is
simple, sensitive, and suitable for studying the effect of CI- and SO42on the surface charge characteristics of Oxisols and Ultisols.

INTRODUCTION
The efficient fertilization of Oxisols and Ultisols is complicated in
that their large amounts of kaolinite and Fe and Al oxides result
in exchange surfaces that may be both negatively and positively
charged. Further, the charge characteristics of these soils are
influenced by the pH and ionic strength of their soil solutions (van
Raij and Peech 1972; Keng and Uehara 1974; Morais et al. 1976; and
Gallez et al. 1976). As soil solution strengths vary with fertilization
and also fluctuate through the bacterial buildup of nitrates (Hardy
1946), the development of methods to gauge both the cation
exchange capacity (CEC) and the anion exchange capacity (AEC) of
these soils is fundamental for their management.
Recently Gillman (1979) and Gillman and Bakker (1979) proposed a
method for measuring the exchange properties of highly weathered
soils. In their method, exchangeable cations are determined from an
initial extraction of a soil sub-sample with 0.1M BaCl2 to which 0.1 M
NH4CI may be added to enhance K+ extraction (Gillman et al. 1982).
The sub-sample is subsequently equilibrated with a dilute BaCl2
solution having an ionic strength approximated to soil solution
conditions, and the Ba2+ and CI- retained on the exchange surface
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are estimated to calculate CEC and AEC, respectively. This is done by
using an adaptation of the “compulsive” CEC procedure developed
by Bascombe (1964), in which Ba2+ is precipitated as BaSO4 by adding
an MgSO4 solution.
Unfortunately, Gillman and Bakker’s method is unsuited for
studies on the movement of CI- and SO42- in soils. The SO42- cannot
be measured in the presence of Ba2+. Furthermore the Ba2+ may
be precipitated by SO42- as BaSO4 and might interfere with the
exchange surface. In addition, the sensitivity of their procedure
for approximating the strength of the BaCl2 equilibrating solution
to reflect soil solution conditions may be questioned. The ionic
strength of their BaCl2 equilibrating solution is calculated from
electrical conductivity, EC, measurements of 48-h, 1:5, soil-water
suspensions by using a regression equation that expresses these in
terms of the ionic strength of soil solutions. However, that equation
is based on a linear regression between the EC of soil-water suspen
sions and the ionic strength of soil solutions of samples from six
North Australian profiles, only (Gillman and Bell 1978). Further, the
soil solutions were extracted from soil samples that had been
incubated at 0.01 MPa for long periods, by centrifuging (Gillman
1976) and cannot be compared with the soil solution of field
conditions where moisture conditions are constantly changing.
The role of CaSO42- in correcting subsoil Ca deficiency in Oxisols has
been emphasized by the work of Ritchie et al. (1980). Both SO42- and
Cl- are common components of many fertilizers and may influence
the movement of cations down the soil profile. Consequently, their
influence on the variable charge of low-activity clay soils, studied
in conjunction with their common ion effect in solubilizing cations
(van Beek and Bolt 1973), could lead to more efficient fertilizer use.
An alternative methodology for CEC and AEC analysis was developed
as a first step to meet this challenge.

The method
In the method developed, exchangeable cations and anions are
determined from an initial extraction of soil sub-samples with 0.5
M NH4NO3. Then the sub-samples are equilibrated with an NH4NO3
solution that approximates the ionic strength of soil solution in the
field, as accorded by osmotic potential measurements. The NH4+ and
NO3- held by the exchange surface are then removed by extraction
with isotonic KCI solution and analyzed to determine CEC and AEC,
respectively. It might be noted that the selection of 0.5 M NH4NO3
for extracting nutrient ions follows the experience of Schofield
(1949) and many other authors. In addition, the use of NO3- for AEC
analysis is logical in view of the critical role it plays in the leaching
process of tropical soils (Nye and Greenland 1960). A summary of the
method follows:

Three-gram sub-samples of 2-mm sieved soil that has been dried
in an oven at 40°C, are placed in 50-ml pre-weighed, screw-top,
polypropylene centrifuge tubes. To these are added 30ml aliquots
of 0.5 M NH4NO3, and the tubes are shaken for 2 h on a reciprocal
shaker at 100 rpm. The suspension is then centrifuged at 6000 rpm,
and the supernatant solution collected for the following analyses:
pH using a glass electrode; Ca, Mg, Mn, Zn, Cu, and Fe by atomic
absorption spectrophotometry; K and Na by flame emission, SO42- -S
by turbimetry (after Bardsley and Lancaster 1960); Cl using a Buchler
chloridometer; and Al with the aluminon method of Chenery (1948).
The soil left in the centrifuge tubes is equilibrated with a dilute
NH4NO3 solution approximately equal to the osmotic potential of
the soil solution; for routine work on Brazilian Oxisols, 0.0215 M
NH4NO3 was chosen on the basis of work summarized below. To
achieve equilibration, 30-ml aliquots of 0.0215 M NH4NO3 are added
to the tubes, which are shaken for 60 min and then centrifuged.
The supernatants are discarded. This step is repeated three times to
complete the equilibration, and then the tubes containing the moist
soils are weighed to calculate the amount of “entrained” dilute
NH4NO3.
Finally, the NH4+ and NO3- held on the NH4NO3-equilibrated soil are
exchanged with K+ and Cl- by repetitive extractions with 0.02 M KCl,
which has the same osmotic potential, as the 0.0215 M NH4NO3 used
for equilibratior. Thirty-milliliter aliquots of 0.02 M KCl are added to
the tubes, which are shaken for 60 min and then centrifuged. The
supernatants containing the NH4+ and NO3- are collected. This step
is repeated three times, and the collective supernatant from a given
sample is combined for NH4+ and NO3- analyses, using an adaptation
of the method recorded by Bremner and Keeney (1966). The CEC is
calculated from the amount of NH4+ extracted less that entrained
and the AEC from the amount of NO3- less that entrained. (It should
be noted that, if the 0.02 M KCl extraction is suspended overnight,
drops of toluene should be added to the 0.02 M KCl-soil mixture to
prevent bacterial action.)

The osmotic potential of the soil solution is readily measured
with a portable Wescor HR-33T Dew Point Microvoltometer
equipped wit a Wescor C-52 sample chamber; both the dew point
and psychrometric vapor pressure mode may be used singly or in
combination. For moist soils, a simple technique was devised to
read the osmotic potential of the soil solution. The tiny filter paper
disc used in the C-52 sample chamber is slipped into a small piece of
folded filter paper, which is inserted into a knife slit made in the soil.
After a few minutes to allow for soaking and equilibration, the filter
paper is taken out, the tiny disc put into the sample chamber, and
the osmotic potential of the soil solution read. However, for drier
soils, soil water is best extracted using a pressure membrane.

Investigations in the development of the methodology
Three aspects of special interest in the investigations carried out in
developing the analytical methodology have been detailed in the
original publication. In brief:
1. The solute concentration ranges in Brazilian Oxisol soil solutions
were investigated.
On the basis of the field measurements it was decided to use 0.0215
M NH4NOs for routine equilibrations on Acrustox; this gives an
osmotic potential of -0.1 MPa. This concentration is considered
tentative pending future findings. Obviously, it can be varied for
specific studies.
2. The exchangeable cations extracted with 0.5 M NH4NO3 were
compared with those extracted with 0.1 M BaCl2 and 1.0 M KCI
solutions.
It was found that there are several advantages in using 0.5 M
NH4NOs as an extractant. Ammonium nitrate is an inexpensive
reagent that is easy to obtain virtually contaminant-free. For the
Brazilian Cerrados soils, NH4+ appears as effective as Ba2+ or K+ for
exchanging Ca2+ and Mg2+; it is much more effective for replacing K+.

Table A4-1 Regression equations for extraction of bases from 20 Cerrados soils by three extracting solutions
Soil

0.5 M NH4 N03 / 1M KCI

parameter Equation
Final pH

y = 0.610 + 0.805x

0.5 M NH4 N03 / O.1M BaCl2
r

a

0.958***

d

Ca
Mg

y = 1.627 + 0.999x
y = 1.734 + 0.958x

K
Al

NDb
y = 15.207 + 1.020x

Equation

r

Equation

r

y = 1.780 + 0.550x

0.850***

y = 1.780 + 0.550x

0.895***

mg.kg

mg.kg

-1

1MKCl/0.1M BaCl2

mg.kg

-1

-1

0.990***
0.993***

y = -1.607 + 0.997x
y = -0.620 + 0.972x

0.992***
0.994***

y = -2.449 + 0.992x
y = -2.147 + 1.007x

0.997***
0.993***

0.985***

y = 0.1812 + 0.468x
y = 38.255 + 0.797x

0.355NSc
0.957***

ND
v = 26.33 + 0.776x

0.966***

a

x is value of soil parameter determined on the first extracting solution.

b

ND = not determined.

c

NS= not significant at p = 0.05.

d

Significant at p = 0.001.
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The nitrate ion can be used for replacing SO42--S (Couto et al. 1978),
which is not feasible using a BaC12 solution because of possible
BaSO4 precipitation al interference on the soil exchange surfaces.
However 0.5 M NH4NOs does not exchange as much Al as the other
solutions; 1.0 M KCL replaceable Al values may be calculated using
the regression equations recorded in Table A4-1.

Cochrane, T.T., L.G. Sanchez, L.G. Azevedo and C.L. Carver. 1985. Land in
Tropical America. Vols. 1, 2 and 3.+ maps. ISBN 84-89206. CIAT, Cali, Colombia
and EMBRAPA, Planaltina, D.F., Brazil. (Available from the authors’ Web site
“www.agteca.org”).
Couto, W., D.J. Lathwell and D R. Bouldin. 1978. Sulfate sorption by two
Oxisols and an Alfisol of the tropics. Soil Sci. 127:108-116.

3. The amounts of NH4+ and N03- exchanged from the NH4NO3equilibrated soils were compared using four different salt solutions:
0.02 M KCI, 0.02 M NaCl, 0.01 M NaCl plus 0.0145 M MgS04, and 1.0
M KCl.

Gallez, A., A.S.R. Juo and A.J. Herbillon. 1976. Surface and charge
characteristics of selected soils in the tropics. Soil Sci. Soc. Am. J. 40:601608.

Overall, 0.02 M KCl gave the highest readings, but these were very
highly correlated with values from the other solutions. That 0.02 M
KCl proved to be a more efficient extractor of NH4+ than 1.0 M KCl
would support past finding that the concentration of extracting
solution influences the surface charge characteristics variablecharge soils.

Gillman, G.P. 1979. A proposed method for the measurement of exchange
properties of highly weathered soils. Aust. J. Soil Res. 17:129-139.

CONCLUSIONS

Gillman, G.P., J.O. Skjemstad and R.C. Bruce. 1982. A comparison of methods
used in Queensland for determining cation exchange properties. Division of
Soils Technical Paper 44. CSIRO, Australia.

A straightforward method for carrying out both CEC and AEC
analyses was been developed for studying the surface charge
characteristics of Oxisols and Ultisols. The use of NH4NO3 as an
extracting and equilibrating solution permits a wide range of
analyses. The influence of SO42- on the charge characteristics of a
soil profile may be investigated with the methodology, and could
lead to significant advances in the use of CaSO42- for correcting
subsoil Ca deficiency and Al toxicity. The use of osmotic potential
readings to gauge soil solution strengths under field conditions and
adjust the equilibrating solution accordingly would open up many
new research possibilities. The effects of cultural practices, soil
water conditions, and seasonal fluctuations in soil nitrate levels on
CEC and AEC may readily be investigated in the quest to improve soil
productivity in the acid soils of the tropics.
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Appendix 5.

A Field Test for Iron Toxicity Conditions
in Tropical Soils.
A FIELD TEST FOR FERROUS IRON AND FERRIC-ORGANIC
COMPLEXES IN CERRADOS SOlLS.
Extract from the publication:

FIELD TEST FOR FERROUS IRON AND FERRIC-ORGANIC
COMPLEXES IN CERRADOS SOlLS, Pesq. agropec. bras.,
BrasIlia, 21(3);327-330, March 1986, authors Thomas T.
Cochrane and Djalma M. G. de Sousa
ABSTRACT
A 0.1 M solution of barium chloride containing 1,10 phenanthroline
indicator gave a satisfactory field test for exchangeable and watersoluble ferrous iron in Cerrados soils. A 1 ml subsample of soil is
added to a vial containing 5 ml of the solution and shaken for. 20
seconds. An orange-red colour indicates the presence of ferrous
iron. The presence of ferric-organic complexes in soils can also be
detected, as the reduction of ferric to ferrous iron in the presence of
oxidisable organic ligands is a photochemical process. Subsamples
of soils are added to two separate vials containing the solution and
shaken for 20 seconds. One vial is kept in the dark and the other
exposed to sunlight. After five to fifteen minutes, the development
of an orange-red colour in the vial exposed to light in contrast with
no colour change in the other, indicates the presence of ferricorganic complexes.

TESTES DE CAMPO PARA FERRO FERROSO E COMPLEXOS
FERRICO-ORGANICOS EM SOLOS DE CERRADO
RESUMO - Uma solucao 0,1 molar de cloreto de bario, contendo
0 indicador 1,10 - fenantrolina, pode ser utilizado como um teste
satisfatorio feito no campo para detectar a presença de ferro ferroso
trocavél e soluvel em agua nos solos de Cerrados. Este teste consta
da adição de 5 ml da solução de cloreto de bario + 1,10· fenantrolina
a 1 ml de solo com agitação por 20 segundos. 0 desenvolvimento
da cor laranja-avermelhado indica a presença de ferro ferroso. A
presença de complexos ferrico-organicos pode tambem ser
detectada, pela redução do ferro ferric a ferroso na presença
de ligantes organicos oxidaveis por um processo fotoquimico.
Subamostras de solos são adicionadas em dois frascos distintos,
contendo a solução de cloreto de bario + 1,10 - fenantrolina e
agitados por 20 segundos. Um frasco e guardado no escuro e 0
outro e exposto a luz solar. Dentro de cinco a quinze minutos uma
cor laranja-avermelhado e desenvolvida no frasco exposto a luz,
enquanto no frasco que permaneceu no escuro não ha mudança de
cor, 0 que indica a presença de complexos ferricos organicos.

INTRODUCTION
In many soils, oxidizing conditions are associated with the redbrown colours of insoluble ferric forms of iron, particularly ferric
oxides and hydrous oxides. These contrast with the grey colours
common under water-logged conditions, resulting from the
reduction of ferric iron to soluble ferrous ions. However, in certain
Cerrados (savanna) soils, especially members classified within
the broad Latossolo Vermelho Amarelo group of the Brazilian
Classification System (Empresa Brasileira de Pesquisa Agropecuaria
1981), wet season water-logging occurs without clear colour
differentiation.
A field test for the identification of ferrous iron and ferric organic
complexes in New Zealand soils was published by Childs (1981).
However, Childs uses a buffered neutral solution for extracting
ferrous ions (ammonium acetate solution buffered at pH 7);and
doubts may be expressed as to the advisability of using such with
the predominantly variably charged soils with pH dependence in the
Cerrados (Cochrane et al. 1985).
As no field test suitable for the identification of ferrous iron in
Cerrados soils has been reported in the literature, the following was
developed:
“One ml soil sub-samples are added to two vials each containing
5 ml of 0.1 M barium chloride solution with 1,10 - phenanthroline
indicator at a concentration of 0.2 g/l, and shaken for 20 seconds.
One vial is exposed to sunlight and the other kept in the dark to
avoid the possible photo-reduction of ferric to ferrous iron in the
presence of organic ligands. The soil is allowed to settle and the
vials inspected at one, five, ten and fifteen minute intervals. An
orange-brown colour developed only in the vial exposed to light
indicates the presence of light sensitive ferric organic complexes.
Colour development in both vials indicates the presence of ferrous
iron.”
The sensitivity of the test using dilute concentrations of ferrous
iron as sulphate was summarized as follows:

Concentration of Fe2+
mmol/6

Colour development

0.00179

weak orange pink

0.00895

distinct orange pink

0.01791

distinct orange red

0.08953

strong orange red
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The colour development was distinctive in concentrations as low as
0.00895 m mol/l. The colour developed with 1,10 - phenanthroline
is stable for several hours. The latter was used in the test as it was
available locally and is often used for the quantitative analysis of
ferrous iron (Vydra & Kopanica 1963). However, other indicators
including dipyridyl (Heaney & Davidson 1977) or bathophe
nanthroline (McMahon 1969) might be used. The 0.1 M barium
chloride solution chosen for the extractant, follows the approach of
Gillman (1979), and enables identification of ferrous iron at pH levels
approaching those of the soil. However, other neutral salt solutions
including potassium chloride could be used. The technique of
exposing one vial to sunlight and keeping the other in the dark
to identify any photochemical reduction of ferric to ferrous iron,
follows from the work of Childs (1981).
Testing the Test.
The test was originally carried out on three distinct soils from sites
along a cross-section of the Cerrados landscape at the EMBRAPACentro de Pesquisa Agropecuaria dos Cerrados, experimental
station. These included an upland, poorly drained Latossolo
Vermelho-Amarelo (LVA) sited near the edge of a “chapada” (upper
plain surface), a well drained Latossolo Vermelho-Escuro (LVE) in
an intermediate slope position and a poorly drained hydromorphic
found in the lower part of the landscape. None of the soils tested
had light sensitive ferric organic complexes. No Fe2+ was identified
in the poorly drained LVA upland “chapada” soil even at a depth
of 120 cm where it had been saturated with water for about three
months. This would indicate that the soil water is well oxygenated
due to its lateral movement through the soil. A negative test was
given for the LVE soil; this was expected as these are well drained
adequately aerated soils. On the other hand, the hydromorphic soil
in the lower part of the landscape gave a very strong test for ferrous
iron, even at a depth of only 5 cm. It was noted, however, that the
strength of this latter test diminished rapidly in soil samples taken
back to the laboratory and allowed to dry out. Oxidation on drying
follows a predictable pattern, and illustrates the need for examining
ferrous iron conditions in the field.

Conclusion
The test identifies water soluble and exchangeable ferrous iron
at a pH approximating that of the soil, and takes the possible
photochemical reduction of ferric to ferrous iron in the presence
of organic ligands to account. It is simple and could readily be
used by agronomists to identify potentially iron toxic conditions in
poorly drained soils, including “varzeas” being considered for the
cultivation of wet-land rice. Further, it would be a useful part of the
field kit of soil scientists to help with the study of the dynamics of
iron movements both within the soil profile and throughout the
landscape.
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Appendix 6.

Correcting Al Toxicity in Tropical Mineral Soils.
From the mid-1960s up until the 1980s, the preferred method of
making liming recommendations to correct Al toxicity in acid
mineral soils has been to base them on the equation:

soil is about 1.2. For a soil with a known apparent specific gravity, a
correction may be made by dividing the estimated lime requirement
by 1.2 and multiplying by the known specific gravity.

“meq (cmolckg-1) Ca/ 100 g soil = 1.5 meq exch. Al/ 100 g soil”

Virtually no exchangeable Al or soil solution Al is found in mineral
soils (containing less than 7% organic matter) with a pH higher
than 5.4, as noted by McCart and Kamprath (1965) and Pratt and
Alvahydo (1966). Therefore, the term “acid mineral” soil is used in
the context of a soil having a pH less than 5.5 and an organic matter
content less than 7%.

as recorded by Mohr (1960), and latter by Cate (1965), and Kamprath
(1970), rather than on liming to a given pH. Nevertheless, Evans
and Kamprath (1970), Kamprath (1971), and subsequent workers,
including Spain (1976), have indicated that, for many crops, the
equation usually grossly overestimates liming requirements, partly
because of varying degrees of plant tolerance to Al.
In more recent years, Spain (1976), Rhue and Grogan (1977), and
Salinas (1978) have shown that consistent differences in Al tolerance
are found among plant species and cultivars within species. It is
evident therefore, that crop tolerance to Al should be taken into
account in estimating the amounts of lime needed to correct Al
toxicity. Another problem with the above equation is that it is based
solely on the amount of exchangeable Al in the soil; it does not take
the levels of exchangeable Ca, Mg, and K already in the soil into
account. The level of these exchangeable cations is important in
determining liming requirements.

An Improved Liming Equation
To compensate crop aluminum tolerance and take the levels of
exchangeable Ca and Mg in the soil into account Cochrane et
al.(1980) published the following equation to improve the liming
acid mineral soils:

Lime required:
(CaCO3 equiv. tons/ha) = 1.8 [Al -RAS (Al +Ca + Mg)/ 100] [1]
in which:
Al = cmolckg-1 (meq) Al/ 100 g soil, 1N KCI extract.
Ca = cmolckg Ca/ 100 g soil, 1N KCI extract.
-1

Mg = cmolckg-1 Mg/ 100 g soil, 1N KCI extract.
RAS = required % Al saturation of the effective cation exchange
capacity.
Note: The lime requirement estimated by the formula is multiplied
by 1.33 instead of 1.8 as shown in the equation if it exceeds the value
of the cmolckg-1 (meq) Al/100 g soil, IN KCI extract.
It is also noted that:
1. In order to calculate the minimal liming requirement of a soil
for a given crop, the RAS will be the same as the percentage of Al
saturation at which the crop tolerates soil Al;
2. This formula assumes that the apparent specific gravity of the

In acid mineral soils, soil solution Al and percentage Al saturation
are related, as shown by Evans and Kamprath (1970) and Breenes and
Pearson (1973). Furthermore, Nye et al. (1961) have shown that the
amount of Al in soil solution is low until an Al saturation of about
60% is reached.
Several investigators, including Evans and Kamprath (1970), Abruña
et al. (1975), and Sartain and Kamprath (1975), have shown a close
relationship between Al saturation and plant response. Evans and
Kamprath (1970) noted that maize tolerated up to 70% Al saturation
compared with 30% for soy-bean. Upland rice, cassava, cowpea,
groundnut, and many pasture species are tolerant to quite high
rates of Al saturation, as shown by Spain (1976). Recently, Salinas
(1978) has identified varietal tolerances to Al toxicity in wheat,
maize, sorghum, rice, and beans as part of a low-input strategy to
manage Brazilian Oxisols.
These concepts were integrated to formulate the equation for
liming mineral acid soils. This equation estimates minimal liming
needs at different levels of Al saturation. It is clear that lime
should only be applied to soils with pH values lower than 5.5, and
that it should reduce Al saturation to a level commensurate with
the tolerance of the crop to Al. The equation was derived in the
following way.
Assuming that all the Al is in the exchangeable form, the following
relationship would express the basic liming concept:
Aly = Cax

[2]

in which:
Alx = cmolckg-1 of Al/100 g soil replaced by liming in the exchange
complex, and
Cax = cmolckg-1 of Ca/ 100 g soil added to the exchange complex.
Likewise, in order to calculate the amount of Ca that should be
added to the exchange complex to reduce the Al saturation to a
given level, the equation:
(Al - Aly)/(Al - Aly + Ca + Cax + Mg) = RAS/ 100
could be used in which:

[3]

Al = cmolckg-1 of Al/100 g soil in the original exchange complex;
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Aly = cmolckg-1 of Al/100 g soil replaced by liming;
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-1

Cax = cmolckg of Ca/100 g soil added to the exchange complex;
-1

Mg = cmolckg-1 of Mg/100 g soil in the original exchange complex;
RAS = required percentage Al saturation.
By using equation [2], each occurrence of Al, in equation [3] can be
replaced by Cax.
Then, solving the resulting equation for Cax, gives:
Cax= Al - RAS (AI + Ca + Mg) / 100

		

[4]

Since not all the Al replaced by liming is exchangeable, as
emphasized by Kamprath (1970), the right side of the equation
should be multiplied by a factor of 1.5 when moderate levels of Al
saturation are required, and by a factor of 2 when very low levels are
needed. Equation [4] then becomes:
cmolckg-1 Ca/100 g soil required for liming = 1.5 [Al - RAS (Al + Ca +
Mg)/ 100] 					
[5]
in which:
the factor 1.5 is replaced by 2 when the estimated liming
requirement using the factor 1.5 is greater than the chemical lime
equivalent of the exchangeable Al. This criterion follows from the
calculated data.
It is clear that the highest lime requirement estimated by
the equation is twice the chemical lime equivalent of the
exchangeable Al.
Equation [5] was used for estimating field lime requirement, as
given by equation [1]. It assumes that a soil has an apparent specific
gravity of 1.2; that 1 hectare of soil to the 20-cm depth would weigh
2.4 million kg.

Testing the Equation.
Cochrane et al. (1980) tested the equation using data from other
authors’ field and incubation studies over a variety of soils ranging
from North Carolina State in the United States to São Paulo state in
southern Brazil. This included Kamprath’s (1970) incubation data for
four North Carolina Ultisols; Leon’s (CIAT, pers. comm.) incubation
data from Colombian Oxisols and Ultisols; field data from a Central
Brazilian Acrustox (Salinas, 1978); data from field trials on an
Acrustox from Sao Paulo (van Raij et al., 1977); and data from further
field trials on a Central Brazilian Acrustox (González-Erico, 1976). It
gave a very good estimation of the field-proven lime rates needed to
reduce the percentage of Al saturation to a required value.

Soil Analysis for the Equation
The use of the equation requires no soil analysis beyond the 1N
KCI extraction of Al, Ca, and Mg. There is ample literature on crop
tolerance to Al, in terms of percentage of Al
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Appendix 7.

The Chemical Properties of Native Savanna and
Forest Soils in Central Brazil.
A summary of the findings reported in the senior author’s
publication in Soil Sci. Soc. Am. J., 1989, 53:139-141.

ABSTRACT
Recent research of the well-drained cerrados (savanna) soils of
Brazil suggests that poor root growth associated with inferior crop
production is often caused by subsoil Ca deficiency rather than Al
toxicity. The present study was conducted to re-examine this hy
pothesis and to compare native soil vegetation patterns. Horizon
samples from 48 representative soils of the Geo-Economic region of
Brasilia, an area covering 22-million hectares of central Brazil, were
analyzed for NH4N03 exchangeable cations, and cation and anion
exchange capacity. Thirty eight of these soils were found under cer
rados and 10 under the minor inclusions of native forests scattered
throughout the predominantly savanna landscape. Calcium
deficient soil conditions were only found in cerrados, although
cerrados also occurred on high Ca soils. The Ca/Mg ratios were
significantly higher in the forest vs. cerrados soils. Low Ca/K ratios
and high anion exchange capacity/cation exchange capacity AEC/
CEC ratios were common in cerrados soils. The Mg/K ratios were
satisfactory in most of the soils. It is concluded that the Ca/Mg
ratios of the cerrados soils should be examined in an agricultural
context.

SUMMARY
Increased crop yields in the savannas (cerrados) of central Brazil
is associated with deep rooting. Deep rooting ameliorates water
stress caused by dry spells that are common during the latter
part of the rainy season (Goedert et al., 1980). Ritchey et al. (1980)
attributed deep rooting in corn (Zea mays L.), to the correction of
Al toxicity by the downward movement of Ca salts incorporated in
the plow layer as lime and fertilizers. However, following additional
work, Ritchey et al. (1982), hypothesized that root penetration in
cerrados oxisols was more likely to be limited by Ca deficiency than
Al toxicity; they established a critical level for soil Ca of <0.02 cmolc
kg-1. Interestingly, the acrustox used in the study by Ritchey et al.
(1982) had Ca/Mg ratios varying from 0.4 to 1.8, with an average of
0.9 to a depth of 90 cm, which would suggest a possible imbalance
between Ca and Mg.
Recently, a comprehensive land systems soil survey has been
completed for the Geo-Economic Region of Brasilia, an area covering
a little over 22 million hectares surrounding and including the 2
million hectares of the Federal District (Cochrane et al., 1988). That
study used detailed soil analyses to re-examine the inference that
the subsoils of the cerrados of central Brazil are predominantly Cadeficient. At the same time, the nutrient status of the cerrados soils

was compared with those found under native forest scattered as
minor intrusions throughout this predominantly savanna region.
Soil samples from the A1 and B2 horizons of 48 profiles of welldrained soils representing the major landscapes of the GeoEconomic Region of Brasilia, were selected from the study of
Cochrane et al., (1988) on the basis of their occurrence under native
vegetation. Exchangeable cations including K, Ca, Mg, Na, Mn, and
Al were determined in an initial extraction with 0.5 M NH4N03,
and CEC and AEC, by equilibrating the soil with NH4NO3 solution
strengths reflecting measured field conditions, (Cochrane and
Gomes de Souza, 1985). Thirty eight of the profiles analyzed were
taken from sites found in the predominant cerrados ecosystems of
the region and 10 from the smaller areas of native forest-covered
lands.
The chemical data from the soils under cerrados were compared
with those under forests, with particular reference to their Al, Ca
and Mn levels, cation ratios, CEC, AEC and AEC/CEC ratios. Mean,
standard deviation (SD), and minimum and maximum values were
calculated for their Al and B2 horizons. Student’s t-test was used to
compare the data. Table 14-1 of chapter 14 in the main text records
mean, SD, and minimum and maximum soil analytical values for the
Al and B2 horizons of the 10 forest and 38 cerrados soils representing
the Geo-economic region of Brasilia. It also records the result of the
comparisons of the mean values of the forest and cerrados soils, by
the t-test. These data were used to make the following observations
on the chemical properties of the forest and the cerrados soils.
Calcium deficient conditions were found only in the cerrados soils,
although cerrados also occurred on soils with high levels of Ca. A
little over 30% of the cerrados subsoils had Ca deficient conditions
in the absence of Al toxicity, indicating that the former condition is
often independent of the latter. High Al levels were found in both
cerrados and forest soils, although they were more common in the
former.
Of the many chemical properties examined, only the mean Ca/
Mg ratios were significantly different between forest and cerrados
soils. Nevertheless, this is statistical evidence that soil fertility
factors may influence the occurrence of forest in a predominantly
tropical savanna region. It is not suggested that low Ca/Mg ratio is
an ubiquitous feature of all well-drained savanna lands, however.
The problem does not occur in the eastern savannas (llanos) of
Colombia where adverse Mg/K ratios may well be a limiting factor
for plant growth (Cochrane et al., 1985). Further, it is not suggested
that soil chemical properties alone control the class of vegetation.
Cochrane and Jones (1981) have demonstrated statistically the
influence of “total wet season potential evapotranspiration” on
vegetation class throughout tropical South America, and the study
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of Eiten (1972) would indicate the complexity of factors influencing
the native vegetation of cerrados ecosystems.
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It is concluded that in Central Brazil, the low Ca/Mg ratios in
the cerrados soils may influence the growth of some crops.
Lime or other Ca amendments may be needed to overcome
low Ca/Mg ratios, in addition to ameliorating Ca deficiency,
Al and Mn toxicity, and improving the availability of other
plant nutrients.

Gonzalez-Erico, E., E.J. Kamprath, G.C. Naderrnan and W.V. Soares. 1979.
Effect of depth of lime incorporation on the growth of corn on an oxisol of
central Brazil. Soil Sci. Soc. Am. J. 43: 1155-1158.

REFERENCES including those in the original publication.
Adams, F. and J.B. Henderson. 1962. Magnesium availability as affected by
deficient and adequate levels of potassium and lime. Soil Sci. Soc. Am. Proc.
26:65-68.
Bear, F.E., and S.T. Toth. 1948. Influence of calcium on other soil cations. Soil
Sci. 65:69-75.
Cochrane, T.T. and P.G. Jones. 1981. Savannas, forest and wet season potential
evapotranspiration in tropical South America. Trop. Agric. (Trinidad) 58(3):
185-190.
Cochrane, T.T. and D.M. Gomes de Souza. 1985. Measuring surface charge
characteristics in oxisols and uItisols. Soil Sci. 140:223-229.
Cochrane, T.T., J.G. Salinas and P.A. Sanchez. 1980. An equation for liming
acid mineral soils to compensate crop aluminium tolerance. Trop. Agric.
(Trinidad) 57(2):133-140.
Cochrane, T.T., L.G. Sanchez, L.G. Azevedo and C.L. Carver. 1985. Land in
Tropical America. Vols. 1, 2 and 3.+ maps. ISBN 84-89206. CIAT, Cali, Colombia
and EMBRAPA, Planaltina, D.F., Brazil. (Available from the authors’ Web
site “www.agteca.org”). Refer: Appendix III. A statistical procedure for en
hancing soil surveys for soil fertility investigations. p. 130-133.
Cochrane, T.T., J.F. Verdesio, J.S. Madeira-Netto and P. Carneiro. 1988. Land in
the geo-economic region of Brasilia. A land systems map. Boletim Tecnico
31, EMBRAPA-CPAC, Planaltina, D.F., Brazil.

164

Amazon Forest & Savanna Lands

Goerdert, W.G., E. Lobato and E. Wagner. 1980 . Potencial agricola da região
dos cerrados brasileiros. Pesq.. Agropec. Bras. 15(1):117.

Liebhardt, W. 1981. The basic cation saturation ratio concept and lime and
potassium recommendations on Delaware’s coastal plain soils. Soil Sci. Soc.
Am. J. 45:544-549.
Lierop, W., Y.A. Martel and M.P. Cescas. 1979. Onion response to lime on acid
histosols as affected by Ca/Mg ratios. Soil Sci. Soc. Am. J. 43:1172-1177.
MacLean, A.J. and R.J. Finn. 1967. Amendments for oats in soil contaminated
with magnesium lime dust. Can. J. Soil Sci. 47:253-254.
Rahmatullah, B. and D.E. Baker. 1981. Magnesium accumulated by corn as
a function of potassium-magnesium exchange in soils. Soil Sci. Soc. Am. J.
45:899-903.
Ritchey, K.D., D.M.G. Souza., E. Lobato and O. Correa. 1980. Calcium leaching
to increase rooting depth in a Brazilian savannah oxisol. Agron. J. 72:40-44.
Ritchey, K.D., J. Euripedes Silva and U.F. Costa. 1982. Calcium deficiency in
clayey B horizons of savanna oxisols. Soil Sci. 133:378-382.
Rosalem, CA., J.R. Machado and O. Brinholi. 1984. Efeito das relaçoes Ca/
Mg, CalK e Mg/K do solo na produção de sorgo sacarino. Pesq. Agropec. Bras.
19(12):1443-1448.
Sanchez, P.A., W. Couto and S.W. Buol. 1982. The fertility capability soil
classification system: Interpretation, applicability, and modification.
Geoderrna 27:283-309.
Soil Survey Staff. 1975. Soil taxonomy. A basic system of soil classification for
making and interpreting soil surveys. USDA-SCS Agric. Handb. 436. U.S. Gov.
Print. Office, Washington, DC. 754p.

Appendix 8.

Estimating Reference Evapotranspiration and a note
on Estimating Rainfall Intensities.
Estimating Reference Evapotranspiration.
The term “Reference Evapotranspiration ET0” has supplanted the
term “Potential Evapotranspiration ETP” in relatively recent times
to purportedly, more accurately reflect it measurement. However,
as Hargreaves (1995) notes, although estimates of ET0 and Crop
coefficients KC are used to estimate crop water needs, especially
for irrigation scheduling, ET0 needs to be defined more clearly. The
evapotranspiration (ET) of various grass species and alfalfa grown
with varying cultivation techniques in lysimeters of varying designs
with varying buffer areas under different climates have been used as
the “standard” for the determination of ET0. Clearly ET0 needs to be
defined more clearly, as the quality of lysimeter data may often be

questioned. Further, as Hargreaves also points out, there has been
little emphasis on the evaluation or standardization of climate data
to be used with any selected lysimeter methodology. He observes
out that during a hot dry month the mean temperature may be as
much as 50C higher for a dry land site as for an irrigated site, which
will also affect the vapor pressure deficit. (Hargreaves suggests
conditions for measuring ET0 for irrigation conditions.)
In the senior author’s 1985 study (refer Chapter 2), the old term
ETP was used, and estimated by Hargreaves himself by applying
constant criteria in terms in both climate and lysimeter data
throughout the region (Hancock and Hargreaves (1980), to provide
a useful comparison of the evapotranspiration of the native
vegetation throughout the region.

Table A8-1 Extraterrestrial Radiation (RA) Expressed in Equivalent Evaporation (in mm/day).
(a) Northern Hemisphere
January
(1)

February
(2)

March
(3)

April
(4)

May
(5)

June
(6)

July
(7)

August
(8)

September
(9)

October
(10)

3.8
4.3
4.9
5.3
5.9
6.4
6.9
7.4
7.9
8.3
8.8
9.3
9.8
10.2
10.7
1l.2
11.6
12.0
12.4
12.8
13.2
13.6
13.9
14.3
14.7
15.0

6.1
6.6
7.1
7.6
8.1
8.6
9.0
9.4
9.8
10.2
10.7
11.1
1l.5
1l.9
12.3
12.7
13.0
13.3
13.6
13.9
14.2
145
14.8
15.0
15.3
155

9.4
9.8
10.2
10.6
11.0
1l.4
11.8
12.1
12.4
12.8
13.1
13.4
13.7
13.9
14.2
14.4
14.6
14.7
14.9
15.1
15.3
15.3
15.4
15.5
15.6
15.7

12.7
13.0
13.3
13.7
14.0
14.3
14.5
14.7
14.8
15.0
15.2
15.3
15.3
15.4
15.5
15.6
15.6
15.6
15.7
15.7
15.7
15.6
15.4
15.5
15.3
15.3

15.8
15.9
10.0
16.1
16.2
16.4
16.4
16.4
16.5
16.5
16.5
16.5
16.4
16.4
16.3
16.3
16.1
16.0
15.8
15.7
15.5
15.3
15.1
14.9
14.6
14.4

17.1
17.2
17.2
17.2
17.3
17.3
17.2
17.2
17.1
17.0
17.0
16.8
16.7
16.6
16.4
16.4
16.1
15.9
15.7
15.5
15.3
15.0
14.7
I4.4
14.2
13.9

16.4
16.5
10.0
16.0
16.7
16.7
16.7
16.7
16.8
I6.8
I6.8
16.7
16.6
16.5
16.-4
16.3
16.1
15.9
15.7
15.5
15.3
15.1
14.9
14.6
14.3
14.1

14.1
14.3
14.5
14.7
15.0
15.2
15.3
15.4
15.5
15.6
15.7
15.7
15.7
15.8
15.8
15.9
15.8
15.7
15.7
15.6
15.5
15.4
15.2
15.1
14.9
14.8

10.9
11.2
11.5
11.9
12.2
12.5
12.8
13.1
13.4
13.6
13.9
14.1
14.3
14.5
14.6
14.8
14.9
15.0
15.1
15.2
15.3
15.3
15.3
15.3
15.3
15.3

7.4
7.8
8.3
8.7
9.1
9.6
10.0
10.6
10.8
11.2
11.6
12.0
12.3
12.6
13.0
13.3
13.6
13.9
14.1
14.4
14.7
14.8
15.0
15.1
15.3
15.4

November December
(11 )
(12)
4.5
5.0
5.5
6.0
6..5
7.0
7..5
8.0
8.5
9.0
9..5
9..9
10.3
10.7
11.l
1l.6
12.0
12.4
12.8
13.3
13.6
13.9
14.2
14.5
14.8
15.1

3.2
3.7
4.3
4.7
5.2
5.7
6.1
6.6
7.2
7.8
8.3
8.8
9.3
9.7
10.2
10.7
11.1
11.6
12.0
12.5
12.9
13.3
13.7
14.1
14.4
14.8
Appendices

Latitude
(degrees)
50
48
46
44
42
40
38
36
34
32
30
28
26
24
22
20
18
16
14
12
10
8
6
4
2
0
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The Centre Commun de Recherche of the European Community
(Choisel et al., 1992) compared 12 equations for the estimation
of ET0 using lysimeter ET data and synoptic climate data. The
classical Penman equation was used as a standard. The Hargreaves
(Hargreaves et al. 1985) equation was selected as it gave results
closest to the Penman equation. Furthermore, the Hargreaves
method only requires measured values of maximum and minimum
temperatures. It was recommended for general use. The Hargreaves
equation is:
ET0 = 0.0023 x RA x (T0C + 17.8) x TD0.5

[1]

In which:
ET0 and RA express the same units of equivalent water evaporation;
RA = extraterrestrial radiation.
TD0.5 = ( Tmx – Tmi ) (mean maximum minus mean minimum
temperatures in degrees Celsius)

Values of RA (in mm/day) are given in Table A8-1. Note: Average
temperatures of 100C to 300C result in values of RA that differ from
those of 200C by less than 1.0%).

Observations.
Hargreaves (1994) notes that the advantage of using Eq. [1] is that
it does not require data on solar radiation. He notes that the World
Meteorological Organization (WHO 1989) lists only 63 countries
that publish data on surface solar radiation. However for those
countries, 11 times as many locations publish values of maximum
and minimum temperatures. Therefore Eq. [1] is recommended for
use, especially in underdeveloped regions of the world.

Other Applications.
Hargreaves (1994) emphasizes that crop coefficients (KC) used
with ETo as calculated by Eq. [1] should be standardized. On the
bases of his comparisons he recommends the values he recorded
(Hargreaves, 1990; Hargreaves and Samani, 1991).

T0C = ( Tmx + Tmi )/2

Table A8-1 (cont.) Extraterrestrial Radiation (RA) Expressed in Equivalent Evaporation (in mm/day).
(b) Southern Hemisphere
January
(1)

February
(2)

March
(3)

April
(4)

May
(5)

June
(6)

July
(7)

August
(8)

September
(9)

October
(10)

17.5
17.6
17.7
17.8
17.8
17.9
17.9
17.9
17.8
17.8
17.8
17.7
17.6
17.5
17.4
17.3
17.1
16.9
16.7
16.6
16.4
16.1
15.8
15.5
15.3
15.0

14.7
14.9
15. I
15.3
15.5
15.7
15.8
16.0
16.1
16.2
16.4
16.4
16.4
16.5
16.5
16.5
16.5
16.4
16.4
16.3
16.3
16.1
16.0
15.8
15.7
15.5

10.9
11.2
11.5
13.9
12.2
12.5
12.8
13.2
13.5
13.8
14.0
14.3
14.3
14.6
14.8
15.0
15.I
15.2
15.3
15.4
15.5
15.5
15.6
15.6
15.7
15.7

7.0
7.5
7.9
8.4
8.8
9.2
9.0
10.1
10.5
10.9
11.3
11.6
12.0
12.3
12.6
13.0
13.2
13.5
13.7
14.0
14.2
14.4
14.7
14.9
15.1
15.3

4.2
4.7
5.2
5.7
6.1
6.6
7. I
7.5
8.0
8.5
8.9
9.3
9.7
10.2
10.0
11.0
11.4
11.7
12.1
12.5
12.8
13.I
13.4
13.8
14.1
14.4

3.1
3.5
4.0
4.4
4.9
5.3
5.8
6.3
6.8
7.3
7.8
8.2
8.7
9.1
9.0
10.0
10.4
I0.8
11.2
11.6
12.0
12.4
12.8
13.2
13.5
13.9.

3.5
4.0
4.4
4.9
5.4
5.9
6.3
6.8
7.2
7.7
8.1
8.6
9.1
9.5
10.0
10.4
10.8
11.2
11.6
12.0
12.4
12.7
13.1
13.4
13.7
14.1

5.5
6.0
6.5
6.9
7.4
7.9
8.3
8.8
9.2
9.0
10.1
lO.4
10.9
11.2
11.0
12.0
12.3
12.0
12.9
13.2
13.5
13.7
14.0
14.3
14.5
14.8

8.9
9.3
9.7
10.2
lO.6
11.0
11.4
11.7
12.0
12.4
12.7
13.0
13.2
13.4
13.7
13.9
14. I
14.3
14.5
14.7
14.8
14.9
15.0
15. I
15.2
15.3

12.9
13.2
I3.4
13.7
14.0
14.2
14.4
14.0
14.9
15.1
15.3
15.4
15.5
15.6
15.7
15.8
15.8
15.8
15.8
15.8
15.9
15.8
15.7
15.0
15.5
15.4
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November December
(11 )
(12)
16.5
16.6
16.7
16.7
16.8
16.9
17.0
17.0
17. I
17.2
17.3
17.2
17.2
17.1
17.0
17.0
16.8
16.7
16.5
16.4
16.2
16.0
15.8
15.5
15.3
15.1

I8.2
I8.2
18.3
I8.3
I8.3
I8.3
I8.3
18.2
18.2
18.1
18.1
17.9
17.8
17.7
17.5
17.A
17.1
16.8
16.6
16.5
16.2
16.0
15.7
15.4
15.l
14.8

Latitude
(degrees)
50
48
40
44
42
40
38
30
34
32
30
28
20
24
22
20
18
16
14
12
10
8
6
4
2
0

ETo may be used in surface water studies (Hargreaves, 1993).
Hargreaves found a high degree of correlation between annual
surface runoff and annual sum of the monthly positive values of
precipitation (P) minus ETo. He also notes that ETo can also be used
to estimate monthly values of stream flow at a 75% probability (Rm)
for ungauged watersheds; (Rm) correlates well with monthly values
of MAI (moisture availability index equal to the 75% probability of
assured precipitation divided by ETo.
Finally with reference to his MAI index Hargreaves (1994) notes
that the values of MAI are also useful in evaluating needs for soil
surface drainage, and observes that a value of MAI exceeding 1.33 is
and indication of the need for good natural or constructed surface
drainage.

A Note on the Estimation of Rainfall Intensities.
Hargreaves (1981) developed regression equations for estimating
rainfall intensities of particular applicability to developing countries
where rainfall measurements are frequently not available for less
than reliable. He developed a regression equation for estimating
Maximum Monthly Precipitation PMX based on 30-yr mean rainfall
data available from the World Meteorological Organization WMO
(Wernstedt 1972):
PMX = a + b (PM)

[2]

In which a and b are regression coefficients which he calculated and
recorded for many countries, and values in millimeters.
Regression analysis for predicting Ten-Year, 24 hour Rainfall P10.24.
Using PMX values were recorded by Hershfield (1961) for the United
States, he recorded the following regression equation:
P10,24 = 22 + 0.30 PMX
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[3]

For which he showed that R2 (the percent of variance Predicted by
the regression equation) = 84%, S (the standard deviation) = 20 and
DOF degrees of freedom (number of records minus 2) = 36.
(Hargreaves developed similar equations for El Salvador and
Honduras. He showed that P10.24 can be determined by probability
analysis if daily records are available.)
Hargreaves has conclusively shown that the maximum monthly
precipitation can be reliably estimated from mean monthly rainfall.
and that the relationships apply over a wide range of climatic
regions. His work provides a basis for predicting rainfall intensities
for a variety of both agricultural and engineering problems.
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Appendix 9.

Solution Flow Through the Soil-Plant Continuum.
The authors’ unifying theory of flow through the soil-plant
continuum was supported by the development of a revised
equation for the calculation of osmotic potential. The theory and
the revised equation was published in the following paper:
Osmotic properties of organic and inorganic solutes and their
influence on flow at different stages of the soil-plant solution
continuum.
Thomas T. Cochrane and Thomas A. Cochrane, Soil Science, 2007,
Vol.172(5):386-395

ABSTRACT
This article is a follow-up to our recent preliminary findings of how
the osmotic potential properties of solutes influence solution flow
throughout the soil-plant continuum. The non-empirical equation
to calculate osmotic pressure was revised and used to compare a
series of organic with inorganic solutes, many of which are found in
the soil-plant continuum. Sucrose, acetic acid, creatinine, ethanol,
D-fructose, glycerol, D-glucose, lactic acid, maltose, D-mannitol,
and urea were compared with NaCl, NH4Cl, CaCl2, MgSO4, HCl,
HNO3, KCl, KI, KOH, NaNO3, and NaOH. At a concentration of 0.1
M, the spacing effect on the free solution water by the organic
solutes ranged from 56 to 88% of their total osmotic potentials
compared with 39 to 53% for the inorganic solutes. However, the
water holding capacities of the latter ranged from 39 to 44% vs.
0 to 34% for the organic solutes. At higher concentration levels,
the same trends persisted. The calculations show that the osmotic
potentials of the organic solutions are largely a function of the
size of their solute particles, whereas for electrolytes, the waterholding capacities of ions have a much stronger influence. This
confirms that flow along plant sieve tubes can be attributed mainly
to the interplay of organic solutes altering the spatial relationships
of the free water molecules of phloem solutions; in contrast, the
water-holding properties of soil solution ions strongly influence the
absorption and subsequent translocation of soil water by plants.

Summary of the theory.
The interplay of a series of mechanisms affecting the relative
energy levels inherent to the solution water effects solution flow
through the soil-plant continuum. Soil water solution absorption
by plant roots is across osmotic gradients where the water of
the plant solution has less energy than that of the soil water
solution. Continuing up the xylem vessels, the water of the plant
solution has a progressively lower energy level, largely due to
evapo-transpiration at the stomata surfaces of leaves. Distribution
of plant solution via the phloem tissue results from changing
concentrations and types of solution solutes, often sucrose levels
that alter the energy of the plant water solution (Cochrane, 1994).
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Complex semi-permeable membrane structures are found at several
different stages of the soil-plant continuum to separate solution
water with different energy levels and effect flow.
The effect of the osmotic properties of different solutes on osmotic
potential found in the soil-plant continuum has been demonstrated
by the recent work of Cochrane and Cochrane (2005). The approach
should help elucidate the role of different solutes on the uptake
of soil water solution, and the many subtle mechanisms effecting
solution flow in plants. In the recent work by the authors the nonempirical equation for calculating osmotic potential re-formulated
by Cochrane (1994) was used to compare the osmotic properties
of organic and inorganic solutes commonly found in the soil-plant
solution continuum. It was shown that the water-holding capacity
of electrolytes found in soil solution has a strong influence on
osmotic potential and consequently on the absorption of soil water
by plants. In contrast, organic solutes mainly influence osmotic
potential by altering the molecular spacing of the free solution
water molecules. This led to the concept that flow along sieve tubes
is largely attributable to the interplay of organic solutes altering
the spatial relationships of the free water molecules of phloem
solutions.
Without going to the details recorded by Cochrane and Cochrane
(2007), the objective of this appendix is to:
1) Record the authors’ revised equation used to calculate the
components of osmotic potential of the solutes of both organic and
inorganic solutes found in soil and plant solutions.
2) Draw attention to the result of the more detailed study of the
osmotic potential determining properties of the solutes as it
provides additional insights of how different solutes affect osmotic
potentials, and leads to a better understanding of the mechanics of
solution flow from soils to plants and throughout plants.

The investigation.
The investigation was carried out by revising the non-empirical
equation to calculate osmotic potential at a given temperature
(Cochrane 1994), and subsequently using it to calculate and compare
the relative contributions of the causal components of osmotic
pressure for a range of organic and inorganic solutes in water.
These included the organic solutes sucrose, acetic acid, creatinine,
ethanol, D-fructose, glycerol, D-glucose, lactic acid, maltose,
D-mannitol and urea, and the inorganic solutes NaCl, NH4Cl, CaCl2,
MgSO4, HCl, HNO3, KCl, KI, KOH, NaNO3 and NaOH., many of which
are found in the soil-plant solution continuum.

Revision of the new equation.
As summarized by Cochrane and Cochrane (2005), the components
of pressure across a semi-permeable membrane that separate pure
water from a water solution were originally formulated (Cochrane
1983, 1984) as:
Po = P1 – Px + Py + Ph

(1)

where:
Po = osmotic or external pressure. The osmotic potential is the
negative value of Po; both terms are used throughout the text.
P1 = pressure exerted by the solute free or “pure” water separated by
a semi-permeable membrane from a water solution.
Px = pressure exerted by the “free” water in the solution; that water
not attached to solute particles, and in the theoretical absence of
solutes. This is the result of increasing the average distance traveled
by the water molecules during the cooperative structural relaxation
phase of liquid water (Stillinger and Rahman, 1972; Sarkisov,
Dashevsky and Malenkov, 1974). An individual molecule is visualized
as an integral part of an intermittent structure; for a fraction of
time it is free to move.
Py = pressure lost by the free water to keep the solute particles
(molecules and, or ions) in solution.
Ph = pressure lost by the free water to keep the water firmly held or
“bound” to the solute particles in solution.
{P1 – Px} is the pressure difference between the potential of the
“pure” water and the “free” solution water in the theoretical
absence of solutes. In the solution state, the solute particles are
considered to be a spacing mechanism. By increasing the space
between the water molecules, the distance they travel during the
period of molecular displacement associated with changes in water
“structure”, is increased. Conversely, the force of collision with one
another is decreased by the square of the time taken for the extra
distance they travel; this results in a considerable loss of force. In
the case of the solute particles, the energy for their maintenance
in the solution state is drawn from the free water molecules, and
taken into account by pressure P y. Pressure Ph takes into account
the loss of energy of the free water molecules to keep water
molecules firmly held to solute particles, in solution.
Equation (1) was formulated for calculating osmotic pressure by
Cochrane (1994) as:

Equation (2) was used in the study of the osmotic properties of
soil-plant solution solutes by Cochrane and Cochrane (2005). For the
current study Eq.(2) was revised as:
Po = {m/2 Nw2/3 [(V/Nw)1/3 – 2er w] /(At2)} – {m/2 Nf2/3 [(V/Nw)1/3 – 2er w]2/
(At2)/[(V/Nf )1/3 – 2er w]} + {m/2 Np2/3 [(V/Nw)1/3 – 2er w]2/
(At2)/[(V/Np)1/3 – 2erp]} + {m/2 Np Nh [(V/Nw)1/3 – 2er w]/(At2Nw1/3)}

(3)

For which the definition of the symbols and the calculation of their
values where appropriate, are summarized in Table 1.

The changes in Eq.(3) with Eq.(2) are:
1) The common number “4” of the right hand side of Eq.(2) has
been re-assigned as 1/2. This recognizes: a) that pressures P1, Px, Py
and Ph are distributed across the four surfaces of a tetrahedronal
intermittent structure of water (Eisenberg and Kauzman, 1969); as
only one side of the tetrahedronal cage-like structure aligns with
the semi-permeable membrane, the pressures are divided by 4;
and b) as molecules transfer their kinetic energy one to another
during structural relaxation and not to a theoretical “wall” of the
cage structure, the average distance they travel during structural
relaxation is half that calculated for Eq,(2), further reducing the
constant factor to 1/2. It might be noted that the change in the
constant factor of the equation would not affect the relative
contributions of the pressures to osmotic pressure as calculated by
Eq.(2).
2) The terms “2r w” and “2rp” of Eq.(2) have been modified to “2er w”
and “2erp” respectively; these modifications are:
rew = effective mean radius (m) of a water molecule that reduces
the distance traveled during the cooperative structural relaxation
phase. The value was calculated using the spherical rotational
envelope of a static water molecule given as 22.5cm3 mol-1
suggested by Conway (1981). This was calculated as 3.607 x 10-12m, by
the expression: ((1/ Nw)1/3 - (((1 - ((22.5/[Avogadro’s No.]/18.01528)Nw)) /
Nw)1/3))/2. (18.01528 = mol.wt of H20).
rep = effective mean radius (m) of the rotational envelope of solute
particles with or without held water molecules as the case may
be, that affects the distance traveled by solute particles during the
cooperative structural relaxation phase of the free solution water.
It was estimated on the basis of best fit for the calculations in the
absence of any reliable recorded information.

Po = {4m Nw2/3 [(V/Nw)1/3 – 2r w] /(At2)} – {4m Nf2/3 [(V/Nw)1/3 – 2r w]2/(At2)/
[(V/Nf )1/3 – 2r w]} + {4m Np2/3 [(V/Nw)1/3 - 2r w]2/(At2)/[(V/Np)1/3 – 2rp]}
+ {4m Np Nh [(V/Nw)1/3 – 2r w] /(At2Nw1/3)}
(2)
For which the definitions of the symbols used are summarized in
Table 1.
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In using Eq.(3), “t” which is the average time taken for a water
molecule in pure water to travel during the cooperative structural
relaxation phase of pure water, was calculated as 2.05 x 10-12s
at 200C. This was done by substituting the values of osmotic
pressures for NaCl solutions calculated by Marine and Fritz (1981)
over the range of NaCl concentrations shown in Table 2 into Eq.(3)
together with an average “rep” number for the Na+ and Cl- ions with
their strongly held water molecules, that gave the best fit. The
calculations recorded in Table 2 for NaCl are virtually the same as
those calculated by Marine and Fritz (1981), R2 = 0.9999.
The osmotic pressure values of sucrose solutions estimated
using the calculated “t” value compared with those of actual
measurements recorded by Slavic (1974), as shown in Table 3,
confirmed the validity of the calculated “t” value, R2 = 0.9977.
Further, it may be noted that the calculated “t” value approximates
measurements of the constant pressure structural relaxation time
of water of 2.1 x 10-12 estimated by several workers as referenced by
Cochrane (1984), and would provide evidence that the modifications
made to Eq.(2) as given in Eq.(3) are justified.

Table 1. Symbols and their definitions used in Eqns. (2) and (3). Where
appropriate, values used in Eq.(3) are recorded with the definitions.
Symbol, Definition and values:
A

unit area of the semi-permeable membrane surface (m2)

m

mass of a molecule of water (kg). “m” was calculated as
2.9915073 x 10-26 kg. ([mol.wt. of H2O] / [Avogadro’s number]
/ 103) for Eq.(2). Note: Avogadro’s number was taken as
6.0221415x1023 and the mol.wt. of H2O as 18.01528 for Eq.(2).

Nf

number of “free” water molecules per unit volume V, of
solution. Nf was calculated as: {[(a - b)/g] – (d x b / c x e x Nh)} x
106

in which:
			

a = relative density of solute at 200 C, kg dm-3

			

b = anhydrous solute concentration, kg x 10-3 dm-3

Note: “a” and “b” are taken from the tables of “Concentrative
properties of aqueous solutions” recorded by Wolf et al. (1983).
			

c = molecular weight of solute

Calculations with the revised equation.

			

d = number of ions the compound gives on solution

The four successive components of Eq.(3) correspond to P1, Px, Py
and Ph of Eq.(1). The components of Eq.(1), as expanded in Eq.(3),
were calculated for the series of organic and inorganic solutes to
compare the values of {P1 – Px}, Py and Ph respectively, over wide
concentration ranges. From Table 4 it may be seen that at the 0.1
kmol m-3 concentration, the {P1 – Px} value of the sucrose solution
is 88% of the total osmotic pressure; this compares with 46% for
NaCl at the same concentration. At higher concentration levels their
{P1 – Px} values are lower. There is a large difference in the Ph values;
sucrose apparently does not bind significant amounts of water
in solution, whereas the Ph of the NaCl solution is approximately
42% of its osmotic potential. In contrast, the values of P y between
sucrose and NaCl at the 0.1 kmol m-3 concentration level are almost
the same, 11.7 versus 12%. However at higher solute concentrations
the latter differences were increased substantially; at the 0.8
kmol m-3 concentration level, percent P y accounted for 23.4% of
the osmotic potential of the sucrose solution and 16.5% for the
NaCl Solution. Table 5 provides a summary of the precision of
these latter calculations. There is no doubt that the calculations
using Eq.(3) are very precise. However it should be observed that
freezing point determinations for osmotic pressure estimations
may vary somewhat from vapor pressure determinations and actual
measurements.

			

e = Avogadro’s number

			

g = mass of one water molecule (2.9915073 x 10-26kg).

Nh

mean number of water molecules firmly held or “bound” to
the particles in solution in the inner hydration sphere. The
values used in the calculations fall within the ranges given by
various authors (Conway 1981).

Np

number of solute particles (molecules and, or ions) per unit
volume V, of solution. Np was calculated as: [d x b / c x e]. “d, b,
c and e” have been defined for the calculation of Nf.

Nw

number of water molecules per unit volume V in pure water.
Nw was calculated as 3.3368797 x 1028. ( [ Sp.Gr. of water at 200C]
/ m x 103). Note: the Sp.Gr. of water at 200C = 0.99823

rw

mean radius (m) of a water molecule in solution. The figure of
1x10-11m was used in Eq.(2)

rew

effective mean radius (m) of a water molecule that reduces the
distance traveled during the cooperative structural relaxation
phase. The value was calculated as 3.607 x 10-12m, by the
expression: ((1/ Nw)1/3 - (((1 - ((22.5/[Avogadro’s No.]/18.01528)Nw))
/ Nw)1/3))/2

rp

mean radius (m) of solute particles with or without held water
molecules, estimated on the basis of best statistical fit for
Eq.(2).

rep

effective mean radius (m) of the rotational envelope of
solute particles with or without held water molecules. It was
estimated on the basis of best fit for the calculations in Eq.(3).

t

the average time (s) taken for a water molecule in pure water
to travel during the cooperative structural relaxation phase of
pure water at a temperature of 200C. It was calculated as 2.05
x 10-12s for use in Eq.(3).

V
unit volume (1 m3)
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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Table 2. Osmotic pressure (O.P.) calculations using Eq.(3) for NaCl
solutions at 200C, compared with those reported by Marine and
Fritz (1981).
Concentrations of
NaCl (kmol m-3)

Table 3. Osmotic pressure (O.P.) calculations using Eq.(3) for sucrose
solutions at 20°C, compared with those reported by Slavic (1974).
Concentrations of
Sucrose (kmol m-3)

Osmotic pressure (MPa)
Eq.(3)*
Marine
(P1 – PX +PY + Ph)
& Fritz (1981)

0.103
0.207
0.311
0.418
0.523
0.631
0.757
0.866
0.995
1.106
1.218
1.331
1.445
1.599
1.715
1.832
1.930
2.029
2.330
2.534
2.741
3.056
3.270
3.486
3.928
4.153

0.448
0.914
1.389
1.878
2.374
2.885
3.485
4.021
4.657
5.218
5.796
6.382
6.988
7.807
8.447
9.108
9.664
10.240
12.052
13.341
14.711
16.936
18.561
20.313
24.383
26.758

4.382

29.485

0.469
0.931
1.406
1.892
2.374
2.879
3.476
4.001
4.631
5.182
5.745
6.325
6.932
7.772
8.415
9.082
9.646
10.028
12.081
13.400
14.789
17.032
18.644
20.363
24.277
26.857

0.044
0.074
0.103
0.149
0.225
0.303
0.367
0.431
0.497
0.564
0.632
0.701
0.771
0.842
0.914
0.988
1.063
1.139
1.216
1.295
1.375
1.456

Osmotic pressure (MPa)
Eq.(3)*
Slavic (1974)
(P1 – PX +PY + Ph)
0.118
0.198
0.278
0.405
0.622
0.851
1.042
1.242
1.450
1.669
1.899
2.144
2.403
2.678
2.977
3.301
3.657
4.054
4.503
5.026
5.647
6.415

0.118
0.198
0.275
0.398
0.608
0.832
1.025
1.225
1.398
1.640
1.920
2.181
2.461
2.763
3.080
3.444
3.836
4.250
4.697
5.192
5.640
6.090

Eq.(3) was calculated by substituting: t = 2.05 x 10-12s, rew=3.607x10-12m,
Ph = 0 and rep = 4.84x10-10m.
*

29.500

Eq.(3) was calculated by substituting: t = 2.05 x10 s, rew = 3.607x10-12m,
Nh = 4.5 and rep = 2.475x10- 10m.
*
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Table 4. Percentage contributions of the causal components of osmotic pressure (O.P.) of the series of organic and inorganic solutes with the
increasing concentration levels 0.1, 0.4, 0.8 and 1.6 kmol m-3.
0.1 kmol m-3
%
{P1 –Px}

*

Py

0.4 kmol m-3
%
Ph

{P1 –Px}

Py

0.8 kmol m-3
%
Ph

{P1 –Px}

Py

O.P.*
Ph

(MPa)

Sucrose

88.3

11.7

0.0

82.8

17.2

0.0

76.6

23.4

0.0

(2.49)

Acetic acid

56.8

10.4

32.8

56.2

11.3

32.5

55.1

13.1

31.8

(2.03)

Creatinine

66.5

10.8

23.0

Ethanol

56.6

11.5

31.9

55.0

14.0

31.0

52.1

18.4

29.5

(3.77)

D-fructose

69.5

11.9

18.6

66.5

15.7

17.8

62.6

20.7

16.7

(2.23)

OOR

1.6 kmol m-3conc.
%
{P1 –Px}

Py

Ph

OOR
53.6

15.4

31.0

†

OOR
53.4

32.4

14.2

Glycerol

59.9

12.2

27.9

58.7

13.9

27.4

57.0

16.4

26.6

(2.13)

52.9

22.4

24.7

D-glucose

69.9

10.7

19.4

67.2

14.1

18.7

63.6

18.7

17.7

(2.21)

52.4

33.1

14.5

Lactic acid

62.8

12.4

24.8

60.5

15.5

24.0

58.7

17.8

23.5

(1.84)

54.6

23.4

22.0

Maltose

85.2

12.8

2.0

81.2

16.9

1.8

73.7

24.6

1.7

(2.68)

D-mannitol

71.1

12.4

16.5

67.9

16.5

15.6

63.1

22.4

14.5

(2.23)

Urea

55.5

10.7

33.8

53.6

12.8

33.6

52.6

15.1

32.3

(3.62)

NaCl

46.3

12.0

41.7

45.1

14.5

40.4

44.1

16.5

39.4

NH4Cl

49.0

11.8

39.2

47.7

14.2

38.1

46.4

16.4

37.2

CaCl2

46.8

11.4

41.2

44.0

15.9

40.1

41.2

21.4

37.4

MgSO4

38.8

17.9

43.3

38.8

19.5

41.7

38.8

20.6

40.6

HCl

45.5

13.6

40.9

44.1

16.2

39.7

42.9

18.6

38.5

OOR
OOR
49.5

20.0

30.5

(3.69)

41.8

21.0

37.2

(3.70)

43.8

21.2

35.0

(5.87)

31.8

29.0

39.2

(2.19)

38.8

22.0

39.2

(4.30)

38.4

27.4

34.2

HNO3

47.2

12.9

39.9

45.6

16.0

38.4

44.2

18.7

37.1

(3.92)

40.0

26.3

33.7

KCl

48.4

10.5

41.1

48.0

11.3

40.7

47.6

12.1

40.3

(3.61)

47.1

13.2

39.7

49.0

12.8

38.2

KI

52.7

5.8

41.5

51.9

7.4

40.7

51.0

9.1

39.9

(3.80)

KOH

44.9

12.8

42.3

43.2

16.0

40.8

41.0

20.5

38.5

(3.34)

NaNO3

49.1

10.2

40.7

48.7

11.1

40.2

48.4

11.8

39.8

(3.85)

48.0

12.7

39.3

NaOH

43.3

12.3

44.4

42.5

14.2

43.3

41.2

17.1

41.7

(3.69)

39.6

20.6

39.8

O.P. = osmotic pressure at 0.8 kmol m-3; †OOR = “out of the range” of the data recorded.
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Table 5. Precision of the calculations of osmotic pressure (O.P.) of solutes using Eq.(3) compared with those using osmosity values.
Solute

Acetic acid
Creatinine
Ethanol
D-fructose
Glycerol
D-glucose
Lactic acid
Maltose
D-mannitol
Urea
NH4Cl
CaCl2
MgSO4
HCl
HNO3
KCl
KI
KOH
NaNO3
NaOH

Concentration
range
(kmol m-3)

O.P.* over
conc. range
(MPa)

O.P. calculation
factors
Nh
rep (m)

0.166–6.255
0.088–0.340
0.116–3.568
0.028–1.738
0.218–3.243
0.056–1.873
2.459–6.004
0.290–1.539
0.055–0.857
0.089–4.127
0.093–2.165
0.045–0.617
0.042–1.325
0.275–2.872
0.159–2.395
0.136–1.890
0.061–3.363
0.089–1.322
0.059–3.981
0.125–3.079

0.411–19.72
0.097–0.598
0.550–22.1
0.064–5.6
0.552–12.58
0.138–6.66
0.241–6.12
0.0717–7.778
0.133–2.437
0.398–27.22
0.409–13.262
0.275–20.316
0.106–3.759
1.354–23.6
0.724–14.615
0.593–8.699
0.28–20.54
0.381–6.65
0.245–16.76
0.54–16.74

4
2.5
4
2.25
3
2.66
2.66
0.25
2
4
4.25
4.33
2.75
5
4.5
4.5
9.5
4.5
4.25
4.75

2.54x10-10
4.80x10-10
3.146x10-10
4.10x10-10
3.525x10-10
4.27x10-10
3.32x10-10
4.76x10-10
4.34x10-10
2.445x10-10
2.48x10-10
3.075x10-10
1.5x10-10
2.975x10-10
2.36x10-10
1.4x10-10
3.5x10-10
2.955x10-10
1.0x10-11
2.475x10-10

R2; O.P.
by Eq.(3)
v/s osmosity†

% SE
of
mean “t”

No. of
calculations

0.9993
0.9997
0.9589
0.9998
0.9978
0.9993
0.9993
0.9949
1
0.9984
0.9998
0.9965
0.9983
0.9983
0.9996
0.9996
0.9996
0.9998
0.9981
1

0.12
0.52
0.34
0.09
0.12
0.16
0.17
0.42
0.045
0.21
0.11
0.35
0.77
0.4
0.14
0.083
0.34
0.1
0.13
0.15

19
6
17
34
14
18
15
21
15
21
23
27
13
15
12
18
13
14
17
18

O.P. = osmotic pressure, calculated using Eq.(3); constant factors substituted into Eq.(3) for all the O.P. calculations were: t = 2.05x10-12 s and rew =
3.607x10-12m.
†
For the calculation of “R2; O.P. by Eq.(3) v/s osmosity” the values for osmotic pressures of NaCl solutions as calculated by Marine and Fritz (1981)
were substituted for the equivalent osmosity values recorded by Wolf et al. (1983).
*

Table 4 shows that there are clear differences in the values of the
components of osmotic pressure between solutes. For example, the
components of urea solutions are different to those of D-mannitol,
NaCl, MgSO4 and all the other solutes. Nevertheless common trends
may be seen; percent {P1 – Px} and Ph values decrease with increasing
solute concentrations, whereas the P y values increase. On the other
hand, when the organic solutes are grouped and compared with the
series of inorganic solutes, there are marked differences:

Organic solutes.
For the organic solutes at the 0.1 kmol m-3 concentration {P1 – Px}
values as recorded in Table 4 range from a high of 88% for sucrose
to a low of 56% for urea. At the 0.8 kmol m-3 concentration the
values are a little lower; 76% for sucrose and 53% for urea. It follows
that the sum of the percent P y plus Ph values of the organic solutes
are lower at all solution concentration levels.

Inorganic solutes.
In contrast with the organic solutes, the percent contribution of
{P1 – Px} to the total osmotic potential of the inorganic solutes is less
than the sum of P y plus Ph, at all solution concentration levels with
the marginal exception of KI at its lower concentrations. Further,
their Ph values are always higher. At the 0.1 kmol m-3 concentration,
{P1 – Px} levels range from a high of 53% to a low of 39% for KI and
MgSO4 respectively, and Ph values range from 44% for NaOH to
40% for HNO3. At the 0.8 kmol m-3 solute concentration level, {P1
– Px} values range from 51% for KI to 39% for MgSO4, and Ph values
range from 44% for NaOH to 39% for NH4Cl. The latter values are
higher than any of the Ph values calculated for the organic solutes.
The sum of Py plus Ph is also higher that those of the organic solutes
at all concentration levels.
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Some observations.

REFERENCES and those in the original publication.

The calculations show that there are both similarities and
differences between the osmotic potential components of the
organic and inorganic solutes. Considering similarities, the percent
Py values of all the solutes increase with increasing solution
concentrations. This would seem logical because the increase in
solute particles with increasing solution concentrations causes an
increase in the space between the free solution water molecules
with a consequent increase in the average distance they travel
between contacts one with another. In compensation there is a
decrease of the percentage {P1 – Px} values and the percentage Ph
values as seen from Table 3. It should be noted that the term “solute
particles” refers to molecules or ions, with or without strongly held
or “bound” water molecules, as the case may be.

Cochrane, T.T. 1983. An equation for calculating the contribution to osmotic
potential of the separate solutes of water solutions. Med. Phy. 10:29-34.

It is of special interest to comment on the differences between
the osmotic potential components of the organic and inorganic
solutes. The calculations show that the percentages of {P1 – Px} of
the organic solutes, at all the concentration levels recorded in Table
4, are higher than the sum of their percentage P y plus Ph values. The
high {P1 – Px} values of the organic solutes indicate that the effect of
increasing the space between the free solution water molecules is
their principal causal mechanism of osmotic potential.
In contrast with the organic solutes, the percent contribution of {P1
– Px} to osmotic potential of the electrolyte solutions is lower than
the sum of their percentage P y plus Ph values, with the marginal
exception of KI at its lower concentration levels. Further, their Ph
values are high, and in some cases higher than their {P1 – Px} levels.
This indicates that the effect of water held to the solute ions Ph is
almost as important as the spacing effect of the ions on the free
solution water molecules.

Differences in the way organic and inorganic solutes effect
flow of solutions in the soil-plant continuum
The calculations made using Eq.(3) provide detailed evidence to
support the authors’ recent observations concerning the differences
in the way organic and inorganic solutes effect osmotic potentials
and by inference, the flow of solutions in the soil-plant continuum
(Cochrane and Cochrane 2005). It is clear that the water-holding
characteristics of soil solution ions would influence soil-water
absorption by plants and its subsequent translocation up the xylem
vessels. In contrast, as the osmotic potential of organic solute
solutions is mainly a function of particle size, it is contended that
the interplay of solution flow along sieve tubes may be attributed in
large part to the latter’s role in altering the spatial relationships of
the free water molecules of the phloem solution.

Conclusion.
The revised Eq.(3) is a useful tool to support further investigations
on the osmotic potential determining properties of solutes and
their effect on flow in the soil-plant continuum. Undoubtedly
improvements will be made to the equation and way its parameters
are calculated as time goes by.
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Appendix 10.

Abstracts of papers applying the authors’ new
equation for calculating osmotic potential.
Abstract 1. To provide an insight into the mechanism of stomata
modulation.
Abstract 2. To emphasize the vital role of potassium in the
mechanism of stomata aperture modulation and its link with
potassium deficiency.

Abstract 1: From the research paper titled:
“Differences in the way potassium chloride and sucrose solutions effect
osmotic potential of significance to stomata aperture modulation”

Abstract
Guard cell solution osmotic potential changes resulting in the
opening and closing of stomata apertures follow an initial influx
of potassium ions, their substitution with sucrose molecules and
the subsequent reduction of the latter. To provide an insight into
the osmotic mechanism of the changes, the new equation for
calculating osmotic pressure, which equates the difference between
the energy of pure water across a semi-permeable membrane
interface with that of solution water, was used to compare the
osmotic properties of KCl and sucrose. For sucrose solutions,
the effect of the sucrose molecules in increasing the spacing of
the solution water was mainly responsible for osmotic potential;
this contrasted with K+ + Cl- ions where their spacing effect was
only a little higher to that of water held to those ions. At solute
concentrations giving an osmotic potential level of -3.0 MPa near
that of turgid guard cells, the spacing effect on the potential of the
unattached solution water molecules caused by sucrose, but in its
theoretical absence, was estimated as -2.203 MPa compared with
-1.431 MPa for KCl. In contrast, the potential attributed to water
molecules firmly held to the K+ + Cl- ions was -1.212 MPa versus zero
for sucrose. The potential to keep the sucrose molecules in solution
was -0.797 MPa compared with -0.357 MPa for KCl. The findings
illustrate that the way KCl effects osmotic pressure is very different
to that of sucrose. It is concluded that stomata aperture modulation
is closely linked to the osmotic properties of its guard cell solution
solutes.

Abstract 2: From the “Article Addendum” titled:
“The vital role of potassium in the osmotic mechanism of stomata
aperture modulation and its link with potassium deficiency”.

Abstract
Potassium deficiency symptoms of crops are well documented.
However, the role of potassium in relation to the osmo-modulation
of leaf stomata apertures was only discovered in the early 1970s.
Our findings related to the differences between the osmotic
properties of KCl and sucrose solutions provided an insight into
that mechanism. In this report those findings are re-examined
using a minor modification in the way their osmotic properties
are calculated. The modification did not result in significant
changes to the previous calculations. The properties of the KCl and
sucrose solutions were subsequently compared with those of an
extended series of inorganic and organic solutes. The calculations
re-confirm that the osmotic properties of different solutes vary
considerably. Research into the osmotic properties of solutes found
in plant tissues may help elucidate other subtle plant physiological
mechanisms. The findings highlight the vital role of potassium
in plants. Its deficiency probably triggers a signal that results in
the flow of potassium from the older leaves to support stomata
modulation in the young leaves. This facilitates the survival of the
plant, but leads to the necrosis of the older leaves and retarded
growth.
Reference:
Thomas T. Cochrane and Thomas A. Cochrane. Plant Signaling and Behavior,
4 (3) 1-4 (2009b).

Reference:
Thomas T. Cochrane and Thomas A. Cochrane, Plant Phys. Biochem. 47,
205-209 (2009a).
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Appendix 11.

Approximate Equivalence between the Soil
Classification Systems Referred to in the Text.
SOIL TAXONOMY GREAT GROUPS, THE FAO SOIL MAP LEGEND, and
the BRAZILIAN SOIL CLASSIFICATION SYSTEM.

U.S. Soil

Sources:

Paleoboralfs
Udalfs
Agrudalfs
Natriboralfs
Ferrudaffs
Fragiudalfs
Fraglossudalfs
Glossudalfs		
Eutric Podzoluvisols (1)
Hapludalfs		
Orthic Luvisols (1)
Natrudalfs
Paleudalfs		
Eutric Nitosols (1, 2)
Terra Roxa Estruturada
				 medium to high base
			
status (1)
		
Ferric Luvisols (2)
Laterítico Bruno Avermelhado
				 Eutrófico (2)
			
Podzólico Vermelho Amarelo
				 Equivalente Eutrófico (2)
Rhodudalfs		
Eutric Nitosols (1)
Tropudalfs		
Eutric Nitosols (1)
Terra Roxa Estruturada
				 medium to high base
			
status (1)
		
Ferric Luvisols (2)
Lateritico Bruno Avermelhado
				 Eutrófico (2)
			
Podzólico Vermelho Amarelo
				 Equivalente Eutrófico (2)
Ustalfs
Durustalfs
Hapiustalfs		
Calcic Luvisols (1)
Podzólico Vermelho Amarelo
				 Equivalente Eutrófico (2)
		
Ferric Luvisols (2)
Natrustalfs		
Gleyic Solonetz (1, 2)
Solonetz Solidizado (2)
		
Solodic Planosols (2)
Planosols (2)
		
Eutric Planosols (2)
Paleustalfs
Eutric Planosols (1)
Planosols (1)
Eutric (Rhodic) Nitrosols (2) Lateritico Bruno Avermelhado
				 Eutrófico (2)
		
Ferric Luvisols (2)
Podzólico Vermelho Amarelo
				 Equivalente Eutrófico (2)
Plinthustalfs
Plinthic Luvisols (1, 2)
Laterita `Hidromórfica 		
			 Eutrófica (2)
Rhodustalfs
Luvic Yermosols (1)
Terra Roxa Estruturada 		
			 medium to high 		
			 base status (1)
		
Ferric Luvisols (2)
Podzólico Vermelho Amarelo
				 Equivalente 		
			 Eutrófico (2)
			
Solos Brunos negro Calcicos (2)

The numbers in parentheses refer to the following citations:
1. FAO-UNESCO. 1974. Soil map of the world. 1:5,000,000. Volumel.
Legend. UNESCO, Paris. p. 14-20.
2. Camargo, M. N., et al. 1975. Mapa esquematico dos solos das
regiões norte, meio-norte e centro-oeste do Brasil. Bol. Tec. 17.
Centro de Pesquisas Pedologicas, EMBRAPA (Empresa Brasileira de
Pesquisa Agropecuãria), Rio de Janeiro, Brasil. p. 86-88.
3. Sanchez, P.A. (ed.) 1976. Properties and management of soils in the
tropics. Wiley, New York. p. 52-86.

U.S. Soil
Taxonomy

FAO Legend

Alfisols		

Brazilian Classification

Luvisols (3)
Terra Roxa Estruturada (3)
		
Eutric Nitosols (3)
Podzólico Vermelho 		
		
Amarelo
				 Equivalente Eutrófico (3)
Aqualfs		
Gleyic Luvisols (1)
Albaqualfs		
Eutric Planosols (1, 2)
Planosols (1)
Orthic Solonetz (1)
Solos Hidromórficos
				 Cinzentos Eutróficos (2)
Duraqualfs
Fragiaqualfs
Glossaqualfs
Gleyic Podzoluvisols (1)
Natraqualfs
Gleyic Solonetz (1, 2)
Solonetz Solodizado (2)
		
Solodic Planosols (2)
Planosols (2)
		
Eutric Planosols (2)
Ochraqualfs
Plinthaqualfs
Tropaqualfs
Eutric Gleysols (2)
Solos Gley Pouco Humicos
				 Eutróficos (2)
Eutric Planosols (2) Solos Hidromórficos
				 Cinzentos Eutróficos (2)
Umbraqualfs
Boralfs
Cryoboralfs
Eutroboralfs
Albic Luvisols (1)
Fragiboralfs
Glossoboralfs Eutric Podzoluvisols (1)
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Taxonomy

FAO Legend

Brazilian Classification

U.S. Soil
Taxonomy
Xeralfs
Durixeralfs
Haploxeralfs
		
Natrixeralfs
Palexeralfs
Plinthoxeralfs
Rhodoxeralfs

Aridisols		
Argids		
Durargids		
Haplargids		
Nadurargids
Natrargids
Paleargids		
Orthids
Calciorthid		
		
		
Camborthids
		
Durorthids		
		
Gypsiorthids
Paleorthids
Salorthids		

U.S. Soil
FAO Legend

Chromic Luvisols (1)
Orthic Luvisols (1)
Orthic Solonetz (1)
Eutric Planosol (1)
Plinthic Luvisols (1)
Chromic Luvisols (1)
Typic Yermosols (1)
Luvic Yermosols (1)
Luvic Xerosols (1)
Luvic Xerosols (1)
Orthic Solonetz (1)
Orthic Solonetz (1)
Eutric PI-anosols (1)

Brazilian Classification

Planosol (1)

(Soils with Natric B horizon (3))

Planosol (1)

Taxonomy

Histosols		
Calcic Xerols (1)
Calcic Yermosols (1)
Gypsic Xerosols (1)
Haplic Xerosols (1)
Haplic Yermosols (1)
Haplic Xerosols (1)
Haplic Yermosols (1)
Gypsic Yermosols (1)

Aquents
Cryaquents
Fluvaquents
Haplaquents
Eu-Dystric Gleysols (1)
Hydraquents
Psammaquents Eu-Dystric Gleysols (1)
Sulfaquents
Tropaquents
Eu-Dystric Gleysols (1)
			
Arents
Arents
Fluvents		
Fluvisols (1)
Cryofluvents
Torrifluvents
Tropofluvents Eu-Dystric Fluvisols (1)
		
Dystric Cambisols (1)
		
Gleyic Cambisols (1)
Udifluvents
Ustifluvents
Xerofluvents
Orthents
Regosols (1)
Cryorthents
Gelic Regosols (1)
Torriorthents
Troporthents
Udorthents

Brazilian Classification

Histosols (1)

Solos Orginicos (2)

lnceptisols

Cambisols (3)
(Soils with incipient B
			 horizon (3))
Andosols (1)

Orthic Solonchaks (1)

Entisols			

FAO Legend

Ustorthents
Xerorthents
Psamments
Regosols (1)
Areias Quartzosas Vermelhas
			 (3)
		
Arenosols (1)
		
Ferralic Arenosols (3)
Cryopsamments Gelic Regosols (1)
Quartzipsamments Albic Arenosols (1)
Areias Quartzosas Vermelhas
		
(1)
		
Ferralic Arenosols (2)
Areias Quartzosas Vermelhas
			
Amarelas (2)
Torripsamments Albic Arenosols (1, 2)
Areias Cinzentas
			 corn fragipan (2)
Udipsamments Albic Arenosols (1)
Ustipsamments
Xeropsamments

Regosols (3)

Solos Gley Pouco Hómicos
Distróficos y Eutróficos (2)

Solos Aluviais Eutróficos y
Distróficos (2)

Andepts
Cryandepts
Durandepts
Dystrandepts Ochric Andosols (1)
		
Humic Andosols (1)
Eutrandepts
Mollic Andosols (1)
Hydrandepts
Humic Andosols (1)
Placandepts
Vitrandepts
Vitric Andosols (1)
Aquepts
Andaquepts
Eu-Dystric Gleysols(1)
Cryaquepts
Gelic Gleysols (1)
Fragiaquepts
Eu-Dystric Gleysols(1)
Halaquepts
Gleyic Solonchak (2)
Solos Salinos Costeiros
			
lndiscriminados (2)
Haplaquepts
Eu-Dystric Gleysols(1)
Humaquepts
Humic Gleysols (1)
Placaquepts
Plinthaquepts Plinthic Gleysols (1, 2)
Laterita Hidromórfica 		
			 Distrófica (2)
		
Plinthic Acrisols (2)
		
Plinthic Ferralsols
Sulfaquepts
Tropaquepts
Eu-Dystric Gleysols (1, 2)
Solos Gley Hómicos 		
		
Distróficos (2)
		
Humic Gleysols (2)
Solos Gley Pouco Hómicos
			
Distróficos (2)
Ochrepts
Cryochrepts
Gelic Cambisols (1)
Durochre’pts
Dystrochrepts Dystric Cambisols (1)
Eutrochrepts
Eutric Cambisols (1)
		
Calcic Cambisols (1)
Fragiochrepts
Ustochrepts
Calcic Cambisols (1)
Eutric Cambisols (1)
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Xerochrepts
		
		
Plaggepts
Plaggepts
Tropepts
(Oxic Tropepts)
Dystropepts
Eutropepts
Humitropepts
Sombritropepts
Ustropepts
Umbrepts
Cryumbrepts
Fragiumbrepts
Hapiumbrepts
		

Mollisols

Brazilian Classification

Eutric Cambisols (1)
Calcic Cambisols (1)
Chromic Cambisols (1)

Ferralic Cambisols (1)
Dystric Cambisols (1)
Eutric Cambisols (1)
Humic Cambisols (1)

Durustolls
Haplustolls		
Natrustolls		
Paleustolls		
Vermustolls
Xerolls
Argixerolls
Calcixerolis
Durixerolis
Hapioxerolis
Natrixerolls		
Palexerolis

FAO Legend

Brazilian Classification

Haplic Kastanozems (1)
Mollic Solonetz (1)
Luvic Phaeozems (1, 2)

Brunizem Avermelhado (2)

Mollic Solonetz (1)

Oxisols

Humic Cambisols (1)
Rankers (1)
Xerumbrepts

Albolls
Argialbolis
Mollic Planosols (1)
Natralbolls
Mollic Solonetz (1)
Aquolls
Argiaquolls		
Gleyic Phaeozems (1)
Solos Gley Húmicos
			 Eutróficos (2)
		
Mollic Gleysols (1, 2)
Calciaquolis
Cryaquolis
Duraquolls
Haplaquolls
Mollic Gleysols (1, 2)
Solos Gley Húmicos
			 Eutróficos (2)
Natraquolls
Borolls
Argiborolls		
Orthic Greyzems (1)
		
Luvic Chernozems (1)
Calciborolls		
Calcic Chernozems (1)
Cryoborolls
Haploborolls
Haplic Chermozems (1)
Natriborolls
Mollic Solonetz (1)
Peleborolls
Vermiborolis
Haplic Chernozems (1)
Rendolls
Rendolls		
Rendzinas (1)
Udols
Argiudolis		
Luvic Phaeozems (1, 2)
Brunizem Avermelhado (2)
Hapludolls		
Haplic Phaeozems (1)
		
Eutric Fluvisols (1)
Solos Aluviais Eutróficos (2)
Paleudolis		
Luvic Phaeozems (1, 2)
Brunizem Avermelhado (2)
		
Vermudolls
Calcic Phaeozems (1)
Ustolls
Argiustolls		
Luvic Phaeozems (1)
		
Luvic Kastanozems (1)
Brunizem Avermelhado (2)
Calciustolis		
Calcic Kastanozems (2)
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Aquox
Gibbsiaquox
Ochraquox		
Dystric Gleysols (2)
Solos Gley Pouco Húmicos
				 Distróficos y Eutróficos (2)
Plinthaquox
Plinthic Ferralsols (1, 2)
Laterita Hidromórfica 		
			 Distrófica(2)
		
Plinthic Gleysols (1, 2)
		
Plinthic Acrisols (2)
Umbraquox
Humic Gleysols (2)
Solos Gley Húmicos 		
			 Distróficos (2)
Humox
Acrohumox
Gibbsihumox
Haplohumox
Sombrihumox
Orthox
		
Orthic, Acrix y Xantic
		
Ferralsols (3)
Acrorthox		
Acric Ferralsols (1, 2)
Latosol Vermelho Amarelo
				 Distrófico (2)
		
Orthic Ferralsols (1, 2)
Latosol Vermelho Escuro
			
Distrófico (2)
		
Rhodic Ferralsols (1, 2)
(Rhodic Ferralsol=) Latosol
			 Roxo (1)
		
Humic Ferralsols (2)
Eutrorthox		
Orthic Ferralsols (1)
Latosol Roxo Eutrófico (2)
		
Rhodic Ferralsols (1, 2, 3)
Latosol Vermelho Escuro
			 Eutrófico (2)
			
Latosol Roxo ou Terra Roxa
			
Legítima (Dusky Red Latosol)
			 (3)
Gibbsiorthox
Haplorthox		
Acric Ferralsols (1)
Latosol Amarelo Distrófico (2)
		
Orthic Ferralsols (1)
Latosol Roxo Distrófico (2)
		
Rhodic Ferralsols (1, 2)
Latosol Vermelho Amarelo
			
Distrófico (2)
		
Xantic Ferralsols (1, 2)
Latosol Vermelho Escuro
			 Distrófico (2)
		
Humic Ferralsols (2)
(Xantic F=) Amarelo Palido
			 Latosol (1)
			
(Rhodic F=) Latosol Roxo (1)
Sombriorthox
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Umbriorthox
		

Xantic Ferralsols (1)
Humic Ferralsols (1)

Brazilian Classification

Torrox
Rhodic Ferralsols (1)
Latosol Vermelho Amarelo
				 Eutrófico y Distrófico (2)
		
Acric Ferralsols (1, 2)
Latosol Vermelho Amarelo (1)
		
Orthic Ferralsols (1, 2)
		
Humic Ferralsols (2)
Ustox
Orthic Ferralsols (3)
Latosol Amarelo (3)
		
Acric Ferralsols (3)
Latosol Vermelho Amarelo (3)
		
Xantic Ferralsols (3)
Latosol Vermelho Escuro (3)
Acrustox
Orthic Ferralsols (1)
Latosol Vermelho Amarelo
			
Distrófico (2)
		
Acric Ferralsols (1, 2)
Latosol Vermelho Escuro
			
Distrófico (2)
		
Rhodic Ferralsols (2)
		
Humic Ferralsols (2)
Eutrustox
Orthic Ferralsols (1, 2)
Latosol Roxo Eutrófico (2)
		
Rhodic Ferralsols (1, 2, 3)
Latosol Vermelho Amarelo
			
Eutrófico (2)
			
Latosol Vermelho Escuro
			
Eutrófico (2)
			
Latosol Roxo ou Terra Roxa
			
Legítima (Dusky Red Latosol)
			 (3)
Sombriustox
Hapiustox		
Orthic Ferralsols (1)
Latosol Roxo Distrófico (2)
		
Acric Ferralsols (1, 2)
Latosol Vermelho Amarelo
			
Distrófico (2)
		
Rhodic Ferralsols (2)
Latosol Vermelho Escuro
			
Distrófico (2)
		
Humic Ferralsols (2)

Spodosols
Aquods
Cryaquods
Duraquods
Fragiaquods
Haplaquods
Placaquods
Sideraquods
Tropaquods		
Ferrods
Ferrods		
Humods
Cryohumods
Fragihumods
Haplohumods
Placohumods

Ultisols		
		
		

Podzols (1)
Gleyic Podzols (1)

Gleyic Podzois (2)

Podzols (3)

Podzol Hidromórfico (2)

Ferric Podzois (1)
Humic Podzois (1)

Placic Podzois (1)

Taxonomy
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Aquults		
Gleyic Acrisols (1)
Albaquults
Dystric Planosols (1, 2)
Planosols (1)
			
Solos Hidromórficos
		
Cinzentos Distróficos (2)
Fragiaquults
Ochraquults
Paleaquults
Plinthaquults Plinthic Acrisols (1, 2)
Laterite Hidromórfica 		
			 Distrófica (2)
		
Plinthic Gleysols (1, 2)
		
Plinthic Ferralsols (1, 2)
Tropaquults
Dystric Planosols (2)
Solos Hidromórficos
			
Cinzentos Distróficos (2)
		
Dystric Gleysols (2)
Solos Gley Pouco Húmicos
		
Distróficos (2)
Umbraquults
Humic Gleysols (2)
Solos Gley Húmicos
Humults
Haplohumults
Palehumults
Humic Nitosols (1)
Plinthohumults
Sombrihumults
Tropohumults Humic Nitosols (1)
Udults
Fragiudults
Hapludults		
Orthic Acrisols (1, 2)
Podzólico Vermelho Amarelo,
			
(low base status) (1)
		
Ferric Acrisols (2)
Podzólico Vermelho Amarelo
			 (2)
Paleudults		
Dystric (Rhodic) Nitosols Podzólico Vermelho Amarelo
(1, 2)		 (2)
		
Humic (Rhodic Nitosols)
Lateritico. Bruno Avermelhado
		
(1, 2)		 Distrófico
		
Ferric Acrisols (2)
		
Orthic Acrisols (2)
Plinthudults
Plinthic Ferralsols (2)
Laterita Hidromórfica 		
			 Distrófica (2)
		
Plinthic Acrisols (1, 2)
Podzólico Vermelho Amarelo
				 Plíntico (2)
Rhodoudults
Dystric Nitosols (1)
Podzólico Vermelho Amarelo
			 (2)
		
Ferric Acrisols (2)
Orthic Acrisols (2)
Dystric (Rhodic)
		
Nitosols (1)
Tropoudults
Humic (Rhodic) Nitosols (2) Terra Roxa Estruturada low
				 base status (1)		
Ferric Acrisols (2)
Podzólico Vermelho Amarelo
			 (2)
		
Orthic Acrisols (2)
Laterítico Bruno
		
Avermelhado Distrófica (2)

Acrisols (3)

Podzólico Vermelho Amarelo
		 (Red Yellow Podzolic) (3)
Dystric Nitosols (3)
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Ustults
Hapiustuits		
Ferric Acrisols (2)
Podzólico Vermelho Amarelo
			 (low base status)
		
Orthic Acrisols (1, 2)
Podzólico Vermelho Amarelo
			 (2)
Paleustuits		
Orthic Acrisols (1)
Podzólico Vermelho Amarelo
			 (2)
		
Ferric Acrisols (1,- 2)
Plinthustults
Plinthic-Acrisols (1, 2)
Laterita Hidromórfica 		
		
Distrófica (2)
		
Plinthic Ferralsols (2)
Podzófico Vermelho Amarelo
				 Plíntico (2)
Rhodoustuits Dystric Nitosols (1)
Terra Roxa Estruturada low
				 base status (1)
		
Orthic Aerisols (1)
Podzólico Vermelho Amarelo
			 (2)
		
Ferric Acrisols (2)
Xerults
Hapioxeruits
Orthic Acrisols (1)
Podzólico Vermelho Amarelo
			 (low base status) (1)
Palexerults		
Ferric Acrisols
Terra Roxa estruturada low
				 base status (1)
		
Dystric Nitosols (1)
Vertisols		
Vertisols
Solos Grumossol.icos (2)

Authors’ comment on “soil classification” systems:
It should be evident from even a casual examination of the
above table, that considerable confusion would have occurred
in the past between soil scientists working with different soil
classification systems. The SOTER project had as its primary
objective the development of attribute database files to describe
soils according to their actual properties, and not according to “predetermined” characterists according to the local experiences of “soil
classification experts”.
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Appendix 12.

Sumario em Portuguese no estudo
“A Terra no Região Geo-ecônomica de Brasilia.
Um mapa de Sistemas de Terra”.
(Portuguese Summary of the study “Land in the Geo-economic
Region of Brasilia. A Land Systems Map”.)
VISÃO GERAL E RESUMO
O estudo demonstra que existern acentuadas variacöes no clima,
na paisagem, na geologia, nos padröes de vegetacão natural e nos
solos da Região Geoecônomica de Brasilia. Mostra, ainda, que o
delinearnento em sisternas de terra, que indicam as áreas de terras
corn padröes relativarnente constantes daquelas viariáveis, prove
uma base geográfica e quantitativa para a avaliacão dos recursos
de terra da região. Essa base geográfica pode ser usada de várias
forrnas. Pode indicar a extensão de áreas homogêneas onde seria de
esperar que tivesse éxito urn mesmo tipo de sistema agrícola. Pode
ser usada para avaliar as prioridades de infraestrutura, inclusive
estradas, etc. Tarnbérn provê uma base para a transferência de
tecnologias agropecuárias, que freqüenternente são específicas
para um determinado agroecosistema, no caso de práticas de
adubacâo e calagem, ou daquelas baseadas no desenvolvimento
de cultivares melhorados que tenham urn potencial de rendirnento
comprovado nas condiçôes de um agroecosisterna específico, a
saber, clima, solo e praticas culturais, inclusive o tratamento com
adubo, assim como o controle de pragas e ervas daninhas. Por outra
parte, o estudo proporciona uma base para o desenvolvimento
de prioridades melhores de pesquisa para o desenvolvimento de
tecnologias agropecuárias rnais apropriadas para a região e para a
seleçâo de locais típicos para testar tais tecnologias.

Uma Visão Geral do Potencial Agropecuário
A Tabela 9-1 (Table 9-1) oferece um visâo geral do potencial
agropecuário da Região Geoeconômica, mediante o resumo das
principais características dos Sisternas de Terras individuais, em
termos de traços selecionados de clima, paisagem e solo; Também
inclui um resumo dos atuais padröes e do potencial de uso da
terra-, assim como as possibilidades agro-industriais. Algumas
características agrupadas do clima, da paisagem e dos solos da
região podem ser encontrados na Tabela 9-1.
Clima. Apoxidamadamente 60% da região obedece a um regime
de temperatura isotérmico, com temperaturas médias rnensais
durante a estação chuvosa inferiores a 23,50º C. Nos outros 40%
da área, o regime de temperatura isotérrnico dá temperaturas
rnëdias durante a estação chuvosa superiores a 23,5º C. Pouco mais
de 50% da região (52%) tem uma estaçäo seca com duração entre

5 e 5,5 meses, sendo que no restante a época de estiagem é mais
acentuada e longa, com duração entre 6 e 7 meses. É necessário
frisar que a região dos Cerrados como um todo se caracteriza por
uma evapotranspiração potencial total constante durante a estação
chuvosa (Cochrane y Jones 1981). Conforme indicado no estudo de
Cochrane (1986), a região é susceptível a veranicos em maior ou
menor grau.
Paisagem. Aproximadarnente 56% das terras da região estão
a cotas médias de 700 metros ou mais. Só 4% têm problemas
sérios de drenagem. Aproximadamente 33% possuem topografia
bem drenada de plana a suavernente ondulada, com inclinaçôes
inferiores a 8%; 31% tem topogratia de ondulaçôes acentuadas,
com declividade entre 8 e 30%; e o restante é composto por terreno
íngreme, com taludes superiores a 30%. Essas últimas terras são
improprias para agricultura arável mecanizada. O texto en Inglish
(Capitulo 9, incluye fotografias da vegetacão tipica da região.
Solos. A Tabela l do relatorio “Land in the Geo-economic region of
Brasilia. A Land Systems Map” (sitio web dos autores “www.agteca.
org” resume os solos em termos das retricôes físicas e químicas.
Características físicas dos solos. Aproximadamente 83% dos
solos parecem ter baixa capacidade de retençâo de água. Como
um proporção consideravelmente menor pode ser classificada
como solos de textura fina, pedregosos ou rasos, fica claro que a
baixa capacidade de retençâo de água reflete em grande parte a
predominância de solos “oxic”, com altos teores de sesquióxidos
de Al e Fe. Esse último revela uma microestrutura altamente
desenvolvida em solos em que predomina o caulim, o que resulta
em capacidades de retençâo de água que se aproximam daquela
das areias. Por outra parte, freqüentemente possuem considerável
resistência a erosão pela água.
Características químicas dos solos. A maior parte dos solos da
região tem sua gênese em rochas pré-intemperizadas deficientes
em nutrientes, inclusive numa nutria gama de micaxistos, xistos
cloríticos e arenitos. Conseqüentemente, não é de estranhar que
tenham propriedades químicas deficientes. Um alto percentual
92%, têm baixos teores de P; 77% tem baixos teores de Ca e Mg; e
60% tem níveis baixos de K. Em relação a esses últirnos elementos,
é evidente que muitos dos solos sofrem de graves desequilíbrios
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nutricionais. Aproximadamente 74% têm baixas relações Ca/Mg;
69% baixas relaçães Ca/K; menos de 17% baixas relaçôes Ca/Mn. Em
muitos solos ambas as relações, Ca/Mg e Ca/K são baixas.
Os freqüentes teores muito baixos de Ca nos solos e os níveis
relativamente altos de Mg (embora, em termos absolutos, esses
últimos sejam baixos quando comparados com os teores de Mg na
maioria dos solos de outras regiôes tropicais), parecem ser os traços
fundamentais de muitos dos solos dessa região. Isso pode explicar.
em parte, as mudanças sutis na vegetação natural. A esse respeito,
é interessante comparar os teores de Ca e Mg e suas relaçôes no
perfil GE-077, que descreve o Sistetna de Terra No 25, com outros
solos de Cerrado e de florestas. Ou, alternativamente, verificar que
as relaçôes Ca/Mg diminuem substancialmente entre os perfis
GE-131 e GE-132, tomados de uma floresta decídua e de cerrado,
respectivamente, apesar de serem solos “visualmente” similares (as
amostras desses perfis foram retiradas a menos de 5 Km uma da
outra). Mudanças similares foram também detectadas pelo autor
nas análisis de solos de Cerradão, com amostras retiradas no Centro
de Pesquiza Agropecuária dos Cerrados tinha relaçôes menores de
Ca/Mg do que o solo do Cerradão.
O Sistema de Terra No. 25 provê um exemplo de terras que seriam
férteis e entretanto sustentam vegetação de Cerrado. Exemplos de
Cerrados crescendo em solos ricos em cálcio são encontrados na
região mais seca do nordeste da Regiâo Geoeconôrnica, incluindo
os Sistemas de Terra No. 43 e 44. Dados tentativos adicionais não
registrados em este relatório sugerem que esse fenômeno poderia
estar relacionado com baÍxos valores de. Ca/Mg.
A Tabela l inclui uma indicação preliminar da probabilidade de
que existam deficiências dos elementos-traços Zn, Fe e Cl. Isso
deve ser interpretado com muita reserva, uma vez que há poucas
informações disponíveis para orientar a interpretaçäo dos dados.
Contudo, parece provável que muitos dos solos sejam deficientes
em Zn; isso certamente aconteceria mais provavelmente com a
aplicação de calcário para corrigir os desequilíbrios de nutrientes e
possivelmente a toxicidades do alumínio.
A toxicidade do Al parece ser um, problerna potencial em
muitos solos para as culturas sensíveis ao mesmo. Entretanto, é
interessante comparar on níveis de Al intercambiável ou trocável nas
camadas superiores e inferiores de muitos solos e constatar que,
enquanto até 76% das camadas superiores na região possuem altos
teores de Al, so aproximadamente 24% das camadas infeniores
têm o mesmo problema. É óbvio que a equação desenvolvida por
Cohcrane (1980) seria útil para fazer a correção das toxicidades
potenciais de Al quando as camadas inferiores dos solos têm baixos
níveis de Al. Podem ser necessárias, porém, aplicações de Ca além
do nível necessário para corrigir o excesso de Al, a fim de equilibrar
as relações baixas de Ca/Mg, Ca/K ou Ca/Mn em certas condições
específicas de solos.
A Tabela 1 trata com toda atenção tanto da capacidade de troca de
cátions (CTC) quanto da capacidade de troca de ánions (CTA), dos
solos da região. Baixos valores de CTC indicam uma capacidade
muito baixa do solo de reter on cátions nutrientes e a vantagem
de aumentar essa característica melhorando o solo, geralmente
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mediante a incorporação direta de matéria orgânica, ou mediante
uma tentativa de aumentar os níveis de matéria orgânica
viável, através do uso de pastagens de alqueive de gramíneas
e leguminosas consorciadas, ou outras técnicas similares.
Aproximadamente 74% dos solos têm baixos valores de CTC. E
também importante constatar que quase a mesma percentagem
(72%), dos solos tem valores de CTA relativamente altos. Isso
significa que esses solos, além de poderem reter cátions nas suas
supefícies de intercârnbio, também podem reter ãnions tais como.
NO3-, SO42+ e Cl-. Foi ao reconhecer a importância da capacidade de
troca de ãnions dos solos troicais, e os problemas inerentes nas
metodologias existentes para sua mensuração, que Cochrane e
Souza (1985) desenvolveram a rnetodologia aprimorada usada para
medir CTA ( juntamente com CTC e ambos os nutrientes catiônicos e
aniônicos), neste levantamento.
E necessário levar em consideração que a maioria dos solos,
tanto con CTC quanto com CTA, são solos de “carga variável”, o
que significa que suas capacidades de iritercâmbio podem ser
afetadas por variaçöes no pH e, em menor grau, pela concentração
da dissolução de solo e os tipos relativos de íons em dissolução.
Conseqüentemente, a calagem afeta os valores tanto de CTC quanto
de CTA (Cochrane Souza, 1985). Mesmo assim, um conhecimento
antecipado dos valores de CTA é fundamental para um melhor
manejo de muitos solos tropicais. Por exemplo, a CTA afeta o
rnovimento de SO42+ em todo o perfil do solo, quando se aplica
gesso (CaSO4) pare acelerar o movimento dos Ca2+ para o subsolo,
em solos com baixos níveis de Ca ou baixos desequilibrios de
Ca/Mg, Ca/K e Ca/Mn, ou altos teores de Al, com a finalidade de
corrigir rnuitos dessea problemas. Está também ficando claro que a
lixiviação em muitos solos tropicais ácidos depende da presença de
NO3- na solução do solo, e que, nesse respeito, é muito importante
ten conhecimento da CTA. O nitrogênio é aplicado na maioria das
culturas, freqüentemente em tratamentos inicialmente excessivos,
que podem acelerar o lixiviamento. Mesmo em condições naturais,
o nivel de NO3- 3 em dissolução de solo pode ser excessivo, devido
ao fenõmeno de “flush” de nitrogênio no começo da estação
chuvosa (Hardy 1946); isso tem indubitavelmente contribuído de
maneira subtancial para as condições deficientes de nutrientes de
muitos dos solos de cerrado (É possível que o desenvolvimento da
CTA seja a resposta da natureza para diminuir a taxa de lixiviação
induzida pelo NO3-).
Os dados analíticos de solo que acompanham as descrições de
perfil de solo no Anexo II não incluem análises de S, Cu, Mo, ou
B. Aliás, algumas análises de Cu, e SO42+ e B foram realizadas; os
valores de Cu e SO42+ eram geralmente demasiado baixos para
serem detectados com o extrato de 0,5M.NH4NO3. O tempo e a
falta de disponibilidade de pessoal não permitiram que fossem
realizadas as análises de B por extrato de água, na oportunidade
em que este relatório foi apresentado. A deficiência potencial de S
pareceria então provável para muitas das espécies cultivadas em
solos de ex-cerrado, e a possibilidade de deficiências de Cu e Mo não
deve ser descartada. A deficiência de B já foi relatada por da Silva
& Andrade (1983), para algumas cultivares de trigo plantados em
Oxisols lixiviados; mas esse estudo indica que a sua aplicação pode

ser prejudicial a produção de outras culturas. A deficiência de cloro
pode ser um problema potencial em alguns solos, embora o critério
de nível de deficiência utilizado para compilar a Tabela 1, ou seja,
menos de 3 ppm, seja , obviamente, rnuito tentativo. Embora não
constemna Tabela 1, os níveis de Na de muitos solos parecem ser
muito baixos e indicariam a necessidade de cochos de sal para uma
produção pecuária satisfatória em muitas áreas.
A deficiência de nitrogênio, não foi indicada neste estudo. Acreditase ser um problema que afeta a maioria das culturas, excluindo as
leguminosas. Obviamente, em solos com baixa capacidade de troca,
pode valer a pena dividir as aplicações de fertilizantes para evitar
lixiviação dos cátions nutrientes induzida por um excesso de NO3-.
Por outra parte, as aplicações de nitrato podem ser usadas para
acelerar o movimento de Ca para os subsolos, a fim de corrigir os
problemas relacionados ao cálcio.
O que talvez não fique evidente na Tabela l, embora tenha sido
frisado nas descrições dos solos dos Sistemas de Terra individuais,
é que a variação da roche-mãe, nos diferentes solos e em toda a
região, exerce uma forte influência sobre a fertilidade e o potencial
de produção continuada dos mesmos. Aqueles solos formados a
partir de material ígneo, tais como o gabro do Sistema de Terra, No.
20, ou mesmo os materiais similares ao granito, e especilamente os
varias solos desenvolvidos a partir de material calcário, possuem
uma fertilidade natural muito superior àquela dos solos formados
a partir de xistos antigos pré-intemperizados e sedimentos ricos
em quartzo. Como os primeiros obviamente possuem maiores
reservas de minerais ricos em nutrientes vegetais, provavelmente
sustentarão uma produção agrícola relativamente intensiva durante
anos, com insumos mínimos de fertilizantes e de correção de solo.
Por outra parte, os solos formados a partir de materiais de origem
deficientes em minerais exigiriam insumos em maior quantidade
e com maior freqüência, para fertilização e correção de solo, para
atingir uma produção agrícola aceitável. O melhor manejo para
esses solos seria uma rotação de culturas de períodos de 2 a 3 anos,
incluindo leguminosas e preferivelmente, a incorporação do adubo
verde ou orgânico, seguida por períodos de 4 a 5 anos de algueive,
com uma pastagem de gramíneas e leguminosas consorciadas.

Potencial de Uso da Terra e Possibilidades Agroindustriais
A Tabela l do relatorio “Land in the Geo-economic region of Brasilia.
A Land Systems Map” fornece um guia de referência rápida do
potencial de uso da terra dos Sistemas de Terra individuais e
indica em guais poderia haver necessidade de agroindústrias
complementares. Obviamente, o uso que seja feito de qualquer área
de terra deverá refletir as pressões sócioeconõmicas em mutação.
Entretanto, existem muitas áreas interessantes para a expansão de
tanto da produção agrícola quanto da agroindústria. Vale a pena
notar, como observação geral a esse respeito, que, na maior parte
dos Sistemas de Terra com recursos de terra melhores, em termos
tanto físicos quanto químicos, as propriedades locais e as vilas
vizinhas mostram sinais evidentes de aumento de prosperidade.

Um resumo do Potencial Agrícola
A Tabela 9-1 foi elaborada com o intuito de colocar as informações
resumidas na Tabela 1 dentro de uma perspectiva mais ampla, para
fazer uma colocação sucinta do potencial de uso da terra na Região
Geoeconômica. Nessa Tabela, os sistemas de terra individuais foram
agrupados em cinco amplas categorias:

A. Terras com pouca necessidade de adubação, próprias para
culturas mecanizadas.
B. Terras com grandes necessidades de adubação, próprias
para culturas mecanizadas.
C. Terras com pouca necessidade de adubação, próprias para
tratos culturais anuais.
D. Terras com grandes necessidades de adubação, próprias
para tratos culturais manuais;
E. Terras próprias para pecuária de sistema extensivo e/ou
atividades florestais.

Appendices

183

Estas 5 categorias foram subdivididas de acordo com a temperatura,
em termos mais amplos, e com a duração dos regimes de estiagem.
Na Tabe1a 9-1, podemos ver que só aproximadamente 4% dos solos
da região são considerados como tendo pouca necessidade de
adubação e sendo próprios para culturas mecanizadas. Existem
outros 6% que têm pouca necessidade de adubação, mas seu uso
é lirnitado principalmente a culturas de tratos manuais, devido
à topografia do sistema. Esses solos férteis são encontrados
em diferentes condições climáticas, o que influenciaria os tipos
de culturas a serem selecionadas. É interessante constatar que
aqueles que são próprios só para o cultivo manual, são, em
geral, encontrados em áreas mais frias e úmidas, normalmente
consideradas adequadas para a produção de café. Todos os solos
classificados como tendo pouca necessidade de edubação se
originaram de materiais comparativamente ricos em minerais.
O maior grupo de terras, aproximadamente 40%, tem solos
classificados como tendo grandes necessidades de fertilizantes,
embora apropriados para cultivo mecanizado. Aproximadamente
a metade dessas terras está localizada nas áreas mais frias e altas
da região, e a outra metade nas áreas mais quentes e de cotas
inferiores. Nos climas isotérmicos mais frios, a maior proporção dos
solos é encontrada em áreas com estação chuvosa mais prolongada,
enquanto que nos climas iso-hipertérmicos mais quentes, a maioria
está confinada a áreas com estação chuvosa mais curta, o que
limitaria o uso da terra a culturas de ciclo curto. Obviamente, todas
as terras que foram classificadas como tendo grandes necessidades
de adubação apresentam problemas graves de rnanejo da
fertilidades do solo e deveriam ser usadas para agricultura mista,
talvez com uma seqüencia de culturas durante 1 a 3 anos, incluindo
uma leguminosa, seguida por um período de alqueive de 3 a 5 anos
(ou mais) com pastagens formadas de gramíneas e leguminosas
consorciadas. Conseqüentemente, em média, provavelmente só
um—terço da extensão de terra seria usado para culturas agrícolas
a cada ano, para o estabelecimento de sistemas agropecuários
continuados e fixos.
Além dos 40% da região de terras com grandes necessidades
de adubação, apropriados para culturas mecanizadas,
aproximadamente 15% foram classificados coma terras com
grandes necessidades de adubação apropriadas para tratos culturais
rnanuais. Essas terras estão localizadas em áreas de altiplano mais
úmido e poderiam ser utilizadas para a expansão do cultivo de
espécies de árvores. Os outros 35% da região foram classificados
como terras de solos próprios para a pecuária de sistema extensivo
ou as atividades florestais; mas é claro que nessas áreas existem,
geralmente, bolsões de terras mais produtivas e de manejo mais
fácil.
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Amazon Forest & Savanna Lands

Conclusão
Em conclusão, podemos afirmar que existe um potencial razoável
para a expansão agropecuária na Região Geoeconômica de
Brasília. Entretanto, é necessário tomar cuidado na seleção das
culturas e dos sistemas de cultivo para cada sistema de terra. Além
disso, o uso bem sucedido de grandes áreas de terras com baixa
fertilidade dependerá do desenvolvimento de práticas de adubação
melhoradas, que só podem ser encontradas mediante um maior e
mais intenso esforço de pesquisa. O desenvolvimento de sistemas
agrícolas mistos para as terras mais planas onde há necessidade
maior de fertilizantes deveria ser considerado prioritário, a fim de
garantir a produtividade das mesmas. Planejamento cuidadoso
no estabelecimento de infraestrutura e agroindustrias, para servir
melhor os sistemas de terra de grande promessa agrícola, ajudaria a
maximizar o desenvolvimento e a prosperidade.
REFERENCES. Chapter 9 (Veja Capitulo 9).
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Table A12-1. A SUMMARY OF MAJOR CLIMATE, LANDSCAPE AND SOIL CHARACTERISTICS THE PRESENT LAND
USAGE AND USE POTENTIAL OF THE LAND SYSTEMS OF THE GEO-ECONOMIC REGION OF BRASILIA.

Land
System
N°-

Area
Ha x

Altitude Temp Length of DrySeason
(1)
(mths)
5.5 6
7
poor
(m)
5

1000

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80

2.139.774
3.024.665
703.812
234.325
64.747
203.494
98.664
536.485
61.665
203.494
125.581
169.579
280.575
425.488
265.159
46.249
339.157
15.416
431.655
169.579
98.664
490.236
357.656
669.065
77.080
58.582
15.416
200.411
21.583
1.464.543
21.583
215.827
129.496
764.645
258.993
154.162
299.075
181.911
443.988
172.662
98.664
83.248
197.328
12.333
49.332
348.407
80.164
101.747
178.828
33.916
27.749
5,000
67,831
500.652
437,820
373,073
280,575
30,832
311,408
123,329
308,324
86,330
817,060
64,748
67,831
141,829
197,327
43,165
49,331
480,986
49,332
123,329
30,832
89,414
43,165
14,491
123,329
607,399
369,989
280,575

1000
850
1000
900
1000
800
700
900
1000
650
780
750
900
800
850
700
650
800
700
650
850
550
900
600
650
600
750
650
650
300
300
1250
1,100
550
570
650
600
500
500
450
500
450
600
700
600
700
700
450
500
850
850
850
650
650
900
800
750
850
575
600
550
800
525
550
520
700
750
650
700
1,000
850
700
950
800
500
800
550
500
650
750

T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
H
T
H
T
T
T
T
H
H
H
T
T
H
H
H
H
H
H
H
H
H
H
T
H
T
T
H
H
T
T
T
T
H
T
T
T
T
H
H
H
T
H
H
H
H
T
H
T
T
T
T
T
T
H
T
H
H
H
T

S
S
S
S
S
S
S
S
S
S
S
S
N
S
S
N
S
S
S
S
S
N
N
N
N
N
N
N
N
N
N
S
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
S
S
N
N
N
N
N
N

N
N
N
N
N
N
N
N
N
N
N
N
S
N
N
N
N
N
N
N
N
S
N
N
S
S
S
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
S
X
N
N
N
N
N
N
N
S
N
N
N
N
N
N
N
N
N
N

N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
S
S
N
N
N
S
S
N
N
N
S
N
S
S
S
S
S
S
S
S
S
S
N
S
S
S
N
S
S
S
S
S
S
S
S
S
S
S
N
N
S
S
S
S
S
S
S
N
S
N
N
N
N
S
N
N
N
N

N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
S
S
N
N
S
N
N
N
N
N
N
N
N
N
N
S
N
N
N
S
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
S
N
N
S
N
S
S
S
S

draingage
5
N
N
N
N
5
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
10
N
N
N
N
N
N
N
15
N
50
N
N
N
N
N
80
N
N
N
10
N
N
10
N
N
N
15
N
10
N
15
N
80
10
N
N
N
N
N
N
N
N
N
N
25
N
N
N

Topography
<8%

Rivers
Natural
(2)
(3)
8-30% >30% Freq.
Vegetación

70
10
30
N
N
65
5
75
10
N
65
70
5
N
20
5
5
40
5
75
10
50
10
5
80
10
N
15
60
20
20
25
30
5
60
80
20
60
50
55
70
40
5
25
10
5
5
20
80
90
90
15
5
N
75
70
N
90
70
35
20
85
75
35
20
75
50
30
5
N
65
5
70
10
80
60
50
50
50
5

20
30
30
25
15
20
45
20
50
25
30
20
30
60
50
50
10
40
30
20
15
30
40
35
15
60
30
65
35
65
60
55
55
65
30
15
60
30
35
25
25
5
70
60
20
25
30
N
10
5
5
40
45
25
10
25
30
5
10
55
30
10
5
60
N
10
40
50
25
20
15
40
20
20
15
30
20
15
40
55

5
60
40
75
85
10
50
5
40
75
5
10
65
40
30
45
85
20
65
5
75
20
50
60
5
30
70
20
5
15
20
10
15
30
10
5
20
10
15
5
5
5
25
15
70
70
65
N
10
5
5
35
50
75
5
5
70
5
5
10
50
5
5
5
N
5
10
20
70
80
20
55
10
70
5
10
5
5
10
40

AL
AL
AL
AL
AL
AL
AL
MO
AL
AL
AL
AL
MO
AL
MO
AL
AL
AL
AL
AL
AL
AL
AL
MO
MO
MO
MO
MO
MO
MO
MO
AL
MO
MO
ZA
ZA
ZA
ZA
MO
ZA
MO
MO
MO
ZA
ZA
ZA
MO
AL
ZA
ZA
ZA
AL
MO
MO
MO
ZA
MO
ZA
ZA
MO
MO
MO
MO
AL
AL
MO
MO
MO
MO
AL
ZA
MO
MO
MO
AL
MO
MO
AL
MO
ZA

C
C
C
D
D
C
C
C
C
O
C
C
C
D
D
D
C
0
C
D
D
C
C
C
C
C
C
C
C
C
C
M
M
C
F
F
C
F
C
C
C
C
C
C
F
C
F
I
C
M
C
C
F
C
C
C
C
F
C
C
C
C
C
F
I
C
C
C
F
M
C
C
C
C
F
C
F
F
C
C

Principal Soil (4)

Lld
Cdtb
Lld,Lvd
Tue
Ra
Lld,Lvd
Cdtb
Lld,Lvd
Lvd
Cdtb
Lvd
Lld,Lvd
Lld,Lvd
Lve
Lve
Lve
Cdtb
Lud
Cdtb
Lve
Tre
Lld
Cdtb
Cdtb
Lve
Lue
Cdtb
Lld
Lvd
Lld
Lld
Lld
Lld
Cdtb
Lad
Lve
Lld
Lve
Lld
Lld
Lad
Fdtb
Cdtb
Lld
Rd
Cdtb
Tue
Fdtb
Lad
Qd
Qd
Qd
Tue
Lld
Lld
Qd
Cdtb
Lue
Lld
Lld
Cdtb
Lld
Lld
Lue
Fi
Qd
Lld
Lve
Cetbtd
Rd
Lld
Qd
Lld
Cdtb
Ade
Lad
Ade
Ade
Lad
Cdtb

Lvd
Lld
Cdtb
Cdtb
Tue
Lvd
Lld
Lvd
N
lvd
N
Lvd
Cdta
Lve
Lld
Lld
Lle
N
Lla
Tre
Lve
Lvd
Lad
Lld
N
N
Lld
Cdtb
Lld
Cdtb
Cdtb
Fi
N
Rd
Lld
Tue
Cdtb
Tue
Lad
Fi
Lld
Lld
Lld
N
Cdtb
Lad
Cdtb
N
Lld
Lld
Lld
Lld
Cdtb
Cdtb
Lvd
Lld
Lld
N
Lvd
Lue
Lld
N
Lvd
Tue
N
N
Lvd
Lvd
Lve
Cdtb
Cdtb
N
Lvd
Lld
N
N
Gd
Qd
Lvd
Lld

SoilPhysical Constraints
Poor
draing
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
S
N
N
N
N
N
S
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
S
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N

Ligth
text
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
S
N
S
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
S
S
S
N
N
S
S
N
S
S
N
N
N
N
N
N
S
N
N
N
N
N
S
N
N
N
N
N
N
N
N

Low
Waterhold
S
S
S
N
N
S
S
S
S
S
S
S
S
N
N
N
S
S
S
N
N
S
S
S
N
N
S
S
S
S
S
S
S
S
S
N
N
N
S
S
S
N
S
S
S
S
N
N
S
S
S
S
N
S
S
S
S
S
S
S
S
N
S
N
N
S
S
N
N
S
S
S
X
S
N
S
N
N
N
S

Part
Shallow
N
S
N
S
S
N
S
N
N
S
N
N
N
N
N
N
S
N
S
N
N
N
S
S
N
N
S
N
N
N
N
S
S
N
N
N
N
N
N
N
N
N
N
N
S
S
N
N
N
N
N
N
N
S
N
N
S
N
N
N
N
N
N
N
N
N
N
N
N
S
S
N
N
S
N
N
N
N
N
N

Part
Story
N
S
N
S
S
N
N
N
S
S
N
N
N
N
N
N
S
N
S
N
N
N
S
S
N
N
S
S
N
S
S
N
N
S
S
N
S
N
N
S
N
S
S
N
S
S
S
N
N
N
N
N
S
S
N
N
S
N
N
N
N
N
N
N
N
N
N
N
N
S
S
N
N
S
N
N
N
N
N
N

P
S
S
S
N
N
S
S
S
S
S
S
S
S
N
S
S
S
S
S
N
N
S
S
S
S
S
S
S
S
S
S
S
S
S
N
N
S
N
S
S
S
S
S
S
N
S
N
S
S
S
S
S
N
S
S
S
S
N
S
S
S
S
S
S
S
S
S
N
N
S
S
S
X
S
N
S
S
S
S

P-(5)
Fixi
S
N
S
N
N
S
N
S
S
N
N
S
S
N
N
N
N
N
N
N
N
N
S
N
N
N
S
S
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
S
N
N
N
N
N
N
S
S
N
N
N
S
N
N
N
S
N
N
N
N
N
N
N
N

Deficiencies

Soil Chemical

k

Ca

Mg Zn

Fr

Cl

Constraints
Toxicities
Al
Al,ss Fe

S
N
S
N
N
S
S
S
S
S
S
S
S
N
S
S
N
N
S
S
N
N
N
N
N
N
S
N
S
S
S
S
S
S
N
N
S
N
S
S
S
N
S
N
N
N
N
N
N
S
S
S
N
N
S
S
N
N
N
S
S
N
S
N
N
S
S
N
N
S
S
S
S
S
N
S
S
S
S
N

S
S
S
N
N
S
S
S
S
N
S
S
S
N
N
N
N
N
S
N
N
S
S
S
N
N
N
S
S
S
S
S
S
N
N
N
S
N
S
S
S
S
N
N
N
N
N
S
S
S
S
S
N
S
S
S
S
N
S
S
S
S
S
N
S
S
S
N
N
S
S
S
S
S
N
S
N
N
S
N

S
S
S
N
N
S
S
S
S
N
S
S
S
N
N
N
N
S
S
N
N
S
S
S
N
N
N
S
S
S
S
S
S
N
N
N
S
N
S
S
S
S
N
N
N
N
N
S
S
S
S
S
N
S
S
S
S
N
S
S
S
S
S
N
S
S
S
N
N
S
S
S
S
S
N
S
N
N
S
N

N
S
N
S
N
N
N
S
N
N
S
N
S
N
N
N
S
N
N
N
N
N
N
N
S
N
N
N
N
N
N
N
N
N
N
N
N
S
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
S
N
N
N

S
S
S
N
N
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Table A12-1. A summary of the Major Climate,
Landscape and Soil Characteristics, the Present
Land Usage and the Potencial Land Use, of the
Land Systems of the Region
Geo-economica of Brasilia.
Tabela A12-1, Um sumario dos principais
caracteristicas da clima, paisagem y solos, o
uso actual do terra e o uso potencias do uso da
terra, dos Sisemas de Terra da Região
Geo-econômica de Brasilia.

Notes:
1) T= Iso-thermic, H= iso-hyperthermic
2) AL= Less than 5 km apart; MO= 5-15 km apart,
ZA= greates than 15 km apart
3) Refer Appendix II for key to codes.
4) Refer Carmargo et al 1981 for legend.
5) As defined by Sanchez and Uehara, 1978.
6) Low Ca/Mg: Average Less than I, throughout
soil profile.
7) Low C/K:Average Less than 5, throughout soil
profile.
8) Low C/Mm: Average Less than 2, throughout
soil profile.
9) Low CEC: Average of less than 2 meg/100g soil.
Throughout soil profile.
10) High AEC: More than 25% of CEC values.
11) A= Annual grain crops
B= Vegetable, root and fruit crops
C= perennial crops
O=native pastures
E= improved pastures
F= native forestry
G= planted forestry

(S = Siim (yes); N = Nao (no)
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Thomas A. Cochrane

Thomas T. Cochrane is a tropical land resource specialist with
over 50 years of experience in the evaluation of the soils, land-use
potential and the management and conservation of land, especially
Amazon lands. After graduating as an agricultural scientist from
Massey College, University of New Zealand, he pursued postGraduate studies in the Imperial College of Tropical Agriculture in
the West Indies, where he specialized in the evaluation of tropical
land resources and eventually earned a doctorate. He was fortunate
to be contracted by the British Mission in Tropical Agriculture to
Bolivia in 1963, where he started his career studying some of the
least known lands of the Amazon. He subsequently married a
wonderful Bolivian lassie, and had a son, the co-author of this book.
Dr. Cochrane (Sr.) was awarded with the official Bolivian Government
decoration “El Cóndor de los Andes” in 1973. In 1976, he was
contracted by CIAT (The International Center for Tropical Agriculture)
to study the savanna and eventually the forest lands over the
Amazon. -His hobby as a pilot, flying his private light airplane,
facilitated his coverage of this vast region, albeit with a certain risk!
After completing his work with CIAT and publishing the book “Land
in Tropical America”, he was contracted by IICA (Inter-American
Institute of Agricultural Science) to further the study of the Brazilian
Amazon savanna lands. Over the following years he was fortunate
to be able to continue his study of Amazon lands with various
organizations, as opportunities arose. In addition to land studies,
he developed a new equation for calculating osmotic potential with
his co-author, which led to the development of a unifying theory of
water movement through the soil-plant continuum. He is currently
supervising Agrotecnologica Amazonica’s forest-savanna ecological
conservation park in the Bolivian Amazon.

Thomas A. Cochrane is currently a senior lecturer in the Department
of Civil and Natural Resources Engineering at the University of
Canterbury in New Zealand. He obtained a B.Sc., M.Sc. and a Ph.D.
from the Department of Agricultural and Biological Engineering
at Purdue University, West Lafayette, U.S.A. During his M.Sc. and
Ph.D. he worked at the National Soil Erosion Research Laboratory
(USDA-ARS) conducting research on soil and water conservation and
GIS modeling. In between his postgraduate studies, he spent time
in the Amazon region (Pando and Rondônia) doing soil surveying
and helping in the land resources studies presented in the book.
After obtaining his Ph.D. degree in 1999, he worked with the world’s
then largest hydroelectric facility, the Itaipu Hydroelectric dam
between Brazil and Paraguay. He established an innovative and
unique methodology for monitoring river sediment transport and
modelling erosion potential within the catchment of influence.
This led to the identification of high erosion risk areas in the
Parana River basin and to the recommendation of conservation
practices to reduce the sediment and pollutants reaching the Itaipu
reservoir. Subsequently he worked on various projects dealing with
the long term sustainability of water, land, energy, and biological
resources in the Amazon region. This work further stimulated his
interests in soil and water conservation, hydrological modelling,
water resources management, and environmental sustainability.
Since joining Canterbury in 2005, Dr Cochrane has been teaching
undergraduate and postgraduate courses in natural resources
engineering and actively involved in research projects dealing
with the conservation of natural resources in South America, New
Zealand, U.S.A., and Southeast Asia.
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Amazon Forest & Savanna Lands

This book provides an overview of the land resources of
the Amazon in terms of the varying climates, landscapes,
vegetation and soils found throughout this vast, often
misunderstood region. It has been prepared for a broad
audience of scientists, agronomists, foresters, farmers,
ecologists and also administrators.

Amazon

Forest & Savanna Lands
A guide to the climates, vegetation, landscapes
and soils of central tropical South America
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