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Prologue

Latin America, particularly Soath America, is known as the region of the world with the most abundant land
resources in relation to its population base. At present the region has the luwest population density per
hectare of arable land, as well as the lowest percentage of arable kand under cultivation, Comparisons of
potentially arable land in Latin America with that under tiltage show that only 18 to 35 percent is presently
utilized for agriculture. I'hese figures are considerably lower than estimates for other regions oi the world;
however, there is a fairly wide range in figures as a result of variations in the information base utilized and
the criteria used for the different studies.

Within the present land use pattern, extensive areas of land are underutilized or left fallow as most of the
agricultural production takes place in the more fertile arcas close to urban markets, where large
mechanized farms coexist with a sizable small farm sector. In order to design an agriculturai growth
strategy that would utilize land, labor and capital resources efficiently, the countries in the region need to
assess the following complementary development strategies and their trade-offs;:

L. Intensify production by large farmers who control the more fertile areas, primarily through

mechanization and greater use of inputs.
2. Intensily small-scale production through the use of improved germplasm, combined with
appropriate use of inputs, to achieve higher, more stable yields.

3. Expandcrop and livestock production onto the less tertile frontier lands through the use of adapted

germplasm and appropriat use of inputs,

As a first step toward providing the necessary information to design such a strategy, CIAT and
EMBRAPA have collaborated in the systematization of existing information on the central lowlands of
tropical South America, which constitute the wajor fronticr area of the continent. Although there is
abundant information on the area, much of it is contained in unpublished technical reports from diverse
sources-and is not necessarily compatible. An attempt has been made to systematize all this information in
this report, complementing it where necessary with primary data, within the framework of a “'land systems
approach,” where information on climate, soils, topography and vegetation is reported systematieally for
purposes of comparison {1 he data base has been comput; rized to facilitate information retrieval and
analyses of aggregates, The data are presented here in the form of maps and tables, with text in English,
Spanish and Portuguese, to permit broad access by individeals from rescarch or rural development
programs who might not have computer facilities available to them.

CIAT and EMBRAPA are pleased to make available to the scientific community and rural development
planners the results of more than three years' coltaborative efforts in the hope that the information
contained herein, although far from perfect, will facilitate agricultural rescarch, as well as the design of
agneultural growth strategies that take into consideration the agricultural potential of these regions,
thereby contributing to improved production and productivity.

As thereport is based on data available at the time of the study, we would welcome new information
to update the computerized files,

August 1984

Gustavo A. Nores Elmar Wagner

Deputy Director General Head
CIAT CPAC-EMBRAPA



Prélogo

Avicreca Latina, en particular América del Sur, se conoce como la region dei mundo con mayor abundan via
de recursos de tierras en relacion con su poblacion. En la actualidad América del Sur posee la mdy huju
denstdad de poblacion por hectdarea de tierra cultivable, asi como ol porcentaje mads bajo de tierva cultivable
baro explotacion - omparaciones entre estimativos de la superficie arable en América Lating con lu
superficie datualmente bayo cultivo muestran que solamente u |8 g 35 porcientoseutiliza actualmente en
agriculiura. fostas curas se comideran wmferiores a los cotimaiivos para otras regiones del mundo; sin
embargo, hay un ampho rango en los estmativos como resultado de las variaciones en la huse de
Lyfermacion utiltzada v oen les eritertos empleados en los diferentes estudios,

Dentrodel patron actwal dewo de nerra, hay erandes exiensiones de tierras subutidizadas o mexplotadas
Y que lamavor parte de i produccion agricola uene ugar en las zonas mds Jertifes proxias a oy
mercados urhanoys, donde generalmente coeviste un sector dv ficas grandes vy mecanizaday con un amplio
sector de jicas pequenas. Con el fin de disefiar estrategias de desarrollo agricola que utilicen de manera
cliciente fos recursoy de tierra, de mano de obra v de capitad, los paises de la region deben considerar
extrategias alternativas de desarroflo, sus ventajas relativas, v su complementaricdad potencial: entre ellay:

Lo Artensipicacion de la producetin en el secior de fincas grandes que gencralmente controla las zonays

mds [értiles, principalmente por medio de la mecanizacion Yomayer cempleo de insumos,

Lo dtensipicacton de la producedn en el sector de fincas pequenas medianie el uso de germoplasna

mejorado, junto con cmpleo adecuado de insunon, paralograr rendinientos mayores y mds estables,
o Lxpansion de ia produccion agricolu y ganadera on las ticrras menos forules de frovtera mediante el
wo de germoplusma adaptudo v wso adecuado de insumos,

Comaun premer paso en la obtencion de la mformacion aecesaria para diseiar estrai, sdasde desarrollo
que incluyan estas regiones de frontera, CLUL v EMBRAPA colaboraron en la sistematizacion de la
imtormaciion exisienie acerca de las tierras bajas centrales en América fel Sur ropical, las cuales
constituven i mayor erritorio de frontera en ol continente, Aungue hay abiendante informacion sobre ef
drea. en s mayor parte ésia se encuenira en informes 1éenicos de diversas fuentes no publicados v que
contienen mformacion no necesariamente compatible. kn el presende trabajo se hizo un esfuerzo por
sistematizar tal informacion, complementindola donde fuera necesario con duos primarios. Se wtilizo un
enfoyue de sisiema de tierra” en el cual la informacion sobre clima, suclos, lopografia vy vegetacion se
presema en forn sistematizada a fin de fucer posibles las comparaciones.

La base de dutos ha sido computarizada para fucilitar la recuperacion de la informaciion v el andlisiy de
agregados con objetivos especificos. En esta publicacion loy datos se presentan en forma de mapas v
cuadros, con texios en inglés, espaiol v poriugués para hacerly ampliamen,. aceesible a wsuarios en
programas de investigacion v desarrollo rural que no lengan aeceso d compultador.

CLAL vy EMBRAPA se complacen en poner a disposicion de la comunidad cientifica v de los
planificadores Jel desarrollo rural los resultados de ires arios de esfuerzos conjuntos. Se espera que la
informacion resultante, aungue diste de ser perfecta, facilite la investigacion agricola v el diserio de
estrategras de desarrollo agricola que tomen en consideracion el potencial agricola de esas regiones,
contribuyendo asi a una mayor produccion y productividad,

Como el trabajo esti basado en datos disponibles en el momento en que se realizo el estudio, rmbas
instituciones acogerdn con henepldacito nueva informacion que permita actualizar sus archivos computa-
rizados.

Agosto de 1984

Gustavo A. Nores Elmar Wagner
Director General Adjunto Jefe
CIAT CPAC-EMBRAPA



Prélogo

A América Latina, em particular a América do Sul, ¢ conhecida como a regido do mundo com maior
abundincia de terras em refaglio i sua populagio. No momento, a América do Sul possui a mais baixa
densidade populacional por hectase de terra cultivivel, bem como a mais baixa porcentagem de terras
cultivivels sob utilizagio. Comparagdes entre o potencial de terras araveis na América Latina com a
area atualmente sob cultivo, mostram que somente 10 a 35% sio utilizados para a agricultura. Ustes
dados sdo consideravelmente mais baixos do gue estimativas feitas para outras regios do mundo.
Contudo, hid uma variagio bastante ampla nos nimeros, reswitantes das diferengas de informagdes
basicas utilizadas ¢ dos critérios usados pelos diferentes estudos.

Dentro do padrad atual de utilizagio da terra, existem grandes extensdes sub-utilizadas ou
inexploradas, de vez que a maior parte da produgio agricola ocorre nas dreas mais férteis, proximas a
mercados urbunos, onde grandes propriecdades mecanizadas coexistem com um setor razodvel de
pequenos produtores. Com a finalidade de estabelecer estratégias de desenvolvimento agricola que
utilizem de maneira eficiente os recursos terra, trabatho ¢ capital, os paises da regiad devem considerar
estratégias complementares de desenvolvimento e seu potencial, em termos de vantagens relativas, a
saber:

L i tensificagio da produgio pelos grandes produtores que detém as areas mais férteis,
principalmente através da mecanizagiio ¢ do maior uso de insumos:
intensificagio da produgdo em pequena escala, através do uso de germoplasma melhorado,
combinado com o uso apropriado de insumos, para a obtengio de rendimentos maiores ¢ mais
estavels.

3. Expansioda produgiio agricola ¢ pecudria para terras menos férteis de fronteira, através do uso
de germoplasma adaptado ¢ do uso adequado de insumos.

o

Como um primeiro passo para a obtengiio da infermagdo necessaria ao estabelecimento de
estratégias de desenvolvimento que incleam esta altima regiad, o CIAT e a EMBRAPA atuaram em
<olaboragio na sistematizagio de informagfio disponivel sobre terras baixas centrais da América do Sul
Tropical, as quais s¢ constituem na maior fronteira do continente. Muito embora exista abundante
informagdio sobre a drea, a maior parte esta contida em relatorios téenicos nio publicados, de diversas
fontes e niio necessariamente compativeis. No presente trabatho, foi feito um esforgo de sistematizar
estas informagdes, complementando-as, quando necessirio, com dados primarios. Foi utilizado o
enfoque de “'sistemas de terra™, no qual as informagdes sobre clina, solos, topografia ¢ vegetaglio sio
apresentadas de forma sistematizada para efeitos de comparagio.

A base de dados foi computarizada para facilitar a recuperagao de informagdes ¢ a andlise de
agregados. Os dados sfo apresentados nas formas de mapas ¢ tabelas, com textos em inglés, espanhol e
portugués, para permitir amplo acesso a usuarios em programas de pesquisa ¢ de desenvolvimento
rural, que podem niio dispor de facilidades de computagio.

O CIAT ¢ a EMBRAPA 12m o prazer de colocar i dispusigio da comunidade cientifica ¢ de
plancjadores do desenvolvimento rural, os resultados de mais de trés anos de esforgos conjuntos e
esperam que 4 informagiio contida neste trabalho, ainda que longe de ser perfeita, venha a facilitar a
pesquisa agricola bem como ao delineamento de estrategias para o desenvolvimento, que levem em
consideragio o potencial destas regiods, contribuindo, desta forma, paria o aumento da produciio e da
produtividade.

Considerando que a trabalho se fundamentou em dados disponiveis a época do estudo, ambas as
instituigSes acolherdo, com entusiasmo, novas informagdes que permitam atualizar scus arquivos
computarizados.

Agosto de 1984

Gustavo A. Nores Elmar Wagner
Diretor Geral Adjunto Chefe
CIAT CPAC-EMBRAPA
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Preface

This book is the first of three volumes describing and mapping land in the central lowlands of
tropical South America according to its various aspeets: climate, vepetation and landscape,
topography, and soil factors,

Volume 1 presents a description of the project's objectives, methodology, and procedures,
and then provides interpretations and guidelines for local, seed-based agrotechnology transfer
using the map and fand-systems data.

Volume 2 includes the Lard Systems Map (in two parts), on a scale of 1:5,000,000, and the
Legend to the Map, which provides a concise summary of the soil constraints by land system.,
A booklet of individual zone maps, on a scale of 1:2,000,000, is alvo included.

Volume 3, 2 more complete summary of the land systems, includes computer printouts of
generalized land information, specific land facet and landform deseriptions, and meteorological
station data; in addition, soil profile descriptions of many land systems are provided.

The following land systems are not included in the Map, Legend, or Computer Summary:
90-91, 115, 118-200, 231-249, 312, 314, 386-387, 487-600, 655-800. Land systems were
designated by numbers used to identify them during the course of the study, and do not
necessarily follow a numcrical or geographical continuity.

Computer summaries are missing for the following land systems that are coded and listed in
the Map and Legend: Ab 383, Ab 384, Aa 421, Fh 422, Be 486, and I'o 855, Information on these
land systems was not sufficiently complete to computerize them.

The study upon which the work is based was completed over a period of four years
(1977-1981) with the cooperation of many people and organizations,

The data for the study were collceted from records in various countries, including Bolivia,
Brazil, Colombia, Ecuador, Pera, and Venezuela, and from various small- and large-scale
studies. The wide range of documents and peaple who assisted in this project are included in the
Bibliography to Volume 1.

Special thanks, however, must be given to the staffs at EMBRAPA-CPAC and CIAT for their
dedication to the tasks of compiling, computerizing, and mapping the data. Yuviza Barona
typed the manuscript; Ligia Garceia, Conrado Gallego and Camilo Oliveros drafted and drew
many of the small maps and completed the large Land Systems Map; Alvaro Cuéllar developed
and printed the photographs, Esperanza Castafieda and Alexandra Walter did the editing and
translations. For all of them, and the many others too numerous to mention who assisted in this
projeet, we are extremely grateful,



Prefacio

Fsteesel primero de tres vohimenes gue contivien la desc ripeion v los mapas de las tierras bajas
centrales de América del Sur tropical segin suy diversox aspectos: clima, vegetaciin v paisaje,
topogratia v tuctores editicos.

EL Volumen 1 presenta una deseripeiin de los objetivos del provecto, su metodologia v
procedimicntos. v proporciona oricutaciones v pautas para la traerencia de reenologia
avricolalocal, basada e el uso de semilla mejorada, utilizanido ol mapa v la informacion sobre
sistemas de tierra.

LHV olanen 2 incluve of Mapa ae Sistemas de Tierea fen dos secciones), a una escala de
LS 000,000y fu Lesenda para el Mapi, gue ofrece un resiaen concise de los limitantes del
suclo cncada sistena de tierra, También se inchave un folleto de mapas de zonas individuales, a
una exeala de 12 000,000,

L Volumen 3 ex un resunen mds completo de lox sisiemas de tierra ¢ fnchove impresos de
compuitador con mtormacion seneralizada sobre la tierra, descripeiones especilicas de las
Tacerasde tierra v de la sorma de la tierra v daios de la cstacion meteoroldvica: asimismo ofiece
descripeiones de pertides de suelos de vasios sisiesnas de tierra,

Lovsistemas de ticrra que aparecen a continuacion no estdn incluidos en of Mapa, en la
Pexenduai cnel Resumen de Computador: W-97, 113, 118200, 231-249, 312, 314, 386-387,
ANTB00. 035800 v sistemas Jeterra fueron desicnados por atimeros wtilizados para su
tdentitecaciin durante el transcursa del exiudio v por ello no se observa necesarianente una
contingidad nomérica o eeovrdtica.

Vo exivten resimenes de computador para los sivuientes siviemas de tierra codificadoy e
includos enel Mapa vy enla Levenda: Ab 383, /b 384, Aa 421, Fh 422, Be 486, vFo855. La
imformuactin para extos sistemas de tierra no fue lo suficientemente completa para computari-
zurla.

lesudio on el cual se hasé el irabajo se completd con la colaboracion de muchas personas y
organizaciones. durantc un peviodo de cuatro aios (1977-1981)

Losdatos para el extudio fucron recolectados de loy archivos de varios paises, incliuvendo
Bolivia. Bravil. Colombia, Feuador, Peri v Venezuela, v de varios estudioy a pequeiia v gran
escala. Enla Bibliografia del Volumen e citan s personas v documentos que fucron de avudu
para este proyecto.

Agradecemos especralmente al personal de EXTBRAPA-CPAC Vel CLAT por sudedicacion
a la tarea de compilar, siviematizar v cartogratiar ke informacion: o Yuviza Barona quien
mecanografio el manuserito: a Ligta Garcia, Conrado Gallego v Camilo Oliveros, quienes
delinearon v dibujaron varios de lov mapas individuales v completaron el Mapa de Sistenas dve
Tierra: a Alvaro Cuéllar quien e encaree de lus fotograliay, a Eperanza Castafieda v
Alexandra Walter quicnes hicieron fa edicion v iraduccion. A 1odos cllos y-alas demus personas
muy numerosas para mencionar aqui, que colaboraron en este proyecto, expresamos nuestros
sinceros aeradecimicnton,
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Prefacio

Este é o primeiro de trés volumes que contém a descrigiio ¢ os mapas das terras baixas
centrais da América do Sul tropical segundo seus diversos aspectos: clima, vegetagio ¢
paisagem, topografia ¢ fatores edéificos.

O Volume I apresenta uma descri¢@io dos objetivos, metodologia ¢ procedimentos, e
depois oferece indicages ¢ mo-lelos para a transferéncia da tecnologia agricola local
baseada no uso de sementes methoradas empregando o mapa ¢ os dados em sistemas de
terra.

O Volume 2 inclui o Mapa de Sistemas de Terra (em duas segdes), a uma escala de
1:5,000,000, ¢ a r.egenda para o Mapa, que fornece um resumo conciso das limitagdes do
solo em cada sistema de terra. Também foi incluido um folheto de mapas de zonas
individuais, a uma escala de 1:2,000,000.

O Volume 3, € um resumo mais completo dos sistemas de terra, ¢ inclui impressos de
computador contendo informagéio generalizada sobre a terra, descrigdes especificas das
facetas de terra. da forma da terra, dados da estagiio meteorologica, alem disto, oferece
descrigdes dos perfis de solos de vitrios sistemas de terra.

Os sistemas de terra apresentados em seguida nfo se ineluem no Mapa, na Legenda, ¢
tambémno Reswmo de Computador: 9091, 115, 118-200, 231-249, 312, 314, 386-387,
437-600, 655-800. Os sistemas de terra foram designados por nimeros ntilizados paraasua
identificagdo, durante o decurso do estudo, é esta a razio de nfio se observar, necassaria-
mente, uma continuidade numérica ou geografica.

Nio hi resumos de computador para os seguintes sistemas de terra codificados ¢
registrados no Afapa ¢ na Legenda: Ab 383, Ab 384, Aa 421, Fb 422, Be 486, ¢ Fo 855. A
informaglio para cstes sistemas de terra ndo foi suficientemente completa para a
computagio,

O estudo em quc foi baseado o trabalho, concluiu-se com a colaboragio dc muitas
nessoas € organizagdes, no espago de quatro anos (1977-1981).

Os dados para o estudo forim coletades dos arquivos de varios paises, incluindo Bolivia,
Brasil, Colombia, Equador, Peru ¢ Venezuela, ¢ de vérios estudos em pequena ¢ grande
escala. Os documentos ¢ pessoas que colaboraram com o projeto estio mencionados na
Bibliografia do Volume 1.

Agradecemos especialmente ao pessoal da EMBRAPA-CPAC ¢ do CIAT por sua
dedicagdoa tarefa de compilar, computarizar e cartografar a informagfie; a Yuviza Barona,
que datilografou o manuscrito; a Ligia Garefa, Conrado Gallego ¢ Camilo Oliveros pela
delineagio e desenho dos mapas individuais e o finalizagio do Mapa de Sistemas de Terra; a
Alvaro Cuéllar que se encarregou das fotografias, a Espc:anzi Castafieda ¢ Alexandra
Walter peia edigiio ¢ tradugio. A todos cles e a outras pessoas, numerosas demais para
serem mencionadas aqui e que colaboraram neste projeto, manifestamos nossos sineeros
agradecimentos.



Acknowledgments
Agradecimientos
Agradecimentos

The following people are gratefully acknowledged for their support of and
assistance to this project:

Expresamos nuestro especial reconocimiento a las siguientes personas por el
apoyo y la ayuda que brindaron a este proyecto:

Expressamos nosso profundo reconhecimento as seguintes pessoas pelo
apoio e a ajuda que prestaram a este projeto:

Dr. Elmar Wagner

Former Head, EMBRAPA-CPAC (Centro de Pesquisa Agropecuéria dos
Cerrados), Planaltina, D.F., Brazil; now coordinator lICA {Inter-Amesrican
Institute for Cooperation in Agriculture), Brasilia;

Ex-Jefe, EMBRAPA-CPAC (Centro de Pesquisa Agropecudria dos Cerrados),
Planaltina, D.F., Brasil, actualmente como coordinador del IICA (Instituto
Interamericano de Cooperacién para la Agricultura), Brasilia;

Ex-Chefe, EMBRAPA-CPAC (Centro de Pesquisa Agropecudria dos Cerrados),
Planaltina, D.F., Brasil, na atualidade como coordenador do IICA (Instituto
Interamericano de Cooperagio para a Agricultura), Brasilia;

Dr. Wenceslau S. Goedert

EMBRAPA-CPAC, and member of Board of Trustees of IBSRAM (interna-
tional Board for Soil Research and Nianagement), Planaltina, D.F., Brazil;
EMBRAPA-CPAC, y miembro de la Jurita Directiva del IBSRAM (Junta Interna-
cional para la Investigacién y Manejo de! Suclo), Planaltina, D.F., Brasil;
EMBRAPA-CPAC, e membro da Junta Diretiva do IBSRAM (Junta Internacional
para a Investigagdo e Manejo do Solo), Planaltina, D.F., Brasil;

Dr. Edson Lobato

Technical Director, EMBRAPA-CPAC, Planaitina, D.F., Brazil:
Director Técnico. EMBRAPA-CPAC, Planaltina, D.F., Brasil:
Chefe Técnico, EMBRAPA-CPAC, Planaltina, D.F., Brasil;

Dr. Almiro Blumenschein

Head, EMBRAPA-CNPAF (Centro Nacional de Pesquisa de Arroz e Feijao),
Goiania, Brazil;

Jefe, EMBRAFA-CNPAF (Centro Nacional de Pesquisa de Arroz e Feijdo),
Goiania, Brasil;

Chefe, EMBRAPA-CNPAF (Centra Nacional de Pesquisa de Arroz e Feijao),
Goiania, Brasil;

Ing. Antonio Sainz

Head of Soils Department, Ministry of Agriculture, La Paz, Balivia;

Jefe del Dzpartamento de Suelos, Ministerio de Agricultura, La Paz, Bolivia;
Chefe do Departamento de Solos, Ministério da Agricultura, La Paz, Bolivia;

Dr. James Spain

Soil Scientist, CIAT, for both initiation of the project and editing of the
manuscript;

Edafélogo, CIAT, por la iniciacién del proyecto y la edicién del manuscrito;
Pedélogo, CIAT, pela iniciagdo do projeto e a edi¢do do manuscrito;



xvi

Dr. Pedro Sanchez

Professor of Soil Science, North Carolina State University, Raleigh, U.s.A.,
one of the instigators and supporters of the project;

Profesor de Edafologia, Universidad del Estado de Carolina del Norte, Raleigh,
E.U., uno de quienes impulsaron y apoyaron el proyecto;

Professor de Edafologia, Universidade do Estado de Carolina do Norte, Raleigh,
E.U., um dos que estimularam e apoiaram o projeto;

Dr. Kenneth Q. Rachie

Ex-associate Director General of CIAT, and now with the Rockefeller
Foundation as a Project Specialist, BPTP, SARIF (Sukarami Research
Institute for Food Crops), Padang, West Sumatra, Indonesia, another
instigator and project supporter;

Exdirector General Asociado del CIAT, actualmente con la Fundacidn Reckefe-
ller como Especialista de Proyectos, BPTP, SARIF (Instituto Sukarami para la
Investigacidén de Culiivos Alimeniarios), Padang, Sumatra Occidental, Indone-
sia, otro que impulsé y apoyé el proyecto;

Ex-diretor Geral Associado do CIAT, atualmente na Fundag@o Rockefeller como
Especialista de Projeto, BPTP, SARIF {Instituto Sukarami para alnvestigagdoem
Cultivos Alimentarios), Padang, Sumatra Ocidental, Indonesia, outra das
pessoas que estimularam e apoiaram o projeto;

Dr. Staniey Buol

Professor of Soil Science, North Carolina State University, Raleigh, U.S.A.:
Profesor de Edafologia, Universidad del Estado de Carolina del Norte, Raleigh,
EU.,

Professor de Edafologia, Universidade do Estado de Carolina do Norte, Raleigh,
E.U.;

Dr. Leslie D. Swindale

Director-General, ICRISAT (Iniernational Crops Research Institute for the
Semi-Arid Tropics), Hyderabad, India;

Director General ICRISAT (Instituto Internacional para la Investigacién en
Cultivos para los Trépicos Semi-dridos), Hyderabad, India;

Diretor Gera! ICRISAT (Instituto Internacional para a Investigagdo em Cultivos
para os Tropicos Semi-aridos), Hyderabad, Indig;

Dr. Goro Uehara

Professor of Soil Science, University of Hawaii, Honolulu; U.S.A.;
Profesor de Edafologia, Universidad de Hawai, Honoluly; E.U.;
Professor de Edafologia, Universidade de Hawzi, Honolulu, E.U.;

Dr. Nasser Ahmad

Professor of Soils, University of the West Indies, St. Augustine, Trinidad &
Tobago;

Profesor de Edafologia, Universidad de las Indias Occidentales, St. Augustine,
Trinidad & Tobago,

Professor de Edafologia, Universidade das Indias Ocidentais, St. Augustine,
Trinidade & Tobago

Dr. John K. Coulter

IBRD (International Bank for Reconstruction and Development), Washing-
ton, D.C., U.S.A.;

BIRD(Banco Internacional para la Reconstrucciény el Desarrollo), Washington,
D.C., EU.;

BIRD (Banco Internacional para a Reconstrugﬁo e o Desenvolvimento),
Washington, D.C., E.U.;

Dr. Robert G. Cunningham

ODA (Qverseas Development Administration), F.C.O. {Foreign and Com-
monwealth Office), London, England;

ODA (Administracién para el Desarrollo Exterior), F.C.O. (Ministerio de Asuntos
Exteriores), Londres, Inglaterra;

ODA (Administragéo para o Desenvolvimento Exterior), F.C.O. (Ministério de
Assuntos Exteriores), Londres, Inglaterra;



xvii
Dr. George Hargreaves
Tochnical Director, International lirigation Center, Department of Agricul-
tural and Irrigation Engineering, Utah State University, Logan, U.S.A., for his
very special assistance with climatology;
Director Técnico, Centro Internacional de Riego, Departamento de Ingenieria
Agricola y de Riegos, Universidad del Estado de Utah, Logan, E.U., por su
magnlfica ayuda con la climatologfa;
Ciretor Técnico, Centro Internacional de Irriga¢do, Departamento de Engenharia
Agricola e Irrigagdo, Universidade do Estado de Utah, Logan, E.U., pela sua
magnifica ajuda no campo da climatologia;

Dr. Raimundo de Pontes Nunes

Head, EMBRAPA-CPAC (Centro de Pesquisa Agropecuéria dos Cerrados),
Planaltina, D.F. Brazil;

Jefe, EMBRAPA-CPAC (Centro de Pesquisn Agropecudria dos Cerrados),
Flanaltina, D.F. Brasil;

Chefe, EMBRAPA-CPAC (Centro de Pesquisa Agropecudria dos Cerrados),
Plonaltina, D.F. Brasil;

Ing. José da Silva Medeira Neto

Coordinator, Resource Evaluation Program, EMBRAPA-CPAC:
Coordinador, Programa de Evaluacién de Recursos, EMBRAPA-CPAC;
Coordenador, Programa de Avaliagio dos Recursos, EMBRAPA-CPAC;

Dr. Luiz H. Rodrigues

Coordinator, Computer Lavoratory, EMBRAPA-CPAC:
Coordinador, Laboratorio de Computacién, EMBRAPA-CPAC:
Coordenador, Laboratério de Computagdo EMBRAPA-CPAC;

ing. Nivaldo Faria de Castro

Research, Computer Laberatory, EMBRAPA-CPAC;
Investigador, Laboratorio de Computacién, EMBRAPA-CPAC:
Pesquisador, Laboratério de Computagdo, EMBRAPA-CPAC;

Dr. Raul Cclvara Rosinha

Editor, EMBRAPA-CPAC, for his kind work in editing and revising the
Portuguese version; '

Editor, EMBRAPA-CPAC, por su atencién en editar y revisar la versién en
portugués del texto;

Editor, EMBRAPA-CPAC, por sua atengdo em editar a versdo em portugués do
texto e revisdo geral;

Dra. Susana Amaya

Senior Editor, CIAT, for her contribution to completing the editing and
production process of this book;

Editora Principal, CIAT, por su cofaboracién para completar la edicién y
produccién de este texto.

Editora Principal, CIAT, por szu trabalho especial para completar a edigio e
produgdo deste texto;

Mrs. Rosa Elena Fajardo de Cochrane

For her work in revising the Spanish text and her special encouragement to
the principal author;

Por su ‘rabajo de revisién del texto en espafiol y su ayuda especial al autor
principal;

Por seu trabalho de revisio do texto em espanhol e sua ajuda especial ao autor
principal.



Introduction.

THELAND-SYSTEMS STUDY

In recent years there has been a slowdown in the paée of the
Green Revolution. Metz and Brady (1980) stated:

The Green Revolution has failed to fulfill exnectations in
mostareas of the world. Yields and production levels are
only a fraction of those predicted when the new high-
vielding 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 varietics (o
live up to expectations,

In other words, many high-yiciding 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 “tropies™ was a sufficient definition of environ-
ment. Unfortunately this is not so. Consequently, 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 Jefine these environ-
ments nore precisely.

Objectives

CIAT began land-resource survey work in mid-1977 to meet
the growing concern with deviation m the expected
performances of so-called “improved™ varieties of tropical
crops when they were grown in Incations different from where
they were developed. From the outset, this work was designed
to help with the development of food-production technologies
based on superior seeds and vegetative propagating material.
Its objective was to provide a geographical and agroecological
base to guiue selection and breeding priorities for a given crop
and to assist in choosing representative field sites for testing
potentially higher yielding or discase-resistant crop cultivars.
A further objective was to identify analogous areas where
germplasm-based agrotechnology specific to, or advanta-
geous in, a location with given climate, landscape, and soil
conditions might successfully be transferred.

The work started in a wodest way as a survey of the
“acid-infertile” savanna regions of tropical America (CIAT,
1978b, 1979; Cochrane, 1979b) to gain a better understanding
of their climate and soils and to select representative localitics
fortesting promising grass and legume accessions. In 1979 the
survey was broaden«d to include the forested regions and to
serveasa base for » better understanding of environments for

CIAT's other commodity crops, including cassava, beans,
and rice, and for tropical crops generally (CIAT, [980;
Cochrane, 1980b). By 1981 the study covered a large part of
tropical South America and was extended to the Guit Coast
of Mexico, a total area of over 1000 millicn ha. The survey
was collaborative work, carried out in conjunction
with the Ministries of Agriculture of Colombia, Bolivia,
Ecuador, Pert, and especially the Centro de Pesquisa Agrope-
cudria dos Cerrados (CPAC), Empresa Brasileira de Pesquisa
Agropecuaria (EMBRAPA), Brazil.

Geographic Scope

The geographic extent of the present study was limited to one
of the least known arcas of the tropical world-- the lowlands
of South America east of the Andes, as outlined in Figure 1.
This region covers 820 million ha and extends from the
Panamanian isthmus to southern Brazil, It includes the
Amazon and Orinoco basins and the Precambrian shield
region of central Brazil. Approximately 260 million ha are
covered by savannas, and the remainder by forests.

A Land Systems Map of this arca, reduced from the
original 1:1,000,L00 scale, is printed and enclosed in Volume 2

Area in Land Systems Study
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Fig. 1 Geographical extent of CIAT’s land resource survey,
later detailed on the Land Systems Map (Vol. 2). The
letter-number codes refer to sheets of the International
Chart of the World at the Millionth Scale.
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of this study, Te Land Systems Map and {1s Legend. The map
is described and explained in Chapter 2.

Methodology

The methodology for the study was modeled on the lond-
systems approach developed by Christian and Stewart (1953)
inassessing land resources of the Katherine-Darwin region of
northern Australia. It reduces land-resource information toa
common base by defining a land systeny as “an area or group
of areas throughout which there is a recurring pattern of
climate, landscape and soils.” This definition, while concep-
tually similar to the Australian approach. differs in that it
introduces climate as a direct parameter for land-system
definition. Thus, inherent in the delineation of tand systems is
the treatment of environmental parameters in the following
categorical order to form a true land classification:

I.  Climate
HE Radiant energy received
b. Temperature
c. Potential evapotranspiration
d. Water balance

c. ’Yer climatic factors
2. Landscape
f. Land-form
g Hydrology
h. Vegetation
3. Soil
i Soil physical characteristics
J. Soil chemical characteristics

Land systems are delineated directly onto satellite and side-
looking radar imagery after climatic analyses have been
performed.

Although the work has mainly been an exercise in collating
cxisting information available in the literature, a strategic
amount of field work was carried out to help fill in knowledge
gaps. A smallairplane was flown by the senior author to reach
hinterland areas. Following the collection, revision, and
mapping o climate, landscape, and soil information, the data
were coded and recorded on magnetic tape as a computerized
data base to both facilitate speedy analysis and retrieval of
information and map making. The mechanisms of computeri-
zation are undergoing constant improvements as new innova-
tions become available.

Climate

The climatic work was initially subcontracted to Utah State
University (Hancock et al., 1979). Long-term meteorological
data for over 1000 stations throughout tropical America were
assembled and recorded on computer tape. However, there
are some large areas, particularly in the Amazon, without
stations and wherc distances are too great 1o permit highly
reliable extrapolations. Fortunately, it was possible to estab-
lish a relationship between physiognomic vegetation classes
and climatic parameters, which enabled this problem to be
overcome (Cochrane and Jones, 1981). Recently, the prelimi-
nary climatic data base was considerably expanded by
CIAT's meteorologist so that it now contains summaries
from over 4000 stations.

Hargreaves' (1972, 1977a) eqruation based on solar radia-
tionand temperature was used to caleulate potential evapotrans-
piration (POT ET) to assess the water balance and provide an
approximation of the amount of energy available for plant
growth. Inaddition, his monthly water balance methodology
was adopted to determine the water balance and growing
seasons. To deline a wet month, Hargreaves' Moisture
Availability Index (MAT) concept was used: in this coneept,
POT ET is equated with the 75¢ probability level of
precipitation occurrence (DEP PREC) to determine the
amount of rainfall that will be equalled in 3 out of 4 years,
Therefore, MAL = DEP PREC = POT ET. A wet month has
an MAT greater than 0.33,

Soil Moisture

Hargreaves (1975) quotes several sources illustrating good
correlations between moisture availability index and crop
production. when soil moisture is adequate for a week or
more, and recommends the level *less than 0.34" to define a
dry month. In this context, it should be emphasized that the
use of a standard climatic parameter for defining a dry month
(or conversely a wet month) must always be interpreted in
light of the ability of a soil to retain and supply moisture. The
level needs to be adjusted according to the moisture-holding
capacity of that soil. On the other hand, the use of the MAI
provides a measure of the climatic potential to supply and
extract soil moisture at a given locality during a given period
of time; in the case of these studies, at monthly intervals.
Using the MAT for climatic estimation (detailed in Chapter 3)
is innovative in that it takes an agriculturally acceptable
rainfall probability estimation into account.

Landscape

After climatic analysis, the landscape was subdivided into
land systems, which were delineated on 1:1,000,000 satellite
imagery and, for some areas, on side-looking radar imagery.
Although satellite imagery is superior to radar imagery for
delineating land systems, it was not possible to obtain cloud-
freeimagery for many high-rainfall areas; in those circumstan-
ces, side-looking radar imagery provided a sufficiently accu-
rate topographical base.

Land systems were mapped to illustrate analogous arcas of
land, insofar as practical farming is concerned. These land
systems are phystographic units, based on repetitive patterns
of topography, vegetation, and soils, within a given climatic
circumstance,

Native vegetation classes were identified following the
physiognomic criteria of Eyre (1968) for tropical forests and
Eiten (1972) for tropical savannas.

The mapping of land systems provided a common base for
bringing existing land resource information together. After
delincation, maps were collated and drawn at the scaie of
1:1,000,000 and numbered according to the International
Chart of the World at the Millionth Scale index (Kerste-
netzky, 1972), see Figure 1. They were then computerizedin
5-X4-minute units (approximately 6800 ha at the cquator)to
serve as the basis for thematic map production. The field
work was carried out to provide on-the-ground control, to
help standardize descriptive criteria, and to study the varia-
tion of landscape features within the land systems. These
variations, although not mapped because of scale limitations,



were described as land facets.” and the proportion of each
Land facet within the kind systems was estimated from astudy
of the imagery. Tuthis way, selected landscape features and

soildescriptions and propertios were computed on the bast, of

the Lind-facet subdivision,

Figure 20 which shows a part of land system No. 46,
tustrates how Land sy stems were subdivided mto land tacets,
It should be noted that, because the smaldlest mapping unit
was the Lind system. thenatic mapping tor one feature map)
for a piven characteristic i this volume, unless otherwise
stated. represents the rating of the major lund tacet,

Soil Classification

The subdivision of kind systems into land tacats was particular-
Iy usetul to bridge the gap between Lind systems and soil units,
Cleardy, fand facers will contain soils with a variaton in
properties: but some level of generalization must be made in
making an inventory of land resources. In fact, all but the
most detatled of soil maps picture soil units that alwiays
contwr a proportion ol soils ditferent tfrom those of the
majority of soils depicted by that unit,

The most extensive soils in each Land facet were first
classified as far as the Great Group category of the Soil
Taxonomy system (Sotl Surves Statf, 1975); the soils were
then deseribed in terms of thetr main physical and chemical
properties. This was because Soil Tiaxvonomy does not provide
for the grouping of soils “having similar physical and
chemical properties that reflect their response ta management
and manipulation for use™ until the soil Family category is
reached. The amount of soil survey work needed to classify
soils 1o the Family level throughout the region according to
that system was far too great,

Inadditon toclassityving satlsaccordingto Soil Taxonomy,
the soils were classified according to the FAO-Unesco legend
(FAO-Uncesco, 1974,

Physical and Chemical
Soil Properties

Apart from describing the soil properties inherent in soil
classification (Eswaran, 1977), many physical and chemical
properties of the topsoils (defined as the 0- to 20-em depth)
and subsoils (21- to S0-cm depth) of the individual land facets
were recorded, tabulated, and coded, when the information
was available.

Soil physical properties coded include slope, texture,
presence of coarse material, depth, initial infiltration rate,
hydraulic conduetivity, drainage. moisture-holding capacity,
temperature regime, moisture regime. and presence of expand-
ing clays.

Soil chemical properties coded include pH: pereentage of
Al saturation: exchangeable Al Ca, Mg, K, Na: total
exchangeable bases (TEBY; effective cation-exchange capacity
(ECEC): orgai " inatter (OM): available soil P [available P
data using the Olsen (Olsen et al., 1954), Truog (Jackson,
1958). and Brazilian (Vettori, 1969) methods, approximated
to assume values derived by the Bray 1T method (Bray aad
Rurtz, 1949 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 amorphism; and clements of
importance to animal nutrition. The soil chemical properties

Fig. 2 Land system No. 46, subdivided into land facets 1
and 2.

were surimarized separately and also computer coded accord-
mg to the Fertility Capability Soil Classification System
(FCC) devised by Buoletal. (1975, but ina slightly modified
form.

Itshould be emphasized that the quantity and gquality of the
data varied considerably from region to region, that minor
and trace clementinformation was seldom available, and that
there were often Large distances between sampling sites, all of
which compounded the problems of generalizing data. A
small-scale “reliability™ map has been printed alongside the
Land Systems Map toillustrate the variability in the quality of
the base data.

The Data Management System—
Computerization

Science starts with systematization. Because of the quantity
and complexity of data available for the study, and in view of
likely interaction within these data and with other agronomic
information, it was decided from the outset to code all
information on computer-compatible formats. These, togeth-
er with the detailed methodology, have already been described
by Cochrane et al. (1979b). As the data base grew, it was
computer input to facilitate diverse analyses and decision
making.

Initially, the methodology for this aspect of the work
followed that developed by the Statistical Analysis System
(SAS) (Barr et al., 1976), which contains procedures for
statistical analyses and data reporting, Thus storage, analysis,
and retrieval of information was greatly facilitated and the
information immediately made available to interested institu-
tions on computer tape. Computerization also facilitates
revision and updating of data.

Data Input

The information summary, or “data base.” of the land
systems of tropical America is summarized in Parts 1 and 2 of
Volume 3 in this study, Computer Summary and Soil Profile



'> 7/
CLIMATE MAP
CODEST* LONG-LAT*
\ T
\ .. /

LANDSYSTEM(_ .| LAND FACET
LANDSYS* LANDFAC*

Fig. 3 Schematic of computer files on the data base concept
used for the Land Systems Map. Asterisks indicate
actual name used for the four cross-referenced files.
Information may be combined from two or more files as
shown by the interconnecting lines.

Descriptions of the Land Systems. Tech nically speaking, the
storage, retrieval, and analysis of data and map reproduction
by computers is 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 se.

The geographical subdivision of the region into land
systems provided a minimal unit for map making; further
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subdivision of the land systems into Lund facets provided the
building blocks for deseribing and comparing topography,
vegetation, and soils. Consequently, much of the inforaation
was summarized as data sets that refer to units or units within
units, which facilitated programmer aceess to data and the
revision of specific parts of the data base as additional
information was received.

The land-system information is currently organized in four
computer files including SAS files (Barr et al.. 1976}, schemat-
ically represented in Figure 3. Three of these files, climate,
land system, and land facet, will be explained in this section,
with reference to Part 1 of Volume 3, which is made up of
printouts of the data recorded for individual land svstems,
and Part 2, which contains a selection of the meteorological
datasets. The fourth file, map. will be explained interms of its
function in making maps from the climate. landscape, and
soil data. Asan example, Figure 4 replicates printout of the
base data of land system No, 1.

Climate file. The climate file, also incorporated as
part of CIAT's SAMMDATA (South American Monthly
Meteorological Data) file, is made up of data for individual
meteorological stations. These are indexed by geographical
coordinates, altitudes, and reference numbers to facilitate
assignment to land systems and facets within systems, The
pitrameters recorded were described on a monthly basis and
are detailed in Chapter 3. The file allows casy programmer
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Fig. 4 Base data of land system No. 1 from the four computer files in Figure 3. Part 1 of Vol. 3 (Computer Summary
and Soil Profile Descriptions of the Land Systems) includes such base data for land systems 1 to 855.
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access to the data, which can be updated to incorporate better
estimates of the climatic parameters as additional information
becomes available. A minimal number of dita set printouts
appear in Part 2 of the Compuier Summary 1o describe the
climates of the land systems of the study region. (An example
is also included in Table 3-1 in Chapter 3)

On the printouts of the individual land-system descriptions
of the study (see Figure 4), the subheading CLIMATE indexes
the number and name of a4 meteorological data set that
approximates the climatic factors of the major part of the land
svstem.

Land-system file. The land-system file records
generalized landscape characteristics of the land svstems and
the subdivision of the land systems into land facets.

The datain the lind-system file, which is largely reproduced
in Figure 4, includes the following: AREA, ALTITUDE,
PHYSIOGRAPHIC UNIT NO.. GENFRAL CLASSIEL-
CATION, DISTANCE BETWEEN PERENNIAL
STREAMS, and DEPTH OF WELLS. These deseriptors are
explinedin the glossary to Part Tof the Compurer Summary.,
The two dimensional landform diagram in Figure 4 was
sketehed by hand.

Land-facet file. The land-tacet file records the
cading ol the description of the landscape {land) facets of the
land systems under the following headings: GENERAL
DESCRIPTION, PERCENTAGE OF L.S. (land system),
TOPOGRAPHIC CLASS, ALTITUDE, ORIGINAL VE-
GETATION CLASS ¢, INDUCED VEGETATION ¢,
SOIL. CLASSIFICATION, SOIL. PHYSICAL PROPER-
TIES, SOIL CHEMICAL PROPEKTIES, ELEMENTS OF
IMPORTANCE MAINLY TO ANIMAL NUTRITION, and
FERTILITY CAPABILITY CLASSIFICATION. These
headings continue the descriptive data of the land system
printouts of the study (Part Iin Volume 3 or refer to FFigure 4).

These descriptors are also detailed in the glossary to Part 1 of

the Computer Summuary.

Map file. The Land Systems Map units were indexed
by geographical coordinates in a map file, Grids subdividing
the 11,000,000 land-systems maps into 5-minute latitude by
4-minute longitude areas were placed over the 1 to 1,000,000
land-systems maps. Each S- X d-minute area was identified by
the coordinates of its northwest extremity, The Land Systems
Map used the Lambert Conical Projections of the World Map
at the Millionth Scale (Wernstedt, 1972) as a geographical
base; each of these projections covers an area of 6° longitude
by 47 latitude. At the equator, an area of § minutes of latitude
by 4 minutes of longitude covers about 6800 ha. Each one of
these arcas 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 d-minute areas had been coded, they were
computerized and recorded as separate files covering the
same areas as the World Map at the Millionth Scale and
identified using the same terms. Figure S illustrates a computer
printout of one of the sectors of the Land Systems Map, Map
SC-22,

Clearly, the system of indexing the maps tacilitates thematic
and single-factor mapping as computer printouts. Figure 6 is
a computer-produced single-factor or thematic map of the

5

pereentage of Al saturation of topsoils over the same area as
Figure 5. it was made bv assigning the percentage of
aluminum saturation in the topsoils of the predominant land
facets to the land systems. This became the basic procedure in
making such maps, The system also Facilitates the drawing of
maps according to various map projections and scales and is
convenient for revising different segments as further informa-
tion comes to hand.

Data Output

The computerized data base descriptors for the study are
deseribed in the glossary to coding in Part 1 of the Computer
Summary and Soil Profile Descriptions. This section also
details the criteria used to synthesize and code the data input
and explains how agronomists without access to computers
might also use the study. Basic output includes printouts of
the land-resource information for individual tand systems, as
recorded in Part I:meteorological data of the type recorded in
Part 2 and desceribed in Chapter 3: and map construction,
including thematic and single-factor maps. However, the true
valud of computerization lies in the speed and flexibility of
analyses to help define climate-soil limitations and advantages
for the growth of crops and to define analogous geographical
areas for the maore effective transfer of cultivars growing well
In any given environment.

Use of the Study
by Agronomists

Asalready noted, Part L of the Computer Summary is made up
of printouts with virtually complete summaries of the land-
scape and soils of all the land systems identified on the Land
Systems Map. These summaries provide a ready reference to
the landscapes and soils of the region. Part 2 presents a
selection of prin.outs of monthly meteorological data sets to
describe the climates of the land systems identified on the
Land Systems Map. This is only a small fraction of the
number of data sets available in the climate file.

The criteria used to describe the data summarized in the
Computer Summary are explained more fully in the text.
Additionally, use is made of the thematic and single-factor
map-making capabilities of the map file to help illustrate
overall constraints and advantages to developing germplasm-
hased agrotechnology throughout the study region. Further
information relevant to the computerization of the study has
been recorded by Cochrane et al. (1979). The entire study s
available from CIAT or EMBRAPA-CPAC on comptter
tape. by special request, along with specific details of its
organization and programs used in the retrieval and analysis
of information and map making.

Because many agronomists contributing to the development
of seed-based agrotechnology live in rural areas and do not
have aceess to computer facilities, care has been taken to
include comprehensive data-base summaries and other perti-
nent information as appendices. Part | in Volume 3 contains
summaries of the landscape and soil information for all the
land systems mapped and their facets; Part 2 is a selection of
meteorological data sets that may be used to approximate
climatic conditions in any given land system. Part 3 records o
range of typical soil profiles to provide a better guide of soil
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Fig. 5 Acomputerp:'ntout of the land system covering International Chart Map No. SC-22 (Tocantins, Goias, Brazil)
from the map file.
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Fig. 6 Single-factor computer map, showing percentage of aluminium saturation over area covering International
Chart Map No. SC-22 (Tocantins, Goias, Brazil).
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characteristics. Guidelines for agronomists who wish to use
the data base are detailed in Chapter 9; this chapter also
provides some additional suggestions for accelerating the
adaptation of seed-based agrotechnology o focal tarming
conditions.

Agrotechnological
Development

While the survey and resclting Land Svstems Map were
oriented to the problem of developing germplast-based
agrotechnology, they do have a signiticant interaction with
agrotechnological development in general. Figure 7 provides
a picture of the overall scope and implications of this system
to agricultural development.

l Computerized Land System Data Base J
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Fig. 7 Flow chart of relationship of land-system mapping with
agrotechnological development. Solid lines indicate com-
puter pathways for using the land resource study;
dashed lines indicate contributions of the study to
spheres of agrotechnological development.



Chapter 1.

LAND-SYSTEMS MAPPING

FOR SEED-BASED

AGROTECHNOLOGY TRANSFER

Land systems define areas of similar landscape where the
same type of farming might suceeed. Consequently, their
careful deseription is fundamental to land planning and
transfer of agrotechnology,

The following text presents a methodology of classifying
land systems and an understanding of how they might be
interpret~d by agronomists in Tropical America. The case
study indiuded in this chapter emphasizes how Land-systems
mapping contributed to research within CIAT's Tropical
Pastures Program.

A Historical Note

After the discovery of the new world. it was not long before
explorers with illusions of the quest for “El Dorado”
penetrated the inner recesses of the South American subconti-
nent. Missiomaries followed: they helped stabilize settlements
o indigenous peoples. stimulated agricultural production,
and were mainly responsible for introducing cattle on the
native savannas. Mining for gold and precious stones. and
especially the rubber hoom of the Amazon toward the end of
the 19th century, attracted fortune seekers and resulted in
further settlement. However, it wasn't until the eftects of the
build-up of population pressure in the Andean highlands and
in the coastal strip of Brazil became felt in the 1940s that
serious efforts were made to encourage colonization and
agricultural development,

Colonization and bringing new land into production have
procecded apace during the past two decades, with varying
stieeess. Many new agriculture-hased communities have flour-
ished. On the other hand, a general failure 1o understand the
nature of tropical climates and soils and a lack of germplasm
adapted to the various ccossstems have often led to unneces-
sary hardship. The suceess i transforming the world's
slimate reserve of undevetoped land resources into produc-
tveagricultural kinds will depend to a considesnble extent on
renewed efforts iounderstand the nature of the land resources.

Previous Knowledge of
the Region

The FAO-Unesco Soil Map of the World (1971, 1974)
indicates that there are extensive areas of very poor and

possibly fragile soils, mainly Ferralsols (Oxisols) and Acrisols
(Ultisols), supporting the lowland savannas and Amazonian
forests of tropical South America. This suggests the need for
understanding the nature of these land resources.

There are many, often conflicting, opinions as to the niture
of these two regions, In the case of the savannas, their very
existence is an enigma that has provoked considerable
controversy (Goodland, 1970). Nevertheless, Eiten's (1972)
review of the savannas of Central Brazil, locally calied
“Cerrados™ (see Photo Plate 22), and many more recent
studics published in the proceedings of the fourth and fifth
symposiums on the Cerrados (Ferri, 1977, Marchetti and
Dantas Machado, 1980) indicate that these lands are now
much better understoed.

Many authorities consider the Amazon forest soils (see
Photo Plate ) incapable of sustaining agriculture or livestock
production after the primary vegetation is removed (Gouru,
1961; Seltzer. 1967, Reis, 1972; Tosi, 1974 Goodland and
Irwin, 1975; Budowski, 1976; Schubart, 1977; Irion, 1978;
Goodland et al., 1978). Yet there is ample evidenee to show
that agriculture and livestock production on well-drained
lands is not only possible but also profitable (Falest, 1972,
1976 Alvim. 1978, 1979; Sancher, 1977, 1979; Serrao et al.,
1979: Toledo and Morales, 1979; Cochrane and Sinchez,
1982).

The amount of soil-survey and land-resource inventory
information available for tropical South America has in-
creased rapidly during the past 15 vears. Anattempt has been
made to incorporate this work into the CIAT study. Principal
sources have been referenced in the bibliograhy, which is by
no means exhaustive, however, As noted by McQuiggp (1980):

There isan astonishing amount of information available
N most countries on climate, soils, and other factors
important to agricultural success. But this information
has only modest vatue to farmers and planners until it is
organized, usually with a computer, into a svstem which
offers capabilities for simulating, predicting results and
better managing farm production,

CIAT's methodology tor land-resource appraisal was de-

signed to facilitate the speedy appraisal and systematization
of the large amount of information available in tropical

America.
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A Case Study: Using the
Land Systems Map to
Define Agroecosystems
for Tropical Pastures

The work ona Land Systems Map torthe region, presented in
this book, was originally commissioned as study of the
acid-nfertile savanna regions with the express purpose of
selecting representative localities for testing promising grass
and legume accessions tCIAT, 1978b). Ttis therefore fitting to
provide an overview of how the region as @ whole was
subdivided o agroecozones for CIATS Tropical Pastures
Programund, specitically tosummarize the findings from the
Land Systems Map ahout the major soil constraints within
those ecozones (CIAT, 1981),

After following the procedures outlined in later chapters,
five agroecozones were selected to detine and subdivide the
humid lowlands of central tropical South America. These are
shownn Man | isee Map Plates). which is based on compuicer
printouts of Lind-system groupings integrating the broad
chimatic. topographic. and natural vegetation classes (defined
n Lter chapters), 1t is it approximation o put gross
chmate and landscape ditterences into perspective. Table 1-]
summanezes the five agroecozones in terms of their major
vegetition, climatce, and topographic characteristies, (The
very poorly drained forested areas indicated on the mipwere
mcluded within the forest subdivisions according to their
climatic regime.)

The basis for the subdivision of the lowlands of tropical
South America into climatic subregions is summarized in
Chapter 3. The close relationship of the wet-season potential
evapotranspirition (WSPE) 1o the natural vegetation growing

Table 141,

Agroecozones determined for CIAT's Tropical Pastures Program in the

on well-drained soils (Cochrane and Jones, 19817 indicates
that gross nutural vegetation characteristios are a function of
the amount of energy planis cin use, as accorded by annual
water-balinee patterns, This finding wars used s - ist broad
criterion for subdividing the +iion into agroceouzones for
perennial pasture production, The second criterion was soil
drainage. In poorly drained Linds, for instancee. the ability of
plants to withstand waterlogeing is ol primary importance.
Consequently. the poorty drmed savannas, inclnding the
picturesquely described Pantanal of Brasil. which are found
throughout the climitic subregions b to ¢ (defined in Table
- Chapter 31 were grouped together as an tagroccozone”
for pasture production becanse they are inds affected by a
common problem of prolonged periods of annual waterlog-
ging. The tirst subdivision of the region, however, was only
possible through the second—grouping the vegetation classes
of the well-dramed soils of the land systems. Further, it s
chviously necessary tostudy elimatic characteristics in nmuch
greater depth,

It was axiomatic that the soil physical and chemical
conditions within the agroccozones would have to be defined
more carefully for (1) choosing representative sites tor testing
promising high-yvielding pasture plant accessions and (2)
developing reasonable eriteria for both preliminary sereening
and advanced field testing of germplasm. By computerizing
the land-resource study, an in-depthiamalysis of soil physical
and chemical constraints within the dgroccozones was facilita-
ted. This resulted in a summary of the soils jound on the
mainly well-drained. not o steep slopes (lers than 300
within the predominantly well-drained agroecozones (Tabk'e
1.2, Sections a to 1),

The many factors relevant to soil physical and chemical
conditions summarized on the computer formats for the land
facets of the land systems, and described in detail by
Cochrane et al. (1979), were examined separately within the

central lowlands of tropical South America.

Area (ha x 10")
in_cach topography class

Climatic Flat, "poor LB 82307 T30 T Total Area Percentage of

Agroecuzone parameters drainage slope slope slope (ha x 100} total area
Poorly drained savanna WSPE - 900 - 49 0 0 0 49 ?

6 mos., wel season,

WSMT . 25 C
Isohyperthermic savanna  WSPF 900-1060 mm, 17 72 12 10 m 6

6-8 mos, wet seacon,

WSMT - 23,5 C
tsothermic savanna WSPL 900-1060 mm, 1 25 9 7 42 6

5-8 mos, wet season,

WOMT . 23.5-C
Semi-evergreen scasonal  WSPE 1061-1300 mm, 53 145 9y ] 296 a1
forest 8-9 mos, wet scason,

WSMT - 23.5°C
Tropical rain forest WSPE - 1300 mm, 69 88 55 5 217 30

© 9 mos. wet season,

WSMT . 23,5°C

Total area (ha x 10%) 189 330 170 26 715

Percentage of total area 26% 469 248 us, ==

a. WSPE = total wet-seascn potential cevapotranspiration.
b, WSMT - wet-season mean manthly temperatnre,
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Table 1-2.

Summary of the zereal extent of ma
lowlands of tropical South America,

jor sail constraints of importance to pasture germplasm selection for the well-draine
by natural vegetaticn and topographic class.

d sotls of the central

Sail Area with chemical constraints® (ha x 10 )
Percentage Area Deficiency Arva with physical
within covered Toxicity P consuaintst {ha x 10°%)
Order class Great Group {ha x 10°%) T (sat] K Ca Ma P fixation MH
ISOHYPERTHERMIC SAVANNA
a)Topographic class 0-8%
Oxisol 66.5 Haplustox 19,24 7.53 7.72 14,07 11.93 8.04 13.40 9.89 9.48 4.80
Acrustox 17.57 14,64 6.44 17.57 17.57 5.31 17.38 9.83 16.50
Haplorthox 6,02 1.94 1.68 5.65 3.45 4.99 4.28 3.46 5.67
Eutrustox 5.03 0.76 1.01 0.76 0.46 0.30 0.30 1.01
Subtotal 47.86 24587 16.8% 38.05 32.55 18.8 3558 73.4E 37788 4,80
% with constraint 51.9% 35.2% 79.5% 68.8% 39.2% 73.8% 49.0% 68.2% 10.0%
Entisol 23.1 Quartzipsamments 2. 0.28 4.60 12.71 2.7 11.23 12,63 2.7 12.71
Tropofluvents 1.88
Ustipsamments 1.49 1.49 1.49 1.49 1.40 1.49
Ustifluvents 0.51
Subtotal 16.5% 0.28 (1] 18720 15,20 12.72 17,63 142 1472
% with constraint 1.6% 27.7% 88.8% 85.5% 76.6% 76.1% 85.5% 85.5%
Alfisol 6.7 Rhodustalfs 2.44
Haplustalfs 2,53 0.17 0.17 0.17 0.17
Subtotal 4,87 0.7 0.7 0.17 0.17
% with constraint 3.5% 2.5 3.5% 3.5%
Ultisol 2.0 Ptinthudults 1.48 1.48 1.48 1.48 1.48 1.48 1.46
% with constraint 100.0% 100.0% 100.0% 192.0% 100.0% 98.6%
Inceptisol 1.0 Dystropepts ' 0.66 0.66 0.66 0.66
Eutropepts 0.14
Subtotal 0.80 0.66 0.6€ 0.6€
% ~ith constraint 82.5% 82.5% 82.5%
Mollisol 1.0 Haplustolls 0.32
TOTAL 71.92 26.63 21.45 54,56 48.80 33.17 49.64 23.48 47.52 21.12
% of topographic class 37.0%  29.8% 75.8% 67.8% 45,15 69.0% 32.6% 66.0%, 29.3%
Rank order of impertance® 2 2 1 1 1 2 1 2
b) Topographic class 8-30%
Oxisol 78.0 Hapiustox 7.51 2.26 0.48 5.18 4.95 2.48 4,55 2.34 4,58 0.19
Eutrustox 1.64 0.11 0.1
Acrustox 0.05 0.05 0.05 0.05
Subtotal 9.20 2.6 0.53 5.38 5.00 2.48 5.0 238 4.58 0.9
% with constraint 24.6% 6.4% 58.0% 54.3% 27.0% 54.3% 25.4% 49.8% 2.1%
Entiso! i1.0 Troporthents 0.77 0.77 0.77 0.77 0.77 0.77 0.77 0.77
Quartzipsamments 0.56 0.56 0.56 0.30 0.26 0.56 0.56
Subtotal 1.33 0.77 .77 1.33 1.33 1.07 1.03 1.:3 0.56
% with constraint 57.9% 57.9% 100.0% 100.0% 80.4% 77.4% 100.0% 42.1%

Continued



Table 1-2. Continued. o
Area with chemical constraintss (ha x 19¢)
Percentage Area Deficiency Area with physical
within covered Toxicity constraintst (ha x 10%)
Order class Great Group (ha x 10%) sat K Ca Mg P fixation MH
Alfisol 7.1 Paleustalfs 0.84 0.84
£ with constraint 100.0%
Ultisol 3.2 Haplustults 0.38 0.3
% with constraint i100.0%
Inceptiso! 1.0 Dystropepts 0,11 0.1 0.05
% with constraint 100.0% 45.4%
TOTAL 11.86 3.03 1.36 6.78 6.33 3.55 7.3 2.34 5.91 0.75
% of topographic class 25.5% 11.5% 57.1% 53.45% 29.9% 61.5% 19.7% 49.8% 6.3%
Rank order of importance® 2 3 1 1 2 1 3 1 1
¢) Combined topographic classes 0-8 and 8-30% 83.78 29.66 22.81 61.34 55.13 36.72 56.94 75.82 53.43 21.87
¥ of corbined area with constraint 35.4% 27.2% 73.2% 65.8%  43.8% 67.9%  30.8% 63.7%, 26.1%
Rank order of importance® 2 2 1 1 2 1 2 1 2
ISOTHERMIC SAVANNA
d} Topographic class 0-8%
Oxisol 95.6 Acrustox 9.75 9.75 3.03 9.75 9,75 2.86 9.75 8.37 6.52
Eutrustox 7.62 3.07 0.38 3.07 1.38 2.69 4.07 3.29
Haplustox 6.74 3.73 1.64 6.74 6.74 4,02 6.74 1.91 6.74
Subtotal 2877 16.55 5.05 19.56 17.87 6.88 19.78 1435 16.55
% with constraint 68.6% 20.9% 81.1% 74.1% 28.5% 79.5% 59.5% 68.6%
Ultisol 3.5 Rhodustults 0.87
Alfisol 0.9 Rhodustalfs 0.23 0.23
% with constraint 100.0%
Entisol 0.1 Ustifluvents 0.02
TOTAL 25.21 16.55 5.05 19.79 17.87 6.88 19.18 14.35 16.55
% of topographic class 55.6% 20.0% 78.5% 70.8% 27.2% 76.0% 5€.9% 65.6%
Rank order of importancet 1 3 1 1 1 1 1
e) Topographic class 8-30%
Oxisol 96.9 Haplustox 5.57 1.98 1.05 5.57 3.39 1.61 4.57 5.57
Acrustox 3.01 3.01 3.01 3.0t .00 2.01
Eutrustox 0.35 0.13 0.13 3.0 0.13
Subtotal 8.53 5.12 7,78 8.58 6.40 1. 7.58 7.01 7N
% with constraint 57.3% 13.2% 96.1% 71.7% 18.0% 84.9% 22.5% 86.3%
1
Alfisol 3.1 Rhodustalfs 0.29
% with constraint
TOTAL 9,22 5.12 1.18 8.58 6.40 1.61 7.58 2.01 7.71
% of topographic ciass 55.5% 12.8% 93.0%  69.4% 17.4% 82.2% 21.8% 83.6%
Rank order of importance® 1 3 1 1 3 1 3 1
f) Combined topographic classes 0-8% and 8-30% 34,43 21.67 6.23 28,37 24,27 8.49 2€.76 16.36 24,26
s of area with constraint 2.9% 18.1%  B82.4% 70.5% 24.6% 77.7% 47.5% 70.4%
Rank order of importancec 1 3 1 1 3 1 2 1
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SEM!-EVERCREEN SEASONAL FOREST (UNDER NATIVE VECETATION)

g) Topographic class 0-i 4

Oxisol 48.5 Acrorthox 38.8¢C 22,07 28.31 30.06 30.06 §.04 28.52 7.99 22.07
Haplorthox 26.62 18.42 21,81 17.42 5.61 4.78 16.46 4.36 23.49
Umbriorthox 4.3 4.3 4.31 4.31 4.31 4.31 4,31
Eutrorthox 0.35 0.35 0.35
Subtotal 70,08 54,80 S4.A3 5175 35.52 13773 L5.33 12735 50.22
% with constraint 63.9% 77.6% 73.9% 57.0% 18.7% 64.7% 17.6% 71.6%
Ultisol 40.5 Tropudults 41,75 26.09 41.68 30.10 30.73 11.67 34.77 9.78
Paleuduits 15.47 1.1 14,11 6.00 15,47 4.1 4,07 0.22
Haplustults 0.89 9.69 0.89 0.07 0.69 0.21
Plinthuduits 0.35 0.35 0,35 0.07 0.07 0.07
Subtotal 58.4¢6 4055 56.83 37.06 5§27 25.85 39760 10.0 0.27
% with constraint 69.3% §7.2% 63.4% 79.1% 4y4.2% 67.7% 17.1% 0.4%
Entisol 6.6 Quartzipsamments 4.79 4.35 4.58 0.55 4.52 4.33 4,53 4.79
Tropofiuvents 3.13 1.30 0.37 0.37 0.25 0.63
Ustipsamments 1.21 0.7 0. o 0.18 0.18 0. .
Ustifluvents c.26
Tropopsamments 0.16 0.06 0.14
Subtotal 9.5% 5.08 5.25 7.12 507 [N:1) 5.9 6.67
% with constraint 52.9% 55.4% 22.2% 53.0% 51.1%8 57.4% 65.8%
Alfisol 3.5 Hapludalfs 4.55 2.12 0.89
Haplustalfs 0.47 0.47 0.47
Subtotal 5.02 259 1.38
% with constraint 51.6% 27.1%
inceptisol 0.9 Eutropepts 0.75
Ustropepts 0.37
Dystropepts 0.24 0.24 0.24 0.24 0.24
Subtotal .36 0.2% 0.24 0.24 0.24
% with constraint 17.6% 17.6% 17.6% 17.6%
Mollisol 0.1 Argiudolic 0.01 0.02
% with constraint 100.0%
TOTAL 144,48 90.65 116.79 93.80 91.56 43.8€ 91.78 22.35 57.10
% of topographic class 62.7¢ 80.8% 64,9% 63.3% 30.3% 63.5% 15.5% 39.5%
Rank order of importance® 1 1 1 1 2 1 3 2
h) Topographic class 8-30%
Oxisol 56.6 Haplorihox 33.49 36.32 31.92 28.36 23.15 28.05 30.19 6.18 36.65
Acrorthox 14.39 12.85 12.85 3.17 2.59 12.27 3.37
Haplustox 0.07 0.07 0.07 0.07
Subtotat 52.95 517 31.3% [ I3 26.32 30.64 42.53 6.25 39.82
% with constraint 92.0% 60.4% 77.8% 49.7% 57.8% 80.3% 11.8% 75.2%
Ultisol 36.5 Tropuduits 27.08 3.05 15.63 12.87 12.53 2.77 12.23 0.91
Rhoduduits 4.43
Paleudulits 2.54 2.u48
Haplustults 0.14 0.04 0.10 0.01
Subtetal 35,79 3.05 15.07 12,97 12753 7.77 12.33 0.31 0.07
% with constraint 8.9% 52.9% 37.8% 36.6% 8.10%  36.1% 2.7% 0.03%
Entisol 4.1 Troporthents 3.82 0.34 0.34 0.34 3.82 3.82
Quartzipsamments 0.02 0.02 0.02 0.02 0.02
Subtotal 3.88 0.36 0.34 0.3% 3.84 3.84
% with constraint 9.4% 8.8% 9.4% 100.0% 100.0%

Continued
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Table 1-2. Continued.
Soil Area with chemical constraintss (ha x 10°})
Percentage Area Deficiency trea with physical
within covered Toxicit P constraints® (ha x 10°)
Order class Great Group (ha x 10%) AT AT isat) K Ca Mg P fixation MH S
inceptisol 1.8 Dystropepts 1.65 1.65 1.65 1.65 1.65 1.65 1.65 1.65
% with constraint 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
Alfisol 1.0 Hapludaifs 0.86 0.28
Haplustaifs 0.06 0.02
Subtotal 0.52 0.28 0.02
% with constraint 30.4% 2.2%
TOTAL 93.55 53.87 51.71 56.13 40.84 35.42 60.63 7.16 45,34
% of topographic class 57.6% 55.3% 60.0% 43.6% 37.9% 64.8% 7.6% 48.5%
Rank order of importancet 1 1 1 2 2 1 3 2
i) tombined topographic classes 0-8 and 8-30% 238.03 144,52 168.50 149,93 132.40 79.28 152.41 29.51 102.44
¥ of area with constraint 60.7% 70.8% 62.9% 55.6% 33,31 64.0% 12.4% 43.0%
Rank order of importance® 1 1 1 1 2 1 3 2
TROPICAL RAIN FOREST (UNDER NATIVE VEGETATION)
) Topographic class 0-8%
Ultisol 56.5 Paleudults 26.05 2€.05 26.05 26.05 22.56 25.16 8.42
Plinthudults 21.47 21.47 21.47 21,47 6.87
Tropudults 10.83 10.21 10,21 10.27 1.79 1.80 8,42
Subtotal 58.3% 57.73 57.73 57.79 24,35 26.96 23,71
% with constraint 98.90% 98.9% 99.0% 41.7% 46.2% 40.6%
Inceptisol 14.3 Dystropepts 6.72 6.72 6.72 0.92 6.11
Eutropepts 4.26 4.26
Dystrandepts 1.58 0.45 0.45 1.39 0.61 0.45 0.94 1.13
Subtotal 12.56 7.7 77 6.57 0.61 0.45 7.05 T3
% with constraint 57.1% 57.1% 52.3% 4.9% 3.6% 56.1% 9.0%
Alfisol 10.7 Hapludalfs 9.41 9.41 9.41
% with constraint 100.0% 1300.0%
Oxisol 4.3 Acrothox 2.76 2,76 1.27 2.76 2.76 2.76 1.27 0.45
Haplorthox 1.00 1.01 1.01 1.0t 1,01 1.01
Subtotal 3.77 3.77 2,28 3.77 3.77 3.77 1.27 0.45
% with constraint 100.0% 60.5% 100.0%8 100.08 100.0% 33.7% 11.9%
Entisol Tropoftuvents 3.63 3.13
% with constraint 86.2%
TOTAL 87.72 68.67 67.18 80.67 28.73 31.18 41.44 1.58
% of topographic class 78.3% 76.6% 92.0% 32,72 35.5% 47.2% 1.8%
Rank order of importances 1 1 1 < 2 2 3
k} Topographic class 8-30%
Oxisol 74.7 Haplorthox 33.53 31.42 31.42 33.53 13.60 13.20 32.68 11.48
Acrorthox 7.47 7.47 7.47 7.47
Subtotal BT.00 31,42 31,87 500 21.07 20,67 3Z.68 17,48
% with constraint 76.6% 76.6% 100.0% 51.4% 50.4% 79.7% 28.0%




Uitisol 6.6 Paleudults 2.14 2.14 1.88 2.14 1.88
Tropudults 1.51 1.51 1.51 1.51 1.51
Subtotal 3.65 3.65 3.3% 3.65 3.3%
% with constraint 100.0% 92.9%  100.0% 92.9%
Inceptisol 13.3 Dystropepts 7.32 6.40 4.79 7.32 6.40 1.61 1.61
% with constraint 87.4% 65.4%  100.0% 87.4% 22.0% 22.0%
Alfisol 5.4 Hapludalfs 2.96 0.23 2.96 2.73
% with constraint 7.8% 100.0% 92.2%
TOTAL 54,93 41,47 39.83 54.93 21.07 30.46 37.02 13.09
% of topographic class 72.5% 72.5%  100.0% 38.3% 55.4% 67,4% 23.8%
Rank order of importance 1 1 1 2 2 1 3
1) Combined topographic classes 0~8 and 8-30% 142,65 110.14  107.01 135.60 49.80 61.64 78.46 15.67
% of area with constraint 77.2% 75.0% 95.0% 35.0% 43.2% 55.0% 10.5%
Rank order of importance 1 1 1 2 pi 2 3
a. Refers to topsoil, except for A\ {sa'] = % Al saturation in subsoif.

Al = Al saturation>70%;: K =<0.15 meq/100 g soil; Ca =<0.4 meq/100 g soil; Mg = <0.2 meq/100 g soil; P =3 ppm; P fixation = high P fixation.
For details see: Cochrane et al., 1979,

b. KMH = Tow moisture holding capacity, <75 mm/100 cm soil; S = sandy topsoils.

€. 1 =>50% of area, 2 = 25-50% of area, 3 = < 25% of area.
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Great Group soil subdivisions of the topographical classes for
cach agroccozone. In Tuble 12, Sections ¢, £, i, and 1, the
topographical classes 0-8¢7 and 8=30¢7 qre groupad together
to summarize the major soil constraints. The specification of
soils interms of Great Groups ciearly helps with the appraisal
of soil conditions, but, as can be seen from Fable 1-2, it is not
alwayssufficient to describe specific soil constraints., let alone
judge their relative importance in geographical perspective
for the determination of desirable germplasm triits,

The following ecosystems were determined for CIAT'S
Tropical Pastures Program.

Isohyperthermic Savannas
From Table 1-2. Sections a, b, and ¢, it can be seen that the
predominint soil physical constraint throughout this agroeco-
rone 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 Quartzip-
samments and Ustipsamments of the Entisols: soils with low
moisture-holding capacities within these Great Groups ac-
count for over 6007 of the soils found in the dgroecozone as i
whole. The tendency for rainfall patterns to be somewhat
erratic insome parts of the ecozone suggests a need for plants
capable of withstanding moisture stresses, perhaps bevond
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 capable of producing
satisfactorily in soils with low levels of these elements should
be sought. The ability of plants to tolerate high levels of Al
and low Mg is of importance over about 30¢ of the area.
Further, the percentage of Al saturation in the subsoil does
nottend to be as high as in the topsoil. Phosphorus fixation is
likeiy to be a probtem in 30 of the soils. In short, the
geapvaphical 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.

Isothermic Savannas

Table 1-2,Sections d, e, and f, indicate that in isothermic, as in
isohyperthermic, savannas, low soil moisture-holding capaci-
ty is a serious problem. Over 700 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 periods with little rainfall
during the “wet season™ in Central Brazil) have on crop
growthand, to alesser extent, on pasture production. Pasture
plants for this ecozone must be adapted, not only tosurvive a
prolonged dry season of 4 to 6 months but also to resist lesser
periods cf moisture stress during the wet season, Perhaps the
best way to ensure this is to find plants that will grow decp
roots under the poor chemical conditions of these soils,
coupled with more efficient soil amendments and fertilizers to
promote deeper rooting.

In the isothermic savannas, in contrast to the isohyper-
thermic savannas, both soil deficiency and toxicity problems
are of primary concern. Pasture 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
depthy this is very impoitant insofar as root penetration is
concerned. Tt alse means that the correction of Al toxicities
through minimal lime applications. as caleulated by the
improved liming equation of Cochrane et al. (1980}, would
provideanalternative, relatively low-cost way of overcoming
i serious problem throughout this agroecozone,

Tropical Semi-Evergreen
Seasonal Forest

The analytical data of soil samples, taken mainly from soil
profiles describing soils under native vegetation, wou'd
suggest that potential P, K, and Ca deficiencies could b
widespread problems, and that soil Allevels are often high in
the tropical semi-evergreen seasonal forest areas (Table 1-2,
Sections g h, i), However, as illustrated hy the work of Falesi
(1972, 1976) and Serrao et al. (1979), sotls under forest
vegetation may be changed completely if the vegetation is
burned and the resviting ash returned to the soil. In other
words, the potential fertility of soils in this ecozone under
forestcoveris a function not only of the soil’s fertility but also
of the fertility “stored" in the biomass. Analytical figures can
only provide a satistactory guide to fertility if the vegetation is
completely removed by clearing lands by bulldozers, Afteran
adequate burning of vegetation, the fer tility of these : oils may
be restored. If followed up by careful management using
deep-rooted pastures, this restored fertility might be main-
tained for many years.

The phenomenon of “fertility” being stored in biomass
would indicate that, provided adequate management tech-
niques i.:e used, pastures not so well adapted to very low
soil-fertility conditions for the semi-cvergreen seasonal forest
agroecozone might be cultivated. On the other hand, there is
clearly alot 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 analytical figures indicating chemical constraints
for the tropical rain forest agroecozone (Table 1-2, Sections j,
k. 1) probably serve as a more useful guide for selection
criteria for pasture plants than is the case for the semi-
cevergreen 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 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 develop-
ment of pasture germplasm specifically adapted to acid,
infertile soils for this ccozone is not so high a priority as in the
other ecosystems.

Discussion

These summarie. of the major soil constraints in the agroeco-
zones of CIAT's Tropical Pastures Program take what is



known into account. Unfortunately. the recorded soil survey
and fertility work rarely includes S, Mn, or minor clement
assays, because of past analytical and interpretative problems.
It is thus possible that germplasm tolerant to low S levels or
toxic Mn levels may be required tor some regions,

The picture that has emerged from this land-system
evaluation of the major soil constraints, and. bvinference, the
priorities for desired genetic traits in treicar pastures for the
acid soils of tropical America's hinterand ., is considerably
different from what was previously inferred from generalized
smill-scale maps.

A first major finding is that P fixation is not a potential
problem over much of the area, but is mainly confined to the
isothermicagroecozone. This calls fora different cmphasivon
work designed to tackle P problems. Phosphate rock seems an
attractive, fow cost solution for correcting P deficiencies for
pasture production over much of the region, We still need to

learn about the behavior of rock phosphate in the context of

overall crop growth, however. There s also a need for more
study on the ability of Pand other minerals to move down the
soil profile and stimulate deeper rooting and, consequently,
tap more extensive water and mineral supplies. There is
evidenee, for instance, that single superphosphate does this
task more effectively than triple superphosphate (E. Wagner,
CPAC, pers. comm.). Nevertheless. at this point, itis certain
that pasture plants should be selected tor tolerance to soils

with low Plevels, This is particularly important in the case of

plants for the isothermic savannas.

The second major finding is that potential Al toxicity is not
as widespread as previously thought: however, it is an
important consideration in the isothermic savanna agroeco-
zone. Fortunately, in this ecozone, the percentage of Al
saturationin many soils diminishes with depth, and, thus, the
strategic use of minimal lime applications will provide a low-
cost solution to many toxicity problems. Pasture plants
tolerant to high Al saturation in soils are still highly desirable
for the isothermic savanna agroecozone, although this toler-
ance need not be as great as previously thought. Pasture
germplasm need not all be sereened for tolerance to very high
soil-solution Al levels, as has been the practice in the past.

The third major finding is that soil Ca and K levels are low
onavery high proportion of the soils. Low Mg levels are also
common. This would suggest that a desirable “trait” in
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pasture plant germplasm would pe tolerance 1o low avaiiable
K. Ca,and Mg (Clearly, deficteney problems of Ca and Mg
cin be overcome by modest applications of dolomitic lime-
stones hawever the cost of suchis a function of distance from
suitable and commercially exploited deposits.)

A Tourth finding is that the substantial tertility reserves in
arboreal biomass infers that care must be taken in interpreting
the relative importance of soil chemical constraints for the
semi-evergreen seasonal forest agroccozone. It is evident that
by burning the forest cover many of these sails will undergo
major changes i their nutrient properties. Further, the
restored fernlity can be maintained for many vears under
adequate pasture management. This would involve only i
minimal input of chemical fertilizers. As a consequence, the
search for germplasm adapted to extremely poor sail-fertility
conditions need not necessarily be a priority for the semi-
evergreen seasonal forest regions. In the tropical rain forest
ceosystent, alsa. the high proportion of inherently fertile soils
suggests thut the search for pasture germplasm adapted to low
soil fertility need not be a top priority.

A Lifth finding concerns soil chemictl restranas over the
entire arei. Although germplism testing sites can now be
more carefully located 1o take advantage of the known soil
constraints, these trials should be monitored for the complete
gamut of potential nutrient problems, A careful monitoring
of nutrient problems using foliar analytical techniques could
lead 1o a wealth of Knowledge about potential soil problems
over the area, W only one trace element problens is identified
inanarea, its solution could fead to significant socioeconomic
benefits.

Finally, it was found that varying moisture-holding capaci-
ties in many of the savanna soils emphasizes the need to
maintain perspective in testing pasture 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
indetermining the adaptability of germplasm to any agrocco-
zone, atbways providing that soil physical conditions are taken
into account and that the germplasm is adapted to acid-
infertile soils. Tt is therefore necessary that germplasm be
te.ted in representative soil sites within the major agroeco-
zones, and over a period of several years, to accurately assess
the influences of climate and soil moisture conditions.
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Land systems were the smallest geographically defined units
of this survey. An individual land system represents an area or
group of areas throughout which there is a recurring pattern
of climate, landscape and soils. It is a unit of land, identifiable
both on the ground and from satellite imagery, within which
the same type of farming is likely to succeed. Clearly, the
delineation of these and units is fundamental to developing
practical agricultural technologies. Further, such delineation
providesa mechanism for computerizing and comparing land
in a geographical context and a means of summarizing tand
information within a common base.

This chapter describes the steps taken to produce the Land
Systems Map in Volume 2 and explains the codes used on it,

Satellite and Side-Looking
Radar Imagery

Satellite and sidge-looking radar imagery at a scale of 1 to |
million and, in some cases, larzer seale acrial photography,
were used to help define land-system boundaries.

Satellite imagery dates to the launching of the LANDSAT-
I'satellite in 1972 under the ERTS (Farth Resources Technol-
ogy Survey) program of NASA (National Acronautics and
Space Administration), a civil entity of the United States
Government (U.S. Geological Survey. 1977). This was ste-
ceeded by the launching of LANDSAT-2 in 1975; additional
satellites with more sophisticated sensing cquipment are now
inarbit,and even more are planned. Each image covers 185 sq
km of territory. The resolution is better than 100 m.
Techniques for interpreting satellite imagery, and remote-
sensing techniques generally, are welt documented (Dracger
and McClelland, 1977, Lintz and Simonett, 1977), and
advances in this field continue steadily (Barney et al., 1977;
Johannsen, 1977).

With the exception of wetter areas, most of the delineation
of land systems was carried out by satellite imagery using
black and white photographic prints. Spectral band 5, the
lower red frequencey., was most commonly used; this gave a
usefulimage of vegetation and topography. Forsome regiotis,
spectral band 7, the near infrared end of the spectrum, was
selected as it gave better haze penetration and tand-water
discrimination, Color-composite imagery, which is fulse color
obtained by the integration of the four spectral bands, would
have been preferred, but was ruled out because of cost. Figure
2-Tillustrates land-system mapping on a satellite image of the

Provious Page Blask

Chapter 2.

DESCRIPTION OF THE
LAND SYSTEMS MAP
AND LANDSCAPE FACETS

Fig. 2-1

Y

[ L oo .
Land-system mapping on radar imagery along the
Amazon river about 350 km west of Manaus.

Land-system mapping 2n a satellite image of the
envilons of Conceiqéo do Araguaia, southeast
boundary of Amazonia Central Brazil.
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Jne

Area covered by the following studies

{1} PROJETO RADAMBRASIL, Volumes 4. 6 6. 7.8
9.10, 11,12, 13. 14, 15, 16. 17 and 18 11974
1978). inctudes 1 215 soil protiles and 907 partially
described protfiles with analyses for fartihty evalua
tion

{2) EMBRAPA. Bull No 17 (1975) Includes 97 soil
profiles. plus 960 analys)s of topsoil sampies

(3) SOMBROEK {1966). includes 47 sail profiles

Ares covered with a part of the study No (2) and {3}
refarred to above

Aren coverad with the study by EMBRAPA Bull No
38 {1976). includes 67 soi profilas. 35 complamen
tary proliles. and 128 topsail semples with analyses
for tertility evaluation Also covered with part of ths
studies No 3 {1} and (2) relerred to above

Atea coverad with studies by EMBRAPA, Buli No 53
{1977). and EMBRAPA (1975). includes 81 soil
profiles, 96 complementary prolilas. and 112 samplas
with yses for ferthity evaluat Also coverad
with a part of the study No {2} referred to above

Ares covered with the study by EMBRAPA, Bull No
18{1971}, includes 178 soil profiles and 676 topsoil
samples with analysas for fartility evaluation Also

jo
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covered with a part of the study No {2) refetred to
above

Atea covered with studies by COCHRANE {1968,
1973). includes 538 soil protiles

Arsa covered with studies by ONERN 11967-1978),
Nos 8 14 17.26. 39, 40. 46 and 49. includes 195
soil profiles

Area covared with studies by ORSTOM, INIAP and
MAG of Ecuador, with sonl dascriptions and generatiz-
ad chemucal data

Ares coverad with studias by BENAVIOES (1973). 9
soil profil 's. and by CORTES et »l. 11973). 19 o4l
protilas

Area coverad with the study by FAQ, {1965), includes
139 soil proties, and othars

000
Area covered with studies by COPLANARH, MQOP,
MAC. MARNR. otc of Veneruals Numaeroos soit
protiles available and genershred chemical data
Area covered with more gunerahzed soil studies.
incloding SCHARGEL (1978) Atso includes the Soul
msp of the world, FAD-UNESCO. {1971)

L]

Fig. 2-3 Principal soil stud‘es used as sources of information inthe land-resource study.

cnvirons of Conceigio do Araguaia, on the southeastern
fringe of Amazonia.

Satellite imagery has onec major drawback. Due to the
relatively short period of time the LANDSAT satellites had
been transmitting when the study started, and because orbits
were designed to pass over the same area at relatively
infrequent intervals (originally 20 times a year, but now more
frequently with LANDSAT-2 in operation), it was not
surprising to find that, for the wetter areas, it was difficult to
get cloud-free imagery.

The largest area affected by the cloud problem was
Amazonia. Fortunately, side-looking radarimagery, which is
not affected by the presence of clouds, was available for most
of Brazil's Ainazonia (available from Projeto Radambrasil,
Ministério das Minas e Encrgia), and this was used as a
geographical base for the delineation of land systems through-
out that region. Side-looking radar imagery produces an
exccllent topographical picture of the landscape, but it is not

nearly as effective as satellite imagery in helping to identify
vegetative cover and soil drainage characteristics. Figure 2-2
shows land system mapping on radar imagery along the
Amazon river 350 km west of Manaus.

For some arcas, including the wet castern piedmont of
Bolivia, acrial photography was used for interpreting the
landscape picture.

Land-System Delineation

After climatic analyses and literature research were comple-
ted, land-system boundaries were drawn provisionally on the
satelhitc and side-looking radar imagery.The principal soil-
survey references used are summarized in Figurc 2-3. A guide
to the reliability of the major soil-mapping coverage is given
on the appended Land Systems Map.

Although the work was mainly an exercise in condensing
existinginformation to a common identifiable base, wherever
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Nine physiographic regions delineated on the tand
Systems Map,

Table 2-1.

e .
Physiographic ! Physiographic
region code __ Region o _region code __Region
A Amazon Basin ; M Majos Pampas
8 Brazilian Shield K Y] Orinoco Basin
E Elbow of the Andes il P Pantanal
F Andean Foothills j R Parana Basin
G Guayana Shield :‘

Table 2-2, Seven climatic subregions delineated on the Land Systems Map.

Climate
Climatic
subreqion WSPE® Wet months® WSMT«
code (mm) {no.) (°C)

a >1300 >9 >23.5
b 1061-1300 8-9 >23.5
c 900-1060 6-8 >23.5
d 900-1060 6-8 *23.5
(] <900 <6 >23.5
f Subtropical
(] Others

a. WSPE: total wet-season potential evapotranspiration, the sum of the
potential evapotranspiration of the wet months.
b.  Wet months are months with a moisture availability index (MA!)
>0.33,
€. WSMT: wet-season mean monthly temperatures.

possible and when little or no information was available in the
literature, a limited amount of field work was done to check
the photo-interpretation and to standardize descriptive crite-
ria. A small Piper PA-18, STOL (short-take-off-landing)
airplane  was flown by the first author to cover hinterland
areas; every effort was made to examine the principal
landscape facets within a given land system. During the
course of the ficld work, land system boundarics were fixed.

Map Making

The land systems were compiled by drafting boundaries
directly from the imagery. They were completed on a
segment-by-segment basis, according to the index used by the
1:1,000,000 International Chart of the World at the Millionth
Scale (see Figure 1, after Kerstenetzky, 1972),

Computerization and
Thematic Maps

The system originally adopted for the computer storage and
reproduction of the mnaps was to subdivide the | to 1,000,000
maps into 4-minute longitude by S-minute latitude segments
{(approximately 3300 ha at the equator), and then to assign a
land-system code on the basis of that land system occupying
the greatest proportionate area in any one segment. Once
these codes were recorded, it was astraightforward exercise to
reproduce maps at desired scales and projections and produce
thematic or single-factor maps. Thematic maps were computer-

produced by assigning a rating of any of the coded and
recorded land-system features to ihe land-system codes. In
the case of land systems with more than one land facet, unless
otherwise stated, this feature represents a characteristic of
the major land facet of the land system, The computerization
ol the land systems maps is diseussed in greater detail in
Chapter 3.

The Printed Land Systems Map

The printed Land Systems Map of the Central Lowlands of
Tropical South America (Volume 2) is a composition based
on, and reduced from, the original 1 to 1,000,000 sheets. It
was produced to provide a geographical overview of the
region, always within the precisional imitation of map
reproduction at a scale of approximately 1:5,000,000. This
map provides a guide to the location of individual land
systems; it identifics the predominant land systems in any
region of special interest; and it draws a picture of the major
advantages and constraints for land use, particularly germ-
plasm suitability or adaptability, for that region. The land
systems have been assigned numbers for ease of reference.
Apartfromdepictir andsystems, the printed map synthesi-
zes information on climate, topography, vegetation, and
soils.
Codes used on the map are described as follows.

Physiography. The capital-letter code preceding the
land system number identifies the land system as belonging to
one of nine, readily appreciated, broad physiographic regions
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Table 2-3,
Aap,

Topography

classification Description

Flat, poorly Flat, poorly dramed or

drained seasonally tlooded
g Almost flat, meinty
well-drained with slopes
tess than 81
8-30% Undulating to roliing;
slopes 8- 20
>30% Hilly to steep; slopes

greater than 304

(Table 2-1). These regions are described in more detail in
Chapter 4: they are only approximate separations to provide a
very generalized picture of the major physiographic regious
within the study area.

Climate. On the Land Systems Map, a small-letter
code distinguishes climatic subregions (Table 2-2). The
climatic subregions and the terminology used are defined in
Chapter 3. The subdivision according to WSPE (wet-season
potential evapotranspiration) provides a novel climatic sepa-
ration: it is an approsimate accounting of the amount of
energy mature vegetation growing on well-drained soils can
use annually, assuming that little or no growth takes place
during the dry season. The number of wet months adds 1o the
definition of the climatic subregions, and the tempet.ture
criterion separates lowland from higher land and/or higher
latitude regions.

Topography. Four broad topographical classes
identity the topography of the principal land facets of the land
systems by the use of shading codes (Table 2-3).

Vegetation. The natural physiognomic vegetation
classes oceurring on the principal land systems® “*facets™ are
identified through color codes. These include the following
classifications, which are defined in Chapter 4:

LAND SYSTEM

Four topographical classes delineated on the Land Systems

Shading cnde

small dots

E:.'__J

uns, !m(l(-d
large dots

o°o"n1u° !
0’ eo

triangles

Well-drained. isohyperthermic savannas
Well-dratned, isothermic savannas
Poorly drmined savannas

Tropical rain forests

b oty -

Tropical semi-evergreen seasonal forests
6. Tropical (semi-ddeciduous seasonal forests

~

Caatinga

K. Gallery forests, associations with palms and other vege-
tation compleses of poorly drained lands

9. Submontane, subtropical forests.

Soils-the soil classification legend. A Legend
1o the Land Systemy Map, for classifving the sails of the land
tacets of each land system. is also enclosed in Volume 2 of this
book. The coding key used is Hlustrated in Figure 2-4. This is
explained in more detail in Volume 2
Soils were classified to the Great Group category of Soil
Taxonomy (Soil Survey Staff, 1975). according 1o the FAO-
UNESCO Sail Map of the World Legend (1974), and by their
textures and fertility constraints as rated in the Fertility
Capability Classification (FCC) system of Buol et al. (1975).
Great Groupsoil classes, according to Soil Taxonomy (Soil
Survey Staff, 1975) are identified by a series of five-letter
codes for the principal land facets of the land systems. The

IDENTIFICATION % of each Kltitude  Fertility Capability
NUMBER land facet {amsl) Classification
Physiographic region — Aa 217 1. {70%) C 300m LL-hakei
/ / / OORHA-Fo
Climatic Land facet Landform Great Group FAO
subregion number class of Legend

Soil Taxonomy

Fig. 2-4 SollclassmcatlonIegend!ortheLandSystemsMap,mcludmgdescnpuonsofthelandfacetsof

the land systems.
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Table 2-4, Coding used to identify soil Orders, Suborders, and Great

Groups according to Soil Taxonomy {Soil Survey Staff, 1975),
on the Land Systems Map.

Order Suborder Great Group

Name  ~ " TCode “Name " Code T "Name 77 "Code
Alfisols A Aqualfs AQ Natraqualfs NA
Tropaqualfs TR

Udalfs uo Hapludalfs HA

Rhodudalfs RH

Tropudalfs TR

Ustalfs us Paleustalfs PA

Haplustalfs HA

Natrustalfs NA

Rhodustalfs RH

Tropustalfs TR

Xeralfs XE Haploxeralfs HA

Aridisols D Urthids OR Cambrothids CM
Entisols E Aquents AQ Fluvaquents FL
Haplaquents HA

Hydraquents HY

Psammaquents PS

Tropaquents TR

Fluvents FL Tropofluvents Y

Ustifluvents us

Xerofluverts XE

Orthents OR Troporthents TR

Ustorthants us

Psamments PS Quartzipsamments QU

Tropopsamments TR

Ustipsamments us

Inceptisols ) Andepts AN Dystrandepts DY
Hydrandepts HY

Aquepts AQ Haplaquepts HA

Humaquepts HU

Plinthaquepts PL

Sulfaquepts SuU

Tropaquepts TR

Tropepts TR Dystropepts DY

Eutropepts EU

Ustropepts us

Nolllsols M Aquolls AQ Haplaquolls HA
Udolls uo Argiudolls AR

us Haplustolls HA

Oxisols o] Aquox AQ Plinthaquox PL
Orthox OR Acrorthox AC

Eutrorthox EU

Haplorthox HA

Umbriorthox UM

Ustox us Acrustox AC

Eutrustox EU

Haplustox HA

Spodosols S Aquods AQ Tropaquods TR
Ultiso!s u Aquuits rQ Albaquults AL
Paleaquults PA

Plinthaquults PL

Tropaquults TR

Hapludults HA

Udults uD Paleudults PA

Plinthudults PL

Rhodudults RH

Tropudults TR

Ustults us Haplustults HA

Paleustults PA

Rhodustults RH

Vertisols v Uderts ud Chromuderts CH
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Table 2-5. Coding used to identify soils according to the FAO-Unesco
Suil Legend (1974) on the Land Systems Map,

- ~ " L
Soil Legend ” Soil Legend
name o Cede L name Code__
Chromic Vertisuls Ve !1 Dystric Planosols WD
]
Lithosols | }i Cleyic Solonetz Sg
!‘ Orthic Solonetz So
Thionic Fluvisols Jt 1
Calcaric Fluvisols Jc ’ Luvic Phaeozems Hi
Dystric Fluvisols Jd i Haplic Phacozems Hh
Eutric Fluvisols Je !
, Luvic Xerosols Xt
Gleyic Solonchaks 29 !
‘ Haplic Yermosols Yh
Plinthic Gleysols Cp i
Mollic Gieysols Cm | Dvstric Nitosnle Nel
Humic Gleysous un h
Dystric Gleysuls Cd | Plinthic Acrisols Ap
Eutric Gleysals Ge ‘ Gleyic Acrisols Ag
] Orthic Acrisols Ao
Humic Andosols Th Ferric Acrisols Af
Albic Arenosols Qa f Cleyic Luvisols Lg
Ferralic Arenosols Qf ! Ferric Luvisols Lf
Chromic Luvisols Le
Dystric Regosols Rd Orthic Luvisels Lo
Eutric Regosols Re i
I Calcic Cambisols Bk
Gleyic Podzols Pg | Ferralic Cambiscis Bf
| Dystric Cambisols Bd
Plinthic Ferralsols Fp I Eutric Cambisols Be
Humic Ferralsols Fh |
Acric Ferralsols Fa
Rhodic Ferralsols Fr |
Xanthic Ferralsols Fx [
Orthic Ferralsols Fo i
e B

Table 2-6. Summary of the Fertility Capability Classification (Buol et al.,
1975) codes used on the Land Systems Map,

Swoil texture® Soil fertility constraints®
Code Description Code T Description
S sandy [S] gleyey
L loamy d dry
C clayey e tow ECEC
o] organic a Al toxicity
R rocky t acidity
i P fixation
X X-ray amorphous
v vertic, Vertisol
k K deficient
b basic reaction
s salinity
n natric
c cat ctay

a. Classified by the first two capital fetters, which refer to the topsoil
and subsoil respectively,

b, Or "condition modifiers", given as small tetters fotlowing the capital
letters,



first letter of the code identifies the Order: adding the second
two letters gives the Suborder; and adding the last two letters
gives the Great Group. For example, QOUSAC refers to the
Order, Oniol{OUSACY; the Suborder, Ustox (OUSAC): and
finally the Great Group, Acrustox (OUSAC). Table 2-4
summarizes the coding used to identify the soil Orders,
Suborders, and Great Groups found in the region.

The coding used to identity soils from the Soil Legend was
the same as that used by FAO-Unesco. Table 2-5 lists the soils
identified in the region and their codes.

Table 2-6 ammarizes the codes used to identify soils
according to the Fertility Capability Classification (FEC).
Some of the definitions used in this work to define fertility
constraints or, to use FCC terminology, “*condition modifi-
ers,” differ from those used by Buol et al. (1975); These
include the definitions of Al toxicity, acidity, and K deficicney;
however, the variation in definitions is relatively minor. The
FCC coding and definitions are detailed in Chapters 5 and 6.

Apart from land-resource information, the Land Systems
Map contains geographical information to identify the ap-
proximate location of major rivers, cities, and towns.

25
Synthesis

The Land Systems Mip was prepated to provide a geographic
reference base of the land systems and a pictorial representa-
tion of their main features in terms of climate, landscape
(including natural vegetation), and soils. It is hoped that the
innate complexity of agricaltural land resources is thus
emphasized, because these factors do vary from area to area.
Fortunately, in our technologically advancing age. the de-
tailed description and comparison of the many properties of
the land systems and their facets can be handled by coding
and computerization. In this study, the printed map can best
be read and appreciated in the light of the computerized data
buse, summarized in the form of computer printouts in Part |
of Volume 3, Computer Summary and Soil Profile Descrip-
tions of the Land Systems, the computerized land resource
summaries of the tand systems, and Part 2, a selection of the
meteorological data sets, also in Volume 3.
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The region denoted in the Land Systems Map extends from a
Iittle north of the Tropic of Capricorn to the approvimate
positton o the “metcorologieal equator™ at 10N 1t thus
encompasses e denmet chmatic regmmes—the equatoril
(wath hitele change soseasonsyand the tropical (with stronger
vartationst The term “tropical ™ mvthis case refers to the areas
found both north and south of the central cauatorial regions
and v preterred for preaseness over the loose term, the
“tropies.” which s generally used to refer to both regimes,

I'his chapter brictly desenibes the nusjor factors determiming
the climate of these regions: presents o general analysis i
ternis of some of the better known chimatie classitications:
and then proceeds o a more detailed deseniption of the
estimation of growing-potential as used in the Land Systems
Map.

Major Climatic
Determinants

The major climatic determinants ot both the equatorial and
tropical regimes are the South Atlantic anticyelone and the
cquatorial trough since the Andes effectively isolate the
region from strong effects of the Pacific anticyclone. As do
Snow (1976)and Riehl (1979). we prefer the term “equatortal
trough™ to Intertropical Convergenee Zone (1TCZ). 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, Thus,
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 ol the sun, but lugs behind by about 2 months. The
range of movement from north to south is very limited, when
compared with other contir situations. The equatorial
trough is centered at 5 to o N during its most northerly
advance in August/September and at 0 to 5°S in February/
March (Figure 3-1). During the southern summer, a continen-
tal heatfow develops over northern Argentina, Paraguay, and
Bolivia. Frére et al. (1975) point out that some authors
attribute this fow to an extension of the equatorial trough,
whereas others maintain that it is a separate phenomenon. In
either case. the result i the same: an extended area of high
artion of the study

-

instability and heavy rain i vhe wasienn g
arca during the southern summer.

= ; .
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Chapter 3.
CLIMATE

by
P G. Jonesaand T. 1. Cochrane

Polar Air Masses

Invasions of the cold polar air mass are common during the
southern winter and can produce 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 Brazthan shield. frequently reaching the upper Ama-
sonand oecasiomally spilling over thie Ormoco basin into the
Caribbean. The cool change, known in Brazil as friagem and
in Bolivias swrazo, may lastfor 2o S davs or, inexceptional
cases, up to 15 days. The northerly extent of a typical cold
front is shown in Figure 3-1 (Ratisbona, 1976),

Rainfall Patterns

Rainfall patterns follow the movement of the equatorial
trough and the development of the continental heatlow. They
are further maodified by interaction with the maritime air
masses. Thus, the western equatorial zone has no distinet dry
season, but a bimodality may be discerned in the rainfall
figures. As one proceeds castward in the equatorial zone, the
dry season becomes more marked and the bimodality less so.
The bimodality remains in the southeastern section of the
equatorial zone as the veranico, a short dry spe | that may
oceur in the middle of the wet summer.

On cither side of the equatorial zone, typical tropical
patterns of summer rainfalls and dry winter periods are
noticed. Rain in the sontheystcrn poction of the study area
(Mato Grosso and Goias) appears to be due to winds from the
upper Amazon. In this, the upper Amazon behaves more like
a maritime zonre than a continental one. Indeed. as is pointed
out by Ratisbona (1976), the potential evaporation of the
equatorial forest, greater than 1300 mm/year throughout the
region, is actualfy higher than that from an ocean surface. due
to its lower albedo (percentage reflection of radiation). The
drylands of northeast Brazil (including the Caatingas) are the
result of insufficient penetration of either the maritime or the
moist upper Amazon (equatorial continental) air masses o
this intermediate region.

Climatic Classifications
Koppen Classification

Many schemes have been devised te lassify the climates of
the world, but perhaps the most widely known is that of

4 Meteorologist, CIAT,

g Llcnk
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Fig. 3-1 Major determinants of climate thraugnout the study area, showing mean wind direction and
position of the equatorial trough.
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Kdppen (see Stringer, 1972), Figure 3-2 classifies the area in
the Land Systems Map according to this system. This
classification is based on rainfall and temperature regimes
and separates the region into two areas: north andsouth. The
separation lies at about 15°S—the fine between the northern
isothermic climate types (less than $°C difference between the
warmest and coolest months) and the southern climate ypes
with cooler winters (more than & difference). The upper
Amazon is differentiated as AF, that is. as having no dry
season. Tt is flanked by smaller zones of Am where the dry
season is short enough so that no serious moisture deficit is
encountered. The rest of the area has one marked dry season,
orinrestricted zones of Venezuela, two dry seasons (denoted
W) Only very small high-altitude areas in Venezuela and
Brazilare differentiated by their lower temperatures from the
general tropical classification, It is obvious from the figure
that this system does not sufficiently delineate the area on the
Land Systems Map.

Holdridge Life Zones

The Holdridge (1967} life zone classification (Figure 3-3isa
simplistic scheme, taking into account only the total annual
precipitation and the mean annual biotemperature, which, at
all points within the Land Systems Map ared, is equal to the
annual mean temperatare. It is clear from Figure 3-3 that the
life-zone classification fails to differentiate climates by season-
al variation, and, due to difficulties of nomenclature, fails to
account for the tropical rain forest in the upper Amazon.

Thornthwaite Classification

A system much more closely related 1o the agricultural
potential of a region is that of Thornthwaite (1948) (Figure
3-4). Climate is defined in terms of a moisture index (1) and
thermal efficiency (77F), which is cqual to the potential
evapotranspiration (e). Seasonal variations in water supply
and temperature (not shown on Figure 3-4) are also used as
classifving factors. Thus.

Ly = 1/7¢ (100 = 60¢d)
where ¢ is the potential evapotranspiration, s is the water
surplus, and d is the deficit after allowing for rainfall and
stored soil water, And,

e = Lol /)

where 1is monthly temperature (°C), 7is the heat index, ais a
cubic function of the heat index, and ¢ is the evapotranspira-
tion in cm per month. The sum

12

>

J=l

(,/5)I.514

defines the heat index (/), where 7 is the mean temperature of
month j,

The Thornthwaite method suffers from the fact that
evapotranspiration is estimated from temperature data and is
not necessarily universally reliable, but it does allow an
estimate in many situations where more accurate formulas
cannot be applied. Using this system, the majority of the
region in the Land Systems Map is classified as megathermal
(thermal index > 1150 mm), with only the highlands of the

Brazilian shield falling into the mesothermal ¢ < 1150 mm)
class. The moisture index was caleulated assuming a 150 mm
soil water-holding capacity. The perhumid region, with a
moisture index above 100, quite closely follows the actual
extent of the tropical rain forest in the upper Amazon, Due to
lower evapotranspiration rates in the rather cooler region to
the south of the Amazon and east of Manaus, however, there
appears 1o be a second perhumid region, which does not
correlate with rain forest. Because no attempt was made to
follow topography in the sketeh map, the extentand shape of
thisareaare not necessarily realistic depictions. The subhumid
s i Venezuela, the Peruvian foothills, the area around
a Vistain northern Brazil, and the Brazilian shicld are well
delineated using this method, however,

Land-Systems Approach
to Climate

From the above examples, it can be seen that it is possible to
clussify the climates of the area in several ways, all similar in
some respeets and yet different in ¢thers. Each of these
systems fails, in some way or other, 1o account for observed
patterns of vegetation and/or agricultural potential of the
arca. For the Land Systems Map, then. it was decided to
concentrate on recording charactenstics of the environment
that would best reflect the range of variation in growing-
season potential within the region. This is intended as a
description of the region: it is not intended as an alternative
climatic classification for general use.

Throughout the tropics, the major determinant of growing
season is soil moisture. Normally, long-term mean rainfall is
used to determine moisture availability, but this does not take
seasonal variation in rainfall into account. The expected
seasonal variation withir the area on the Land Systems Map
ranges from a 10-15¢ a erage departure from normal in the
Amazon basin and northern regions of the urea to a 25-309,
departure in the drier castern Brazilian regions (Biel, quoted
by Riehl, 1979). Clearly an estimate of water supply must take
this range into account. Therefore, an estimate of dependable
precipitation and the best available estimate of potential
evapotranspiration were chosen as the starting point for
climatic determination for the Land Systems Map.

Meteorological Data Collection
and Compilation

Long-term (more than 20-years) data records from over 1100
meteorological stations (Figure 3-5) were initially gathered,
and metcorological data sets were compiled as an integral
part of the land-resource data base.b

Table 3-1, prepared from the computer printout of the
climatic data for Luziania (Hancock et al., 1979), located in

b. This work was carried out as a subcontract to the survey by Hancock, et
al. (1979) of Utah State University: it has since been assimilated into
CIAT's South American Meieorological Data (SAMMDATA) computer
files.
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Table 3-1. A meteorological data set of Luziania, Central Brazil (16%15'S

tatitude, 47°56'W longitude, 958 ansl).

Apr_  May® - Jun® o Julb

Parameters» Jan Feb Mar

MEAN TEMP (°C) 21,9 22.0 21,7 210 19,4 18.3 18

MEAN RAD

(Lanqgleys/day) 574, 523, LA 495, 452, 440, 461,

PRECIP {mm) 228 201 229, 96. 16, 7. 4.

POT ET (mm) 164, 135 136, 134, 120, 10, 1y,

DEF PRECE {mm) -65 -66, -93. a8, 104. 103, Taa,

DEP PRECT {mm) 141, 123, 142, 53. 0. 0, 0,

MAG® 0.86 0.91 1.04 0,40 0.00 0.00 0.00
Augb  Sep? | Oct  Nov  Dec  Annual

MEAN TEMP (3C) 20.0 220 22.3 21.9 21,6 20.9

MEAN RAD 512 526 529, 527. 475, 500.

PRECIP (mm) 5. 27 130, 215, 317, T475.

POT ET (mm) 139, 146 152, 145, 134, 1632,

DEP PRECE (mm) 133, 119, 22. -70. -183. 157,

DEF PRECY{mm) 0, 7. 76. 132, 200,

MAL® 0,00 0.05 0.50 0.9 .49

a. In order, refer to mean temperature, mean radiation, precipitation,

potential evapotranspiration, precipitation deficit, dependable

precipitation, moisture availability index.
. May to September - dry scason.
DEF PREC = PRECIP - POT ET.

[Nl vl

MAL = DEP PREC  POT €T,

the savannas of central Brazil, illustrates the meteorological
summaries used for drawing the Land Systems Map. The data
recorded and calculated are:

MEAN TEMP
PCT SUN
MEAN RAD.

—Moecan temperature, in degrees Celsius.

—Percentage of possible sunshine.

—Mean solar radiation, in Langlevs per
day.

PRECIP, —Mecan precipitation, in millimeters.

POT ET —Potential evapotranspiration, in
millimeters.

DEF PREC —Precipitation deficit, in millimeters.

DE™ PREC —Dependable precipitation, in
millimeters.
MAL —Moisture availability index.

For some stations, the relative humidity was also estimated
and appears on the printout as MEAN R.H.: for othcis,
mean maximum and minimum temperatures are also
recorded.

Mean Temperature

When temperature data (MEAN TEM P} were not available
for a station, an cstimate was made based on data from
stations closely related geogi iphically and by taking into
account the relationship between elevation and temperature.
Temperature decreases by an amount of about 0.0055 times
the clevation in meters, or 5.5°C 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

DEP PREC = 757 prebability level of precipitation occurrence,

developed by Loft et al. (1966), or were computed {rom a
multiple-regression equation using such values as longitude,
latitude, and precipitation. The solar radiation (RS), in
Langleys per day, was converted 1o equivalent millimeters of
evaporation per month (RSAf) by correcting for the number
of daysin the month (DAM)and the latent heat of vaporization
of water (1.) as:

RSM = DMX RS/L

The average £ value for a month was calculated from the
mean monthly air temperature in degrees celsius (TAMC) by
the equation:

L = 5959 - 0.55 X TAIC

Potential Fvapotranspiration

Potential evapotranspiration (POT ET) was calculated to
determine the water balance and growing seasons. Itis usually
referred to as the water cuizsumption of an extended surface
of 8-to 15-cm tall, green grass cover that is activelv growing
and completely shading soti well sunplied with water. How-
ever, Monteith (1973) notes that “experience on experimental
sites 1auging from field plots to large catchments has shown
that the restriction to short green cover is unnecessary.” An
accurate estimate of POT ET is a most useful climatic
parameter in helping to judge the agricultura! potential of an
area, especially in comparing similarities and differences in
climatic regimes and predictingirrigation and drainage needs.

From physical considerations, it is well recognized that air
temperature, cadiation balance, humidity, and wind speed are
all necessary factors in estimating evaporation from a surface
(Penman, 1963). Many workers have shown that empirical
relationships using only temperature are inadequate, but that
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Regression coefficients for determining dependable
precipitation, by location.

Table 3-2.

Region/Country Area A value B value
Central America -23.0 0.84
South America
Brazil | -20.0 0.85
I - 9.0 0.57
| -23.0 0.79
v -11.0 0.67
v -11.0 0.67
Bolivia -10.0 0.69
Colombia ~25.0 0.84
Ecuador - 5.0 0.64
French Guiana -25.0 0.84
Guyana -14.0 0.77
Paraguay -10.0 0.69
Peru ] - 1.0 0.18
1] - 5.0 0.70
Surinam -14.0 0.77
Uruguay -10.0 0.69
Venezuela -14.0 0,77
Caribbean Islands -23,0 2.84

if radiation estimates are included, an acceptable estimate can
be obtained for sites where complete information is lacking.

Hargreaves' (1977a) equation based on solar radiation and
temperature was used to caleulate POT ET: values of POTET
(Hargreaves® £7P) in millimeters per month are given by his
equatiorn:

ETP = 00075 X RSM X TMF

in which RSA/ is incident solar radiation, expressed as
cquivalent millimeters of evaporation per month, and TA/Fis
the mean monthly temperature in degrees Fahrenheit. Har-
greaves (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), at the 75¢. probabil-
ity of precipitation oceurrence, 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 Frére et al. (1975), have
used a tog normal distribution to estimate the dependability
of rainfall. A better approximation is the gamma distribution;
although it is rather more trouble to calculate, the gamma
distribution can now be done readily with the aid of a high-
speed computer. Hancock and his collegues at Utah State
University have produced gamma-distribution estimates of
dependable precipitation for many stations in the area shown
in the Land Systems Map. However, in order to be able to fit
the distribution, a large number of years of record must be
available. Unfortunately, many stations in the arca have an
insufficient period of record. It was noticed (Hancock et al.,
1979}, however, that there is a strong lincar relationship

between the mean monthly rainfall and dependable precipita-
tionif the sampleis restricted to a climatically uniformarea. It
is thus possivle within cach subarea to estimate dependable
precipitation () from mean rainfall (£,,) by a simple
equation:

Pg=atbly

The coefticients a and & were estimated by the Utah group
from the existing gamma distributions. These estimates are
shown, by region, in Table 3-2; the regions themselves are
indicated in Figure 3-3.

The lincar relationship was used to estimate dependable
precipitation for all stations in the study area using as a base
the mean rainfal data given in Wernstedt (1972).

Moisture Availability Index

The moisture availability index (MAT) is a moisture adequacy

indexatthe 756 prabability level of precipitation occurrence.
T is defined as:

MAL = DEP PREC ¢ POT ET

An MAT value of 1.00 means that dependable precipitation
equals potential evapotranspiration,

The MAI coneept was introduced by Hargreaves in 197210
developa classification that includes soil-moisture adequacies.
He proposed that MAI be adopted as a standard index for
measuring water deficiencies and excesses and suggested the
following classifications:

MAT value
0.00 to 0.33
0.34 to 0.67
(L68 to 1.00
1O to 1.33
1.34 and above

Category
Very deficient
Maoderately deficient
Somewhat deficient
Adequate
Excessive

Hargreaves showed that there is a good relationship between
M Al and crop production when soil moisture is adequate for
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a week or more and recommended a level “less than (.34 1o
define a dry month. A wer month, then, was defined as one
withan MAIT greater than 0,33, bearing in mind that this level
may be too low for soils with very low moisture-holding
capacities.

Moisture Availability Index
and Soil Moisture

Interestingly, the MAL if qualiticd by the corollary *when
soil moisture is adequate for a week,™ 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 imply the ability of a soil to
store and supply water, In this sense, the criterion would be
more sensitive fora given soil during periods of high potential
evapatranspiration than during periods with lower potential
evapotranspiration; further, it would be more critical for soils
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. Soil moisture-holding capacities are defined in
Chapter 6.

Meteorological Data Sets

Part 2 of the Computer Summary (Volume 3) contains a range
of meteorological data sets representative of those for the
land systems in the Land Systems Map. These were originally
compiled by Hargreaves and his coworkers for the land-
systems study (Hancock et al., 1979). The CIAT SAMM-
DATA (South America Meteorological Data) computer file
currently includes over 4000 data scts from stations through-
out tropical America, many of which were adapted from
Hargreaves® data file. These stations are indexed by names
and geographical coordinates to help delineate and describe
land systems.

Climate and Physiognomic
Vegetation Patterns

In spite of the large number of meteorological data sets, a
problem arose lor 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 the problem of extrapolating
climatic patterns between meteorological stations separated
by large distances, it was decided to investigate the dependency
of the natural vegetation on climate (Cochrane and Jones,
1981).

Vegetation Classes

Physiognomic vegetation classes, as defined in Chapter 4,
were used to describe the vegetation of the land facets of the
land systems. Map 2 (see Map Plates) provides a picturc of the
major vegetation elasses throughout the region. It was made
by assigning the vegetation class of the major land facets to
the land systems and by compiling computer printouts. The
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vegetation classes include poorly drained savannas, well-
drained savannas, tropical rain forest, tropical semi-evergreen
seasonal forest, tropicai deciduous forest, caatinga, and
others (including subtropical and submontane forests, swamp
forests. and other vegetation classes). These are brictly
described in Chapter 4. The term “well-drained savannas™
covers those vegetation types reterred to in Brazil as “Cerra-
dos.” deseribed in detail by Eiten (1972). The definitions of
forest types follow the deseriptions by Evre (1968),

Discriminant Analyses of
Meteorological Data

A vegetation class was assigned to each of 251 meteorological
data sets, from stations spaced as evenly as possible through-
out the region, on the basis of the native vegetation growing
on the well-drained soils in their vicinities. Sixty-one meteorolo-
gical stations were located throughout the savannas, 38 in
tropical semi-evergreen seasonal forests, 49 in tropical rain
forests, 84 in deciduous forests, & in subtropical semi-
evergreen forests, and 11 in subtropical evergreen forests.
Many combinations of different climatic parameters from the
data sets, including the number of wet months, wet-season
mean monthly temperatures (WSMT), wet-season radiation,
wet-season potential evapotranspiration (WSPE), and dry-
season moisture availability (DSMA) (an index of the severity
of the dry season, in contrast merely to its length), were then
examined through discriminant analyses, both parametric
and nonparametric, to see it they followed the vegetation
classes.

Vegetation and Wet-Season
Potential Evapotranspiration

Figure 3-6 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 cquirrobability of assignment were manually plotted
between the various populations, by graphically finding the
intersects ol successive confidence ¢lipsoids.

The posterior probability of correct assignment for the
vegetation classes was estimated as:

Computer cluster codes (from Figure 3-6)

A Deciduous forest 91
B Well-driined savanna .68
D Tropical semi-evergreen seasonal forest 71
E Tropical rain forest .87
F Subtropical semi-evergreen forest .67
G Subtropical evergreen forest .60

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 implemen-
ted by Barr et al. (1976), the data set was divided into two
randomly selected halves and cach subset used both as a
calibration setand a test set. The two sets of results were then
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combined 1o form estimates of the probability ol correct
classification. These were A = .77: B = JRD s dand B o=
A8 Fand G contained no correct classifications due to the
small sample size.

WSPE and
Well-Drained Savannas

To check the possible variwtion of WSPE between well-
drained savannas with different wet-season lengths, the 6l
meteorological data sets trom the stations located in the
savannas were subdivided into three groups with 6, 7, and 8
months f wet season, respectively, and the total wet-season
POTET .alues and the wet-season averige monthiy POTET
values of the groups were compared. Table 3-3 shows that
thereis nosignificant difference between the total wet-season
POT ET values for savannas having a 6-, 7-, or S-maonth wet
season (P > .2, On the other hand, it shows that the monthly
iverage wet-season POT ET values are stgnificantly difterent
(P <001, The monthly average wet-season POT FT vilues
decrease with an increase in the length of the wet season.

It is clear that the WSPE throughout the well-drained
savannaregions is virtually constant. In Figure 3-6. the group
of well-drained savannas (cluster code B) falls in a compact
band right actoss 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 i wet-season length, but
also in wet-season temperatures,

Climatic Potential for
Growth of Vegetation

Foruny given month, providing that MAT is high enough to
allow relatively unrestricted water avalability, the actual
evapotranspiration would closely follow the POT ET under
the natural vegetation cover. Therefore, the WSPE approsi-
mates the annual consamptive witter use of the vegetation, As
such. the WSPE isa proxy estimate of the amount of annual
energy the savanna vegetation can use for growth in the

absence of irrigation. 1t follows, therefore, that the savannas
occupy o well-defined habitat delimited by the climatic
potential for growth; this potential is greater than that of
deciduous forests but lews (han that of evergreen amd semi-
evergreen forests, Subtrapical vegetation clisses, although
dependent on WSPE appear to be turther difterentiated, as
expected, by growing-scason temperature. The group of
deciduons torests (cluster code A) s composite group,
Caatingas, the thorn scrud of northeast Braal, may be
differentiated from this group using the dry-season moisture
availability index (DSMA), as shown by Figure 3-7. The
DMAT indicates the intensity of the dry season. as oppased
merely to its Iength, 1t is the mean monthlv moisture
availabiiny indey of the dry=season months (those with an
MAL 034y corrected to run from zero to I, where | = an
average dry season monthly MAT of 0.33: thus “zero” s the
MOSEsevere rating,

Further work needs 1o be earried out to examine the
ulimulc-\cgct;lliunin(crrcluli(mships more thoroughly: never-
theless, the finding that WSPJ: regimes follow majoi vegeta-
tion clisses provides for a better understanding of these
interrelationships. In the context of tropical South America,
with its rapidly expanding agricultural frontiers, where as
oftenas notlittle or no recorded climatic data arcavailable, it
isevidaat that the natural vegetation growing on well-drained
soils can be used as o guide to extrapolating climatic patterns.,

Climatic Subregions

The WSPE regimes within the mijor vegetation zones were
consequently used to help define climatic subregions (Map 3).
Fogether with the length of the wet season and the WSMTy,
they provide a convenient subdivision ol the region into five
main and two less-defined climatic sabregions, summarized
in Tahle 34 WSPE approximates the total annual energy
available for plant growth, assuming that the soils hold
sulficient moisture 10 enable nonstress growth for at least a
week under the prevailing POT ET regimes, Further, only the
natural rainfudl at the 75¢; probubility level is considered,
without supplemental irrigation,

Table 3-3. Total wet-season potential evapotranspiration (POT 1) values
and monthly average wet-season POT ET values, according to
the number of wet season months of the well-drained savannas.

_Length of wet

7 manth )

Metearological data sets (no.) 13 39

Total wet-season POT ETe

Mean (mmj} 904.7 969.4
Variance 1696 2528
S.D. u42.86 50.94
Monthly dVErage wet season
POT ¥T®
Mean (mm) 150.8 138.3
Variance 07,13 49.77
S.D. 6.146 7.147

A t-test probebihity of difference between means:
b, t-test probability of difference between means:
significant),

easan
8 manths

9

976.1
2115
ug.78

1224
33,05
6.097

0.2 [not significant).
0.001 (very highly
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Fig. 3-7  Plot of total wet-season potential evapotranspiration (WSPE) by the dry
season moisture availability index rating (DSMA).

Table 3-4, Climatic subregions of the central lowlands of tropical South

39

America,
Climatic o Climate .
subregion WSPE® Wet monthst WSMT®
code (mm} {no.) {°C) Subregion name
a > 1300 >9 >23.5 Tropical rain forest
b 1061-1300 8-9 >23.5 Semi-evergreen seasonal
forest
900-1060 6-8 > 23.5 Isohyperthermic savannad
900-1060 6-R 23,5 Isothermic savannad
< 900 <6 >21.5 (Semi-)deciduous forest

- - Subtropical vegetation®
- - Other!

o ==nAan

a. WSPE: total wet-season potential evapotranspiration, the sum of the
potential evapotranspiration of the wet months.

b. Wet months are months with a moisture availability index (MA1)
> 0,13%,

c. WSMT: wet-season mean monthly temperature.

d. Terms not used in the strict sen' 2 in accordance with U,5. Soil
Taxonomy (Soil Survey Staff, 1975),

e. Other vegetation un predominat:ly poorly drained or seasonally
flooded lands.

f.  Nonclassified, or submontane or subtropical forests.
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Table 3-5.

Clinatic data sets of sites focated o cach of the myor clumate

Month

Parameters Jin Febh' 77 " Mar Ape My Jur:
Climatic subregion a: Teopical raim torest

Siter Cruz do Sub, AC, Brant, Lat, 7 WS, Long. 72 A, 170 mond
MLAN TEMP 4.4 R Q4. du,) i Qi
YMEAN RUH, 9. KN 92, 89, 80, 73,
FCT SUN . 3, i, HIN o, 67,
MEAN RAD 190, i, 386, 184, a1y, wg,
PRECIP 246, 24u, 204, 241, 138, 104,
POT ET ug. 108, no. 112, 1, 1
DEF PREC -1, -136, 152, -4, RN 16,
DEP PREC 180, e, 209, A5, a7, 68,
MAL ool 1.74 1.78 1.65 0,74 0,57
Chratic subreguon b Semi evergreen seasonal for est

Site: Manaus . AM Brasal, Lat 3 8'S, Long, v0 1%, 48 mas)

MEAN TEMP 25,9 2.8 25.8 5.8 bk 26,4
MEAN RUH, HH, Ba, 89, By, 81, 74,
PCT SUN 38, 16, 37, 18, e, 56,
MEAN RAD 420, s, Hid, 404, Wb, nut,
PRECIP 27 N 101, 267, 194, 4,
POT BT LR 1R, 1, 123, 115, 136,
DEE PREC T, RRIGIUN S10, thh, -58, 37,
DEP FREC 215, 216, 236, 4, Mu, b,
MAL tow? 1.4 1,80 1.82 1.06 o.u7
Chmate subregion ¢: lsohyperthermic savanng

Site: Conceigao do Araquaty, PA, Brazad, Lo, & 15'S, Long., 49712, 90 masl
MEAN TEMP 25010 J4.9 25.2 5.6 25.6 251
MEAN R.H, BY, 89, by, i, 65, 48,
PCT SUN 38, . 8. 50, 60, 79.
MEAN RAD 437, w3, 428, 453, 470, ueg.
PRECEP 153, 52, 263, 163, 60, 8.
POT ET 135. iy, 132, 137, 1z, 146,
DIF PREC -118, S8, 11, 26, 87. 138.
DEP PREC 195, 194, 204, 1na, 3. 0.
MAY 1.45 1.63 1.5 0.87 « 0.1 0.00
Climatic subregion d: lsothermic savanna

Site: Luzania, GO, Brazil, Lat, 16 15'S, Long, 47 56'W, 958 mas!

MEAN TEMP 2.9 22.0 2.7 2.1 19.4 18.3
MEAN R.H. 7. 78, 79, 61, 52. 41
PCT SUN 59. 52. 51, 69, 76. ay
MEAN RAOD 574, 52 441, 495. 452, 440,
PRECIP 228 201, 229, 96, 16, 7.
POT ET 164, 135, 136, 134, 120, 1o,
DLE PREC -65, ~66, -93, 38. 104, 103,
LEP PREC 1ut, 121, 142, 53. 0. 0,
MAI 0,86 0.1 1.04 0,40 0.00 0.00
Climatic subregion e: (Semi-)deciduous seasnnal forest

Stter Ihipetuba, BA, Braail, Lat, TOU'S, Long, a8 31'W, 430 mas|

MEAN TEMP 24,6 24,6 24,6 24,5 23,4 21.9
MEAN R.H, 56. 65, 73. 56. 4o, uu,
PCT SUN 73. 65, 57. 73, B1. 43,
MEAN RAD 621, 578, 520. 515, 503, ure,
PRECIP 125, 145, 136, 73. 12, 1.
POT ET 189, 159, 158, 157, 149, 132,
DEF PREC 64, 14, 23, 8u, 137, 1,
DEP PREC 72. 86. a0, 18, 0, 0.
MAL 0.38 0.54 0.50 0.24 0.00 0.00

Jul

26,49

hel,
61,
149,
HH,

21,5
45,
82,

489,

1.
138,
137,

0.
0.00

Auiy

26.0
54,
74,

530.
15,

167,

152.

0.00

20.0
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Approximately 274 of the region falls into the tropical rain
torest subregion, telimatic code @) nninly in the western half
of the Amavzon basin, The semi-evergreen seasomat forests.,
(telimatic code by charactenzed by the narrow range ofan 8- 1o
Y-month wet season, oceups 0o the area, most of it in
Brazileast of Manaus. The isohyperthermic savannas (clima-
tic code ¢). 1650 of the region, are well-drained native
grasstands surrounded by forest vegetation. They include
parts of the Braziian Cerrados, the northern and western
Bolivian pampas, the castern Llanos of Colombia, a large part
of the central Llanos of Venezueli, and parts of the Rupununt
plains and the Boa Vista and Amapa Cerrados of Amazonn,
Climatic subregion d. the isothermic savannas, comprises
manly the central plateau arcas of the Cerrados of Bravil:
these ditfer from the LEmos in terms of'a cooler temperature
regime. Theyvoceupy S7 of the region. Climatic subregion ¢ is
comprised of itreas covered with deciduous vegetation.

The characterization of chimatic subregions does not take
intoaccount the differences between well-drained and poorly
drained savannas. This tundamental difference between savan-
nas has led to alot of confusion in the past concerning the
nature of savannas: poorly drained savannas are found in
climatic subregions with 2 to 6 months of dry scason, and a

wide range of WSPEs, as the edaphic circumstance of

waterlogging overrides the climatic effect. Table 3-5 shows a
meteorological data set from a site in each of the climatic
subregions.

Soil-Moisture Stress and
the Veranicos

Inconsidering the relationship between WSPE and vegetation,
it has been noted that soil-moisture stress is described in terms
of the climatic potertial to supply and extract soil moisture at
a given location during a given period of time, and the ability
of well-drained, medium-textured soils to store and supply
water. In soils that have less than the medium capacity to
store plant-available water, such as sandy Spodosols and
many Oxisols, vegetation can quickly suffer moisture stress.
Such situations oceur both in the Amazon basin and in the
Brazilian Cerrados. In Amazonia, Alvim and Silva (1950)
note thatareas 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-evergeen seasonal forests,
(It may be noted that many of these campinarana arcas also
suffer from a wet-season hydromorphic condition.)

The veranicos are erratic, but often prolonged (10- to 20-
day) periods with no rainfall commonly occurring during the
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“wetsseason” months of January and February in the Cerra-
dos (well-drained savannas) of Centrad Brazil. They are often
cited as the cause of considerable vield reductions in shallow
rooting annuil crops.

Veranicos can usually be identificd from the monthly
meteorological data sets as comparative differences between
the MAT values of the peak wet-season months of December
to March. For example, a meteorological data set for
Luzianmia (see Table 1) shows lower MAT values in January
and February than in December or March: nevertheless, the
actuad monthly MATvalues torall 3 months are well above the
vitlue 033 used 1o signity o dry month. This would suggest
that the moisture-stress condition resulting in reduced crop
vieldsis notonlya climatic problem but also a soil problem; a
function of shallow rooting insoils with low moisture-holding
capacities. In fact, it has recently been demonstrated in the
Cerrados Center (CPAC, EMBRAPA)Y near Brasilia that this
maoisture-stress condition can be obviated insovheans growing
in Oxisols i deeper rooting is encouraged by applyving single
superphosphate to help overcome sail Al toxicity and P and
Ca deficiency conditions (K. Wagner, CPAC, pers. comm.).

Monthly MATvalues and the soil moisture-holding capacity
rating, with or without a rating for soil chemical factors
including Altoxicity and Pand Ca deficiencies as given by the
present study, have recently been used to form a preliminary
zonification of the propensity of the Cerrados of Brazil to be
affected by the wet-season drought periods.

A Fresh Approach to
Climatic Zoning

Although the authors of this study do not intend to put
forward a universal climatic classification on the basis of their
analyses, the wet-season potential evapotranspiration (WSPE)
concept has provided a fresh approach for zoning climatic
subregions throughout lowland tropical America for nonirri-
gated, perennial crop production. It is leading to a better
understanding of the region and has provided CIAT a basis
for defining broadly comparable climatic conditions for the
selecting, testing, and transferring of new pasture plant
accessions (CIAT, 1980b). This is described in Chapter | The
coneept is compatible with the recently developed theory of
unifying principles for water movements in biological tissues,
including plants (Cochrane 1983, 1984). Studies, including
those recently published by Ranzani (1978), will help to define
more preejsely the ability of the different soils to supply soil
moisture and improve the water-balance estimates for specilic
agriculiural systems.,
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PHOTO PLATES

With these photographs, you may take a trip through the various and distinct regions in the cemtral
lowlands of tropical South America. You can readily note the differences in topography, vegetation,
climate, and soils and see some of the traditional land-use systems.

Amazon Basin

Plate 1 Colonist
intercultivating cassava,
maize, and beans (barely
noticeable), 50 km south
of Santarém in eastern
Amazonas, Brazil.

Plate 4 The Amap4 well-drained savannas
near the mouth of the Amazon, Brazil.

Plate 3 Tropical semi-evergreen seasonal torest near
Altamira, southeast Amazonas, Brazil.

Flate 5 An Oxisol
{Haplustox) 45 km south of
Santarem in eastern
Amazonas, Brazil.

Plate 6 Varseas, or
seasonally flooded lands,
near Manaus, Brazil.
Junction of the Negro
River with the Amazon
River in the background.




Plate 8 Tropical rain forest, Tefe, Brazil; junction of

Plate 7 Tapping rubber (Hevea brasiliensis) in Amazonas, Tefe River with Amazon River in
Brazil. Contrary to what 1s recorded in some literature, western Amazonia
rubber-tapping techniques have been used only by iocal

Indians since pre-colomal times to extract latex from the {.%s ?’i anh A _uf"

grant Hevea trees

Xeh fedey, A
’ Plate 10 Indian cultivation near the Huallaga River near
rest, largely cutover, near Yurimaguas, Pery
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Plate 9 Tropical rain fo
Yurimaguas, Peru.

Plate 11 River transport of Pérto Velho, Ronuénia State,
Brazil
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Plate 12 Colonization in Rondomia State, southwest

Amazonia, Brazl Unnecessary destruction of

productive natural rubber and Brazil nut groves has

taken place in recent years by overzealous colonists

clearing land for food-crop (mamnly rice) production

Plate 13 The Humana
wetland savannas near
Porto Velho, Brazil.




Plate 16 Well-drained savannas in southern

Amazonia.

Plate 14 A mature nut trce {(Bertholletia
excelsa) in semi-evergreen forest near
Riberalta in northeast Bolivia.

Brazilian Shield

Plate 16 The Alcantillados ' ' oo TR ERER
tablelands showing the red Oxisols Plate 17 The Central Brazilian highland
about 100 km east of Rondopolis,

plateau near Andpolis, 160 km south of
Central-West Brazil. Brasilia.

Plate 18 Looking across the
rollir1 plateau surface of
Land System No. 49 from
the airport at Rio Verde,
central Brazil.

: < ,
Plate 19 On-the-ground view of tropical (semi-}deciduous

forest 200 km west of Imperatrix in western Amazonas,
Brazil.
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Plate 21 Campo cerrado (ope + savanna) near Andnpolis,
central Brazil.
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Plate 23 Cerraddo (closed savanna) near Planaltina,
central Brazil.

Plate 25 An Acrustox
profile, Centro de Pesquisa
Agropecudria dos Cerrados,
Central Brazil.

L R RO a2 T R
Plate 26 The Cerrados Center, Centro de
Pesquisa Agropecuéria dos Cerrados, Central
Brazil.

Plate 22 Cerrado (intermediate savanna) near
Planaltina, central Brazil.

o>
ear San Javier, Bolivia, on the
Brazilian shield.

shield near Rio Verde.
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Plate 30 The Entisol (sandy)

] : Caating
Plate 28 Excessive lime western Bahia, Brazil. savanna lands of the Parecis
applications in south Mato tableland of western Brazil.

Grosso, Brazil.

Andean Foothills

. . ’
S .

Plate 31 Andean foothills near Villavicencio, eastern
Colombia.

dag 44

Plate 32 Phosphorus deficiency in Dwarf
Cavendish hananas growing with coffee, near

Pereira, Colombia.

.
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Plate 33 Andean foothiils forming a backdrop of
the eastern Colombian plains, or Llanos, near

Villavicencio, Colombia.

i 2 et P
Platz 34 Rolling foothills, mainly cleared of tropical
rain forest, near Florencia, eastern Colombia.




Mojos Pampas

R SRR g
Plate 36 Studying Ultisols near Reyes, Mojos
Pampas, Bolivia. In the background, a typical island

Bolivi o uf forest on higher ground may be noted.

Plate 36 The Mcjos Pampas of eastern

showing typical “square’ lakes, a little north of the
city of Trinidad.

Plate 37 Cattle doing well near Reyes in Plate 38 An aerial view of the "raised beds” used by
the Mojos Pampas of Bolivia. pre-Columbian inhabitants of the Mojos Pampas,
Bolivia, to elevate crop production above the

wet-season water table.

Orinoco Basin Plate 41 The well-drained

Plate 39 Farming with irrigation faltillanura) savannas of
on the Orinoco plains 60 km south eastern Colombia near
of San Tomé toward Ciudad Carimagua, as seen

Bolivar, Venezuela. on the ground.




Plate 42 Canmagua in the
eastern Colombian Llanos,
showing the fowland
{isohyperthermic) savanna site of
ICA-CIAT. Note the presence of
lower, poorly drained lands.

Plate 44 Laterite (hardened plinthite) outcrop near
Carimagua, eastern "“high" plains faltillanuras), Colombia.

Plate 43 A more broken part of the well-drained
savannas of eastern Colombia, south of the
Muca River.

Plate 45 The Casanare
wetland (Ultisol) savanna in
Orocué, eastern Colombia.

Pantanal

Plate 47 The Brazilian ""Pantanal,” 50 km
northeast of Corumba.

v el 7
Plate 48 Better drained lands {but
still hydromorphic) in the northern
Pantanal, 50 km west of
Rdndonopolis, western Brazil.

Plate 46 Junction of the poorly
drained and better drained lands
in northeast Pantanal, Brazil.
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Plate 49 The Brazilian ““Pantanal,” 150 km northeast of

Corumba, showing the typical “colored lakes’". The colors

are attributed to differences in the lake’s microflora.

Parané Basin
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Plate 51 Burning Cerrados on sandy soils
{Entisols) 150 km of Trés Lagoas, Brazil.

Plate 53 The Paranaiba
hydroelectric dam on the
Parana River, Brazil.

Plate 54 At Foz do Iguact, the color of the
water is indicative of the excessive erosion
ocurring in southern Bratzil.

Plate 50 Close-up view of the “colored lakes'’ of the
Pantanal, Brazil.

Plate 52 The Parana River, Brazil, 100 km upstream from
the Paranaiba dam, flanked by Eutrustox soils.

Plate 55 The Mearim River, near its junction with the
Parand River, passing through an area of good
agricultural lands in Brazil, mainly Alfisols.
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From north to south, the region in the Land Systems Map
extends from the Panamanian isthmus to southern Brazil;
from east to west it reaches from the Atlantic Qcean to the
Andean foothills. Tt covers a large part of the watersheds of
the Orinoco, Amazon, and Parana—South America’s three
major river systems. [ts physiography is molded from geologi-
cal formations spanning nearly 1000 million vears; from the
Precambrian shields of central Brazil and the Guvanas rich in
granites, micas. and gnceiss to the alluvial deposits of many
rivers that occurred in the recent epoch.  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 voleanic ash mantling in the equatorial region:
mudstones and sandstones of the Orinoco, Amazon, and
the western Parand basins dating from the Tertiary and Qua-
ternary 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).

This chapter describes the topography and vegetation
classes used as the bases for delineating land facets in the
Land Systems Map.

Geology

The Brazilian shield, visible as the plateaus of central Brazil
and the higher lands of eastern Bolivia, and its more northern
cquivalent, the Guyana shield, seen mainly in southern
Venczuela, date to the Precambrian era. They support the
oldest land surfaces in South America. Nevertheless, 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 shiclds were once a part of the African continent.

The Brazilian shield extends at a relatively shallow depth
from the northern plains of eastern Bolivia (at a depth of
about 600 m at Trinidad) to the sub-Andean picdmonts.
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 Arica, Chile, on the Pacific coast, to the
“elbow™ of the Andecs in the environs of the village of Buena
Vista about 80 km to the north of the city of Santa Cruz, and
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continuing eastward 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
cons, might provide a possible explanation for the directional
change in the lie of the Andes. North of Buena Vista, the
Andes swing from a northwest to southwest direction,
resulting in a considerable effect on climate.

Schlatter and Nederlof consider that the Andean uplift
started in mid-Tertiartan times. Movements were spirogenic,
and two major Neogene depesitional 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 asym-
metric folds. They are in a stage of active erosion.

Erosion is particularly noticeable in the sub-Andean foot-
hills, 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 dramatic where
soft sandstones and conglomerates are found in the foothill
region.

Hydrology

The Orinoco, Amazon, and Paran4 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, scagoing
ships as far inland as Manaus, and for quite large vessels as far
inland as Porto Velho, the capital of Rondénia State in
western Brazil, and to Iquitos and beyond in Peri. Small
riverboats penetrate much further.

Itis 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. To overcome this problem, a railway was built
during the height of the rubber boom to link the cities of
Guajara Mirim and Porto Velho: this was abandoned in 1966
but is now being rebuilt because road transport has not
proven economic in this part of our energy-short world. A
hydroclectric power station was recently constructed near
Paranaiba on the Parand river, and immense power reserves
exist at Iguagu, the site of the world's largest power complex
under construction on the lower Parané river (sce Photo Plate
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53) The erosion in southern Brazil, and the need for urgent
control measures. is indicated by the color of the water in the
photograph (see Photo Plate 54).

Major hydrological disasters could well take place 1 the
coming vears over parts of the watersheds of the Orinocoand.
especially, the Amazon rivers, unless the present tendencey to
encourage colonization in unstable toothill repions is discon-
tunued. The so-called carretera marginal de la selva imarginal
jungle road), presently projected to follow along the Andean
foothills, should be relocated well into the plains to helpavoid
the deforestation of erodable Linds by colonists,

Physiographic Regions

Map 4 (see Map Plates) summarizes the major macraphysio-
graphic regions identitied on the Land Systems Map. the
differences among which may be appreciated from the
photographs in the Plates,

Amazon Basin

This is the lowland region of Amazonia between the sub-
Andean toothills and the Brazilian and Guyantan shiclds.
(See Photo Plates 1-15) It is drained by many tributaries of
the Amavzon river. The land surfaces are predominantly plains
or peneplains exhibiting various p.ticrns of dissection and
recentterrace tormations, A large part of the region, espectally
in the northwest. s poorly drained: some areas, particularlyin
the vicinity of Lirge rivers, are susceptible toannual looding,
Most of the reeion is still covered with native vegetation,
although considerable destruction of forest has taken placein
recent vears,

Brazilian Shield

This refers 1o the elevated and exposed Precambrian shield
region of Central Brazil a~d is characterized by old, stable
plateau surtaces. (See Photu Plates 16-30.) A large partis still
cavered in native vegetation, mainly savannas locally called
“Cerrados.” However, considerable development has taken
place during the tast 20 vears with the establishment of
Brazil's administrative capital, Brasilia, located virtually in
the epicenter of this unit. The formation extends into castern
Bolivia,

Elbow ~f the Andes

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-Andein foothills of Bolivia, Apart from physiographic
implications, the region has climatic characteristics transi-
tinnal from the tropics to the subtropics,

Andean Foothills

This region defines the sub-Andean foothill region. (See
Photo Plates 31-34.) It is particularly important as many of
the foothills are susceptible to erosion. The indiscriminant
clearing of native vegetation from the foothills is alrcady
aggravating flooding problems in the Amazon Basin and
Mojos Pampas region of Bolivia.

. il
Guyana Shield
Phis refers 1o the elevated and rugged Precambrian shicld
regron north of the Amazon river. Tis still mainly covered by
native vepetation—forest and savannas.

Mojos Pampas

This s an e <tensive area of wetland savannas in the eastern
plains of Bolivia, allegedly formed from the infill of a
geologi-ally postulated ancient lake between the Andes and
the Brazilian shield. (See Photo Plates 35-38.) Apart from
being a major cattle-producing area (Photo Plate 37), it is
hoth geologieally and archeologically unique. The presence of
hundreds of “square™ lakes (Photo Plate 35) has baffed
geologists for years; current theory postulates that theyarean
effect of faulting in the underlying Brazilian shield. The
presence of “raised beds™ (Photo Plate 38) in many sites
(Dencevan, 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 gritin crop was
probably Job's tears (Coix lucrvma Jobi), as this crop is still
cnltivated by some of the indigenous peaples in the region,

Orinoco Basin

This is the lowland drainage basin of the Orinoco river and its
tributaries. (See Photo Plates 39-45.) It is largely covered by
savannas on both poorly and well-drained lands, 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 mainly along its border with
Bolivia. As the name suggests, it is a lower, poorly drained
savanna region. Nevertheless, landscape differences and
grades of seasonal inundation exist.

Parana Basin

This region includes a large part of the watershed for the
Parani river found in southern Brazil. (See Photo Plates
51-55.) Itis largely made up of savanna and some deciduous
forest covering dissected pluin surfaces. There are extensive
areas of sandy soils in the western portion of these plains.

Physiographic Units

Within the physiographic regions, physiographic units were
identified to separate distinctive landscapes, using locally
recognizable names. As the land systems were delincated,
they were assigned numbers identifying them with these
physiographic units. These are listed by country in the
glossary to Part | of the Computer Summary (Volume 3).
Figure 3-1 illustrates their use to make a physiographic map
of Central-West Brazil. They present a pictu = of the major
landscape differences within any one country or region,
However, for agricultural production considerations, the
land systems per se must be considered.
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Fig. 4-1  Physiographic units map of Central-West Brazil.

Land Systems, Land Facets,
and Mapping Scales

The description and coding ol the landscape features have
been deseribed in Chapter 2. The subdivision of the land
systems into land facets emphasizes that landscape is not
constant, but continually varying. As practical farming has to
cope with a variation in land surfaces and soils, the description
of the land facets within a land system is clearly important.
It should be remembered that there may be lesser 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. Theretore, the generalization made in classifying
the soils of the land facets according to their predominant
soils is no more serious than those 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
aceptable. 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
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saying, “'to see the torests and not the trees.” The computeri-
zation of the study facilitated the production of sich overyiew
maps.

It also facilitated guantification of properites. Because
quantification is made on the basis of the land facets,
however, the figures reflect a greater degree of precision than
the mapping units based on the land-system subdivisions.

Topography

Map 5 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; 8247 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 northwest Amazonia imposesa natural
barrier to agriculture. Nevertheless, the seasonally looded
Lands or vdrzeas (see Photo Plate 6) of major river systems
often have naturally fertile soils, and it is likely that increasing-
ly important arcas will be brought into more intensive
production of crops, including wetland (paddy) rice and jute,
in the not too distant future.

The poorly drained savanna lands have been used success-
fully since colonial times for extensive cattle production,
Significant arcas are found in the Brazilian Pantanal (see
Photo Plates 46-50); the Bolivian Pampas de Mojos (Photo
Plates 35-38): the Casanare plains of northeast Colombia
(Photo Plate 45), which extend into southwest Venezuela as
the Apure plains; the island of Marajoé at the mouth of the

Amazon niver (Photo Plate 2); the Humaitia plains north of
Porto Velho in Rondonia in Brazil's southwest Amazonia;
parts of the Amapi savannas near the mouth of the Amazon
river on its northern side (Photo Plate 1) parts of the Boa
Vista savannas in northern Brazil; and the contiguous
Rupununi suvannas of Guyana,

Well-Drained Lands

About 79 (649 million ha) of the region is reasonably well
drained. The major part of this area, SO8 million ha, is covered
by forest, and the remaining 141 million ha is covered by
savannas. Approximately 779 of the well-drained lands (497
million ha} has slopes less than 8¢ and 23¢ (152 million ha)
has slopes greater than 87, The relatively flat Jands are often
closely dissected by small streams. In fact, over 864 of the
entire area has perennial streams at less than 10 km intervals
and 3977 less than 5 km apart (see Photo Plate 43).

Topography and

Climatic Subregions

Table 4-1 provides a summary of the topography within the
broad climatic subregions described in Chapter 3. Itis based
on computer printouts.

Thereisasignificanty higher proportion of poorly drained
lands in subregion A, the tropical rain forests. Even s, 700
of these areas are well drained; of these, 128 million ha have
slopes less than 807 . With the notable exception of some areas
in the sub-Andean foothills, such as the Florencia region of
Colombia (see Photo Plate 34) and the Yurimaguas region in
the Jow Selva of Peru (see Photo Plate 9), 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 (see Photo Plates 31,

Table 4-1. Topography of the climatic subregions of the central lowlands
of tropical South America.
Area (million ha} in
each topography class Total
Climatic Flat, 'We”- rained area Total
subregion Subregion poorly -J -3 {million area
code name drained slope slope slope ha) (%)
a Tropical
rain forest 65 128 20 y 217 27
b Semi-evergreen
seasonal forest 50 189 64 5 308 38
[ Isohyperthermic n 76 13 9 129 16
savanna
d Isothermic
savanna 0 33 6 ] 43 5
e {Semi-}deciduocus
forest 23 62 10 8 103 12
f Subtropical
vegetations 1 9 1 0 1" 1
o Othert® 0 0 2 6 1
Total area
{million ha) 170 497 1e 36 819
Percentage of -
total area 04 61% 143 4y

a.  Other vegetation on predominantly poorly drained or seasonally
flooded lands.
b. Nonclassified, or submontane or subtropical forest,



33, 34). Between the Andean foothills and the Precambrian
shield much of the landscape is uniform and gently undula-
ting, although it is often interspersed with extensive arcas of
poorly drained Lands.

By far the largest area of well-drained lands is found in
subregion B, the tropical semi-cvergreen seasonal forests (see
Photo Plates 3, 5. 14). In central, castern, and southern
Amazonia, these forests are largely intact, although sizcable
arcas, espectally in Rondonia state of Brazil's southern
Amazonia, have been cut down in recent vears (see Photo
Plate 12).

About 73¢0 (189 million ha) of the well-drained lands of
subregion B are relatively Nlat, with slopes less than 867, The
landscape tends to be less variable than in other subregions,
Nevertheless, there are major physiographic differences: a
large part is closely dissected by the many tributaries of the
Amazon river,

Subregion Cis largely defined by the well-drained isohyper-
thermic savanna lands. Some extensive areas of tlat lands are
found, such as the altillanura plains alorg the south bank of
the Meta river (34 X 10* ha) in Colombia’s eastern plains (see
Photo Plates 41-43), but large tracts of these lands are
strangly dissected,

Subregion D is comprised of the isothermic savannas,
mainly confined to the higher (greater than 900 m) plateau
tands of Central Brazil, and the cooler southern limits of
Brazil's “*Cerrados.” which contain extensive tracts of flat
lands dissected by small valleys (see Photo Plates 16, 17, 18,
21,23, 26, 27).

Subregion E covers a wide range of topographies.

Vegetation

The Land Systems Map and Figure 3-6 (Chapter 3) summarize
the distribution of the natural, physiognomic vegetation
classes over the region. The use of physiognomic terms does
not imply any preconceived ecological or climatic conditions;
the deseription 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 reter to any lowland tropical savanna or grassland
withsoils tbat suffer from prolonged periods of waterlogging.

Savannas

According to Bernal Diaz (1975), “savanna isa Carib Indian
wordsignifying “trecless 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 savannas, or Cerrados, are summarized as
follows.

Campo |impo. Grassland with tall visible woody
plants essentially absent (see Photo Plate 20), and whose flora
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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
avariation of the Cerrado Nora.) Sometimes, when @ Cerrado
grasstand has o few very scattered, low but conspicuous
shrubs or acaulescent palms, itis distinguished as campo sujo.

Campo cerrado. Includes several forms with total
woody plant cover rather open or sparse (see Photo Plate 21),
thirt s, less than 30-40°7 cover, such as:

a. Quite open scrub

b Low arboreal, guite open woodliind

¢.  True physiognomic savanna, i.e., seattered medinm-tall
or low trees, or shrubs, or usually both trees and shrubs
intermixed, over a contintous or slightly open layer of
grasses, herbs, dwarf shrubs, and semishrubs,

Cerrado (strict sense). Includes several forms with the
total woody plant cover closed down to about 30409 (see
Photo Plate 22), such as:

a. Closed or semi-open low arboreal forms {canopy goneral-
Iy less than about 7 m tali),

b, Closed or semi-open serub forms (canopy generally less
than about 3 m tall), the elements of which may be
definitely shrubby, arboriform, or the two mixed,

¢.  Closed or semi-open scrub mixed with scattered trees of
various heights. The trees may be emergents and form a
single upper layver or, usually, rise to varving heights
along with varying heights of scrub elements so that the
upper surface of the vegetation is “hilly.”

Cerradio. Medium-tall arboreal form with a closed
or semi-open canopy (see Photo Plate 23) (but not less than
30400 tree crown cover),

Forests

The following descriptions briefly identify the tropical forest
classifications (sce Plates), as used by Eyre.

Tropical rain forest. Most trecs are evergreen in
habit, casting their leaves and growing new ones continuously
and simultancously (see Photo Plates 8-10). Some may shed
all their leaves for a short period atirregular intervals. Large
trees may develop plank buttresses, although these are more
common in areas with impeded drainage. The trunks of
certain trees, especially “*lower story™ trees, such as cacao,
may bear flowers and fruit. This phenomenon is termed
*“cauliflory,” and the bark of such trees is usually very thin.
Palms may be present. but not in the great numbers found in
poorly drained areas.

A tropical rain forest is usually well over 30 m 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.” Treesin the different layers are frequently specifical-
ly adapted to particular niches within the microclimatic and
structural complex of the forest, and arc 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 exists in any one
arca. These commonly belong to the Rosaceae, Compositac,
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and Leguminosae Bimilies. Lianes and epiphyte. are common.

The shrub layer is poorly developed toften just a few ferns
and seedlings), and, for this reason, itis usually quite easy to
witlk through a tropical rain forest,

Tropical semi-evergreen seasonal forest.
These foresty generally have 3 two-layered structure, may
reach heights of 25 moor considerably more when growing on
inherently fertile soils, and possibly 20 1o 2007 of the upper
canopy arees lose their leaves in the dry season. Apparently,
many of the evergreen species of the upper laver are faculta-
tnvely deciduous. In other words, they have the ability to lose
theirfeavesinanextreme dry season. A high proportion of the
lower story trees are evergreen.

This type of forest differs hom the tropical rain forest in
other respects. Fewer trees are buttressed, In the early winter
sedson. many species produce flowers, espectally the lower
layer trees that tend to be small-leaved.

Tropical semi-deciduous seasonal forest.
This forest (see Photo Plate 19) has two strata, The upper at
about 1S m s predominantly deciduous, Evergreen trees are
common in the lower laver at 3 to 10 m.

Tree species differ considerably from those found in semi-
evergreen seasonal forests. They have more gnarled trunks (as
opposed to the straight trunks of the semi-evergreen seasonal
forests): they branch quite near the groundand have umbrella-
shaped canopies, or canopies with distinet horizontal strata,
ascompared with the compacet, conical, or rounded crowns of
the wetter forest. Bottle trees, Acacia species. and giant cacti
are usually present. The bottle tree Howers about late Aprilto
May with the Late rains, froits, then sheds is 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 Hanes.

Herbaceous plants, especially grasses, ere scantily represent-
ed on the forest floor, although spiny plants, particularly
Bromeliaceae species, may be very common,

These forest classes correspond to those growing on well-
drained soils. The various sub-seres (modification), ecotone
characteristic (gradations between two groups), and features
worthy of special note of a ny one type of vegetation are not
reflected in the vegetation coding. When very different sub-
seres due to natural phenomena were found, e.g. hydroseres
(vegetation adapted to wet soil conditions), they were classi-

Nedwith the “Other™ vegetation clisses. When ecotones were
found, they were assigned 1o the closest vegetation class,

Caatinga. Caatinga has been deseribed by Eitenas the
thornserub of northeastern Brazil {see Photo Plate 29). It is
notastructural form of Cerrado, but a different coordinate,
large-seale vegetation type with different flora: nevertheless,
some Caatingas contain a proportion of Cerrados species,
Closed scrub is the commonest form of Caatinga, but this
vegetation type also oceurs in many other structures, all
natural in some regions: forest, arboreal woodland, closed
shrub (mostly of definite shrubs 2 5 m tall), closed serub
with emergent low trees, open shrub (mostly of delinite
shrubs 1.5 m tall), shrub savanna (scattered low trees or
shrubs over a closed shortgrass layer, the Serido form), and
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
Cantingas,

Submontane forests, Submontane forests are
found at altitudes between about 1000 and 2000 m. The
classifications of Eyre were used and noted on the original
coding sheets, These may be summarized in the following
wiy.

® Sub-montane evergreen Jorest. This forest Fas a two-
tiered structure with an open canopy of trees reaching to
heights of 15 10 20 m. Ferns are common in the shrub layer,
Mostof the tree species are either evergreen or only shed their
leaves for short periods at irregular intervals,

® Sub-montane senvi-evergreen forest. This forest is similar
instructure to the sub-montane evergreen forestin thatit has
adouble stratum of trees and an opencanopy, butis generally
lower (13 to 16 m). 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-momane deciduous seasonal forest. This forest usual-
ly hasasingle layer of trees and tends to be open. Heights vary
fromabout 8to 12 m. Thorny scrub and cacti are common in
the shrub layer, Almost the entire forest sheds its leaves for 3
to 5 months of the year,

Table 4-2, Areal extent (%) of the savannas® of tropical South America,
subdivided on the basis of relative arboreal biomass contents,

with major soil chemical constraints,

Al toxic

Low P Low K { 70% Al sat) Low Ca Low Mg
[ 85.6_ CD 9.3 CD 93.5 C_____ 82.3 CL«CS 77.
cC 82.9 C 90,8 _ Lo 57.8 CC 74.0 CccC 51.5
CO 8.t cCC 88.5 CC S4.4 CLeCS 61,6 C_____ 21,1
CL+CS 58.0 CL+CS 68.1 CL+CS 40.0 CD 49.0 CD 15.5
a. Brazilian terms commonly used {see Eiten, 1972): CL+CS = campo

limpo + campa sujo (grassland with occasional shrubs}, CC = campo

cerrado (open savanna), C =
cerradio {closed savanna).

cerrado (intermediate savanna), CD =



Table 4-3, Areas (ha) of human-induced veqetation throughout the

central tawlands of tropical South America {from satellite
imagery taken during period 1973-76),
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Climatic Area Area
subregion planted to planted to
code Subregion name pastures crops
a Tropical rain forest 11,697,490 6,959,370

b Semi-evergreen seasonal

forest 20,904,120 11,999,580
c Isohyperthermic savanna 13,259,220 6,006,850
d Isothermic savanna 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
[§] Othert 1,460,510 804,740

TOTAL 64,433,360 32,727,470

a.

b.

Other vegetation on predominantly poorly drained or seasonally
flooded lands.
Nonclassified, or submontane or subtropical forest.

® Sub-montane microphyllous forest. Thisisalow,d4to7m
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 cach vear.

Vegetation and Soils

Lopes and Cox (1972) reported a soil fertility sequence
following the relative arboreal biomass contents of a limited
area of the well-drained savannas, However, as shown in
Table 4-2, such a sequence was not confirmed by this study,
with the exception of Mg, the significance of which may
require further investigation, although it is possibly just a

coincidence.

Induced Vegefation

Table 4-3 summarizes the arcas of human-induced vegetation
throughout the region. It must be noted that these figures

were based on imagery taken over the period 1973 to

1976,

and as such are very approximate, They do not take into
account arcas that have been cut over or partially altered;
only those areas with obvious signs of vegetation changes.

They should be used, if at all, with qualification,

Conclusion

There is no doubt that the 613 million ha of well-drained lands
in the region with slopes of less than 30%, from a climate and
landscape point of view, represent one of the world's major
reserves for crop. pasture, and agroforestry production under
rainfed conditions. Tt follows, therefore, that their soil

conditions should be carefully examined.
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AGROECOLOGICAL ZONES OF TRCPICAL PASTURES PROGRAM
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CLIMATIC SUBREGIONS
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PHYSIOGRAPHIC REGIONS
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TOPOGRAPHIC CLASSES
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SOIL ORDERS/SOIL TAXONOMY
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SUBORDER SOIL CLASSES/SOIL TAXONOMY
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GREAT GROUP SOIL CLASSES/SOIL TAXONOMY
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SOIL FERTILITY/FCC SYSTEM
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SOIL TEXTURAL CLASSES/FCC SYSTEM
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SOIL MOISTURE-HOLDING CAPACITY
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pPH LEVELS IN TOPSOIL (0-20 c¢m)
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AL SATURATION LEVELS IN TOPSOIL (9-20 zm)
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AL SATURATION LEVELS IN SUBSOIL (21-50 cm)
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POTASH LEV!LS IN TOPSOIL (0-20 cm)
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Ca LEVELS IN TOPSOIL (0-20 cm)
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Ca LEVELS IN SUBSOIL (21-50 cm)
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P LEVELS IN TOPSOIL {0-20 cm)

rs (73 60t s ag*

12~ . )
CARIBBEAN SEA

. . Central Lowlands
s'-\ of -#
Tropical South America
[ had g

L ATLANTIC OCEAN
b ,

i
3 — ol

16%-

0L




P LEVELS IN SUBSOIL (21-50 cm)
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P FIXATION IN TOPSOIL (0-20 cm)
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SUBORDER SOILS WITH POSSIBLE
VARIABLE CHARGE
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GREAT GROUP SOILS WITH POSSIBLE NET POSITIVE
CHARGE IN SUBSOIL HORIZON
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Identification of Tand facets within land systems was used to
bridge the gap between land units and soil units, as facets are
often relatively unitorm insofiar s soil properties are con-
cerned. As emphasized in Chapter 4, although land facets

may contain soils with differing properties, some level of
generalization must be accepted in making an inventory of

Lind resources. This chapter deseribes the soil classification
systems used to summarize sotls and their fertility constraints,

Soil Taxonomy

The soils of the land facets were first classitied ws far as the
Great Group category of Soil Taxonomy (Sail Survey Staft,
1975). then described in terms of their physical and chemical
properties. InSotl Taxonomy, solsare 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 subdivivions)
Suborder 147 subdivisions)
Great Gronp (230 cabdivistons)
Subgroup (970 subdivisions in the USA)

Famih

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

a. Follow the central concept of the Great Group:

b Areantergrades or transtional forms to other Orders,
Suborders, or Great Groups,

v Are extragrades—sorls 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 characteristics of the soils. For this reason, it was decided
1o classify sails only as far as the Great Group level, then

Chapter 5.
SOIL CLASSIFICATION

deseribe them in terms of their physical and chemical
characteristies in such a way as to facilitate the computer
grouping and compirison of propertics.

The Land Svstems Map and its Legend (Yolume 2) details
the soil classification of the land ficets within the land systems
to the Gireat Group level. Table 2-4 (Chapter 2) summarizes
the Great Group classes identified. A summary of the land
tacet soil classification to the Great Group level, together
with equivalents according to the FAO legend, is also
recorded in Part 1 of Volume 3, the Computer Summary and
Soil Profile Descriptions. Maps 6,7, and 8 (see Map Plates) are
sanall-scale maps based on computer printouts illustrating the
extent of the soil Orders, Suborders, and Great Groups.

FAO-Unesco Soil Legend

Forthe convenience of readers accustomed to using the FAO-
Unesco soil legend, this soil classification system (FAO-
Unesco, 1974) was also used and has been recorded for the
land facets within the land systems on the soil classification
legend accompanying the Land Systems Map. This has also
been coded to fasilitate map making. Table 2-5 (Chapter 2)
summarizes the major soil classes identified by this system.
Soil climate parameters are not inherent in application of the
FAO legend. Maps 9 and 10 are small-seale maps of the region
using the FAQO legend.

Brazilian Scil Classification
System

Appendix | contains an approximate cross-indexing of the
Brazilian soil classification system (Camargo et al., 1975) with
Soil Taxonomy and the FAO-Unesco soil legend.

Note on Soil Classification
Terminology

Soil classification terminology is regarded by many agrono-
mists as s0 much gobbledygook, reserved lor the special
precinet of communication between soil surveyors, Yet, as
illustrated by Eswaran(1977), a lot of information concerning
soil fertility is available from soil names, particularly in the
case ol soils classified according te Soil Taxonomy (Soil
Survey Staff, 1975). Table 5-1 lists the main soil names used,
and what might be deduced from these names, following



Table 5-1. Summary of direct or inferred limiting conditions for Soil

Taxonomy taxa identified in the study,

Limitin

conditionst

Soil
class®

Root
res.
layer

Text.

Hyd.
cond.

Red.
cond.

Mois.
str.

Low
CEC

High
Al

Acid
sulp.

Anion
fix.

T

Nitr,
min,

Vert.
prop.

min.
cont.

Carb.
9yps.

Sal.
Alk.

Soil

temp.

Type
char,

AAQ
AAQNA
AAQTR
AUD
AUDHA
AUDRH
AUDTR
AUS
AUSHA
AUSNA
AUSPA
AUSRH
AXE
AXEHA

DOR
DORCH

EAQ
EAQFL
EAQHA
EAQHY
EAQPS
EAQTR
EFL
EFLTR
EFLUS
EFLXE
EOR
EORTR
EORUS
EPS
EPSQU
EPSTR

HHE
HHETR

TAN
IANDY
JANHY
1AQ
IAQHA
TAQHU

x

x

b

X X X XX

x

X X X X

X X

X

x

X X X

X X x

v8



1AQPL x
T1AGSU x x x
'AQTR x
ITR |
1T Y x

1Th-u
ITRUS x

x

M
MAQ x
MAQHA x
MUD

MUDAR
MUS x
MUSHA x

[o]
OAQ X x
OAQPL x x
O0R

O0RAC
O0REU
OORHA
00RUM
ous

QUSAC
QUSEU
OUSHA

X X X X

XX XXX XXX XXXX

XX XX XXX %X

XX XXX XXX XXX X
x

X
XX X X X KKK XXX X

U

UAQ
UAQAL x
UAQPA
UAQPL x x
UAQTR
uuD

UUDHA
UUDPA
UUDPL x x
UUDRH
UUDTR
uus

UUSHA
uusPa
UUSRH

X X X XX

XX X X X X X XXXXXX XXX

X X X X

A x
vuD
VUDCH x

x
x

a. See Table 2-4.

In order, refer to: root restriction layer, texture, hydraulic conductivity, reducing conditions, moisture stress, low cation-exchange
capacity, high aluminum content, acid sulphate, anion fixation, nitrogen mineralization, vertic properties, low mineral content,
carbonates and gypsum, salinity and alkalinity, soil temperature, type of charge.

SOURCE: Eswaran, 1977.
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Table 5-2,

Fertility Capability Classification (¥CC).

FCC
code

Name/ condition

Characteristics

on ~rw

oOrwm

*d

th

*k

*b

‘s
*n

*c

Sandy topsoils
Loamy topsoils

Clayey topsoils
Organic soils

Type*

Loamy sands and sands (USDA)
+.35% clay but not loamy

sand or sand

>35% clay

+30% O.M, to a depth of

50 cm or more

Substrata Type®

Sandy subsoil
Loamy subsoil
Clayey subsoil
Rock or other
hard root

restricting layer

Texturr as in Type abave
Texture as in Type above
Texture as in Type above

Condition Modifierst

Gley

Dry

Low CEC

Al toxic

Acid

Fe-P fixation

X-ray amorphous

Vertisol

K deficient

Basic reaction

Salinity
Natric

Cat clay

ottles =2 chrom. within 60 cm
of surfiace and below all A
horizons or saturated with
H,0 for > 60 days in most
years

Ustic or xeric environments;
dry,>60 consequtive days per
year within 20-60 cm depth

« 4 meq/100 g soil by I bases
+ unbuffered Al

7 meq/100 g soil by ¥ cations
at pH 7

<10 meq/100 g soil by L cations
¢ Al + Hoat pH 8.2

<60% Al saturation of CEC by
(L bases and unbuffered Al)
within 50 cm

<67% Al saturation of CEC by
( & cations at pH 7) within
50 cm

<86% Al saturation of CEC by
{ & cations at pH 8.2) within
50 cm; or pH: 5.0 in 1:}
H,0 excep® ir organic soils

10-60% Al saturation of CEC by
{ I bases and unbuffered Al}
within 50 cm; or pH in 1:1
H;0 between 5.0 and 6.0

% free Fe,0,/% clay:»0.15 or
hues redder than 5YR and
granular structure

pH >+ 10 in 1N NaF or positive
to field NaF test or other
indirect evidences of
allophane dominance in clay
fraction

Very sticky plastic clay

> 35% clay and ™ 50% of 2:1
expanding clays; COLE 0.09;
Severe topsoil shrinking and
swelling

< 10% weatherable minerals in
silt and sand fraction within
50 cm; or exch., K < 0,20
meq/100 g soil or K <. 29 of ¢
of bases, if & of bases 10
meq/100 g soil

Free CaCO, within 50 cm
(fizzing with HCI) or pH

> 7.3

4 mmhos/cm of saturated
extract at 25°C within | meter

> 15% Na saturation of CEC
within 50 cm

pH in 1:1 H,0 is + 3.5 after
drying, jarosite motties with
hues 2.5Y or yellower and
chromas 6 or more within

60 crn

Texture is average of plowed layer or 20-cm depth (8"), whichever

is shallower.

Used If textural change or hard root restricting layer is encountered

In plowed layer or 20 cm (8"), whichever is shallower unless

b,

within 50 cm (20").
c.

otherwise specified by an *,
SOURCE:  Adapted from Buol et al. (1975).



Eswaran's  approach. In Appendin 1 which summarizes
equivalent names using Soil Taxonomy, the FAO Tegend
(FAQO-Unesco, 1974), and the Brazilian classification svstems,
itis evident that the soil names ot other classification systems
can also be used to obtain an overview of potential soil-
nutrient problems.

Soil Fertility Capability
Classification

The FCC (Fertility Capability Classitication) system proposed
by Buol et al. (19735), and incorporated in a slightly moditied
form as an integral part of the present study, synthesizes key
tertility information usually available from soil survey reports,
[tis considered a technieal classitication system (Cline, 1949)
Chive-

specifically designed to help soil fertility specialists, Ef
Ivo it systematizes much of what may be gleaned from soil
survey reports, particularly those following Soil Taxonomy
methodology. It provides a convenment cheeklist of the major
potential problems affecting soil fertility, both physically and
chemically speaking. By sodoing, it obviates the need for soil
fertility spectalists to have an in-depth kncwledge of soil
classtfication and soil survey methodology,

The FFCC system consists on three categorical levels: the
Tvpe, Substrata Type, and Condition Modifier, In brief, the
Type is the average texture of the topsoil (0-20 ¢m), the
Substrita Type is the average texture of the subsoil (21-50
cm), and the Condition Modifiers refer to chemical or
physical conditions. Table -2 defines the Fertility Capability
Classification (FCC) as proposed by Boul et al. (1975). The
Conditioner Moditicr constraints, and the minor changes in
their detinitton used in the Land Systems Map, are as follows:

ar o Abtoxic In The Land Svatems Map and iy Legend, a™ s
defined as greater than 7007 saturation of the ECEC, in
contrast with Buol etal.’s 6077 level Plants sensitive to Al
tovicity will be affected.

b base reaction tree carbonate. Rock phosphate and other
nonwater-soluble phosphate should be avoided. Potential
deficiency of some micronutrients, mainly Mn, Fe, and
Zn.

¢ cat clays, potential acid sulphate soils. Drainage not
recommended without special practices such as brine
flushing (H. Evans, pers. comm.). 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 forannual crops should plan for Tush of N at onset
of rains,

e low CEC. Low ability to retain nutrients for plants |
mainly Ca, K, and My,

o a gley condition i the subsoif as an indication of water
saturation within #0 ¢ of the soil surface.

hacid. High soitacidity. Possible need for lining and some
trace elements, In The Land Svstems Map and i @ egend,
this has been defined as those sails witha ph less than 8.3

i phosphorustination. Potentially high P-fixation capacity.
Requires high levels of P fertifizer. Sources and methods
of Plertilizer application should he carefully consadered.

k:  K-deficient. Low abilny to supply K. In The land
Systems Map and 1y Leeend, the level of exchangeable K
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tor this moditicr has been reduced to 0018

ne natoe Phghlevels ol sodiwn, Reguaes specinsotb-mianagement
practiees tor alkabne soils

sooosalimts . Presence of sofuble salts. Requires special sol-
nunngement practives

vioovertsol Chves-textured topsorl. Tillage is ditficult when
sothis too mostior,comvetsely toodey ), butsorls can be
highly productive.

A veray amorphorsss Often ugh P-Iivation capacity.

Many of these conditions naturally occur together an the
central lowlhands of tropical America tMap 11).

The FCC indexes the common information a soil fertility
specialist examines when studving soil analytical data for
potential limitations. Tt provides a convenient checklist of
potential constraints and is a very handy supplemend to the
computerized soil chemical data.

Soil Analytical Data

Sail survey reports contain a wealth of soil profile analyses:
most mational soil laboratories furnish guidelines for interpret-
ing these analyses. A lotof information can be obtained from
such data, but they must be interpreted in the light of crop
requirements.

Inn the [and-systems study, an innovation was introduced to
provide a guide to soil-nutrient levels: levels were detailed in
terms of crop requirements. Forexample, Plevelsare 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 recom-
mendations for new genetic materials, especially those purport-
ed to have partial tolerance to toxic elements, suck as At and
Mn, or to produce satistactorily with low levels of soil
nutrients such as P.

Summary of Soils
of the Region

Soil Geography

The distribution, by area, of soils of the region is shown in
Table 5-3 at the Order, Suborder, and Great Group levels.
(This table is considered tentative and subject to change as
more detailed surveys become available.) All 10 soil Orders
are represented in the region; however, because of their
limited extent, Histosols and Vertisols are not shown in Maps
6.7, and 8. The majority of the soils are classified as Qxisols
and Ultisols, which together account for 667 Hf the region.
Following in extensiveness are the Entisols with about 1997,
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 6.777; Incepti-
sols, 6.3 and Spodosols, Mollisols, Aridisals, Vertisols, and
Histosols, with less than 1€7 all together. Table 5-3also shows
that 48 of the region is included in five Great Groups:
Haplorthox (1877), Tropudults (1077 ), Acrorthox (867), Fluva-
quents (67), and Quartzipsamments (6C7),



Table 5-3. Acreal extent of the Great Croup soil classes in the central
lowlands of tropical South America, (Tentative classitication, )

Area Percentage
(million of total
Orde- Suborder  Great Group ha) area
Oxisols Orthox Haplorthox 150.0 18.3
Acrorthox 62.0 7.6
Umbriorthox 4.0 0.5
Eutrorthox 0.8 < 0.1
Ustox Haplustox 53.0 6.5
Acrustox 32.0 3.9
Eutrustox 24,0 3.0
Aquox Plinthaquox 1.0 0.1
Total Oxisols 326.8 40,0
Ultisols Udults Tropudults 82.0 101
Plinthudults 30.0 3.6
Paleudulits 29.0 3.5
Rhodudults 4.0 0.5
Aquults Tropaquulits 37.0 4,4
Plinthaquults 15.0 1.8
Paleuquults 0.3 <0.1
Albaquults 0.1 <0.1
Ustuits Haplustults 8.5 1,0
Rhodustults 4.9 0.6
Paleustults 1.6 0.2
Total Ultiso!s 212.4 25.9
Entisals Aque ‘- Fluvaquents 50.6 6.2
Tropaquents 8.8 1.1
Psammaquents 3.9 0.5
Hydraquents 1.1 0.1
Psamments Quartzipsamments 52.0 6.4
Ustipsamments 6.1 0.7
Tropopsamments 2,2 0.3
Fluvents Tropofluvents 16,0 2.9
Ustifluvents 0.7 <0.1
Xerofluvents 0.7 <0,1
Orthents Troporthents 9.4 1.1
Udorthents 3.3 0.4
Ustorthents o a 0.1
Total Entisols 155.9 20,0
Alfisols Aqualfs Tropaqualfs 191 2.3
¥ iaqualfs <0.1 <0.1
Udalfs Tropudalfs 19.4 2.4
Rhodudalfs 0.5 <0,1
Haplustalfs 6.6 0.8
Ustalfs Tropustalfs 6.2 0.8
Rhodustalfs 2.7 0.3
Paleustalts 1.2 0.1
Xeralfs Haploxeralfs 0.5 <0.1
Total Alfisols 56.3 7.0
Inceptisols Aquepts Tropaquepts 19.1 2.3
Sulfaquepts 3.0 0.4
Humaquepts 1.0 0.1
Haplaquepts < 0,1 <0.1
Plinthaquepts 20,1 <0.1
Tropopepts Eutropepts 12.5 1.5
Dystropepts 7.7 0.9
Ustropepts 6.6 0.8
Andcpts Dystrandepts 1.1 0.1
Hydrandepts 0.2 < 0.1
Total Inceptisols 51.4 6.4
Spodosols Aquods T ropaquods 1.0 1.4
Mollisols Aquolls Haplaquolls 1.3 (14
Udolls Argiudolls <01 <0.1
Total Mollisols 1.3 0.2
Aridisols Orthids Camborthids 1.2 0.1
Vertlsols Uderts Chromuderts 0.5 0.1
Histosols Hemists Tropohemists 0.2 < 0.1
TOTAL _ 817 101,5°

a. Numbers arn rounded to the nearest decimal; amounts less than 0.1 were
counted as 0,1,



Oxisols. Haplorthox are well-drained Oxisols with
very low native fertility but fuirly good soil structure Theyare
also known as Xanthic Ferralsols (FAQ) and Latossolos
(Brazilian system). Many of them have very high ¢lay contens.
Acrorthox are similar exeept for alower clay cation-exchange
capacity. Tabiwe 5-4 shows chemical data from two Oxisol
profiles, one from the Cerrados of central Brazil and the other
from Amazonia. They are deep, uniform, well-drained soils
dominated by low-activity clays. Their structure is gocd, but
they are very acid and low in bases and P. The Oxisols of the
saviannas may be high P fixers; those found in the forested
regions are geanerally not high P fixers. Oxisols are common
threaghout the Amazon and the well-drained savanna regions
(see Photo Plates).

Ultisols. Ultisols are fair'y 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 arealso
knowr: as Orthic Acrisols (F/A0) 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 5-4, examplesare given for a well-drained
Paleudult and a poorly driained Plinthaquult 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 lavyer, a
mixture of kaolinite and montmorillonite, which appears at
irst glance to be plinthite; however, analysis shows it is not
(Sanchez and Buol, 1974). 1t 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 thei: Tow productivity,

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 vield well without
the need for soil amendments. They show little or no profile
development and are classified as Entisols (Great Group,
Fluvaquents), Liceptisols, and Mollisols. These soils are
knowninother classification systems as Alluvials, Hydroror-
phics. Low Humic Gleys, and Dystric or Eutric Glevsols.
Periodic flooding is the main limiting factor.

An example of 1n Entisol is given in Table 5-4. However,
from region to region there are often major differences in
rative fertility due to the source of sediments, a highly
variable characteristic of vdrzeas and barriales soils. Conse-
quently, it cannot be generalized that alluvial soils are always
of high native fertility,

Sandy soils. Extensive arcas of sandy soils, mainly
Quartzipsamments, are found in the Espigio Méstre and
Parecis tablelands of eastern and western Brazil, respectively.
The former region is desert in appearance: the latter is covered
by grasslands atfected by a strong dry scason. There are
considerable areas of other light-textured soils in the region,
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such as the Psamments in the vicinity of Trés 1 agoas. mainly
castward of the Parana river.

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 Psamiments, These soils are derived from coarse sandy
materials and are found in clearly definable spots in parts of
the Amazon away from the flood pliins. Native forest
vegetation is often different trom that found on Oxisols and
Ultisols. It is called campinaranas in Brazii. The Projeto
Radambrasil recently identified targe 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 5-4
shows one example near the Ducke Forest near Manaus.
Because of this extreme infertitity and susceptibility to
crosion, 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 areal extent (1.4%%
of the region). Therefore, the rescarch on tropical Spodosols
in the international literature (Klinge, 1971, 1975; Stark,
1978; Sombrock, 1966, 1979) should be kept in perspective;
further, unaer no circumstances should results be extrapolated
to the dominant Oxisols and Ultisols.

Well-drained fertile soils. Unfortunately only
about 5.2 of the region has well-drained soils high in native
fertility. These are classdied mainly as Tropudalfs and
Palcustalfs (Terra Roxa Estruturada), tutropepts (Eutric
Cambisols), Tropofluvents (well-drained Alluvials), Argiu-
dolls {Chernozems), Eutrustox and Eutrorthox (Terra Roxa
Legitima), and Chromuderts { Vertisois). Nevertheless, they
represent a total of 42 millior 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 5-4 shows an example of a
Terra Roxa Estriturada near Altamiza, Brazil. Many of the
successful cacao plantations are located on <uch soils, Exam-
ples are found near Altamira, Porto Velho, and Rio Branco in
Brazil, and in the “orient™ (eastern region) of Ecuador
assaciated with relatively recent volcanic deposits. Their
relatively limited extent can be seen in Map 8, showing the
Great Group soil classes.

Laterite or plinthite hazard. Thearea of svils with
plinthite in tl:e subsoil (Plinthaquox, Plinthaquults, Plinthu-
dultsyis limited. They total about 46 miltion ha, or 5.6% of the
region. This point deserves emphasis, given the broad general-
ization 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 fTat
and often poorly drained landscapes, erosion is not likely to
be extensive.

It should be noted that many poorly drained subsoils of
other soil Great Groups have mottied colors resembling
phinthite, but are, in fact, mixtures of I:1 and 2:1 clay
minerals (Tyler etal., 1978). The subject of hardened plinthite
is discussed in Chapter 6.



Table 5-4. Soil profile analyses of some typical soils found throughout the central lowlands of tropical South America,
Horizon pH Organic Al
depth Clay Sand in C Exchangeable cations® (meq/100 g) ECEC Sat. P
{cm) (%) (3) H O (%) Al Ca Mg (meq/100 g)_ (%) (ppm)
0X1S0LS
Typic Acrustox (Latosol Vermelho Amarelo). cdhakei. Experimentai Station Brasilia, Brazil®
0- 12 45 28 5.1 1.87 . 0.2 0.08 8.6 85 1
12- 30 4y 26 5.0 1.40 1.4 0.2 0.05 6.6 82 1
30~ 50 48 25 5.2 1.04 0.6 0.2 0.03 5.2 67 ~
50~ 85 48 24 4.9 9.77 0 0.2 0.02 3.4 [} -
85-125 50 i2 5.3 0.50 0 0.2 0.01 1.9 0 -
125-160 50 22 5.3 0.44 0 0.3 0.02 V.4 [1} -
160-200 4 22 5.3 0.49 0 0.2 0.01 1.2 [} -
200-220+ 40 ER| 5.7 0.26 0 0.3 0.02 1.0 0 -
Haplic Acrorthox (Latosol Amarelo muito pesado). FCC: chaek. UEPAE-EMBRAPA, Experimental Station Manaus, Brazil®
0- 8 76 15 4.6 2.9 3 1.7¢ 0.30 0.19 3.29 33 -
8- 22 80 12 4.4 0.9 1.1 0.20 0.09 1.39 79 -
22- 50 84 8 4.3 0.7 1.2 0.20 0.07 1.47 82 -
50-125 88 7 4.6 0.3 1.0 0.20 0.04 1.24 81 -
125-265 89 5 4.9 0.2 0.2 0.20 0.1 Q.51 39 -
Allic Haplorthux (Latosol Vermelho Amarelo Alico). FCC: ch. 66.8 km from Rio Branco toward Placido de Castro, Edo. Acre, Brazil®
0- 5 3 1 5.1 4,00 1.00 8.22 3.74 0.68 25.70 7 14
5- 20 43 22 5.0 1.1 1.60 1.10 1.02 0.17 10.24 41 4
20- 70 53 23 4.0 0.8? 2,80 0.08 0.12 0.07 6.07 90 1
70-140 62 15 4.9 0.39 2,20 0.03 0.48 0.03 5.35 79 <1
140-170 63 13 5.4 0.27 1.40 0.05 0.20 0.03 3.78 81 <1
ULTISOLS
Typic Paleudult. (Serie Yurimagua). FCC: Ihaek. Experimenta! Station Yurimaguas, Peru®
0- 7 15 67 4.0 1.5 0.8 1.60 0.10 0.12 2.62 3 -
7- 48 23 57 3.5 0.5 3.2 1.60 0.10 0.08 4.98 64 -
48- 67 25 57 3.5 0.5 4.4 0.80 0.10 0.08 5.38 82 -
67-157+ 29 57 3.5 0.4 5.3 0.60 0.10 0.08 6.08 87 -
Plinthaquult, Oxic, Allic. (Laterita hidromérfica Alica). FCC: lhakg. Lat. 8°46'S, Long. 61°59'W. Municipio Porto Velho, Brazilt
0~ u0 28 3.8 2,90 5.20 0.15 0.04 0.07 17.62 4 2
40-100 30 52 4.0 2. 5.20 0.16 0.03 0.07 14.97 95 3
100-130 6 S0 4.5 0.16 2.20 0.11 0.01 0.03 3.47 93 1
130-160 20 64 4.5 0.19 5.60 0.11 0.01 0.04 6.47 96 1
160-200 21 60 4.6 0.18 6.60 0.13 0.01 0.05 7.49 97 1
ENTISOLS
Quartipsamment, Ustoxic. (Areias Quartzosas). FCC: shke. 6.9 km from road S.J. Piaui - S. Méndez, Edo. Piaui, Brazil®
0- 10 7 4 0.71 0.50 0.60 0.30 0.08 5.02 33 2
10~ 19 6 94 4.4 0.34 0.60 0.15 0.05 0.05 2.90 59 3
19- 36 4 91 4.6 0.16 0.40 0.15 0.05 0.03 2.05 62 2
36- 31 5 95 4.8 0.18 0.40 0.15 0.05 0.03 1.72 62 2
81-115 11 89 4.9 0.12 0.50 0.10 0.10 0.03 1.56 67 2
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Eutric Tropofluvent. (Solo Aluvial Eutréfico). FCC: . Lat. 1°52'S, Long. 67°41'W, Municipio Japura, Edo. Amazonas, Brazil®
0- 10 17 3.5 2.23 5 5.7 1.8 0.59 13.0 5
10- 80 12 72 5.1 9.66 32 1.7 0.7 o.n 5.7 32
80- 90 12 65 5.6 0.35 25 2.1 1.0 0.1 6.2 25
90-180 10 74 5.3 0.23 24 1.7 0.7 0.09 5.0 24
ALFISOLS
Tropudalf tipico. (Terra Roxa Estruturada Eutréfica). FCC: c. Km 8 road to Panelas, Altamira, Edo. Para, Brazil’
0- 8 40 4y 7. 2.51 0.01 25,24 2,28 0.28 29,16 3.4
8- 26 49 28 7.3 0.84 0.1 5.96 0.70 0.27 8.91 1.4
26- 60 50 24 6.9 0.53 0.01 3.22 0.65 0.10 5.55 0.23
60-190 56 23 6.4 0.26 o1 2.47 0.43 0.09 5.34 0.32
100-130+ 55 24 5.5 0.22 0.11 1.29 0.75 0.06 4.86 4.4
INCEPTISOLS
Udoxic Dystropept. FCC: cha. Transverse road - Florencia, Municipio Florencia, Caldas, Co!on'bial
0- 16 37 46.3 4.7 2.02 3.2 0.95 0.80 0.23 5.66 61
16- 85 52 29.8 4.7 0.51 6.7 0.22 0.43 0.03 7.74 90
85-173 49 29.6 4.9 0.22 6.3 0.10 0.47 0.08 7.19 90
173-208 28 40.9 4.9 0.15 6.1 0.10 0.4 0.13 7.68 90
208-228 20 56.2 4.9 0.08 5.3 0.20 0.56 0.1 7.7 85
228-247 28 330 4.9 0.09 8.1 0.16 0.63 0.17 9.60 89
247-350 21 38.5 4.9 0.07 6.1 ”.16 0.53 0.21 7.55 87
SPODOSOLS
Arenic Tropaquod. (Podzol Alico). FCC: sgaek. km 4.5 of BR-174 SUFRAMA, Manaus, Brazilk
0- 3 2 89 3.8 6.3 5.4 0.30 0.16 5.86 92
3- 25 2 95 4.4 0.5 0.7 0.10 0.04 0.84 83
25- 50 2 94 5.0 0.1 0.1 0.10 0.02 0.12 83
50- 90 i 98 5.1 0.0 - 0.10 0.01 0.1 -
90-105 5 93 3.7 1.1 3.0 0.10 0.04 3.14 96
105-125 9 91 4.7 2.2 2.9 0.10 0.03 3.03 96
125-165 16 76 5.6 0.8 0.4 0.10 0.33 0.53 75
a. Combined levels of exchangeable Ca and Mg are expressed in a single column.
b. Profile 3 of Min. of Agr. Tech. Bull. No. 8 (1979).
c. Profile SBCS-4 of Camargo and Rodrigues (1979).
d. Profile 89 of PROJ. RADAMBRASIL, Vol. 12, 1976c.
e. Profile Y-6 of Sanchez and Buol (1974),
f. Profile 24 of PROJ. RADAMBRASIL, Vol. 16, 1978a.
g. Profile 1 of PROJ. RADAMBRASIL, Vol. 1, 1973,
h. Profile 39 of PROJ. RADAMBRASIL, Vol. 14, 1977b.
i. Profile 8 of PROJ. RADAMBRASIL, Vol. 5, 197u4b.
j- Profilc of BENAVIDES, 1973,
k. Profile SBCS 2 of Camargo and Rodrigues (1979).

The citations for these references are four.d in the Bibliography of Main Soil Studies.

Citations for (d) and (i) are in the Refererces.



Table 5-5. Aereal

extent [million Fa} of Great roup soil classes of the central lowl

Order
and
Great Group

0XISCLS
Haplorthox
Acrorthox
Umbriorthox
Lutrorthox
Haplustox
Acrustox
Eutrustox
Plinthaquox

TOTAL

% of total area

ULTISOLS
Tropudults
Plinthudults
Paleudults
Rhoduduits
Tropaquults
Plinthaquulis
Paleaquuits
Albaquults
Haplustults
Rhodustults
Paleustults

TOTAL

% of total area

ENTISOLS
Fluvaquents
Tropaquents
Psammaquents
Hyaraquents
Quartzipsamments
Ustipsamments
Tropopsamments
Tropofluvents
Ustiftfuvents
Xerofluvents
Troporthents
Udorthents
Ustorthents

TOTAL

% of total area

ALFISOLS
Tropaqualfs
Natraqualfs
Hapludalfs
Rhodudalfs
Haplustalfs
Tropustalfs
Rhodustalfs
Paleustalfs
Haploxeralfs

TOTAL

% of total area

INCEPTISOLS
Tropaquepts
Sulfaquepts
Humaquepts
Haplaquepts
Plinthaquepts
Eutropepts
Dystropepts
Ustropepts
Dystrandepts
Hydrands pts

TOTAL

% of tota arca

SPODOSOLS
Tropaquods
¥ of total area

MOLLISOLS
Haplaquells
Arguidolls
TOTAL
9 of total area

ARIDISOLS
Comborthids
% of total area

VERTISOLS
Chromuderts
i of totul arca

HISTOSOLS
Tropohemists
t of totai area
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Soils in Relation to
Climatic Subregions
and Topographical Position

Table 5-5 provides distribution estimates of the Great Group
classification according to climat;. subregions and topo-

graphic subdivisions. It may be seen that the higher ratio of

Ultisols to Oxisols in subregion A, tropical rain forest, as
compared with subregion B, semi-evergreen seasonal forest,
isassociated with the poorly drained areas where wet Ultisols
are abundaat. On the well-drained lands in subregion A the
ratio of Ultisols is significantly lower: 0.54 compared with
0.69 in subregion B. Ultisols account for a much lower
percentage of the soils in subregions C, D, and E.

Thereis a higher proportion of Haplorthox in subregion A,
Acrorthox in subregion B, Haplustox in subregion C, and
Acrustox in subregion D. Oxisols only account for a small
proportion of the soils of subregion E. The high proportion of
Acrorthox in subregion B indicates a greater extent of soils

with very low cation-exchange capacity (less than 1.5 meqg/ 100
g cla,) than in subregion A. The relatively large extent of
well-drained Ineeptisols in subregion A is mainly associated
with sediments derived from materials of voleanic origin from
the Andes.

The Alfisols found in subregions A, B, C. and I are also
associated with superior soil-parent matenals, often basie,
indicating the strong impress soil-parent materials have in
forming soils even under vigorous weathering conditions. The
best soils found throughout the region generally are the recent
atlavials, Entisols; however, this is by no means always the
case. Further, many alluvial soils are subject to periodic
Hooding.

Part Y in the Compurer Summary and Soil Profile Descrip-
tions of the Land Svstems (Volume 3) contains a series of soil
profile descriptions from typical land facets described by
many differentauthors, As such it provides readers, especially
soil scientists, with @ 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 agricul-
tural potentials.



After the soils of the land facets were classified, they were
described in terms of their physical and chemical propertics.
This chapter summarizes -hese properties.

Summary of the Soii Physical
Properties of the Region

Soil physical properties were classified and coded in terms of
slope, depth, initiab infiltration’ rate, hydraulic conductivity,
drainage, moisture-holding capacity, temperature regime,
presence of expanding clays, and texture and presence of
coarse materials. Details of their definitions are recorded in
the glossary to Part 1 in Volume 3.

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 (student
notest, to study the “root room™ of a soil, or its physical
characteristics as a growth environment for roots, tubers, and
underground stetas 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, Tt 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, such as
poor drainage, in 2148 of the region, severe erosion hazard in
8¢, and varyving degrees of droaght stress all over, the
physical properties of the soilin = Land Systems Map can be
generally considered tavorable.

Soil Texture

Map 12 (see Map Plates) is a computer-based map of soil
texture to the 50 cm depth according to the FCC criteria.
Table 6-1 shows the tabular data by climatic and topographic
subdivision. The most extensive textures are loamy (L)
(183547 clav) and loamy over a clavey subsoil (1.C). These 1.
and LC classes together account for 5570 of the soil
Uniformly clayey (Cy profiles account for 2607 of the area, the
remainder being divided by shallow soils over rock and other
textural combinations. Table 6-1 shows that there is o
physical barrier to root development at 50 ecm or less in 15.8
million ha (277 of the region). Sandv topsoil textures are also
importan.

Chapter 6.
SOIL PHYSICAL AND

CHEMICAL PROPERTIES

Erosion Hazard

Table 6-1 also provides a synthesis of the slope classes of the
region. Flat, peorly drained lands cover 21% of the region. Of
the well-drained lands, about 6167 have level to gentie slopes
(0 to B slopes). Topography is relling (8 to 309 slopes) in
14€¢ of the region, and steep (more than 30¢7 slopes) in the
remaining 47 . The presence of a textural change within 50 em
of the soil surface, such as L.C, SL., and SC, makes the soils
suseeptible to eroston, particularly on steep slopes. Table 6-1
also shows that 64.8 miliipn ha (87 of the region) have soils
with a sharp textural (SC. LC)change on slopes greater than
8C, or have shallow soils (1.R and CR). The deep soils with
textural changes, mostly classified as Ultisols or Alfisols, are
generall - 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 trom catchment areas.
This. inturn, provokes tlooding from rivers, often many miles
downstream. Ttis a particularly serious problem in parts of
the sub-Andein foothills where “colonization™ is proceeding
apace. For example. in Bolivia, the greater frequency and
intensity of flooding in recent years, at Trinidad, a city located
near the Mamoré river in the middle of the Mojos Pampas,
can be associated with the uncontrolled and excessive forest
clearing by settlers in the Chapare district, a major sub-
Andean catchment region of that river (Cochrane, 1973),
Such problems can only be avoided by ensuring that colo-
nizers have as little aceess as possible into the sub-Andean
toothills: i.e.. that major road svstems are located well into the
plains areas.

Soil Moisture Relationships
The definition of soil Great Groups and their extent (shown in
Table 6-1) permits a caleulation of the relative importance of
sotl-moisture regimes in the region, as defined in Soil
Taxonomy (Soil Survey Staft, 1975). About 61¢ of the region
has an udic or perudic soil-moisture regime, indicating that
the subsaoil is moist during 9 or more months per vear.
Approximately 214 of the area has an aquic regime, indi-
cating the presence of waterlogged conditions in some parts of
the solum during the vear. The remaining F8C6 has an ustic
regime, which indicates that the subsoil is dry for more than
90 but less than 180 consecutive days during the year.

The raoisture situation is not as clear as these figures
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relatively small percentage of these soils in the area covered by this study

Subregions f and o not included due to the

a.

suggest because subregion B, which covers a large expanse of
the Amazon, includes both udic and ustic soil-moisture
regines in well-drained soils as presently defined (Ranzani,
1973} in detailed soil-water balance studies done near the edge
of subregion B (Maraba, Pard), which are classified as well-
drained soils in ustic suborders.

Cochrane etal. (1981) have compared the classification of
the main soils in the region at the Great Group level with
moisture-regime classes and total wet-season evapotians-
piration regimes (WSPE)(Table 6-2). There is an approximate
relationship, presumably because the definition o moisture
regimes provides for i broad separation of the Great Groups.
However, there is the implication that the definition of WSPE
regimes, or an equivalent approximation of “usable energy”
regimes as accorded by annual water balance patierns, could
lead to an improved classification of soils in the tropics, The
definitions of soil-moisture regimes according to Soil Tax-
onomy, incidentally, are currently undergoing review because
of certain doubts as to the applicability of the present criteria
to tropical circumstances (A. van Wambeke, pers. comm.,
1980).

Classification considerations aside, it is relevant to point
out that most soils in subregion B suffer from temporary
moisture stresses during 3 to 4 months of the vear; this affects
plant growth. The clearly defined dry season in the savannas
makes this situaticn more obvious, especially in the well-
drained soils of subregion C and D. Even in the clearly udic
soil-moisture regime of subregion A, temporary soil moisture
Stress accurs 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
sails in the region can suffer from lack of water during some
part of the vear,

Map 13 illustrates the soil moisture-holding capacitics of
soils throughout the region. More detailed or crop-specific
studies must take such capacities into greater account,

Hardened Plinthite
or Laterite

It is pertinent to note that the physical propertics of most
Amazon forest and many savanna soils are generally quite
good. The dominance of coarse gravelly topsoils underlain by
phinthite in much of West Africa's cquivalent to subregion B
poses major limitations to the development of permanent
agriculture in that vast region (Lal et al., 1975). As noted in
Chapter S, this situation is virtually nonexistent in tropical
South America. Hardened plinthite or laterite outcrops do
oceur, 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 out-
crops oceur in the high Lianos of eastern Colombia near
Carimagua (see Photo Plate 44), an ICA (Instituto Colom-
biano Agropecuario) National Agricultural Research Center
where ICA and CIAT work coaperatively in crop, pasture,
and short-term 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

Definition of Soil
Chemicai Properties

Soil chemical properties for both the tapsoil (0-20 cm) ana
subsoil (21-50 cm) were coded and summarized as detailed in
the glossary to Part | of Volume 3. Some aspects of this
coding and definition merit additional comment.

pPH (pHin water, 11 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 S.4, Al s virtually
insoluble and not found either in the exchange complex or in
the soil solution; below about pH §.3 the amount of Alinsoil
solution may be significant. Therefore, pH 5.3 gives a crude
critical level for identifving those soils for which the equation
developed by Cochiane et al. (1980) for estimating the liming
requirements of acid mineral soils might profitably be used.
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 phitosophy of the
FCC definition of soil acidity.

Exchangeable Al (Al extracted by 1V KCI). The
levels used are considered tentative and mainly applicable to
soils with a low cffective cation-excnange capacity.

Exchangeable Ca, Mg, Na (1N KCl extraction).
This is a first attempt to equate soil-nutrient levels with crop
needs in the sense:
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A = adequate for most crops

M = nadequate for crops requiring high levels of the
nutrient

B = inadequate for mostcrops except those tolerant to low

levels of the nutrient.

Exchangeable K (1~ NH, Clextraction).In practice,
there does not appear to be much difference between the K
levels extracted with NH,Cl and NH,OAc¢. 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 109
weitherable minerals in the silt and sand fraction within 50
cm of the soil surface, or that K fevels are less than 20 of the
sum of the bases, if the sum of the bases is less than 10
meq/ 100 g soil,

Total exchangeable bases (TEB). This is the sum
of the exhangeable Ca, Mg, K, and Na. In some acid mineral
soils, Mn and even Fe levels obtained by extraction with 1N
KC1l may be high and contribute to the TEB. Zin¢ and Cu
levels could also be included, but in practice are generally so
low as te be insignificant.

Cation-exchange capacity (CEC). This refc: >
the effective cation-exchange eapacity (ECEC) calculated by
the sumof the TEB plus AI(IN KCl extraction). The level, less
than 4 meq/100 g soil, would correspond approxim “tely to
less than 7 mey/ 160 g soil, if the CEC is determined oy the
sum of the cations at pH 7.0, and less than 10 when deter-
mined by the sum of the cations at pH 8.2 (Buol et al., 1975).

Table 6-2. Comparison (in percentage of total area) of the well-drained
Great Group soil classes by WSPE® and moisture regime

classes.,

Wet months
_(no, )¢
6-8

WsPr
1061-1300

{mm)
900-1060

Great Groupt 1300 -0 T8 G

Ustic

AUSHA, AUSPA,
AUSRH,

OUSAC, OUSEU,
OUSHA,

UUSHA, UUSPA,
UUSRH 0 0.6

21,6 5.5

=
w

Orthic

OORAC, OOREU

OORHA, OORUM 281 1.3 0

Udic

AUDHA, UUDPA,
UUDPL, UUDRHY,
UUDTR 15.6

TOTAL LS 50.8 21.4 5.4 32,9 6.5 5.

]

a. WSPL - Wet-season potential evapotranspiration.

b, A = Alfisol; O Oxisal; U = Ultisol; US = ustic; OR = orthic;
UD = udic; HA = haplic; PA = paleic; RH = rhodic; AC = acric;
EU = cutric; UM umbric; PL = plinthic; TR = tropic.

c. Months with MAL (moisture availability index) > 0,33,

SOURCE: Cochrane et al,, 1981,
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Table 6-3,  Comparison of P levels tppml by classification system,
P code e ,8[‘1?/ 7I71”'_ ) ‘”Trj_l‘nyng _Oliu_n

A f”?' high - 7 »5 -3

M medium 3-7 2-5 1-3

3) bajo, low -3 2 L |

The classification of TEB and CEC in terms of high,
mediom, and low clearly has no direct significance with
respect to plant nutrient needs. Nevertheless, they are con-
sidered convenient groupings to help with the interpretation
of the soil’s ability to supply nutrients, Wnen considered
together with organic matter content and cay mineratogy,
they provide anidea of the ability of 4 soil to retain nutrients
and its state of leaching.

Organic matter (OM). The classification has been
made to help with the averall interpretation of soil fernlity,
The percentiage of OM IS determined by multiplying the
organic carbon by 1.7,

PhOSphOrUS. The levels refer to P extracted by the
Bray H method (Bray and Kurtz, 1945), In very approximate
terms, Table 6-3 gives a comparison of P levels extracted by
the Bray 11 method. the Truog method (lachson, 1958), and
the “available P method of Vettori (1969) .

The classifications are also used to cquate soil levels with
plant requirements.

Phosphorus fixation. Phosphorus fisation is dif-
ficult to quantity. The criterion of Buol etal, (1975) was used:
soils with acclay content greater than 3535 and a ratio of free
Fe O, to percentage of clay greater than 0:15, or those with
allophane-dominant clay mineralogy. are cliassified as poten-
tally high-P fixers. In the absence of more specitic informa-
tion, these parameters give a tentative rating of potential
P-fixition problems.,

Manganese. Thclevels refer o Ma extracted with 1V
RCL defined as low. satistactory, and tosic. The definition of
Mn tovecity as greater than 35 ppm or greater than 197
saturation of FCEC s provisional, as plants vary widelv in
their ability to withstand high levels of Mn inthe soil solution.
Furthermore, Mn levels tend 1o build up. sometimes for
relatively short periods, under reducing conditions (Collins
and Buol, 1969).

Sulphur. The classifications low, satisfactory, high,
and unknown have been made without atiempting 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 (1N K extractionj. Only the classes low, satis-
factory, 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 (1N K extraction). The classes ,ow, satistactory,
high, and unknown provide only a rough puide, as they do not
take crop tolerance differences into aceount. At the highlevel,
some crops, e.p. rice, may suffer from excess Fe (Howeler,

1973). Like Mn, soil Fe levels vary with the fluctuating
oxidation and reduction conditions brought about by dif-
ferent soil-moisture levels, Temporary Fe deficieney some-
times oceurs in sugarcane as plant roots grow through well-
acrated, unsaturated topsoils (1.7, Cochirane, unpublished
data). As the roots penetrate saturated subsoils, the Fe
deficieney generally disappears.

Copper (1N KClestract). Little is known about critical
Culevels. Generalized levels have been determined based on
experiences from other tropical arcas. There is evidence to
suggest that they mav be corretated with Plevels in some acid
mineral soils (1T, Cochrane, unpublished data).

Boron (cxtraction by refluxing with 100°C water for 10
minutes). The classes used approximate critical levels for
several crops including sugarcane.

Molybdenum (1N KCi estract. Lide s 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 car-
bonates detected simply by dropping 304 HCI onto soil
samples taken to a depth of SO ¢m and observing CO.
effervescence The presence of caldiom and magnesium
carbonates detected in this way is also used as an FCC
maodifier: *b™ = basic reaction.

Salinity. This is the salinity of the saturated extract at
249°C of a soil sample taken toa depth of I m. The levels are
based on the general values developed by the U.S. Soil
Salinity Laboratory Statf (1954 that purport to identify those
sotls with sufficient salinity o present problems for most
crops. It should be nated. however. that some Crops ire
susceptible to a significantly lower level of soil salinity. The
4 mmhos level approsimates a 1:2.5 soil-to-water extract
conductivity reading of 400 nmhaos.

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 SO cm and are those limits set by
the LS. Soil Salinity Laboratory (1954),

Cat clay. This identifies the presence of acid sulphate
soils tMoorman, 1963). 1tis identified by the criterion of pH
in L1 soil-to-water extracts less than 3.5 afier. drying or
jarosite mottles with bues 2.5Y or vellower and chromas 6 or
more within a depth of 60 cm. [tis used with this definition as

an FCC madifier: “¢" = cat clay.

X-ray amorphous. Greater than 35¢ clay and pH
greater than 10in LV NaF, or positive to field Nai® test, or



other indirect evidences of allophane in the clay fraction i
the surface 20 ¢m of the soil. This criterion, the definition of
the FCC modifier "x.” purports to idendty soils with
allophane-dominated mincralogy: these often have high P-
fixing capacity and low rates of mineralizaton.

Elements of importance mainly to animal
nutrition. This evalustion is based purely on specific
knowledge about deficiencies and tosicities oceurring in a
givenarea. Forexample, certain soil areas are associated with
iodine deficieney i animals.

Examination of
Soil Chemical Data

When examining soil chemical data, it is good practice to
identify potenaal soil toxicity factors first, then examine
potential deficiencies in the light of what is likelv 1o occur,
once corrective measures have been postulated to overcome
the soil toxicity problem (see Appendix 2). Such an exami-
nation must be preconditioned by the appreciation of climatic
and physical conditions,

Historically, Cochrane (1962) examined Ministry of Agri-

culture fifes dating to the Late 1800s in the Caribbean Island of

St Vineent and found he was able to detect a hitherto

unsuspected relationship between the fertilizer response of

cotton variceties 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.,

Appendives 3 and 4 provide agronomists faced with the
task ofinvestigating soil tertility problems for specific crops a
more detailed guide as to what may be deduced from existing
sorl survey and fertility evaluation studies and how agrono-
mic work might be speeded up to provide field-proven
answers tor farming practice. They use the Llanos Orientales
of Colombia (the castern lowland, well-drained plains) as a
case study. Chapter 9 also discusses this topic,

Plant Tolerances to
Toxicities and Deficiencies

Clearly. any interpretation of soil chemical data (and certain
physical data) must take the wlerances of different crops and
varieties or cultivars of those crops into account. It may be
noted that several Brazilian wheat varicties have a much
greater tolerance to sotl Al than those developed in Canada.

Summary of Soil Chemical
Properties of the Region

Itwas concluded that the physical puopz:ties of the soils of the
central lowlands can generally be considered favorable, The
Gpposite statement can be made as 1o their chemical proper-
ties. The vast majority of the region's soils are acid and
infertile in their undivturbed state.

From the soil survey classification data, it was noted that
only about 87 of the region ha high base status soils with
relatively high native fertility. The analvtical data indicate
that the main chemical soil constraints in the region are soil
acidity (Al toxicity), P deficieney, low effective cation-
exchange capacity, and widespread deficiencies of N, K, S,
Caand Mg. Toxicities of Mnand Fe are present in some soils,
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as are deficiences of these elements in others. Trace element
deficiencies, including B, Zn, und Cu, are commonly seen
(Cochrane and Sinchez, 1982), and Mo deficiency has been
identified in the Brazilian Cerrados (CTAT, 1980a). Table 6-4
shows the extent of many of these fertility limitations in the
region, Table 6-5 disaggregates the topsoil data according to
climatic subregions and topographical positions. Table 6-6
interprets these data in terms of FCC units,

Inexamining these tables, however, it must be remembered
that the figures are largely based ¢ n soii-survey information
taken under natural vesetation conditions, As shown by
Falesi (1976), 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 atfected as
nutrients leach from the topsoil.

Soil acidity. Tables 6-4 and 6-5 show that 7547 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 {lat, poorly drained topographies
(5200). Map 14 is a computer printout composition map of
topsoil (0-20) pH levels over the region. Soil acidity is
indicated by the *h” modifier in Table 6-6.

Aluminum toxicity in plants is the main consequence of
extreme soil acidity. Plant species and cultivars within a
species difterin their tolerance to Ais thisis expressed in terms
ol the percentage of Al saturation of their effective cation-
exchange capacity (ECEC). Some plants sensitive to Al suffer
at levels as low as 109 Al saturation, In general, however,
when there is 7067 Al saturation or more within the top 50 em,
the soilis considered Altoxic. Such soils have been assigned
the ™ modifier of the FCC system. Table 6-6 shows that 358
million ha, or 4467 of the soils in the region are potentially Al
toxic in their natural state, Map 15 is a computer printout
composition may of topsail (0-20 ¢cm) Al saturation levels
over the region.

Map 16 shows a computer map of the Al saturation levels in
the subsoils (2150 ecm)ol the region. It may be noted that
there are significant changes in the distribution of the subsoil
levels as compared with the topsoil levels. Table 6-5 shows
that there is a considerable lowering of subsoil Al saturation
levels in subregions C and D, the 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, unneeded
applications of lime have been made in southern Mato
CGirosso, Brazil, for instance (see Photo Plate 28). Recently,
Cochrane et al. (1980) have published 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 2 for
the convenience of agrenomists,

[t might be noted that lime per se 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 froniiers, and the estimation of minimal lime re-
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Table 6-4, Summary of selected fertility parameters in the central
lovlands of tropical South America.
Topsoil {0-20 cm) Subsoil (21-50 cm)
Area Percentage Area Percentage
Code* Range (million ha} of total (miltion ha} of total
EAF!
>17.3 0.4 ~0.1 0.6 0.1
M 5.3-7.3 245.9 70.0 203,2 24,9
h < 5.3 570.8 3001 613.0 75.0
Organic Matter (%)
A > ﬁ 5 145.0 17.8 4.1 0.5
M 1.5-4.5 614.4 75.2 30.5 1.1
B8 < 1.5 57.6 7.0 722.4 88,4
Al saturation (%)
B 0-10 221.5 7.0 243.6 29.8
M 10-40 95.5 1.7 91.3 1,2
H 40-70 141.4 17.3 100,0 12.3
a >70 (toxic) 358.6 43.9 382.0 46.8
Exchangeable Ca {meq/100 g)
A >N 163.7 20.0 68.1 8.3
M 0.4-4,0 338.3 .y 184.6 22.6
B 0.4 315.0 38.6 564.3 69.1
Exchangeable Mg (mcq/lOO q)
A > 0.8 169.6 20.8 63.3 7.8
M 0.2-0.8 410.8 50.3 184.7 22.6
B 0.2 236.6 29,0 568.9 69.6
Exchangeable K (meq/100 g)
A 0.3 97.4 12.0 6.3 0.7
M 0.15-0.3 240.8 29.5 105.6 12.9
k < 0,15 477 .14 58.4 705.1 86.3
ECEC® {meq/100 g)
A [ 255.6 31.3 119,6 14.6
M 4-8 315%.0 35%.0 283.3 34,7
e [ 42,4 29.7 LA | 50.7
P* (ppm)
7 97.1 1.9 28.4 3.5
M 3-7 341.5 41.8 89.1 10.9
B 3 378.3 46.3 699.4 85.6
P fixation
H > 35% clay and
i free Fe,0,/
% clay > 0:15 10,2 12.4
0o low 715.7 87.6
U no estimate < 0.1 ~0.1
a. a = Al toxic, FCC modifier in topsoil; A and H = high; B = low;
h = acid, FCC modifier in topsoil; i - FCC modifier for P flxaﬂon-
k = K deficient, FCC modifier in topsoil; M = medium,
b. ECEC = cffcctlvc cation-exchange capacity .,
c. By Bray (I,

quirements, along with the use of crop cultivars with a certain
tolerance to high soil Al levels, are important agrotech-
nologies for the agricultural development of the region.
Consequently, the estimation of a minimal “liming need™ can
lead to the more effective usc of lime and considerable savings
in food production.

Phosphorus deficiency. Table 6-4 indicates that
869 of the region’s soils have topscilt available P levels lower
than 7 ppm, according to the Bray 1 method. Map 17 (see also
Chapter 7) shows the distribution of available P levels in the
topsoils over the region, and Map 18 (see Chapter 7) shows
the distribution of subsoil P levels. Since the generally
recognized adequacy level of this method for annual crops in
Oxisols and Ultisols of Brazilis 7 ppm P, it is safe to state that

the vast majority of soils in the arca are deficient in P for most
annualcrops. Fortunately, this widespread P deficiency is not
accompanicd by a widespread high P fixation capacity (see
Map 19).

Tables 6-4 and 6-6 show that an estimated 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 withi more than 35% clay contents and with a high
proportiou of iron oxides present are considered high P fixers
(Sanchez and Uehara, 1980; Sanchez et al., 1980). This
situation is largely limited to ¢layey 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 Carnlina
State University (1973) and Dynia et al. (1977), show that the



fixation capacity is low. Figure 7-3 (Chapter 7) shows the
distribution of soils with possible P-fixation problems over
the region. Clearly, while P fixation is a possible major
constraint of Oxisols in the Cerrados of Brazil and the Llanos
of Colombia.itis not a widespread problem in the Amazon,
although 1t is tocally important. The use of species and
cultivars tolerant to low P levels is a possible alternative to
increasing P fertihzation in P-deticient soils,

Because of its importance, recent advances in means and
winns of correcting P deficiencies are specifically discussed in
Chapter 7.

Low potassium reserves. Table 6-5 shows that
about 387 of the region (477 million ha) has soils with low K
avalabiinty, Table 6-6 indicates o lower figure, as soils with
Tt glenyor tdT (desy modifiers are not taken into account,
Although burning natve torests inereases available K levels,
this effect temds to be short-lived, unless rapid reeveling takes
place. Insavanna regions, seasonal burns do little to increase
the invarnably low levels of the soils. Consequently | this is an
imporiant ceonenie constrant in the region, Map 20 illus-
trates levels of potash in the topsoit throughout the region.

Low calcium and magnesium levels. Tublc 6-5
shows that 3997 of the region 315 million ha has sails with
fow Calevelsand 2977 (236 million ha) low Mg levels, Burning
native forests increases both Ca and Mg levels. In savanna
arcas, however, Caand My deticiencies must be correeted by
tertthzation: adding a modest dressing of dolomitic limestone
may be a costettective means of overcoming these defi
crencies. In fact, many soils low in Cacand Mg are potentially
Abtoster i such cases, the addition of dolomitic limestone
will solve both the Altovicity and the Ca- and Mg-deficieney
problems. Map 21 illustrates Ca topsoil and Map 22 Ca
subsotl levels throughout the ragion studied.

Low «ffective cation-exchange capacity. 1.ow
ECECivan important soif constramt because of the suscepti-
bility of K to leaching from the soil profile and the danger of
creating serious nutrient imbalances ameng cations such as
K. Cacand Mg Tables 64 and 6-5 show that approsumately
242 mitlion ha (3077 of the regron) have this condition in the
topsoil.and 414 milhion ha (3077 ) have it in the subsotl. Low
ECEC is more prevalent in subregions B and C and occurs
mainly in Oxisols, sandy-textured Ultisols, and all Spodosols.
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Rapid teachine lTosses and serious K-Mg imbalances have
been recorded in Uasols in Peru (Villachica, 1978 Villachica
and Sanchez, 1980).

Sulphur deficiency. McClung (1939) found severe
sulphur deficiencies in @ greenhouse trial vath soils (rom the
state of Gords, Brazit, i soils deseribed as Humie Latosols
tAcrustony and moa sandy Terra Roxa Mintarada (Rhodus-
talh) in Sdo Paulo. The common occurrence of S deficteney in
the scils of Central Brazit has been confirmed by several
consequent studies, including the recent greenhouse trials on
the Oxisols of Planaltina reported by CTAT (19800). Although
few tield-tral results seemto have been recorded, S deficieney
Is probably o magor constrnnt in many savanna sotls where
sulphur s lost throagh burning. Sulphur deficiencies hinve
also been reported by Wang et all (1976) in rice in vdrzeas
(Hlood plains) along the Jar river i castern Amaronia,

Deficiencies of other nutrients. The region is a
haaven for serentists intevested in nutrient deficiencies. In the
Ultisols of Yurimaguis, for example, deficiencies of all
essential nutrient clements except for Fe and Cl have been
recorded moannual crops (Villachica and Sanches, 1980). In
addition to N, P,
ones seenrto be Mg Sond Zns The limited data base for these

and K deliciencies, the most widespread

parameters tmpedes a geographic appraisal of where specitic
deficiencies occeur and their telationship to soil properties.

Constraints occurring together. Table 6-6 shows
how several of these constraints occur together on the same
land units,as defined by the vartous FCC modifier combina-
tions. Only about 42 million ha (577 of the arca) showed no
major fertility imitations, The rest showed various combina-
tons of Al toxiaty G, acid but not Al toxic (h), iow FCEC
fe) Jow Koreserves (k). high P fixation (i), poor drainage (g),
and dry season drought stress (d). The most frequent
combinationsin olved Abtoxicity, low K reserve, low ECLC,
and high Plixation. Clearly the FCC system does not tike low
or wsufficiency levels of phosphorus into account, only
potential Pfixation. Low levels of Pare virtually universal
the Oxisois and Ultisols of the region.

Because of the basic importance of P for crop production
throughout the region, recent advances and means or ways of
correcting these deficiencies are deseribed in Chapter 7.



Table 6-5. Aereal extent (million ha) of some topsoil (0-20 ¢m} and s
climatic subregions of central lowland tropical South Ameri

ubsoit (20-50 c¢cm) chemica!l properties within the to

pographic subdivisions of the

b Semi-evergrecn

Isohyperthermic savanna d = Isothermic savanna

e = (Semi-)deciduous
forest

3 = Tropical rain forest s2ason.' forest
Flat, Well-drained FTat, W T-drained
Parameter poorly [ slope) poorly (% slope}

and range* drained 8 6730 -3I0 drained <8 B-30 T30

E’Iiopsoil

A >7.3 0.: - - - 0.1 - - -
M 5.3-7.3 30.0 15.9 6.0 1.3 30.0 15.9 6.0 1.3
h 5.3 28.5 143.3 61.8 15.6 28.5 143.3 61.8 15.6
“Subsoil

A 7.3 - - - - < 0.3 1.0 - -
Wovel Tuo 28.8 13.1 3.0 0.5 31.9 17.6 4.6 1.0
h >5.3 36.2 85.8 37.4 11.6 26.5 141.5 63.2 15,
& Organic Matter

opsol

A >4.,5 27.3 13.9 4.0 13.6 22.8 18.3 3.9 0.
M 1.5-4.5 33.3 83. 35.2 9.1 31.0 1241 53.1 1.
b 1.5 4.5 1.3 1.2 1.7 4.8 16.8 10.¢ 15
Subsoil

A > 4.5 0.1 0.1 - - 0.3 0.1 - -
M 1.5-4.5 21.8 5.4 a,7 1.2 10.2 14.4 4.4 0.6
B 1.5 4 83.4 35.6 10.9 45.6 144.2 63.4 16,
i Al Saturation

opsot

a .~ 70 24.7 70.2 23.8 6.0 14.3 4.0 u42.8 110,
H 40- 70 7.6 8.9 9.6 4,6 3.3 36.8 13.4 3.4
M 10- 40 5.9 2.1 0.3 0.2 i4.0 14.2 6.6 2.4
B - 10 26.8 17.7 6.8 1.2 26.8 14.2 6.0 0.8
Subsoil

a > 70 25.9 73.4 23.4 6.0 20.1 115.0 42.8 9.2
H 40- 70 1 5.6 7.7 21 3.6 170 8.0 1.3
M 10- 40 0.6 6.5 6.3 3.4 6.4 11.6 8.5 3.5
B - 10 7.6 13.4 3.t 0.6 28.5 16.5 8.2 2.8
Exchangc.:ble K {meqg/100 gl

Topsoil

A > 0.3 22.5 7.2 1.7 1.8 25.3 12.8 5.9 0.9
M 0.15-0.3 18.9 29.6 11.5 3.3 11 46.4 19.3 5.1
k < 0.15 23,6 62,1 27.2 7.0 224 100.1 42.6 10.8
Subsaoii

A > 0.3 0.7 <0.1 1.1 1.0 - -
M 0.15-0.3 13.3 3.8 1.7 1.8 14.8 9.9 5.3 1.0
k < 0.1% 51.0 94.9 38.6 10.3 42,6 148.2 62,5 15.8
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Table 6-o. Aercal extent (milhon ha) of Fertitity Capability Classification
moditier cumbinations of the soils of central lowland of
tropical South America,

Fcc ; FCC

modifier modifier
combination® Area R cembination® Area
a 63,1 i gb 0.7
ae 10.3 N gdsn 0.1
ai 2.0 ga 19,3
ak 145.6 gai 0.5
ake 44.5 ! qgah 13.7
akei 4.8 qgake 3.6
aki 16.2 qgh 17.6
! ghi 0.2
d 43.3 | ghk 16.4
da 1.7 i ghke 121
doe 0.6 i gi 0.6
dai 2.3 ‘ gk 1.5
daek 1.0 ; gke 0.4
daeki 0.3 I gkei 1.2
dai 3.4 " gs 0.1
dak 1.8 !
dahe 28.7 | h 23.7
dakei 28.5 " hc 3.0
daki 1.4 I he 2.0
db 0.4 i hei 4.3
dei 2.1 ! hi 1.1
dg 1.1 | hix 0.2
dh 6.4 ! hk 22,0
dhe 0.1 i hke 3.4
dhi 3.3 ' hkei 8.1
dhh 5.4 I hki 1.5
dhke 30.8 ’
dhkei 1.3 : i 0.1
di 3.7 | ix 1.
dk 12,6 |
dke 39.5 i k 6.2
e <0,1 I
g 79,75 ’ Without modifiers 42.4
gak 2.6 ! -
gake 2.1 [ TOTAL 816.9
a. a= Al toxic, c = cat clay, d = dry, e = low cation exchange capacity

(CEC), g = gley, h = acid, i = P fixation, k = K deficient, n =
natric, s = salinity, x = X-ray amorphous.,

Table 6-7. Average chemical composition of the topsoil (0-20 ¢m) of an
Oxisol under semi-evergreen seasonal forest and Panicum
maximum pastures of different ages in the proximity of
Paragominas, Pard, Brazil.

Exchange-
able Available Al
pH cations elements satu-
Vegetation Clay oM N in {meq/100 g} (ppm} ration
__type (1) () (%) H,0 "Ca+Mg 75 R P (%)
Forest 65 2,79 0.16 4.4 1,47 1.8 23 1 53
Pasture
{age in no.
of years)
1 50 2,04 0.09 6.5 7.53 0.0 n 10 0
3 60 3.09 0.18 6.9 7.80 0.0 78 13! 0
L] 55 2,20 0.1 5.4 3.02 0,2 62 2 6
S S0 1.90 0.10 5.7 2.81 0.2 66 3 6
6 51 1.90 0.09 6.0 3.84 0.0 74 7 0
7 48 1.77 0,08 5.7 2,61 0,0 47 1 0
8 52 1.69 0,08 5.4 2,10 0,0 39 1 0
9 50 2,34 0.1 5.9 4,10 0.1 70 2 2
n 45 3.37  0.15 6.0 4,10 0,0 86 1 0
13 62 2,80 0,20 5.6 4,80 0.0 54 1 0

SOURCE: Serrdo et al. (1979).



Chapter 7.

PHOSPHORUS LIMITATIONS AND
MANAGEMENT CONSIDERATIONS

Phosphorus is undoubtedly one of the most severely limiting
slemenis ie the acid, infertile soils of tropical Latin America,
asshown by Maps 17 and 18 (see Map Plates), Tetal Pranges
from anly about 200 1o 600 ppm and available P (Bray 11
from 1 to 7ppm. Itis obvious that, to efticiently increase crop
production, phosphate fertilizer must be added to these soils
and plant species that are efficient P users must be selected.
Because of the acid reaction of most soils in the region (pH
4.0-5.5), some soils, especially in the central savanna area, are
high in free Fe and Al oxides and hvdroxides which tend to
rapidly fix large amounts of P (Map 19). This is especially so
when itis applied in soluble forms such as monoammonium
phosphate (MAP), diammonium phosphate (DAP), single
superphosphate (SSPY or triple superphosphate (TSP)
(Fenster and Ledn, 1979),

To develop a sound, economic P-management strategy for
pastures and craps grown on the acid. infertile soils of tropical
Latin Americ. several strategies might be tuken into consid-
eration. These include but are not necessarily limited to: (1)
use of cheaper, less-soluble forms of P such as phosphate rock
(PRyor partially acidulated PR:(2) use of soil amendments to
enhance the availability of soil-applied P: (3) determining
optimal placement and rates of P fertilizer to increase its

efficiency, both initially and residually: and (4) selection of

plant species that will tolerate relatively low levels of available
soil P,

Cheaper, Less Soluble
Sources of P

The use of phosphate rock (PR) as a P source for crop
production appears both economically and agronomically
atractive for much of the region, Not only is the unit cost of
the P much lower—one-third to one-fitth that of TSP or SSP
(HEDC, 1979)—but also the residual value of the product is
likely to be equal to or greater than that of the more soluble P
carriess Yinee continuous dissolution of PR can occur in acid
sails. it is kel that release of available P will be more in
unison with the requirements of growing forages which are
predominant in much of the region.

Due to the high requirement for P, and especially following
the sharp increase in phosphate rock prices during 1974-1975,
there have been intensified exploration efforts that have
identified new phosphate resources. The most stznificant of
these developments has occurred in Brazil where about 1 X
10 tons/year are now being produced from igneous deposits

by
L. A Lednand L. 1. Hammonds

atJacupiranga. Araxa, Fapira, and Catalio (G, H. McClellan,
IFDC, pers. comm., 1979). There are over 20 major deposits
located in tropical Latin America (Figure 7-1).

The International Fertilizer 2velopment Center (1FDC)
has developed a research program on phosphates, which is
strongly oriented toward identifving methods for using these
resources, Much of the agronomic research on phosphates in
Latir America has been conducted in cooperation with CIAT
(Centra Internacional de Agricultura Tropical) in Cali,
Colombia. The aim has been to select adapt, or develop
technology that is the most cost effective for meeting the
needs of agriculture with the resources (raw matertals, energy,
infrastructure, ete.) at hand. This approach involves devel-
oping or identifving phosphate fertilizers that are well suited
to tropical and subtropical soils in agronemic, technical, and
cconomicaspects. Application or adaptation of conventional
technology may or may not ke the best choice.

Directapplication of fine!y divided phosphate rock may be
one of the cheapest ways to supply P to crops in many acid soil
arcas in the tropics and subtropics. The degree to which direct
application will be effective is determined by a number of
interrelated factors. These include, but are not limited 1o (a)
the reactivity, or potential, of the rock source as determined
by the chemical composition of the apatite; (b) the physical
properties of the rock: (¢} the properties of the soil (acidity,
available P, exchangeable Ca in the soil, and P-sorption
capacity); (d) the type of crop and cropping system; (e) the
method of application; and (f) the time of reaction ( Parish et
al., 1980).

Chemical Reactivity of
Phosphate Rocks

Many Oxisols and Ultisols possess properties conductive to
the dissolution of directly applied ground phosphate rock.
They areacid: some of them possess high P-sorption capacity;
and they generally exhibit only low concentrations of P in the
soil solution and exchangeable Ca in the soil. Still, the
effectiveness of each potential rock source for direct applica-
tion will be determined by the chemical reactivity of the
phosphate rock. It has been shown that the reactivity depends
on the degree of carbonate substitution for phosphate in the
apatite structure (Lehr and McClellan, 1972); several solubil-
ity tests are suitable for estimating reactivity. These include
extraction with neutral ammonium citrate, 2 citric acid, 2%
a. Soil Chemist, of the IFDC CIAT Phosphorus Project and Soil Scientist
of the IFDC, respectively,
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Fig. 7-1  Locations of 20 phosphate

deposits in Latin America.

formic acid. and acid ammonium citrate at pH 3 (Chien and
Hammand, 1978). Based on these measurements. it has been
possible 10 categorize phosphate rocks into relative rankings
of high, medium, or low potential tor direct apphceation.
Based on agronomic evaluation of phosphate roek from 18
separate deposits around the world. itcan be generalized that
rocks with citrare-soluble I greater than 179 of the total P
can be ranked as having a high potential for direct application.
Those with 12417 citrate-soluble P would be considered in
the medium range, while ro ks with dess than 1207 of the total
Pbeing citrate soluble would be expected taperformrelatively
paorly when compared to the intial Crop response possible
with water-soluble P fertilizers or the highly reactive phos-
phate rocks.

Figure 7-2 illustrates these differences with results from a
short-term greenhouse experiment with P supplied by a
number of vocks from South America. While some rocks
performed nearly as wellas TSP, Lirge range in effectiveness
can be observed. Depending onsoil properties, croptype, and
management. finely ground rock with high. medinm, and low
citrate solubilities generally has effectiveness ranges of 80-100,
SO-80, and 30-6077, respectively, when compired to the
mitiad crop responses to TSP, Recent studies on residual virlue
of phosphate sources show that. even for the low-reactivity
rochy in some soil-crop combinations, the initial differences
between sources diminish with time. Table 7-1, 10 fact. shows
that there has been significant response to # but no difference
between sources in wotal vield of Brachiaria decumbens
following 4 vears of production, despite the fact that vields
during the tirst cutting followed the levels predicted by citrate
sulubtlits. Rescarch has also shown that dustiness. one of the
main objectionable properties of phosphate rock, can be
chminated without loss of etfectiveness when granulated or
Cmmigrinulated,” as icis catled, to asize range of 50 1o 150
mesh (Tyler sereens). FThese minigranules are consistently
cqual 1o ornearly as effective as powdered rock. In contrast.
conventional granulation (6- to 16-mesh [Tyler] granules)
substantially reduces the agronomie effectiveness of the rok.

Partial Acidulation of
Phosphate Rock

Insome situations there is o need for o phosphate teradize
intermediate i water solubdity between directhy apphed,
finely ground rock wnd conventional, tulls acidalated tertil-
tvec - This need 1o most apparent where the reactivits ol
avatlable phosphate rock s oo tow 1o provide the |
regrrements of plints Tor saprd establishment o for crops
with o shor geowing season Parnadlh acrdulated phosphate
tock tPAPR s naliernative that mas (i this vapand can be
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especially important to some developing countries, which
have rock deposits but only a limited availability of acid for
production of conventional tertilizers.

In recent studies it has been observed that phosphoric acid
(H.PO,) is highlveffective in increasing the initial P availabil-
ity of low-reactivity phosphate rocks. using only 10-206 of
the amount necessary to make triple superphosphate (Ham-
mond et al., 1080). With the Pesca PR from Colombia, for
example, 2077 acidulation with 1L,PO, was observed 1o be
799077 as elfective as TSP in a wreenhouse experiment,
whereas the unacidulated rock was oniy 1007 as effective.
Using sulphuric acid. 405077 of the H.SO, required to make
single superphosphate may be required o be equally as
effective as the material treated with 10-200; HL PO, Ttis
promusing, theretore, that fertilizer prepared with less than
the conventional quantities of acid can be o highly effective
means of supplving P Tie uae of indigenous phosphate rock
as s direct appheation matenal, or when processed by both
conventional and noncouventional iechnojogics, is being
stadied. Only carctul agronomic, indusina!, and economic
cviluations will gisve the correct routes for utiliztion of these
phosphate rock depositsbut the potential saving in terms of
foreren exchange for many developing countries is such that
these stiudies e o nirch needed activiny,
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Gresnhouse comparisons of various phosphate rocks using Panicum maximum as the test crop. Source:
Adapted from CIAT Annual Report {1979).
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Table 7-1,
on relative yield of Brachiaria decumbens
on a Carimagua Oxisol

Phosphorus

source  TSTRGTRGTTTS0 Kg/Ra

Triple superphosphate (TSP)
Annua £ 3767

_A007hg/ha

(35.9) (37.4)
Residuak 100 100 100
(22.0) (20.6) (32.4)
Phosphate rock (PR)
Fosgaynvnr_ T19 80 102
Florida 122 94 100
Gafsa 109 103 104
Huila 95 mn3 98
Pesca 1 81 m
Tennessee 104 76 95

Check (14.,4)

Effect of phosphorus sources and levels (v of TSP
qrown in the field
Colombia {sum of 14 cuttings),

Won

residual)

3 O,

1

(45,2)
100

(38.1)

109
105
104
110
116
108

a.  Figures in parentheses are dry matter yield (t/ha),
b. TSP residual considered as 100% at each P,0, rate.
Table 7-2. Decrease in P fixation due to lime and silicate apptications
sufficient to neutralize exchanqgeable Al in a clayey Oxisol
from Brazil with an original pH of 4.6, 1,45 meq Al/100 g
soit and 80% Al saturation,
Decrease (%)
i fixed (ppm} to give _ in P fixed
Amendment .03 10 .20 .03 .10 .20
applied {ppm P in solution) (ppm P in solution)
None 230 325 415 - - -
Lime (1.5 t/ha) 135 275 370 41 15 1R
Calcium silicate
(1.8 t/ha) 125 265 355 46 18 u
SOURCE: Adapted by Sinchez {1977) from Smyth (1976).

Soil Amendments to
Enhance the Availability of
Soil-Applied P

One of the problems encountered with some of the P-
deficient, acid, infertile soils of tropical Latin America is their
high P-fixation capacity (sce Map 19). To decrease this
fixation capacity. soil amendments, such as lime or Ca
silicates, are sometimes applied. It is important here to note
that the concept of adding lime 1o increase production
through utilization of the native P in the soil is probably
crroneous in the acid, P-deficient soils of tropical Latin
America since the total amount of P in these soils is so low,
The concept of adding lime 1o increase or maintain the
availability of applied P, however, has merit.

For example, a greenhouse experiment was conducted
using a Carimagua Oxisol. in which varying rates of P were
applied with combinations of Ca silicate, lime, and Mg oxide
(CIAT, 1977). In all cases, the addition of one or more of the
amendments significantly increased the yvield of Srylosanthes

guianensis (two cuttings) over that of TSP applied alone, The
highest yield was obtained with TSP plus additions of Mg
oxide and Ca silicate. 2

The main problem encountered wih many of the P-
amendment experiments is letermining i the lime or Ca
silicate is enhancing the availabily of the applied P or
whether there is an additional lime and/or nutrient response,
On these acid sails, Ca and My deficiencies are common, so
the additions of amendments may very well be responses to
these cations, Research by Smyth (1976) in Brazil would
indicate, however, that there is definitely an amendment
effect of decreasing P fixation from both the lime and Ca
silicate (Table 7-2).

Placement and Rate
of P Fertilizers

Placement of phosphorus. 1 tropical Latin
America, P fertilization of pastures has generally followed the
classical approach of broadcasting ard incorporating basic
slag or superphosphate during establishment, followed by
periodic top-dressing. Recently, however, some research has



been conducted to ascertain the effect of P placement on
establishment of pusture and annual crops (Leonand Fenster,
1979).

Preliminary results from a continuing experiment at the
Quilichao experiment station near Cali, Colombia (Fenster
and Lean, 1979) indicate that broadeasting P is superior to
banding in growing Panicum mavimum and Andropogon
gavanus pastures (Figure 7-1). Nevertheless, in this same
experiment, broadeast plus band application of P gave the
highest vields. This would suggest that banding is important
in establishing these pastures, but broadceast treatments are
necessary for maistenance,

Itisalso probable in very low P-supplying soils, that when
only banded Pisapplied, root growth is restricted to the band
arca; thus the plants are susceptible to drought, even during
short pertods when it does not rain. Short periods of drought
are common i many Oxisols and Ultisols beeause of their low
water-holding capacity,

Inanother experiment initiated by Leon and Fenster (1979)
with fBrachiaria decumbens at Quilichao, the highest vields
were realized with 100 kg P.O/ha of TSP broadcast and
incorporated. In this case, broadeast and incorporation of the
TSP was superior to other methods of application. When a
basal treatment of 100 kg P.O/ha as phosphate rock was
broadcast and incorporated, however, there was no difference
in yvield due to method of application of TSP, Nevertheless,
vield inereases due to Plevels were evident. For the establish-
ment of Brachiaria decumbens, it apparently is not necessary
to apply more than 50 kg P,O/ha as TSP, Long-term
experiments by Yost et al. (NCSU, 1973, 1974, 1975) with
cornat the Cerrado Center Station near Planaltina in Central
Brazil indicate that a combination of broadcast plus band-
placed P is the most promising strategy.

Rates of phOSphOI’US. Several experiments have
been conducted with a number of crops to determine the P
rates necessiry 1o maximize production, but only one is
discussed in this section.

Hammond and Leén (CIAT. 1977) established an ex-
periment on a Carimagua Oxisol in Colombia (land system
No. 201) with Brachiaria decumbens using rates of 25, 50, 100,
and 400 kg P,Oha as TSP, Figure 7-4 shows the response of
this grass to different levels of phosphorus. This experiment is
showing good residual effect of the soluble phosphorus
applied initially. Fertilization after the first year, with the
same Poicvels as a maintenance application, would appear
reasonable only for the 25 kg P,O./ha treatment, where the
vield increase was more than 4 ton/ha. It is not considered
necessry to use annual applications of 50 kg P,O./ha or
more. tecause yield increases due to these treatments are only
of the order of 2 ton/ha.

Although the P-fixation capacity of these Oxisols is ap-
preciable, it is not as high, for examiple, as in the case of the
Andepts and some Oxisols from Brazil. This in part explains
why the forage grasses vielded so well at lower P rates than did
forage vields from experiments carricd out in the Cerrado
Center, Brazil (Fenster and Ledn, 1979).

There is a good imitial plant response to soluble forms of
added phosphorus in many Oxisols. The residual effect,
however, depends upon both the mineralogical and chemical
characteristics of a soil as wel as the test crop itself,
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Species P Plocament
! ® Panicum marimum - Broodcast
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B " . - Band
10
g
<
s s *
T
2
¢
c 6’
s .
4
[c} \o
4 — —
. . ———— .
1
i
Ll
. ) . Iy [ E— PR |
¢ 25 780 i60 200

P; Oy (xg /ha)

Fig. 7-3 Effect of rates and method of application of phos-
phorus (TSP} on two grasses grown on a CIAT-
Quilichao Ultisol. Source: Unpublished data by
Sénchez et al. (1978).
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Phosphorus response of Brachiaria decumbens
grown on a Carimagua Oxisol (sum of eight
harvests). In the annual treatment, P was reapplied
1 year after planting.

Selection of Plant Species
Tolerant to Relatively Low
Levels of Soil P

According to several researchers (Ozanne et al., 1969; IRRI,
1972; Salinas and Sanchez, 1976; CIAT. 1978a, 1980a),
species or varieties that are tolerant to low levels of P produce
maximum yields at lower levels of applied P than do the
sensitive species or varieties.
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Salinas and Sinches (1976) present a hteratuie review on
ditferences among species and varictios in relation o fow
levels of availabic Poin the soil. There s
appreciable diff :rence among speeies with respect to the
external and internal eritical fevels of P The most tolenant
annual crops and tropical pastures to fow levels of Pare rice,
Cissava, Stvlosanthes hunulis, Sty fo-
santhes sanensis, Stelisantaes capiraia, Centrosema pribes-
cersoand udropogon cavanas. Four mechanisms are cited by

Salinas and Sinches to explain these differences: root exten-

sweel potatoes, corn,

son, root exudation, intfluence of mycorrhiza tungi, and th-
difterences i Pabsorption and transloeation rates in relation
torowth rites,

Fhere s some lomited evidence suggesting that tolerance to
high Al saturation and low P masy occur together in some
A taster translocation rate of Pon the
roots to the top and Ca translocation seem 1o be the main

species i acid soils.
factors accounting tor these differences

Conclusion

Increase in food production due to correction of P deficiency
in the acid tropical soils of Latin America can be achieved

cuidence of

through a number of approaches. vhe chennstry of fertilizer
redctions i these soils s not unigue and, therelore, conven-
tonalfertilization practices can be expeeted to be satistactorny
from an aronomie point of view. In the region deseribed in
this hook howe e o iunitions to standan d aprroaches
are tregquently encouni-=red due 1o the scarcity or gh cost of
soluble phosphate tertinzess. Tn those conditions, stgntticant
vicld ane ases can be achieved wath substantially reduced
cost through the use of Jow-cost fertilizer sonrees, such s
ey ground phospinate rock: the e ol adequitte placement
and rates of Poterulizans towethersand, where practical. the
selection of plant species tolerant 1o low P leyels,

While st s generally aceepred that P is the maos limitng
plant nutrient in the regron, full benefit from ms estment m
phosphate tortilizer, regardless of source, can only be sus-
tarned with a complete ferilizer me tnagement strategy, Onee
the rate of plant growth s increased by rehieving the
phosphors imntation, the increased uptiahe of NUK, Ca, Mg,

S, and micronutrients must also be compensated.



Chapter 8.

LEACHING LOSSES AND

IMPROVEMENT OF SAVANNA AND

Perhaps as much as 756 of the central lowland region of
tropical America has soils that may be deseribed as leached
actd sotls or runasevere tisk of turther chemical degradation
oused unwiselyv, These include a large percentage of the
Oxisols, Uliisols, and Spodosols and some Alfisols and
Incepuisols. Land clearing practices, cropping patterns, and
soib amendments and fertilizers may degrade, maintain, or
even improve soil fertihity, Consequently, this chapter con-
stders some of the underlving principles that are emerging
concerning the management of the fertility of these soils,
espectally g they refate to the comparison of savanna and

torest conditions.

Propensity of Soils
to Leach

Leaching in soils s sometimes referred to as “chemical
crosion.” It may be detined as the movement of nutrients in
soif solution away from the rhizosphere, the region of soil in
which plant roots are found. To fully appreciate the suscepti-
bility of w soil to Jeach if used for a specific purpose. the
mteractions of climate, vegetation, soil biotic factors, and
mineratogical status must be constdered.

While climate, vegetation, and soil hiotic tfactors are
unnersally aceepred as variables, itis not so well recognized
that the sotl mineralogical status is also a variable. The clay
fractions ot many soils have both positively and negatively
charged surtaces: these charges, measured in terms of their
effective catton-exchange capacities, arc pH-dependent.

Variable Charge Soils

Asshown by Cochrane etal. (198 T), many ot the soils of the
regton classity as varable charged (Map 23 A proportion of
these sols may in fact have s sabsoil horizon that is negatively
L'h.ll“lk.'\' aecordimg tothe delta [\l Jrest. PI [H O pl TRCT (1
negative, sotls are negatively charged: it positive, soils are
posttively charged.) s assumed that such horizons have a
preater capacity o retinanions than cations, Fortunatelv, as
shown by Map 240 the comparative extension of these soils is
not great. Nevertheless, they serve o emphasize that the
charge characteristios of many sonis of the region are a
variable. This picture contrasts with many temperate regions
of the world where soil parent materials are often relatively
voung and the principle clay minerals are the 2:1 types. These
have virtually a permanent negative charge, or at least one
which 15 not greatly affected by variations in pH, ionic

FOREST SCILS

strenght, or the dielectric constant of the soil sol. ..

The variable-charge exchange-capacity of many tropical
sotls has been studied by many authors including vion Ranjand
Peech (1972), Gillman (1974). Keng and Uchara (1974), El-
Swatfy and Saveth (1975), Galles et al. (1976), Gillman and
Bell (19763, Morais et al. (1976), and Cochrane and Sousa
(1983 for Brazilian soils. The latter workers have developed a
simple methodology for measuring cation- and anion-cex-
change capacities and both exchangeable cations and anions
in acid mneral sorls that provides o new approach tor
approximating soil surface variable-charge exchange-capic-
v analyses to field conditions, Tropical soils have by and
large been formed from old weathered materials and are
usually rich i residual materials, principaily kaolinitic tvpe
clavs and iron and aluminium oxides, As em:hasized by
Gillman (1979) the surtace charge of their clavs are dependent
on pH. donie strength, dielectrie constant, and even the
counterion vileney of the soil solution,

Leaching anions. Because of the variable-charge
exchange-capricity nature of many of the soils in the region,
they have both a cation-exchange capacity and an anion-
exchange capacitys the former is responsible for retaining
nutrient bases. principally Catt, Mpt+ K+, Nat, Mntt,
ALt and the latter antons including NO7 SO HCO
and CLoIn the soil solutions, the madn anions are NO and
SO, wath lesser amounts of CI7and HCOT, although the
amounts of free bicarbonate lons that can exist in acidic
solutions, except just on the acid side of nentrality, are
extremely small (Nve and Greenland, 1965),

It nitrates, sulphates, or chlorides are added to the soil
wolution, some will be absorbed, depending on the anion
capacity of a soil. Howcever, most will remain in the soil
solution where they must alvays be balanced by cations. The
main cations that balance these anions in soil solution are
CatioMpt R and HLOPD with AP Y becoming
important in soils with pH lower than 8.3, Conversely, il
cations are added to the soil. some will be absorbed on the soil
surfaces, but the remainder will stav in solution, where they
st be balanced by anions, In other words., for any soi', the
total concentration of “ations in the soil volution depends on
the total concentration of anions, and vice-versa; they must

halance.

Changing charge characteristics., To compli-
cate matters, the addition of significant quantities of nutrient
cationsandanions, and particularly soil amendments such as
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lime, can produce a change in the charge characteristics of

many of these soils; this will maodity the ability of a sor! to
restrain the loss of nutrients through feaching. Unfortunately,
studies of the effect of soil amendiments on the surface charge
of the soils are still virtwally at the “identification of a4
potentiul problem™ stage, and much work needs to be done
before the full implications of the phenomenon can be
translated into practical farming (erms.

Organic Matter

Other wins exist to modity the catton-exchange capacity ot a
solcthe meorpozatior of organic matter s an example. Theee
are many practical farming expertences of successtul sonl
minagement thiough draconian measures imvohang the

incorporation of organic matter. but there are examples of

successtul management with minnal mput.such as the use ot
single superphosphate in Planattma, Brazil, What is evident
that s ditficult o get something tor nothing, and that i s
ciasy Lo lose iputs oo much of the wrong tvpe s apploed

Soil-Water Percolation

Leaching cannot occur unless water pereokites threugh soul,
The amount of percolation will depend on the phyaca!
properties of sorl that enable them to hold and otherw ise
restrirn water movements away from them. the chimatic water
balance, and the type ot verehntive coverimg atud i stage ot
growth.

Sl monsture-holdimg capaitics vary comsiderablhy o Aj-
though clay sonls generally hold more moistire then andy
sotlvomany claves Onisols have ol moisture-holding sy ac-
hesapproaching those of light-testired soils. In fact, the low
monsture-holding capacities of Oxisols in the isothermic
savanimas of Central Brazil exaggerate the impact of the so-
called yeramcos, or Indvan summers, the irregular periods of
drought occurring during the wet season.

Climate water-balance patterns, as already emphasized in
Chapter 3, vary from ccossatem 1o ceonystenmy; clearly in the
context of percolation. these must be qualified by the soil
moisture-holding capacities.

The type of vegetation or cropeovening ats stiage of growth,
and the rate atwhich it transpires (or, 1o putitcerudely, how it
pumps water out of a soil) will have a significant effect on the
rite of soil-moisture percolation, Transpiration will obvi-
owsly proceed apace during periods of high potential evapo-
transpiration, and vice-versa, alwavs providing that soil
moisture is not limiting. The “root-room™ of soil, or the
suitability of the soil for root development in both a physical
and chemical sense, will affect pereolation and consequentl:
teaching losses, particularly it roots can penetrate deeply. A
good vegetative cover is obviously a prerequisite to ameliorate
water percolation and consequent loss of nutrients.

Nitrogen Flushes
and Leaching

Nitrogen flushes were first described by Hardy (1946). These
oceur in tropical soils with a marked dry season. They often
follow a pattern of gradual nitrate build-upin the dry scason,
a rapid but short-lived increase at the start of the wet season,
anda rapid tapering off as the dry season progiesses. Flushes
are most marked in ustic moisture conditions.

s probable that the rapid build-up of microbial activity,
partieularhy nivrifving bacteriaat the start of the wet seison, iy
associated with N mineralization (Birch. 1958): this procecds
faster at the lower €8 ratios resilting from - dry-season
pertod. More recentls, Semb and Robinson (1969) have
proven that nitrification - an take place ut the very low soil-
moisture tenstonsthelow DS Dars)tound 1o subsoils during the
dry season.

Wild 1972y showed that mitrates move upwaid from the
subsorl to the topsoil durmg the dry season. Comversely, Semb
and Rabimson (1969 taund NO - miovemenis to the subsorl
atter the il “Mush™ at the stert of the wet ssitson: as the
excess of mitrates must be balanced by nutrient cattons, the
phenomenon contd result i constderable soil leaching (losses
otvationsaswellas valuable Ny unless plint toots can absorl
sotl monstuare and soavord a permancnt loss of nutrients from
the plant thizosphere. Interestingly, Kinjo and Pratt (1971}
ndreate that nitrate leaching may be reduced if the subsoil has
aaceree ol amon-exchange capacity.

Leaching Trends in
Savannas and rForests

Mthough few studies hive been recorded in tropical America,
there s evidence that nitrates will move with percolating soil
morture, beyond the main actively growing rhizosphere,
soon atter the start of the wet season, in savanna conditions
1 Sabas, CIAT, pers. comme), I s probable that this
phenomenon aggrasates the very leached, acid condition very
commonly found in these regions. The nitrazes and ac-
companying cations pereolite down the soil profile faster
than the mam hody of roots grows, or faser than those which
survive the dry season can absorb soi moisture. Once grass
roots are well established. losses are considerably reduced:
however by that time the main effect of the *flush” of nitrates
I over,

Incontrast to savannas, Nyeand Greenland (1960) report
that there are many studies on forest soils w hich indicate a
minimum of leaching bevond 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 efficien mechanism to absorb
pereolating water. Second, much moisture. at least that from
tight rainfalls, is held on the leaves of treen and absorbed
directly, or is absorhed by the leal Ltter: consequently, the
amount of water physically entering the soil is reduced. Third,
with the exception of a proportion of the semi-evergreen
seasonal forests, the dry season is generally not so severe
under forest as under 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-cyeling, which largely avoids a net
leaching of plant nutrients.

It should also be noted that not only are forests much more
effective in reeveling nutrients than savannas, but also they
provide a much greater storchouse for nutrients. In a certain
sense, they may be described = being able to “leach” sails:
they have a maximum ability to withdraw nutrients from a
soiland use them to produce biomass, Recyeling nutrients via
leaf fail and tree aging and decay is probably only a casual
phenomenon. Consequently, under their native vegetation,
many forest soils are as chemically poor as their savanna
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counterpairts derived trom sinilar parent materials.

Comparative figures of nutrients stored i forests versus
savanna vegetatton are not avidlable for the region, but data
from the Atrican continent (Vine, 1968) would indicate that
forests may store up to 10 times the amounts of nutrients
stored by savannas. Fhis, however, vanies betwesntorestsand
according to the arboreal content of savannas; Vine records
figures to show that savarnas with g high arboreal content
hitve a greater reservorr of plant nutrients than do the open
grasslind tvpes.

Fertility Improvement in
Savannas and Forests

1t 1s pood sense to ensure that nutrients stored in biomass are
returned to soils by burning and producing ash, it tands are to
be cleared of their origimal vegetation and used foragriculture.
This simple stratagent has been used by trapical bush farmers
tor thousands of years, This is particularhy important in the
case of forests, but may also be of sigmficance in savannas
with i constderable arboread biomass content, such as the
Cerradio.

Nevertheless, for most savannas, which do not have a
significant biomass, improvement of their soils, if these are
wedthered and leached, most largels rely on correcting
toxicity problems and fertilization. Care must be taken in
fertilization and the application of amendments to avoid
signiticant losses o the original costly inputs. Further, excess
liming has often been responsible for inducing nutrient
deficiencies, especially of Zn (Spain, 1976).

The "nitrogen flush™ effect is particularly severe insavanna
regions; fertihzation and soil-ameadment practices such as
liming are best designed 1o take this phenomenon into
account. Cropsand pastures should be selected and managed.,
insolarasitis possible, to helpavoid excess nitrate leaching at
the start f the dry season. Nitrogen fertilizer treatments tor
many crops mav best be delaved until atter the effect of the
initial nitrogen tlush has passed. Conversely, in liming
practices to ameliorate high soil Al levels for those crops
sensitive 1o Al or to overcome 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,

Table 8-3.
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lime should beincorporated at the start of the we' season or,if
feasible, betore the sttt of the wet season. Work toinprove
management practices through i better undenstandimy of the
nitrogen ttush and anion leaching generadly counld fead to
higher, more stable production in the savannas.

In contrast with many savanna sotls, weathered, leached
forest sotls can wsvally be significantly improved by the
incorporation of nutrients stored in their biomass through
burning. Experiences o the clearing of forests bas been
detinled in Cochrane and Sianches (19823, One of the most
spectaculir demonstriations of the eftect of burning after
cutting in sty has been recorded by Falest 11976), Table 8-1
records data from Falesi's work (Serrao etal., 1978) in which
semi-evergresn seisonal forest growing on an Oxisol near
Paragominas, along the Belém-Brasilia highway, was cut,
burned, and transformed into pasture. The marked mprove-
ment in topsoil chemical propertics is evident: burning and
the mcorporation of ash completely changed nutrient
properties.

What is of ever more interest is that these changes persist
for many vears under grass cultivation, with the exception of
P levels. Probably soil Nois fargely tied up by the grass, and
little leaching takes place. The climatic regime in this
circumstance woula also help avoid the excessive nitrogen-
Tush effect of the savannas.

Notalfresults related to burning forests and the subsequent
management of improved soil fertlity are as promising as
those indicated from Falesi's work, as demonstrated by
Cochrane and Sdanchez (1982). [tis probable that tropical rain
forests present a more difficult sitnation, partly due to the
problems of burning these forests in their more humid
climate. Noris itimplied that cutting and burning even semi-
evergreen seasonal forests will solve soil fertility problems for
all crops. Asindicated by Morin (1977), cutting and burning
forests growing on soils with a higher fertility status due to
better parent matevials, specifically the Alfisols of Altamira
along the transamazonic highway of Brazil, results in much
better crops than cutting and burning forests on intrinsically
tess fertile lands. The fundamental fertility of a soil will have a
very significant effect oncrop production, and the selection of
supertor sotls in both savanna and forest circumstances will
facilitate farming success.

Average chemical composition of the topsoil (0-20 cm) of an Oxisol under semi-evergreen seasonal

forest and Panicum maximum pastures of different ages in the praximity of Paragominas, Para, Brazil.

Topsoil Clay oM N pH Exchangeable Available Al
(H,0) Catt Myt taltid K P Sat,

(%) {meq/100 g) {(ppm) {%)

Forest 65 279 0.16 4.4 1.47 1.8 23 1 53
1 year pasture 50 2.04 0.09 6.5 7.53 0.0 k1 10 0
3 years pasture 60 3.09 0.18 6.9 7.80 0.0 78 n 0
4 years pasture 55 2,20 0.11 5.4 3.02 0.2 62 2 6
5 years pasture 50 1.90 0.10 5.7 2.81 0.2 66 3 6
6 years pasture 51 1.90 0.09 6.0 3.64 0.0 74 7 0
7 years pasture 48 177 0.08 57 2,61 0.0 47 1 0
8 years pasture 52 1.69 0.08 5.4 2.10 0.0 39 1 0
9 years pasture 50 2.34 on 5.9 4.10 0.1 70 2 2
11 years pasture 45 3.37 0.15 6.0 4.10 0.0 86 1 0
13 years pasture 62 2,80 0.20 5.6 4.80 0.0 54 1 0

Source: Serrdo et al, 1978,
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Chapter 9.

ADAPTING SEED-BASED AGROTECHNOLOGY
TO LOCAL CONDITIONS:

Agronamists and farmers everywhere are keenly aware of the
need tor new crop varieties and cultivars to improve produc-

tion. However, they are often faced with the problem of

judging the suitability of avirriety, which has proven superior
ehewhere, tor a local climate and soil condition. The Land
Systems Map and data base provide a convenient geographi-
cal orientation of climate, lindscape, and soil parameters for
this purpose, Becatse the majority ol agronomists five in rural
arcas without aceess to computer facilities, the data base,
using summarized formats, has been published as Volume 3,
the Computer Summary and Soil Profile Pescriptions of the
Land Systems. Part 1 summarizes the landscape and soil
features of all the Land systems mapped, as detailed below.
Part 2isaselection of meteorological data sets taken from the
Hancock etal. (1979) collection, which may be nsed to help
approximate clmatic conditions in any given land svstem.
Part 3 records a range of wypical soil profiles to provide an
in-depth guide to help with the visualization and interpretation
of soil properties.

This chapter explains how these data may be used for local
agricultural planning.

Transferring Technology
Based on Land Systems

The comparison of land systems is a useful starting point for
the transfer of seed-based agrotechnology throughout the
region. Their environmental descriptors also provide a basis
for the more selective introduction of promising cultivars
from other parts of the tropical world, with known climate
and soil condittons. Unfortunately, the presence of biotic
tactors, including pests and discases, against which an
otherwise promising cultivar may have livtle or no resistance,
is not always known; such may exclude the use of those
cultivars in @ given land system or even more an entire
continent, asis the case of cassava varieties with no resistance
to African mosaic disease.

Within certain limits, it may be possible to develop
agr comic practices for local climate=soil environment to
take advantage of promising cultivars adapted to apparently
different environments elsewhere. Climates must be con-
stdered in relation to the type of crop being grown. For
perennial crops, the annual climatic patterns should comncide.
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

SOME GU!DELINES

different overall climatic patterns. What is important is to try
to match the water-bidance, energy regimes, day lengths, and
so on, to ensure that the local climatic conditions duning the
lite evele of the promising cultivis are compatible with those
in which they were originally develsped.

OF the nonbiotic factors affecting the successtul introduc-
ton of promising cultivars, perhaps the most tricky to assess
ts the ability of Tocal soils to meet their nutrient needs without
the use of uneconomic applications of soil amendments. This
is particularly true in the underdeveloped, acid-infertile soil
circumstances, where the specific traits desired in a cultivar
may be tolerance to excessive aluminium (sce Appendix 2)
and low phosphite availability,

Enhancing Soil Fertiiity
Information

temight be emphasized that although much information can
be deduced fronysmalt-seale maps, including the land systems
maps, these maps are scale limited; consequently, in the
absence of detailed soil studies, it will often be necessary for
agronomists to enhiancee 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 1o be probable soil
nutrient problems. Visual crop deficiency symptoms seen in
any area also help. In fact, the presence or absence of the
minor and trace clement constraints recorded in the land-
systems printouts in Yolume 3 were often confirmed by
observing visnal symptoms on crops. In his study of the
tropical lowlands of Bohivia, Cochrane ( 1973) paid particular
attention to the identification of visual deficiency symptoms
on Dwarf Cavendish bananas (sce Photo Plate 32).

For many undeveloped areas, especially where soil fertility
has been fittle wifected by the incorporation of soil amend-
ments, the value of a sl survey can be enormously enhanced,
witha minimum of effort, if a number of soil profiles, oreven
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 10 1%
topsoil sumples, spaced over a relatively constant soil unit,
will provide an adequate population in a statistical sense, to
calculate means, standard deviations, and correlations be-
tween soil cheical properties; these are meaningful for
helping to understand soil fertility. By this procedure, outlined
in Appendix 3, unnecessarily repetitive soil sampling is
avoided, and soil analytical time can be profitably spent in
carrving out as complete a set of analyses as vossible.
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Most routine soil survey sample analvses are restricted to

deseribing the more “permunent™ soil properties. The case of

total mineral analyses oceasionally excepted, ey rarely
provide complete major, minor, and trace element amalyaes as
now commonly carried out for sal fertiling investigations. In
fiact, the lack of minor and trace clement analvtical data
throughout the region surveved was partteularhy disappoint-
ing. Part of the reason for this is historical. In the pist, minog
and especialtly trace element analyses were difficult and costly.
The advent of atomic absorption spectrometry in the 19605
changed this situation. Unfortunately. old habits die hard.

The methodology developed was tested in the conteat of the
present work on land system No. 201, in which the 1CA
(Instituto Colombiano Agropecuario)-CIAT Carimagaa agri-
cultural station is located, and results are recordad in
Appendix 3 The resulis of identifving soil toxicity problems,
probable nutrient deficiency problems, and puossible nutrient
problems compare well with the actual findings from CTAT s
experimental work over the past 12 vears. The approach
advocates a breakaway from normal dogma concerning the
collection of soil samples for fertitity analysis, which involve
making artificial composite samples from 12 to 20 sub-
samples.

Field Trials

Although soil information can be considerably enhanced by a
relatively minor amount of work, field trials must still be
carried out to quantity the nutrient needs of promising crop
cultivars. Unfortunately, in many lesser developed circumstan-
ces,progress is often slow and recommendations incomplete.

Insupplying fertilizer recommendations for the new genera-

tions of crop and pasture plant cultivars with a degree of

tolerance to soil toxicities and low nutrient levels. it is
Recessary Lo use proven, comprehensive, but time-saving
methods to establish recommendations. In many tropical

and nutrient

deficiencies, imiting Lictors nuy incoade minor o trie-

fnds, s addition o soil toaicities IR
clement deticienares o mbabanees: ansequentthy the mcethod-
ology adopted must provide o means of renttvimy these
problems as quickly as posable. Tn this respect, Cochrane
(1979) has shown that within a time span of Jess than 2 vears,
he was able to adenuty both minor and tace clements in
field-proven conditions in Santa Ceng, Rohvia,

This methodology, which involves the monitoring ot freld
trials through comparative tissue analvses, his been recorded
m-Appendi dThe philosophy of the approach sims 1
starting Feld trials as soon as possible and maximizing
mformation by subjecting tissue analysis data tiken on i plot
by plot basis, at a predetermined stage of crop growth to the
same statstical analvsis as vic'd data.

Summary

The land-systems data base provides o geograpin :al and
technice! base to guide the successtul transter of seed-based
agrotechnology both throughout the region and from other
parts of the tropics. Nevertheless, technologies developed
elsewhere must be proven in the local citcumstance, The
technique suggested for enhancing the soil fertility informa-
tion to help with the selection of treatments in field trials and
the comparative tissue analysis methodolopy suggested for
maximizing information from such trials are both particulaily
relevant to tropical areas with limited research facilities.

The use of the land-system data base and complementary
agronomic technigues should lead to the selection of high-
vielding crop varicties with furm-ctfectiv» fertilizer recom-
mendations 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 = nd use of
the soil resources in tropical South America.
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Epilogue.

DEVELOPING LAND SYSTEMS MAPS

This work demonstrates the feasibility of undertaking a
comprehensive assessment of tropical land resources on a
continental basis, piven the support of national scientists. ina
short period of time. The computerized Lind-systems ap-
proach tacilitates the synthesis and management of infor-
maton now avatlable in various forms i mans oreanizations

throughout the world. It permits thoraugh analvsis of

climate, Landscape, and sonl factors, and provides rapid
means of quantitvimg these environmental constritints for
specifying the desiable germplasm traits for pasture and crop

cultivars, Tt prosides a geographical base tor the transter of

successtul seed-based agrotechnologies from one location to
another. and brings to light general research needs.

It complements work being ciurried out by national pro-
gramsand help thevare receiving frons international projects,
including the FAO land resource studies; activities in the
International Soils Muoseum, Wagenir-en; the U.S. AlD-
funded Soil Management Support Services and IBSNAT
(International Benchmark Sites Network for Agrotechnolog.
Transter) programs based at the { Tniversity of Hawatiand the
University of Pucrto Rico: and the tropical soits research
program at North Carolina State University,

The land-systems data base is already being putto good u-e
in developing and transferring new pasture-plant and food-
crop cultivars over tropical America. and is proving a novel
way to investigate basic climate/landseape/vegetation/:.oil
relationships per se. However, expericnce shows that ciop
cultivars often do just as well in continents away from therr

FOR OTHER AREAS

centers of development, always providing climate and soil
circumstances are comparable (Purseghove, 19743, [ s inter-
esting ta refleet, therelore, that tremendous mutual benefits
lie in store for all countries it similar surveys and analvses
could be extended throughout the tropics in general.

With a tropic-wide Tand-systems base, crop varieties and
agrotechnologies successtully developed in one tropical eco-
system could then be transferred o other environmentally
compatible arcis with o niuch greater degree of potential
suecess than s currently possible. This is not to suggest that
production difficulties will not arise. Every condnent has
specific biological problems (pests, discases, weeds, and soil
microorganisms) that could affeet the successtul transfer of
technologies. Nevertheless, considerable time and effort will
besrred by ensuring compatible matches between seed-based
agrotechnologies and climate-soil environments, rather than
using the “hit or miss™ methods still Targelv in vogue today.

There would be many additional benefits arising from such
a global information system. Not the least would be the
progressive build-up ot information on cultivars well-adapted
to the many climate-soil environments of the tropics, en-
hancing the ability of nations to better plan and manage
production problems in environmentally, socially, or eco-
nomically fragile regions. Inshort, a tropic-wide land-systen:s
data base would be an invaluable resource for individua'
nations now striving to meet the esealating need for food inan
ever-changing world.
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APPENDIX 1.

APPROXIMATE EQUIVALENCE BETWEEN SOIL
TAXONOMY GREAT GROUPS, THE FAO SOIL
MAP LEGEND, AND THE BRAZILIAN SOIL
CLASSIFICATION SYSTEM

Sources:
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 regious
norte, meio-norte e centro-oeste do Brasil. Bol. Tec. 17. Centro de
Pesquisas Pedolégicas, EMBRAPA (Empresa Brasileira de Pesquisa Agro-
pecuaria), 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 Brazilian Classification
Alfisols Luvisols (3) Terra Roxa Estruturada (3)
EutricNitosols (3)—_______ Podzélico Vermelho Amarelo
Equivalente Eutréfico (3)
Aqualfs Gleyic Luvisols (1)

Albagualfs _____ Eutric Planosols (1,2) . Planosols (1)
Orthic Solonetz (1) Solos Hidromérficos
Cinzentos Eutréficos (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 __ EutricGleysols{2) _________ Solos Gley Pouco Humicos.
Eutréficos (2)
EutricPlanosols(2) ______ Solos Hidromérficos
Cinzentos Eutréficos (2)

Umbraqualfs
Boralfs
Cryoboralfs
Eutroboralfs ____ Albic Luvisols (1)
Fragiboralfs
Glossoboralfs______ Eutric Podzoluvisols (1)

Natriboralfs
Paleoboralfs
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Udalfs
Agrudalfs
Ferrudalfs
Fragiudalfs
Fraglossudalfs
Glussudalfs ________ Eutric Podzoluvisols (1)
Hapludalfs . Orthic Luvisols (1)
Natrudalfs
Paleudalfs_________ Eutric Nitosols (1, 2) . Terra Roxa Estruturada
medium to high base status (1)
FerricLuvisols (2)_—________ Lateritico Bruno Avermelhado
Eutréfico (2)
Podzélico Vermelho Amarelo
Equivalente Eutréfico (2)

Rhodudalfs __ _____ Eutric Nitosols (1}
Tropudalfs- . Eutric Nitosols () Terra Roxa Estruturads
medium to high base status (1)
Ferric Luvisols (2) — | aterftico Bruno Avermelhado
Eutréfico (2)
Podzélico Vermelho Amarelo
Equivalente Eutréfico (2)

Ustalfs
Durustalfs
Haplustalfs _______ Calcic Luvisols (1)—______ Podzélico Vermelho Amarelo
Equivalente Eutréfico (2)
Ferric Luvisols (2)
— 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
Eutréfico (2)
Ferric Luvisols (2) Podzdlico Vermelho Amarelo
Equivalente Eutréfico (2)
Plinthustalfs . Plinthic Luvisols (1,2 \Laterita Hidromérfica Eutréfica (2)
Rhodustalfs . Luvic Yermosols (1) .—— ___ Terra Roxa Estruturada medium
to high base status (1)
FerricLuvisols (2} Podz6lico Vermelho Amarelo
Equivalente Eutréfico (2)
Solos Brunos n&o Célcicos (2)

Natrustalfs

Xeralfs
Durixeralfs
Haploxeralfs________ Chromic Luvisols (1)
Orthic Luvisols (1)
Natrixeralfs_________ Qrthic Solonetz (m
Palexeralfs . Eutric Planosol (1) —_____ Planosol {1)
Plinthoxeralfs_________ Plinthic Luvisols (1)
Rhodoxeralfs _____ Chromic Luvisols (1}

Aridisols Typic Yermosols (1) ________ Soils with Natric B horizon (3)

Argids Luvic Yermosols (1)
Durargids —____ | uvic Xerosols (1)
Haplargids Luvic Xerosols (1)
Nadurargids .. Qrthic Solonetz (1)
Natrargids__________ Orthic Solonetz (n
Paleargids__________ Eutric Planosols (1) ——__ Planosol (1)
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Orthids
Calciorthids Calcic Xerols (1)

Camborthids_

Durorthids

Gypsiorthids __.___

Paleorthids
Salorthids

Entisols

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

Orthic Solonchaks (1)

Regosols (3)

Aquents
Cryaquents
Fluvaquents
Haplaquents
Hvdraquents
Psammaquents
Sulfaquents
Tropaquents

Arents
Arents

Fluvents
Cryofluvents
Torrifluvents
Tropofluvents

Udifluvents
Ustifluvents
Xerofluvents

Orthents __
Cryorthents
Torriorthents
iroporthents
Udorthents
Ustorthents
Xerorthents

Psamments

Cryopsamments
Quartzipsamments

Torripsamments

Udipsamments
Ustipsamments

Xeropsamments

Histosols

Eu-Dystric Gleysols (1)
Eu-Dystric Gleysols (1)

Eu-Dystric Gleysols (1)

——— Fluvisols (1)

Eu-Dystric Fluvisols (1)
Dystric Cambisols (1)
Gleyic Cambisols {1}

Regosols (1}
Gelic Regosols (1)

Regosols (1)

— Solos Gley Pouco Humicos
Distréficos y Eutréficos (2)

Solos Aluviais Eutréficos y
Distréficos (2)

Red and Yellow Sands (3}

Arenosols (1)
Ferralic Arenosols (3)
Gelic Regosols (1)
Albic Arenosols (1)
Ferralic Arenosols (2)

Albic Arenosols (1, 2)
Albic Arencsols (1)

Histosols (1)

Inceptisols

Red and Yellow Sands (1)

Areias Quartzosas Vermelhas
Amarelas (2)

Areias Cinzentas com fragipan (2)

Solos Organicos (2)

Cambisols (3}
Andosols (1)

Andepts

Soils with incipiant B horizon (3)
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Cryandepts
Durandepts
Dystrandepts ___

Eutrandepts _
Hydrandepts
Placandepts
Vitrandepts

Aquepts
Andaquepts
Cryaquepts
Fragiaquepts
Halaquepts

Haplaquepis
Humaquepts
Placaquepts
Plinthaquepts

Sulfaquepts
Tropaquepts

Ochrepts
Cryochrepts
Durochrepts
Dystrochrepts
Eutrochrepts

Fragiochrepts
Ustochrepts

Xerochrepts

Plaggepts
Plaggepts

Tropepts
(Oxic Tropepts)
Dystropepts
Eutropepts
Humitropepts
Somoritropepts
Ustropepts

Umbrepts
Cryumbrepts
Fragiumbrepts
Haplumbrepts

Xerumbrepts

Mollisols

Albolls
Argialbolls
Natralbolls

Ochric Andosols (1)
Humic Andosols (1)
Mollic Andosols (1)

- Humic Andosols (1)

. Vitric Andosols (1)

Eu-Dystric Gleysois (1)
Gelic Gleysols (1)
Eu-Dystric Gleysols (1)
Gleyic Solonchak (2)

Eu-Dystric Gleysols (1)
Humic Gleysols (1)

Plinthic Gleysols (1, 2)
Plinthic Acrisols (2)
Plinthic Ferralsols

Eu-Dystric Gleysols (1, 2}
Humic Gleysols (2)

Gelic Cambisols (1)

Dystric Cambisols (1)
Eutric Cambisols (1)
Calcic Cambisols (1)

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

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

Humic Cambisols (1)

Humic Cambisols (1)
Rankers (1)

Mollic Planosols (1)
Mollic Solonetz (1)

. Solos Salinos Costeiros

Indiscriminados (2)

Laterita Hidromérfica Distréfica (2)

Solos Gley Humicos Distréficos ¢
Solos Giey Pouco Humicos
Distréficos (2)
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Aquolls
Argiaquolls . Gleyic Phaeozems (1) — Solos Gley Humicos Eutréficos (2)
Mollic Gleysols (1, 2)
Calciaquolls
Cryaquolis
Duraquolls
Haplaquolis .—— Mollic Gleysols (1,2} Solos Gley Humicos Eutréficos (2)
Natraquolls
Borolls
Argiborolls —_____ Orthic Greyzems (1)
Luvic Chernozems (1)
Calciborolls.___________ Calcic Chernozems (1)
Cryoborolls
Haploborolls______ Haplic Chermozems (1}
Natriborolls________ Mollic Sclonetz (1)
Peleborolls
Vermiborolls________ Haplic Chernozems (1)
Rendolls
Rendolls ——______ Rendzinas (1)
Udolls
Argiudolls —___ Luvic Phaeozems (1,2) — — Brunizem Avermelhado (2)
Hapludolls________ Haplic Phaeozems (1)
Eutric Fluvisols (1) . Solos Aluviais Eutréficos (2)
Paleudolls . Luvic Phaeozems (1,2} Brunizem Avermelhado (2)
Vermudolls _—__.____ Calcic Phacozems (1)
Ustolls
Argiustolls ——— Luvic Phaeozems (1)
Luvic Kastanozems{1) — . Brunizem Avermelhado (2)
Calciustolls . Calcic Kastanozems (2)
Durustolls
Haplustolls . Haplic Kastanozems (1}
Natrustolls —_ Mollic Solonetz (1)
Paleustolls ______. Luvic Phaeozems {1,2)—_____ Brunizem Avermelhado (2)
Vermustolls
Xerolls
Argixerolls
Calcixerolls
Durixerolls
Haploxerolls
Natrixerolls__________ Mollic Solonetz (1)
Palexerolls
Oxisols
Aquox
Gibbsiaquox
Ochraquox —___ DystricGleysols(2) —_ Solos Gley Pouco Humizos
Distréficos y Eutréficos (2)
Plinthaquox —______ Plinthic Ferralsols (1,2) ________ Laterita Hidromérfica Distréfica (2)
Plinthic Gleysols (1, 2)
Plinthic Acrisols (2)
Umbraquox—— HumicGleysols (2} Solos Gley Humicos Distréficos (2)
Humox
Acrohumox

Gibbsihumox
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Haplohumox
Sombrihumox
Orthox Orthic, Acrix y Xantic
Ferralsols (3)
Acrorthox —______ _ ___ Acric Ferralsols{1,2) _____ Latosol Vermelho Amarelo
Distréfico (2)
Orthic Ferralsols (1, 2) ____ Latosol Vermelho Escuro
Distréfico (2)
Rhodic Ferralsols (1, 2) (Rhodic Ferralsol=) Latosol Roxo (1)
Hutnic Ferralsols (2)
Eutrorthox—____ ___ Orthic Ferralsols (1) - Latosol Roxo Eutréfico (2)

Gibbsiorthox

Haplorthox ___

Sombriorthox
Umbriorthox

Torrox

Ustox

Acrustox .

Eutrustox

Sombriust
Haplustox

————

oX
—_—

Rhodic Ferralsols (1,2, 3)___ Latoso! Vermelho Escuro Eutréfico {2)
Latosol Roxo ou Terra Roxa
Legitima (Dusky Red Latosol) (3)

Acric Ferralsols (1) Latosol Amarelo Distréfico (2)
Orthic Ferralsols (1) Latoso! Roxo Distréfico (2)
Rhodic Ferralsols {1, 2) Latoso! Vermelho Amarelo
Distréfico {2)
Xantic Ferralsols {(1,2) ____ Latosol Vermelho Escuro Distréfico (2)
Humic Ferralsols {2} {Xantic F=) Pale Yellow Latosol (1)
(Rhadic F=) Latosol Roxo (1)

Xantic Ferralsols {1)
Humic Ferralsols (1)

Rhodic Ferralsols (1} Latosol Vermelho Amarelo
Eutréfico y Distréfico (2)
Acric Ferralsols (1, 2) Red Yellow Latosol (1)

Orthic Ferralsols (1, 2)
Humic Ferralsols {2)

Orthic Ferralsols ()—— ___ Latosol Amarelo (3)
Acric Ferralsols (B)—Qt_ _ __ Latosol Vermelho Amarelo (3)
Xantic Ferralsols (3)___ ——— Latosol Vermelho Escuro (3)
Orthic Ferralsols (1) Latosol Vermelho Amarelo
Distréfico (2)
AcricFerralsols (1,2) ___ Latosol Vermelho Escuro
Distréfico (2)
Rhodic Ferralsols (2)
Humic Ferralsols (2)
Orthic Ferralsols (1,2) ___ Latosol Roxo Eutréfico (2)
Rhodic Ferralsols (1, 2, 3)—_ _ Latosol Vermelho Amarelo
Eutrdfico (2)
Latoso! Vermelho Escuro
Eutréfico (2)
Latosol Roxo ou Terra Roxa
Legitima (Dusky Red Latosol) (3)

Orthic Ferralsols (1} Latosol Roxo Distréfico (2)

Acric Ferralsols (1, 2) _________ Latosol Vermelho Amarelo
Distréfico (2)

Rhodic Ferralsols (2) Latosol Vermelho Escuro
Distréfico (2)

Humic Ferralsols (2)
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Ultisols

Spodosols .

Aquods
Cryaquods
Duraquods
Fragiaquods
Haplaquods
Placaquods
Sideraquods
Tropaquods

Ferrods
Ferrods . . _

Humods
Cryohumods
Fragihumods
Haplohumods
Placohumods
Tropohumods

Aquults
Albaquults

Fragiaquuits
Ochraquults
Paleaquults
Plinthaquults

Tropaquults

Umbraquults

Humults
Haplohumults
Plaehumults
Plinthohumults
Sombrihumults
Tropohumulits

Udults
Fragiudults
Hapludults

Paleudults

Plinthudults

Podzols (1)

Gleyic Podzols (1)

Gleyic Fodzols (2)

Ferric Podzols (1)

Humic Podzols (1)

Placic Podzols (1)

Acrisols (3)

Dystric Nitosols (3)

Gleyic Acrisols (1)
Dystric Planosols (1, 2}

Plinthic Acrisols {1, 2)
Plinthic Gleysols (1, 2)
Plinthic Ferralsols (1, 2)
Dystric Planosols {2)
Dystric Gleysols (2}

Humic Gleysols (2)

Humic Nitosols (1)

Humic Nitosols {1)

Orthic Acrisols (1, 2) o

Ferric Acrisols (2)
Dystric (Rhodic) Nitosols
(1, 2)

Humic (Rhodic Nitosols)
1, 2)

Ferric Acrisols (2)
Orthic Acrisols (2)
Plinthic Ferralsols (2}
Plinthic Acrisols (1, 2)

Podzols (3}

Podzol Hidromérfico (2)

Podzélico Vermelho Amarelo

(Red Yellow Podzolic) (3)

Planosols (1)
Solos Hidromérficos
Cinzentos Distréficos (2)

Laterita Hidromérfica Distréfica (2)

Solos Hidromérficos
Cinzentos Distréficos (2)

Solos Gley Pouco Humicos

Distréficos (2)
Solos Gley Humicos

Red Yellow Podzolic Soils,
low base status (1)

Podz¢lico Vermelho Amarelo {2)
Podzélico Vermelho Amarelo {2)

Lateritico Bruno Avermelhado

Dist-éfico

Laterita Hidromérfica Distréfica (2)
Podzélico Vermelho Amarele

Plintico (2}
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Rhodoudults _ _

Tropoudults

Ustuits
Haplustults

Paleustults

Plinthustults

Rhodoustults

Xerults
Haploxerults

Palexerults

Vertisols

DystricNitosols (1) Podzélico Vermelho Amarelo (2)
Ferric Acrisols (2)

Orthic Acrisols (2)

Dystric (Rhodic)

Nitosols (1)
Humic (Rhodic) Nitosols {2) _____ Terra Roxa Estruturada low
base status (1)
FerricAcrisols (2) . _ Podzélico Vermelho Amarelo (2)

Lateritico Bruno Avermelhado
Distréfico (2)

Orthic Acrisols (2)

Ferric Acrisols{2)__________ _Red Yollow Podzolic Soils low
base status

Orthic Acrisols (1, 2) Podzélico Vermelho Amarelo (2)

Orthic Acrisols (1) —_______ Podzélico Vermelho Amarelo (2}

Ferric Acrisols {1, 2)

Plinthic-Acrisols (1,2)_________ Laterita Hidromérfic. Distréfica (2)

Plinthic Ferralsols {2)______ Podzélico Vermelho Amarelo
Plintico (2)

Terra Roxa Estruturada lew
base status (1)

Orthic Aerisuls (1} . Podzélico Vermelho Amarelo (2)

Ferric Acrisols (2}

Dystric Nitosols (1)

Orthic Acrisols{1) ——__________ Red Yeliow Podzolic Soils -low
base status (1)

Ferric Acrisols Terra Roxa estruturada low
base status (1)

Dystric Nitosols (1)

— Vertisols Solos Grumossolicos (2)




Appendix 2.

RECENT METHODOLOGY FOR
CORRECTING AL TOXICITY

Since the mid-19¢9s, the preferred method of making iming
recommendations to correct Al toxicity in acid mineral soils
has been to hase them on the eyuation:
meg Ca 100 g il = 1.5 meq exch. AL 00 g soil,

as recorded by Mohr (1960), Cate (1965), and Kamprath
(1970). rather than on liming to a given pH. Nevertheless,
Fvans and Kamprath (1970). Kamprath (1971, and sub-
sequent workers including Spain (1976), have indicated that,
for many crops, the equation usually grossly overestimates
liming requirements, partly because of varving degrees of
plant tolerance to AL

[n recent vears, 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. 1 s evident, therefore. that crop tolerance to Al
should be taken into ccount in estimating the wnounts of
lime needed to correct Antoxieity. Another problem with the
above equation is that it is based sclely on the amount of
exchangeable Al in the soil; it does not take the levels of
exchangeable Ca, My, and K already in the soil into account.
The level of these exchangeable cations is important in
determining himing requirements.

An Improved Liming Equation

In 1980, Cochrane et al. published the following equation for
liming acid mineral soils to compensate crop aluminium
tolerance and take the levels of exchangeable Ca and My in
the soil into account:
Lime required . .
(CaCO, equiv. tons ha) PRIAT-RAS (AL Ca o
M) 100] (11

in which:

Al = meg AL 100 g soil, 1N KCT extract
Ca = meq Ca 100 g soile LY KCL extract
My = meg Mg 100 ¢ osoill 1Y KCL extract
RAS = required ¢ Al saturation of the effective

cation exchange capacity.

In this equation. the lime requirement estimated by the
formula is multiphied by 1-1 3 if it exceeds the value of the
meq Al 100 g soil, 1V KClextract.

It is noted that:

1. Inorder to calculate the minimal liming reguirement of a
soil for i given crop, the RAS will be the sam: as the
percentage of Al saturation at which the crop tolerates
soil Al

2. This formuba assumes that the apparent specific gravity
of the soil is about 1.2, Forasoil with a known apparent
specific gravity, a correction may be made by dividing the
estimated lime reguirement by 1.2 and multiplying by the
known specific gravity

Virtually no exchangeable Alor soif solution Alis found in
mineral soils {containing less than 7¢7 organic matter) witha
ot higher than 5.4, as noted by MeCartand Kamprath (1965)
and Pratt and Alvalvdo (1966). Therefore, the term “acid
mineral’ soilis used in the context ot i soil having a pH less
than 5.5 and an organic matter content less than 767,

In acid mineral soils, soil solution Al and pereentage Al
saturation are related. as shown by Evans and Kamprath
(1970) and Breenes and Pearson (1973). Furthermore, Nye et
al. (158 1) have shown that the amount of Alin soil solution is
low until an Al saturation of about 60¢¢ is reached.

Several investigators, including Fvans and Kamprath
(1970), Abrufa et al. (1975), and Sartain and Kampraih
(1975}, have show na close relationship between Al saturation
and plant response. Evans and Kamprath (1970) noted that
nuaize tolerated up to 7007 Alsaturation compared with 306
for sova bean, Upland rice, cassava, cowpea, groundnut, and
many pasture species are tolerant to quite high rates of Al
saturation, as shown by Spiin (1976). Recently, Satinas (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 coneepis were integrated to formulate the equation
for liming mineral acid soils. This equation estimates minimal
liming needs at different levels of Alsaturation. Itis clear that
lime should only be applied to soils with pH values lower than
5.5, and that it +hould reduce Al saturation to a level
commensurate with the tolerance of the crop to AL The
equations were derived in the following way.

Assuming that all the Al'is in the exchangeable form. the
following relationchip would expressthe hasic liming concept:

Aly = Cay [2]
where:
Aly = meg ot Al 100 gsoil replaced by fiming in the exchange
complex. and
Cay = meqof 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 levzl, the equation:

(Al= AL} (AL Al + Ca + Cay + Mg) = RAS/100 (3]

could be used in which:
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Al = meq of AL T0J @osoilin the original exchange compley;

Al = meq of ALIOO g soil eplaced by liming;

Ca = omeq ol Ca 100 g ~oilin the original exchange comples;

Cay = meq of Ca 100 g soil added to the exchange compley;

My = meg of Mg 100 ¢ soil in the origimal exchange comples;
ind

RAS = pequired pereentage Al saturation.

By using equation | 2]. cach oceurrence of Aly inequation
[3] can be replaced by Cay. Then, solving the resulting
equation for Cay, gives:

Cay = ALSRAS AL Ca v M) 100 [4]

Sinee notad he Al replaced by liming is exchangeable, as
emphasized by Kamprath (1970), (he right side of the
equation should be muluplied by a factor of 1.5 when
moderate levels of Alsaturation are required, and by a factor
of 2 when very low fevels are needed. Fquation [4] then
becomes:

:;?nic‘:l l'_:::_)lfn:'i:L TLS[AL-RAS (AL + Ca « My 100] 5]
where the fuctor 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. 1t iy clear that the highest lime
requirement estimated by the equation is twice the chemical
lime equivalent of the exchangeable AL

Equation[§]was used for estimating field lime requirement,
as given by equation [ 1], ltassumes that a soil has an apparent
specilic gravity of 1.2; that 1 hectarg of soil to the 20-cm depth
would weigh 2.4 million kg,

Testing the Equation

Cochrane et al. (1980) tested the cquation using duta from
other authors” field and incubation studies over a variety of
soils ranging from North Carolina state in the United States

o Ndo Paulo state in southern Brazil, his included Kam-
prath’s (19707 incubation data for four North Carolina
Ultisolst LA Feon™ (CEA L, pers, comm) incubation data
from Colombian Oxisols and Ultsols: field data from g
Central Brazilian Acrustos (Salings 1978): data fram freld
tnals onan Acrustos from Sio Paulo (van Ratjetal, 1977);
and data from turther field trials on a4 Central Brazilian
Acrustox (Gonzales-Frico, 1970), 1t gaveavery good estima-
tion of the field-proven lime rates needed to reduce the
pereentage of Alsaturation toa required value,

Soil Analysis for the Equation

I'he use of the equation requires no soil analysis bevond the
LN KCL extraction of AL Ca. and Mg, There is ample
literature onerop tolerance to Al interms of pereentage of Al
sdturation, to use as a preliminary guide to make reasonihble
RAS (required Alsaturation in percent) estimates. Additional
information is accumulating rapidlv. Interestingly, where
specific liming trials have been carried out. the equation may
be used in 4 converse sense to estimate the tolerance of a
particular crop accession or cultivar,

Summary

The equation synthesizes what has been established to date
concerning the problem of Al Loxicity in soils to permit a
realistic prediction of minimal lime requirements, Inherent to
its development was the organization of current knowledge
concerning soil AL The equation should only be used for
establishing liming requirements to solve Al toxicity pro-
blems. This emphasis is required beeause liming is also used to
reduce exeessive amounts of soil Mn. 10 supply trace elements
found as impurities in liming materials, and to make a trace
clement like Mo more available. (it might be noted that in
liming to correct Mn toxicities, soils should be properly
drained as a prerequisite for overcoming such problems.)
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Appendix 3.

A STATISTICAL PROCEDURE FOR
ENHANCING SOIL SURVEYS FOR
SOIL FERTILITY INVESTIGATIONS

Agronomists requiring more information for designing field
fertilizer trials are faced with the problem of how much to
sample, and even how to go about soil sampling. In soil
survey, particularly, precision is generally, but often erro-
neously, associated with sample density; much sampling and
many analyses are demanded for surveys with liurge mapping
scales.

The approach advocated by Cochrane (1969) forenhancing
soil surveys for fertility investigations is to examine aad
sample 12 to I8 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 2
correlation matrix. This can then be scrutinized and inter-
preted to help understand soil fertility problems according to
the following procedure to identify probable toxicity and
nutrient problems, always bez. © in mind the crop and its
genetic make-up interms of nutrieat tolerances and demands:

1. Methodic scrutiny of the statistical data.

A. Inspect means, maximums, minimums, and standard de-
viations to:

I. [dentify probable and possible toxicity problems
(A), Mn, Fe) from the soil analytical figures.

2. ldcentify probable and possible deficiency problems
in the same way.

3. Notecircumstances that could give correlations with
little implication insofar as soil propertics are con-
cerned, including those populations with small stan-
dard devialions compared with their means (perhaps
those with a standard deviation less than 2065 f the
mean).

B. 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 reiationships
exist between the availability of certain major and minor
nutrients. The presence of strong correlations within this
sample may indicate that the relationships in question may
apply to the specific soil under study.

I lmterpretation.

A. In the event of a probable toxicity problem:

1. a. For Al, calculate liming needs according to the

equation of Cochrane et al. (1980).

b.  For Mn, “guesstimate* liming needs.

c¢. 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 be-
tween 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 defjciency if it is
in short supplv. 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 deficiencey is correlated with another, con-
sider possible effects of the correction.

3. Continue this process for other deficiencies, in
descending order of apparent importance.

The procedure was applied to land system No. 201, land
facet No. I, the principle soils (Haplustox) of CIAT's
Carimagua station located in the castern plains of Colombia;
the correlation matrix of the soil analytical data has been
recorded in the tables in this Appendix. The procedure was
also followed experimentally for a limited number of other
soils, including soils from central Braziland northern Bolivia,
In short, while the methodology is still in an experimental
stage, it indicated the presence of:

1. Toxicity problems for Al and Fe (the latter if soils used
were undes wet conditions).

2, Probable nutrient protlems for P, K, Ca, and Mg.
Possible nutrient problems for Mn, Zn. and B.

Recommendations from the
Statistical Procedure

K deficiency. The addition of K might aggravate the
Mgdeficiency problem. Therefore **  1d Mgshould be added
together.

Possible Mn, Zn, and B deficiencies. The
correlations of these elements with o*hers are not as highly
significant as others and could procably be field tested
without too much problem. For example, the negative
correlation between Zn and pH (in H,0) is probably only
significant if major changes take place in pH. Although S
levels appear moderate, availability could be questioned. The
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pusitive 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 super-
phosphate) apart from the effect of the fertilizer components
on leaching.

Thus, it is clear that fertilizer trials 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 soils
shouid be well drained and not used for wetland crops to
avoid Fe toxicity problems.

Discussion

The recommendations from the statistical procedure compare
well with actual findings from CIAT's experimental work

Table A3-1,

pH  pH

over the past 12 vears: Altoxicity and low fevels of P and bases
(K, Ca,and Mg) were found to be the major limiting factors
for many arable crops (Spain, 1976), Fetoxicity was reported
for Booded rice (Howeler, 1973), Ngongietal. (1977) found K
and S deficieney problems in cassava, Howeler et al, (1977)
also deseribe lime by Zn, Mn, B, and Cu interactions in
cassavit, further, they found that high liming rates reduced
vields by inducing Zn deficiency and possibly Mn and B
deficiencies. Much costly experimental work went into es-
tablishing these and simifar results (reported in CIAT'
annual reports): had the statistical sampling procedure dis-
cussed in this Appendis 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 pro iding a basis for
soil fertility investigations, especially when carried out on
undeveloped lands.

Soil analytical data o' samples of 18 profiles throughout land facet No. 1. Land System 201: horizon A,

CEC % AlS B In Mn Cu Fe S Mo
1.59 90 0.26  0.40 1.8 0.36 24.4 5.0 1.04
3.92 98 0.32  0.5% 2.3 0.53 15.4 4.5 1,31
4.10 93 0.30 0.% 4.0 0.53 23.4 4.5 1.23
3.06 93 0.35 0.60 2.1 0.36 38.4 6.0 1.18
3.92 93 0.26 0.70 3.3 0.71 58.4 7.0 1.24
3.29 95 0.30 0.55 1.9 0.53 40.0 3.5 1.01
3.27 93 0.24 0.5 5.9 0.53 16.8 3.0 1.04
3.95 94 0.26 0.5% 3.9 0.71 39.0 5.0 1.17
2.84 93 0.23 0.60 2.8 0.53 44.0 6.0 1.36
2.56 91 0.28  0.60 2.6 0.35 50.4 6.0 1.27
2.36 87 0.23  0.60 2.2 4.94 60.0 8.0 0.99
2.0 94 0.24 0.75 1.9 0.36 51.6 8.0 1.20
3.12 95 0.25  u.50 2.4 0.71 24.4 5.0 1.01
2.68 94 0.30 0.50 1.6 0.53  39.0 7.0 1.31
2.84 93 0.17  19.50 2.8 0.71 41,2 4.5 1.36
3.15 93 0.23  0.45 2.6 0.90 66.8 4.5 1.3
2.90 94 0.22 0.45 2.8 0.5 26.8 6.0 1.29
2.98 95 0.28 0.40 1.5 0.53 49.6 5.0 1.40

Sample
no, H20 KCI oM 4 Al Ca Mg K Na
1 4.8 3.9 1.7 1.5 1.4 0.09 0.02 0.05 0.03
2 4.7 3.7 5.3 1.7 3.8 0.07 0.01 0.01 0.03
3 4.6 3.6 4.2 1.6 1.8 0.15 0.02 0.10 0.03
4 4.6 3.7 3.8 1.5 2.8 0.10 0.02 0.10 0.04
5 4.4 3.6 4.3 2.1 3.6 0.12 0,02 0.14 0.04
6 4.4 3.7 3.8 1.0 3.1 0.08 0.01 0.07 0.03
7 4.5 3.7 4.5 1.8 3.0 0.1} 0.02 0.11 0.03
8 4.3 3.5 3.6 1.2 3.7 0.11 0.02 0.09 0.03
9 4.5 3.6 3.6 1.5 2.6 0.12 0.02 0.07 0.03
10 4.6 3.7 3.5 1.5 2.3 0.14 0.02 0.07 0.03
11 4.7 3.8 3.4 4.8 2.0 0.18 0.02 0.11 0.05
2 4.5 3.8 3.9 1.4 2.5 0.08 0.02 0.07 0.03
13 4.8 3.7 3.3 1.2 2.9 0.08 0.01 0.06 0.07
14 4.8 3.6 2.8 1.7 2.5 0.09 0.0 0.05 0.03
15 4.6 3.9 4.8 1.0 2.6 0.09 0.02 0.10 0.03
16 4.4 3.8 4.1 1.1 2.9 0.09 0.03 0.10 0.03
17 4.7 3.7 3.5 1.7 2.7 0.08 0.01 6.08 0.03
18 4.7 3.7 3.9 1.1 2.8 0.07 .01 0,06 0.04
Table A3-2. Preliminary description of analytical results from
Table A3-1,
No. of Preliminary
Variable samples Mcan S.D. description
JR HD 18 4.53888889 0.15296631 L
pH KC) 18 3.71111H1 0.09633818 L
[} 18 3.777717778 0.77955912 M
P 18 1.63333333 0.84575062 YL
Al 18 2.83333333 0.62778790 H
Ca 18 0.10277778 0.02986352 YL
Mg 18 0.01722222 0.00574513 YL
K 18 0.08000000 0.02970443 VL
Na 18 0.03500000 0.01042185 L
CEC 18 3.06833133 0.63078149 YL
TAlS 18 91.22222222 2.28950433 T
B 18 0.26222222 0.04236474 L
In 18 0.54166667 0.09275204 YL
Mn 18 2.80000000 1.05160941 yL
Cu 18 0.79722222 1.04454778 M
Fe 18 39.42222222  15.12222967 T
S 18 5.47222222 1.39823652 ]
Mo 18 1.20944444 0.13798859 M
a. T = toxic (Fe under poorly drained conditions), VL = very low,
L=low, M= maderate, H - high,
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Table A3-3. Correlation coefficients of analytical data in Table A3-1 {(prob >IR! under HO:RHO = 0;N = 18).
pH H,0

pH H,0 K CEC Mg Al n oM Fa Na Fin pH KC1 P S Cu Ca 8 T A1S Mo
1.00000 -0.51784 -0.50621 -0.50573 -0.47983 -0.42151-0.39190 -0.39049 -0.2€863 -0.28889 -0.24837 -0.21219 -0.17724 -0.12865-0.12162 0.11296 -0.03331 -G.05605
0.0000 Q0277 0.0321 0.0323 0.0439 0.0815 0.1077 0.1091 0.1322 0.2450 Q3203 0.3979 0.4817 0.61039 0.5307 0.6554 0.7127 0.8252
pH KC!

pH KC1 CEC Al B Mn GRYS Mg In PHH0  Cu Ca Mo oM Fe P ¥ S ha

1.00000 -0.63468 -052896 -0 45320 -0.42386 -035855 (127161 -0.25235 0.24817 0.21836 -0.17493 -0 16766 -0.12537 -0.10884 L‘.6673° -70.06167”—0.04124 0.006200
0.0000 2.0047 0.0052 0.0589 (0796 0.1440 0.2756 0.3124 0.3203 0.3840 0.4875 0.5061 0.6081 0.6673 0.7905 0.8079 0.5709 1.CGO0

M
oM Al clc 2AlS  PHHO MO S n Mn K Na pii KC1 P Cu Ca Mg 3 Fe

1.00000  0.69754 059746 048412 -0.29190 035423 -0.29741 0.27389 0.24755 0.18036 -0.14367 -0.12967 -0.10141 -0.07283 007027 -0.05108 -0. 03048 -0. 02620
0.0000  0.0013 0.0013 0.0418 0.1077 0.1492 0.2307 0.2114 0.222 0.4739 05668 0.€081 0.6889 0.7740 0.7811 0.840% 0.9044 0.9116

P

P Cu Ca %Al S S MO Na K Zn Al Fe pHH:C Ced Mg %4 z nH ¥ Mn
1.0000 0.91160 0.70180 -0.66023 053307 -037181 0.29336 0.29268 0.26245 -0.25703 0.23322 7.21¢19-0.20289 0.10492 -3.10131 -0 05620 -0.06735  0.02351
Q0000  0.0001 0.0012 0.0029 0.0227 (1287 0.2374 0.2385 0.2927 0.3032 0.3517 0.3979 0.4192 0.6786 0.6889 G(.€958 0.7905 0.9253
Al

Al CEC oM TA1S pH KC1  pHHO Mn S B Cu P In Fe "0 o K Mg Ca ha

10000 0.99585 0.69754 0.64936 -0.62856 -047983 0.39115 -0.34735 0.30669 -026771-0.25703 0.21215 -0.20332 0.20256 013564 -0.11960 - 0.07739 -0.06267
Q0000 0.0001 0.0013 0.0035 0.0052 0.0439 0.1085 0.1579 0.2156 0.2828 0.3032 0.3980 0.4188 0.4200 0.:9515 0.6364  0.7602 0 8923
c

Ca  :Als tu K Mg Zn s Mn Fe M0 pHKC]  pt 4.0 Ma I3 oM 3 cec

100000 -0.74945 0.70180 0.62916 0.53712 0.45904 0.35925 0.31892 0.29595 0.27365-0.24370 -0.17493 -0.12162 0.08437 -C.07738 ~0.07047 -0..7026 0.00120
0.0000  0.0003 0.0012 0.0052 0.0215 0.0553 0.1431 ©.1971 0.2331 0.2719 0.3298 0.2875 0.6307 O0.7375 0.7602 0.7811 07218 0.99:7

Mg
Mg K *A1S  pHH,0 Fe Ca B pH KC1 Na in Mn Cu Al P cec S MO oM

1.00000 0.58597 -0.53168 -0 50573 0.46522 0.45904 -0.31150 0.27161 -0.24537 0.22998 (.20446 0.14959 -0.11960 0.10492 -0.06466 0.06306 0.05730 0.05108
0.0000 0.0106 0.0232 0.0323 0.0517 0.0553 0.2083 0.2756 0.3264 03586 0.4157 0.5535 0.6364 0.6786 0.7928 0.8037 0.8213 0.8405

K
K Mg Ca pHH,0 % AT S Fe Mn 8 Zn Cu P CEC oM Al No S Na pH KECI

100000 0.58597 0.53712 -0.51784 -0.47572 0.42874 0.40863 -0.32721 0.29891 C.29859 0.29268 0.21411 0.18036 0.13564 -0.13203 0.11330 G.07592 -0.06167
0.0000 0.0106 0.0215 0.0277 0.0460 0.0758 0.0922 - 0.1850 0.2262 0.2238 0.2385 0.3936 0.4739 0.5915  0.6015 0.6544 0.7646 0.8079

Na
Na Mo Cu pHH,0 P Mg Mn S oM ZA1S Ca K Al CeC Fe In 3 pH KCY

100000 -0.42703 0.38571 0.36863 0.29336 -0.24537 -0.23057 0.19156 -0.14467 -0.09852 0.08497 0.07593 -0.06287 -0.04067 0.03431 0.01520 -0~01331 060059
0.0000 0.0772 0.1139 0.1322 0.2374 0.3264 0.3573 0.4464 0.5668 0.65°3 0.7375 0.7646 0.8043 0.8727 0.8925 0.9323 0.9382 ° 2000

Continued

LEL



Table A3-3 Continued
CEC

CEC Al oM pHKCT % AlS pHH,0 Mn S B In Cu K P M Fe Mg Na Ca

100000 0.99585 0.69746 -0.63468 0.58192 -0.50621 0.42060 -0.32152 0.23345 Q24457 -0.21485 0.21411 -0.20299 0.17732 -0.16440 -0.06466 -0.04067 0.00120
0.0000 0.0001 0.0013 0.C047 0.0113 0.0321 0.0822 9.1932 0.2544 0.3280 0.3919 0.39%6  0.4192 0.4815 0.5145 0.7988 0.8727 0.9967

S AlS

“Al1S Ca P Al Cu CEC Mg oM K S Fe pH KC1 Mu B Ha pH HZO Zn Mn

LOO000 -0.74945 -0.66023 0.64936 -0.64663 0.58192 -0.53168 0.48412 -0.47572-0.39302 -0.39126 -0.35355 0.35791 0.30997 -0.09852 -0.09331 -0.07387 0.00733
0.0000 0.0003 0.0029 0.0035 0.0037 0.0113  0.0232 0.0418 0.0460 0.1365 0.1084 0.1440 0.1448 0.2106 0.6973 0.7127 0.7708 0.977"

3

] pH KC1 K Mg *AlS Al CEC Cu Fe Mn  pHH,0 In P Mo Ca S oM Na

100000 -0.45320 -0.32721 -0.31150 0.30997 0.30669 0.27345 -0.24936 -0.24028-0125430.11296 0.10230 -0.09905 -0.08430 -0.07026 -0.05848 -0.03048 -0.01331
0.0000 0.0589 0.1850 0.2083 0.2106 0.2158 0.2534 0.3133 0.3339 0.6199 0.6545 0.6863 0.6958 0.7395 0.7818 0.8177 0.9044  3.9582

in

In < pH H,0 Ca Fe K oM P pH KC1 CEC Mg Al Cu 8 Mo ZAlS na Mn

L000C0 9.56508 -0.42151 0.25925 0.33984 0.29891 0.27389 0.26245 -0.25235 0.24457 0.22998 0.21215 0.12543  0.10230 -0.09001 -0.07387 0.01520 0.00602
0.0000 0.0145 0.0815 0.1431 0.1677 0.2282 0.2714 0.2927 0.3124 0.3280 0.3586 0.3980 0.6200 0.6863 0.7225 0.7708 ©.9523 0.9811

Hn

Mn  pHKCI CEC K Al Fe S Ca pH H.0 0 Na Mg 8 Cu 1o P ~A1S In

L00000 -0.42386 0.42060 0.40863 0.39115 -0.33897 -0.31604 0.29595 -0.28889 Q24755 -0.23057 0.20446 -0.12543 -0.10849 -0.08067 0.023€1 0.00733 0.00603
0.0000 0.0796 0.0822 0.0922 0.1085 0.1588 0.2014 0.2331 0.2470 0.3220 0.3573 0.4157 0.6199  0.6683 0.7502 0.9253 0.9770 0.9311

Cu

Cu P % AlS Ca S Na Fe Mo K Al B pli KC1 CEC Mg DHH:0 n tn oM

100000 0.91160 -0.63663 0.62916 0.41015 0.38571 0.37432 -0.36646 0.29859 -0.26771 -0.24936 0.21836 -0.21485 0.14959 0.12865 0.12542 -0.10849 -G £7283
0.0000 0.0001 0.0037 0.0052 0.0909 G.1139 0.1259 0.1347 0.2288 0.2828 0.3183 0.3840 0.3919 0.5535 0.6109 0.6200 G.6583 9.7740

fe

Fe S Mg K *A1S pHH.0 Cu In Mn Ca Mo B P Al CEC  pHECT e G

100000 0.52054 0.46522 0.42874 -0.39126 -C.39049 0.37432 0.33984 -0.33897‘ 027365 0.25749 -0.24028 0.23322 -0.20332 -0.16440 0.10884 0.03431 -0.02820
0.0000 0.0268 0.0517 0.0758 0.1084 0.1091 0.1259 0.1677 0.169% 0.2719 0.3023 0.3369 G.3517 0.4184 0.514% 0.6673 0.8825 0.9115

S

S In P Fe Cu SA1S Al CEC Ca Mn oM ha pH H:0 K Mo g

100000 0.56508 0.53307 0.52054 0.41015 -0.39302 -0.34735 -0.32152 0.3189é -031604 -0.2974} 6.19156 0.17724 0.11330 0.03071 0.06306 -0.95348 -0, €31
0.0000 0.0185 0.0227 0.0268 0.0909 0.1066 0.1579 0.1932 0.1971 0.2014 (C.2307 0.4464 0.4817 0.€524 0.7502 0.8237 90.8177 7

Yo

Mo Na P Cu *Al1S oM Fe Ca Al CEC  pHKCT K Zn B S Mn M

100000 -0.42703 -0.37181 -0.36646 0.35791 0.35423 0.25749 -0.24370 0.20258 Q17732 -0.16766 -0.13203 -0.09001 -0.08430 0.08071 -G.08067 G.G
0.0000 0.0772 0.1287 0.1347 0.1448 0.1492 0.3023 0.3298 0.4201 04815 0.5061 Q.6015 0.7225 0.7395 0.7502

573

0.7503 0.5213

(4%}
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Table A3-4. Soil analytical data of samples of 18 profiles throughout land facet No. 1. Land Sysiem No. 201: horizon B,

Y

Sample  pH  pH i1

No. H,O0 KClI OM P Al Cd Mg K Na ctC Al'S B n Mn Cu Fe
1 50 40 07 06 09 .09 0.01 0.05 0.03 1.08 86 0.15 0.40 1.6 0.18 6.3

2 49 40 14 03 14 0.08 0.m 0.05 0.03 1.57 N 0.17 0.70 1.6 0.36 96
k) 5.1 40 11 03 17 0.07 0.0t 0.05 0.03 1.86 93 0.16 0.40 17 0.18 104

4 50 40 10 04 15 0.07 0.01 0.04 0.03 1.65 93 0.10 0.45 1.3 0.18 17.6

5 48 38 13 04 23 0.09 0.01 0.06 0.03 249 93 0.17 0.35 16 0.36 12,8

6 49 39 1.3 04 17 0.08 0.01 0.04 0.03 1.86 93 0.18 0.40 23 0.18 16.6

7 47 39 21 04 22 0.06 0.01 0.05 003 2.35 95 0.13 0.35 39 0.36 6.4
8 50 40 09 03 16 0.08 0.03 0.05 0.03 1.77 92 0.16 0.25 2.9 0.53 10.6

9 49 40 09 04 12 0.14 0.01 0.04 0.03 1.44 85 0.25 0.35 21 0.18 133
10 53 42 05 03 06 0.09 0.m 0.04 0.03 0.77 8 0.13 0.25 1.5 0.18 8.0
n 49 40 10 05 1.2 0.06 oM 0.04 0.03 1.34 92 0.10 0.25 15 0.18 22.6
12 48 40 11 04 1.2 0.07 0.01 0.03 0.02 133 92 0.15 0.35 1.8 0.18 14.4
13 49 39 07 03 15 0.07 0.0i 0.04 0.17 179 9 0.22 0.25 21 0.18 6.4
14 46 39 09 05 17 0.06 0.01 0.04 0.0 1.84 94 0.14 0.25 2.0 0.18 4.6
15 50 41 1.5 04 1.2 0.07 0.01 0.07 0.03 1.38 89 0.14 0.40 2.6 0.36 6.8
16 5.1 40 15 03 14 0.06 0.01 0.05 0.07 1.59 92 012 0.25 2,2 0.36 6.8
17 49 40 11 04 16 006 0.01 0.04 0.03 1.74 94 0.14 0.35 15 0.36 8.0
18 50 41 11 03 11 005 0.00 0.04 0.03 1.23 92 0.10 035 14 053 5.2

Table A3-5. Preliminary description of analytical results from

Table A3-4.
No. of Preliminary
Variable samples Mean S.D. description
pH H,0 18 ¢ 93333333 0.15718105 L
pH KC1 18 3.98888889 0.09002541 L
OM 18 1.11666667 0.36822308 M
p 18 0.38333333 0.08574929 VL
Al 18 1.44444444 0.41476035 M
Ca 18 0.07500000 0.02007339 VL
Mg 18 0.01111111 0.00471405 VL
K 8 0.04555556 0.00921777 VL
Ha 18 0.03944444 0.03403670 L
CEC 18 1.61555556 0.41599240 VL
T ALS 18 91.11111111 3.62813964 T
] 18 0.15055556 0.03932851 L
In 18 0.35277778 0.10910360 VL
Mn 18 1.97777778 0 64767054 VL
Cu 18 0.27888889 G.17447012 VL
Fe 18 10.33333333 4.42917485 H

= toxlc (Fe under poorly drained conditions), VL = very low,
= low, M = moderate, H = high.,

©
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Table A3-6. Correlation coefficients of analytical data in Table A3-4 (prob = I|RI under HO:RHO = 0:N = 18).

pH H,0
pHH,0  pHKCI Al CEC  YAIS P oM Hn B P Na Fe Cu K Mg n ca

100000 0.73441 -0.61056 -C.59766 -N.53483 -0.43644 -0.36588 -031588 -0.16494 -0.25400 -0.23250 -0.14361 0.09857 -0.06301 0.03080 0.00333 0.00000
0.0000 9.0005 0.0071 0.0088 0.0092 0.0702 0.1354 0.2016 0.5131 0.3091 0.3532 0.5697 0.6972 0.2038 0.9934 0.9395 1.0000

pH KC1
pHKCY Cec Al pHH,0 ZA1S B oM in Ca K Mg In fia Cu Fe

1.00000 -0.85430 -0.83671 0.73441 -0.64434 -0.34705 -0.31349 -0.25670 1.13051 0.1‘(_1527 0.10585 -7.24002 0.0366570;.03207‘:0.02050
0.0000  0.0001 0.0001 0.0005 0.0039 0.1582 0.2052 0.3338 0.6057 0.6689 0.6759 1.8747 0.8852 0.8995 0.9357

oH
oM Mn Al CeC “AlS K Cu pHH-0 Ca In pH KC1 Ha B Mg P Fe

1.00000 0.59854 0.55156 0.56656 0.51369 0.43904 0.40343 -0.36583 -0.31435 0.31358 -0.31349 -0.20104 -0.18753 -0.14685 -0.10246 <0.67503
0-0000 0.0087 0.0097 0.0142 0.0292 0.0683 0.0963  0.1354 0.203 02051 o 2080 0.4238  0.4562  0.5609  0.6853 0.7¢73

p

P pHH.O Cu Ha pH KC1 Mg Fe B oM Ca Mn CeC n LAYS Al il

1.00000 -0.43644 -0.42070 -0.30568 -0.25400 -0.24254 0.2080¢ -0.11918 -0.1024¢ 0. 08548 -0.08120 -0.06486 -0.05764 -0.05042 ~0.04311 -0.02481
0-0000 0.0702 ©0.0821 0.217¢ 0.3091 0.3322 0.4074  0.C37¢  0.6853  0.73¢1 0 380y 0.7982  0.8203 0.425 0.8620  0.9722
Al

Al CEC  pH ¥Cl ALS pHH.0 oM Mn K Cu Ca 8 Mg 2n P Fe

1.000000.99537 -0.83671 0.76661 -0.61056 0.59186 0.43309 0.27011 0.218¢4 -0.18370 0.12827 0.09360 0.05561 -0.04411 0.03519 0.03315
0-0000  0.0001 ©0.0001 0.0002 0.0071 0.0097 0.0726 0.2764 0.3332 £.4256 0.6191 0 31 0.8265 10.2620 0.2895 ©.2960

Ca

Ca ] AL S o Cu Fe 21 CEC o H.0 in ha ? Hg Mn [ pH KCI
1.00000 0.72649 -5.64615 -0.31435 -0.29194 0.19530 -0.18370 -0.13334 0.13051 0.12758 -0.10762 0.08544 C.06216 -0.03620 0.03179 0.00000
0.0000 0.00M5 0.0038 0.2039 0.2398 0.4374 0.4656 9.23C5  0.6057  0.6139 0.6708 0.7361 0.2064 0.8866 0.9003  1.0uLGO
ig

Mg Cu Mn 4 In [ K pH H20 A CEC Na Ca AL S 8 pH KCY Fe

1.00000 0.50349 "0.35536 -0.24254 -0.23510 -0.14685 0.12033 0.10535 0.093en O_.709265 -0.06925 0.06216 0.06114 0.05993 0.03080 0.01097
0.0000 0.0%32 0.1479 0.3322 0.3477 0.5609 0.6344 0.6759 0.7118 0.7146 0.7848 0.£064 0.8095 0.8123 0.9u34 0.965%
K

K oM Cu Mn CEC Fe Al In Mg pHKE:0 'a o £C1 Ce P . ATS B

1.00000 0.43904 0.41073 0.32734 0.28448 ~0.28007 0.27011 0.21771 0.12033 0.10627 ~0.08333 -0.06301 ©.03179 -0.02481 -0.01954 -0.00971
0.0900 0.0683 0.0904 0.1848 0.2526 0.2603 0.2784 0.3855 0.6344 0.6E89 0.7423  0.8032 0.9003 0.9222 0.9386 0.9717
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Na

Ne B P Zn fe pH KC1 on SAlS Cu CEC Ca K Mn Mg pH H.0 Al

1.00000 0.37377 -0.30568 -0.29261 0.25986 -0.23250 -0.20104 0.13867 -0.13345 0.10908 -0.10762 -0.08333 0.07412 -0.06925 0.03665 0.03519
0.0000 0.1255 0.2174 0.2387 0.2977 0.3532 0.4238 0.5832 0.5976 0.6666 0.6708 0.7424 0.7701 0.7842 0.8852 0.8898

CEC
CEC Al pH KC1 % A1 S pH H,0 oM Mn [4 ] Cu Ca ha Mg P Zn fe

1.00000 0.99537 -0.85430 0.73930 -0.59766 0.56656 0.44391 0.28443 0.20043 0.15985 -0.13384 0.10908 0.092€5 -0.06486 0.04241 0.91672
0.0000 0.0001 0.0001 0.0005 0.008 0.0142 0.0650 0.2526 0.4252 0.4266 0.5965 0.6666 0.7146 0.7582 0.8673 0.947%

T AlS

S A1S Al CEC Ca pH KC1  pH H;0 OM Cu , Hn B Na fe Mg p n ¥

1.00000 0.76661 0.73930 -0.64615 -0.64434 -0.59483 (.51369 0.25299 0.22891 -0.19834 0.13867 0.07379 0.06114 -(.05042 0.03633 -0.0195%
0.0020 0.0002 0.0005 0.0038 0.0039 0.0092 0.0292 0.311' 9.3609 0.4301 0.5832 0.7711 0.8095 0.8425 0.8862 0.938¢

B

B Ca Na_ pH KCl Cu ciC %A1 S ot pH H20 Mn Al P Zn Mg Fe K

1.00000 0.72649 0.37377 -0.34705 -0.24500 0.20043 -0.19834 -0.18733 -0.10494 0.16442 0.12822 -0.11919 0.08873 0.05593 -u.03815 -3.0063u]
0.0000 0.0006 0.1265 0.1582 0.3271 0.4252 0.4301 0.4562 € 5131 0.5143 0.6121 0.6376 0.7263 0.8133 0.8804 0.9717

In

Zn oM Na My K Mn Ca B Fe Cu p 21 CEC pH H,0 “A1S pH KC1

1.00000 0.31358 -0.29261 -0.23510 (.21771 -0.16221 0.12758 0.08873 0.07994 0.06088 -0.05764 0.05561 0.04241 -0.04002 0.03633 0.00333
0.0000 0.2051 0.2387 0.3477 0.3855 0.4693 0.6139 0.7263 0.7525 (.8103 0.8203 0.8265 0.8673 0.8747 0.8262 0.%e95

Mn

Mn oM CEC Al Mg K pHH.0 Cu Fe pH KC1 A1 S in 8 P Ha Ca

+.00000 0.59854 0.44391 0.43309 0.35536 0.32734 -0.31588 0.28936 -0.26121 -0.25670 0.22891 -0.18221 0.16448 -0.08120 0.07412 -0.03620
J.0000 0.0087 0.0650 0.0726 0.1479 0.1848 0.2016 0.2442 0.2951 0.3038 0.3609 0.4693 0.5143 0.7487 (.7701 0.88%6

Cu

Cu Mg P K oM fe Cu tin YAl S B Al CEC Na pH KC1 n pH H-0

1.00000 0.50349 -0.42070 0.51073 0.40343 -0.37203 -0.29194 0.2893¢ 0.25299 -0.24500 O0.21864 0.19985 -0.13345 0.09857 (.06088 0.032C7
0.0000 0.0332 0.082i (.0904 0.0969 0.1284 0.2398 0.2442 0.3111 0.3271 0.3834 (.4266 0.5976 0.€972 0.8i03 0.8995

fe

Fe Cu K Mn Na P Ca pH KC1 Zn on Al S B Al pH H:0 CEC Hg

1.00000 -0.37203 -0.280u7 -0.26121 -0.25986 0.20806 0.19530 -0.14361 0.07994 -0.07503 0.07379 -0.03818 0.03318 -0.02050 0.01672 0.01097
0.0000 0.1284 0.2603 0..951 0.2977 0.4074 0.4374 0.5697 0.7525 0.7673 0./711 0.2804 0.8960 0.9357 0.9475 N.9655
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Appendix 4.

COMPARATIVE TISSUE ANALYSIS
FOR ACCELERATING FIELD TRIALS

The philosophy of thisapproach is to start field trials as soon
as possible and to maximize information that can be obtained
through careful monitoring using comparative tissue analysis,

Selection of Treatments
for Field Trials

Il sufficient soil analytical information from soil surveys is
lacking. the technique deseribed in Appendix 3 can fill a void
in helping to determine nutrient factors that should be
examined in a ficld trial. This approach advocates a break-
away 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
subsamples in the ficld. Such a technigue is useful for
monitoring fertility characteristies of individual plots in a
field trial, but is not so useful for obtaining a preliminary
judgment to select treatments.

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 impor-
tant considerations. Plots should be large enough to facilitate
“splitting™ of treatments. Additionally, nontreated plots
should be laid down alongside the trial for further work,
wherever possible,

Monitoring

Once 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 casily
extend their capacity to do this work. Consequently, the
fertility specialist has a reading on all clements necessary for
plant nutrition.

Treating Tissue Analytical
Data as Yield Data

By taking plot by plot composite tissuc samples, Cochrane
(1979a) has shown that the necd for a prior knowledge

concerning tissue analytical figures is obviated. He illustrated
that the analytical data lor the sumples can be treated and
analyzed statistically in the same way as vield datr. 10
determine any significant differences. This is a considerable
break from existing practices, which center around the time-
consuming and costly procedures previously advocated for
establishing “critical™ levels for tissue analytical data. Ob-
viously, 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 sanipries, the trial must be monitored for mercorological
conditions, especially moisture stress. Tissue samples are thus
best collected after a suitable period of nonclimatic-induced
conditions.

In the case of the plot by plot composite soil samples, these
should be taken to reflect changes in soil brought about by
fertilizer treatments. Itis not sufficient to take “before™ and
“after” samples: they should be taken to fairly monitor the
clfectof fertilizer on soil conditions such as pH and, ideally,
the transport of nutrients down the soil profile. Certaitly
both “topsoil” (perhaps 0-20 c¢m) and subsoil (21-50 ¢m)
samples should be taken.

Implementing the Results
of Monitoring

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 ap-
propriate action can be taken timely enough to investigate
problems not obvious from the original soil analytical data.
For example, Table Ad-1, adapted from one of Cochranc's
trial results, shows how the Mn coneentrations in the leaves of
sugarcane altered with increasing applications of (NFH,),S0,
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 (Cochrane, 1979a). the levels of Zn 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.
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Summary

Appendix 3 deseribes wavs and means for enhancing the soil
fertility information in soil surveys with relativelvy little effort.
Appendix 4 was prepared to emphasize that there are proven
innovations for speeding the process of making field-tested,
farm fertilizer recommendations. The use of tissue analysesto
complement fertilizer trials on a plot by plot basis is
independent of a prior knowledge of nutrient content and
would have wide applicability.

Table A4-1, Effect of increasing rates of NH,$O, on yielc! of cane and
sugar and concentration of mineral constitue its of the leaf

on 3 dry matter basis,

Wt. ot wt, of
N cane per sugar Mineral concentrations in leaf
rate plot per plot N P K Ca Mg S Mn
(kg/ha) {kg) (kg) (%) (8) (%) (%) () (v ()
0 393 30 1.14 J'6 1,00 (.18 0,10 0.10 23.8
22 453 34 1.17  0... 0.97 0.20 0.09 0.11 26.3
44 506 38 1.26 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 1,38 0.14 1.0t 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
LSD
(P =0.05) 136 4.14 0.1 - - - - - 6.8

SOURCE: Cochrane {1979a).
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