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- I. INTRODUCTION

The outcome of the race between world food production and pcpula;
tion will largely be determined in the tropics, where most of the
world's undernourished people live. During the decade from 1965 to
1975 food production increased at a slightly faster rate than population
in food deficit countries (IFPRI, 1978). This achievement is due to a
nurber of factors among which the predominant agronomic one is the de-
velopment and adoption of high yielding varieties of several crops with
improved agronomic practices. Most of these varieties were seiected Tor
their ability to produce high grain yields under conditions of Tittle or
no soitl or water stress. Not surprisingly, their adoption has been most

successful when grown on fertile, high base status soils with sufficient

i fertilization and a reliable water supply. The elimination of soil con-

straints by applications of the necessary amountis of fertilizers and

amendments can be considered as high input soil management technology.

Its basic concept is to change the soil to fit the plant's nutritional

' demands . This high input approach is largely responsible for our pre-

sent world food production levels and undoubtedly must continue where
economic conditions permit.

The applicability of high input soil management techno]og%eﬁ,}?&@&&
ééminﬁshes in marginal lands where soil and water constraints are not

easily overcome at low cost. The rising price spirai of petiroleun-

. related products since 1973 has further limited the econcmic feasibility|

.0f s0il management technologies based on the intensive use of purchased

inputs, particularly for farmers with limited resources in the tropics.

Many research efforts in the tropics are now directed towards developing
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i low input soil management technology, which does not aim at efiminating

the use of feft€1izsrs or amendments but rather at maximizing the eff{~
ciency of purchased input use through 2 series of practices. The basic
concept of Tow input soil management technology is to make the most
efficient use of scarce purchased inputs by planting Species or vari-
eties more tolerant to the soil constraints, and thus decrease the rates
of fertilizer applications while attaining reasonable, but not neces-
sarily maximum yields.

Although basic knowledge about plant adaptztion to acid soil
stresses have been available for decades (levitt, 1978}, systematic re-
search for developing technology based on this concept began only a few
years ago (Foy and Brown, 1964; Spain et al., 1875; NCSU, 1875; Foy,
1976a; Salinas and Sanchez, 1976; Wright, 1976; Foy and Fleming, 1878,
Loneragan, 1978). These efforts have caused considerable controversy
and some misinterpretations, such as the belief that "fertilizer-proof”

cultivars can be developad and concerns about "mining the soil of its

.; available nutrients.”

The purpose of this review is to bring togsther examples of low
input soil management technology for well-drained, acid, inherently
infertile soils of the American tropics classified mainly as Oxisols
and Ultisols. These examples are components of an overall production
system, but seldom have all the necessary compenents been deveioped for

one specific farming system. Most of the examples are drawn from

~tropical America, refiecting the author)::exp@rience, without resting

- importance to related work performed in other parts of the worid. Soil

i

i
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A, Acid Soils of the Trapics

3
taxonomy terminology (Soil Conservation Service, 1975), inciuding soil

moisture regimes will be used.

At the broadest possible level of generalization there are three

main avernwes for increasing food production in the tropics: Increasing

yields per unit area in presently cultivated regions, opening new lands
to cultivation, and expanding irrigation. The first two require the
alleviation or elimination of s$o0i1 constraints, while the third elimi-

s 7

nates water stress as the main constraint. Bent?ey;(]QSO) has examined

these three alternatives and concluded that all three are needed, al- .
though the irrigation alternative is limited to relatively small areas i
and is the costliest of the three. There is Tittle question that in-

creasing productivity in land already under cultivation is the principa%é
avenue for increasing world food production. Recent FAG estimates |

guoted by Dudal {1980} however, show that in order for per capita food

production to remain at the present bui largely inadequate levels, food -

i production must increase by 60% within the next 20 years. Dudal further:

i
H
5

estimates that increasing yields on lands already in use is not suffi-
cient; an additional 200 million ha of land must be incorporated inte
agriculture during the next two decaﬁes in order to accomplish this g
goal. This amount is roughly equivalent to the present cropland area
of the United States. Is this possible? The answer is largely depen~
dent on the use made of the acid soils of the fropics.

: 1. Extension and importance. The world is currently utilizing |

about 40% of its potentially areble land resources {(Buringh et &l.,

1975}. The greatest potential for expanding the world's agriculturai
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frontier 1ies in the tropical rainforest and savanna regions dominated
by acid, infertile s0ils classified ﬁminiy as Oxisois and Ultisols
(Kellogg and Orvedal, 1969; National Academy of Sciences, 1977a). These
vast regions have 2 large proportion of favorable topogra#hy for agri-
culture, adequate temﬁeratures for plant growth throughout the year,
sufficient m@isture year~-round in 70% of the region, and for six to
nine months in the remaining 30% {Sanchez, 1877). The paramount limit-
o ing factors preventing widespread agricultural development in these
areas are low native soil fertility and the Timited transportaticon and
market infrastructure,

Table 1 shows the approximate extension of areas dominated by
Oxisols and Ultisols in the tropics. As a whole, they account for
about 1582 million ha or 43% of the tropical world. The almost equal
. proportion of Oxisols and Ultisols differ from previous estimates
i (Sanchez, 1976), as new information shows that there are less Oxiscls
than previously thought in Africa and Latin America. The sum of areas
dominated by Oxisols and Ultisols however, remains similar to previous
estimates. The largest concentration of Oxisols occurs in the South
American savannas, the eastern Amazon, and parts of Central Africa.
These soils are generally located in old, stable land surfaces, which
makes them attractive for mechanized agricylture. Ultisols ars
scattered over large areas of tropical Americz, Africa and Southeast
Asia. Many of these regions are being rapidaly developed.

There are other acid soils with similar properties and potentials
included in other rows of Table 1: Acid, well drained Inceptisols

(Dystropepts), acid volcanic ash soils (Dystrandepts), and acid, well
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ol drained red sands {Oxic Quartzipsamments). Excluded from consideration
51 in this paper are acid soils which are poorly drained and have an aqu{c
soil moisture regime.

5 Tropical America, at the broadest level of generalization, can be
g| subdivided into two major regions in terms of farming systems and soil

7| constraints (Sanchez and Cochrane, 1980). About 30% of tropical America

{405 million ha) is dominated by relatively fertile, high base status

(£ 4]

;
s0ils which support dense populations. The remaining 70% of the tropical

g

10| portions of the Western Hemisphere is dominated by acid, infertile soils
;11 0f the orders Oxisols and Ultisols with relatively low pepulation den-
12| sities and mostly under savanna and forest vegetation.

s In spite of a widespread belief that Oxisols and Ultisols cannot

| support intensive and sustained agriculture in the tropics (McNeil,

ft
sha

1964; Goodland and Irwin, 1975), there is ample evidence that they can

Bk
[

be continuously cultivated and intensively managed for growing annual

[
(423

-~' crops {Sanchez, 1877; Marchetti and Machado, 1880), pastures (Viaaﬁte;
i,_,; Chandier et al., 1974) and permanent crops (Alvim, 1976). This is also
15 the case with Oxisols and Ultisols of Hawaii, and Ultisols of south-

op) eastern United States and southeastern China where they support large

populations.

A
bd

2. Major constraints, The major soil-related constraints of

|
[ R

[
93

tropical America and its acid infertile soil region are shown in Table 2,

based on preliminary estimates. The most widespread ones in the acid

[
=

. . - 3 . . . . .
's0il regions are chemical rather then physical, including deficiency of

T2
L

t3

[

phosphorus, nitrogen, potassium, sulfur, calcium, magnesium and zinc

plus aluminum toxicity and high phosphorus fixation. The main soil

e
-1
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ol grained red sands (OUxic Quartzipsamments). Excluded from consideration
3! in this paper are acid soils which are poorly drained and have an aqufﬁ
soil moisture regime.

5 Tropical America, at the broadest level of generalization, can be

g| subdivided into two major regions in terms of farming systems and soil

-| constraints (Sanchez and Cochrane, 1880). About 30% of tropical America
g| (405 million ha) is dominated by relatively fertile, high base status
¢ soils which support dense populations. The remaining 70% of the tropicaé
10| portions of the Western Hemisphere is dominated by acid, infertile soils
111 0f the orders Oxisols and Ultisols with relatively low population den- |
10| $ities and mostly under savanna and forest vegetation,

13 In spite of a widespread belief that Oxisols and Ultisols cannot

1 support intensive and sustained agriculture in the tropics (McNeil,

Yok
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15| 1964; Goodland and Irwin, 1975), there is ample evidence that they can

12 be continuously cultivated and intensively managed for growing annual

-~ crops (Sanchez, 1877; Marchetti and Machado, 1980), pastures (Vicente-

P
[F 3

§Chandler et al., 1874} and permanent crops {Alvim, 1976}. This is also |
1g| the case with Oxisols and Ultisols of Hawaii, and Ultisols of south-
ani eastern United States and southeastern China where they support large
01| populations.

o5 2. Major constraints. The major soil-related ¢onsiraints of

-4l tropical America and its acid infertile soil region are shown in Tablez,

i based on preliminary estimates. The most widespread ones in the acid
t

| . ..
-- 's0{1 regions are chemical rather then physical, including deficiency of

phosphorus, nitrogen, potassium, sulfur, calcium, magnesium and zinc

QTIP1QS aluminum toxicity and high phosphorus fixation. The main soil
|
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~' physical constraints are low available water holding capacity of many
- Oxisols and the suséeptibi1%ty té erosion and compaction of many
Ultisols with sandy topsoil texture. Llaterite hazards cover a minor
areal extent and most of the soft plinthite occurs in subsoil layers in
flat topography not prone to erosion. In contrast, the high base status
soil region of tropical Amarica, the main soil constraints are drought
-t stress, nitrogen deficiency and erosion hazards (Sanchez and Cochrane,
. 1980}.

192 When the chemical soil constraints are eliminated by Timing and
11§app?ication of the necessary amounts of feriilizers, the productivity
it of these Oxisols and Ultisols are among the highest in the world. For
exampie, Figure 1 shows the annual dry matter production of an Clephant

1%ggrass {Pennisetum purpureum) under intensive niirogen fertilization in

iéfaﬁ Ultisel of Puerto Rico, where all other fertility constrainis have

i
1g§been eliminated. This yield approximates the czlculated maximum poten-

;jitial of tropical latitudes of 60 tons/ha/yr of dry matter according to
1i§DaHitt {1967). Another example is shown in Figure 2, where excellent
L 1&‘carn yields on the order of 6.3 tons/ha/crop were obtained on & sus-

| 20| tained basis in clayey Oxisol from Brasilia, Brazil, whéﬁ its high

21| phosphorus requirement was satisfied by one broadcast application of

{2
{2

563 kg P/ha and other chemical scil constraints corrected by liming and

fertilization.

£
€23

L These management strategies can be very profitable, even et pre-

-3
P

[
Ct

‘sent prices, when the market provides a favorable ratio of crop prices

L)
T

1o fertilizer cost. Whenever economics and infrastructure considera-

£
w4
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tions meke these high input strategies profitable, they should be vigor-
* Bl

% ously pursued.
33‘ Conceptual Basis of Low Input Technology

In the majority of acid soil regions in the tropics, such favorable
market conditions do not exist, either because fertilizers and lime are
expensive or not available at al1, because transportation costs are ex-
cessive, or simply because the risks are too high. The first two situ-

ations are self-explanatory. The third one is illustrated in Figure 3,

: showing the response to phosphorus by Phaseclus vulgaris beans in a

|

~ !

Typic Dystrandept from Popayan, Colombia, with & high capacity to fix §
H

H

phosphorus. The optimum phosphorus application rate according to mar-

ginal analysis was 507 kg P/ha taking into consideration the residual i
effects for two subsequent crops. When the costs were further analyzed,!

i economists found that farmers needed to invest z total of US$1500/ha peri

~+ ¢rop to approach these maximum yields and obtain a net profit of
-1 US$375/ha {CIAT, 1979). Although this represents a 25% return on the |
13: investment, most farmers with Timited resources are urnwilling to make
such an investment, considering the risk due to high variability in
yvields caused by drought, disease, insect attacks, and unpredictable
price fluctuations.

Low input s0i] management technology is based on three main prin-

ciples: 1} Adapt plants to the soil constraints, rather than eliminat-

ing all soil constraints to meet the plant's requirements, 2} maximize §

uﬁ the output per unit of added chemical input, and 3) take advantage of §
2

favorable attributes of acid, infertile so0ils. It should be emphasized

- that the elimination of fertilization is not contemplated
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) 1. Use plants adapted to sojl constraints. The first basic con-

SICEQt of low input soil management technology for acid soils is to a]]é*
4| viate or overcome certain 5071 constraints simply by using species or

5| varieties wnich are tolerant to them. Among the soil constraints listed
gl in Table 2 more knowledge is available on tolerance to aluminum texicity,
~i followed by tolerance to low levels of available soil phosphorus. Less
.5 information is available on tolerance to manganese toxicity and low

s lTevels of other nutrients.

16! Figures 4 and 5 illustrate the concept with two different yield re-

11@53@&5&3 patterns to liming in two savanna Oxisols. Figure 4 shows the
Ezgdifferenti&l response of two upland rice cultivars grown on an Oxisol of |

lngarimagua, Colombia with a pH value of 4.5 and 83% aluminum saturation
i
141 prier to Time application. The tall variety Colombia 1 produced twice

=1

' the yield without lime as the short statured IR
!
! positively only to the first increment of Time (
i
'

Colombia 1 responded

[
it

oy 1
P

.5 tons/ha) and nega- !

=)

P

tively afterwards. Spain et al., (1975) atf{ribuied this behavior to a

1o nutritional response to the calcium and magnesium content of lime and te
39)}9d§ing at higher lime rates. In contrast IR 3, bred under high fer-

og| titity conditions in the Philippines, produced & typical quadratic re-
01| sponse to lime attaining its maximum yield at the highest Time rate,
onlwhich raised the pH to 5.5 and decreased aluminun saturation to 15%.

The maximum yield attained by the aluminum-sensiiive IR 5 cultivar was

32

:

.+ Jower than the maximum yier attained by the aluminum~tolerant Colombial

E
11

cultivar, which required less than one-tenth of the lime application.

ta

o

! . + 1y
5o The type of differential response shown in Figure 4 shows an overwhelm-

aeiing advantage of the aluminum-tolerant cuitivar. i
]
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Figure 5 illustrates a less dramatic but perhaps more comson type
of differential response to lime. Two grain sorghum hybrids were grown
at different lime rates in a Typic Haplustox near Brasilia, Brazil,
which at the time of planting had a topsoil pH value of 4.4 and 795
aluminum saturation (NCSU, 1976; Salinas, 1978). The Taylor Evans Y-101
hybrid produced about four times more grain without 1iming than RS~610,
This difference decreased with increasing lime rate and disappeared at
the highest lime rate where both hybrids produced the same maximum yield
of 6.8 tons/ha. The dotted lines of this figure indicate consideradie
savings in lime requiremants to obtain 80 and 90% of maximum yields.
For 80% maximum yields the aluminuﬁ~to?erant hybrid required 1.3 tons/ha
of lime and the aluminum-sensitive one 2.9, For 90% maximum yisld the
lime reguirements were 2.0 tons/ha for the aluminum-tolerant hyarid and
5.2 tons/ha for the aluminum-sensitive one. The use of aluminum-
tolerant cultivars, therefore, can significantly decrease input use
without a sacrifice in yields at 80 té 90% of the maximum.

These two examples iliustrate the need for researchers to include

,omore treatments at Tower input rates than in the past in order to ob-

serve whether differential tolerance exists. If these experiments
would not have included rates of 0.5 or 1 ton lime/ha, the effects may
not have been observed, as cultivar differences tend to disappear 2t
high input rates.

2. Maximize output per unit of fertilizer input. Traditional

methods used for determining optimum fertilizer rates are based on mar-

.1 ginal analysis where the optimum level is reached when the revenue of

the last increment of fertilizer equals 1ts added cost. This is designed
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faut

to maximize yields and profit per unit area. A major disadvantage of

[3v4

5| this approach is that the optimum economic fertilizer rates frequently

«; fall in the flatter portion of the response curve, where large incre-
5| ments in the fertilizer input cause smll increases in yields. Given
g the uncertainties associated in predicting yields under tropical condi-

tions, these small yield increases are seldom realistic. A common fea-

et |

ture of yield response curves in Oxisol-Ultisol regions is that the

oxy

‘9 amount of fertilizer required to produce 80% of the maximum or optimum
10! yield is considerably lower than the amount required to reach the max-

imum or optimum point. In Figure 3 the optimum level of phosphorus

fo
Fod

application according to marginal analysis is 507 kg P/ha. If only 80%

f
f

of that optirum yield is desired, this amount decreases to less than

3ot
il

Fook
7

. half, 242 kg P/ha. Other examples from Oxisol-Ultisol regions presented:

?in Table 3, show that fertilizer or lime rates decrease by 33 to 76%

Joudk
LI

\~iwhen the target yield is lowered to 80% of the maximum. This table in-
-' cludes two examples of the effect of phosphorus and lime applications

o; for a sufficiently long period of time to adequately evaluate their re-

1! sidual effects. The reduction in input is on the order of 50 o 75% in

ggithese cases. Consequently, by lowering yield expectations, the cost of

01! input use can be reduced by a considerable amount.

[ S

o Boyd (1970, 1974) in England, and Bartholomew (1872) in the United |
23%3t3%€5 summarized large numbers of fertilizer response functions from

.. all over the world and concluded that in most instances fertilizer re-

b

 sponse curves can be characterized by a sharp Tinear increase followed

3

13

L

;‘
!
«%by a flat horizontal Tine. In essence, the above approach follows
1
!

o~ Liebig's Law of the Minimum. Several techniques have been developed to
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w

-" plateau model. The differences in gross returns to fertilization were

.1 not significant but the net return per dollar invested in fertilizer

s will produce the maximum output per unit of fertilizer input at an

. acceptable yield level is part of low input teahne?og’%&sfw
M

) 11

put this principle to practice in interpreting fertilizer response
curves (Cate and Nelson, 1971; Waugh et al., 1973, 1975; Waggoner and k
Norvell, 1979). These methods are now widely used in tropical America.

A comparison of the linear approach vs. the conventional marginal
analysis with quadratic equations is shown in Figure 6, using a wheat
data set from Bolivia. This figure shows 2 Tower recommended nitrogen
application rate with the linear model. This rate occurs at a point
along the linear portion of the response curve where the efficiency of
fertilization is highest, measured in terms of units of crop yield per
unit of fertilizer input.

One of the authors of this review used previously published data

from a series of nitrogen response studies of rice in Peru to compare

the two ways of developing fertilizer recommendations {(Sanchez et al.,

1973}. The average nitrogen recommendation was 224 kg N/ha according to

H

the quadratic model and 170 kg N/ha according to the linear response and!

nitrogen was $8.8 in the Tinear plateau model vs. $6.1 with the qua-
dratic model (Sanchez, 15876). Although the applicability of the linear
response model should be validated locally before using it as the basis

for fertilizer recommendations, the concept of recommending rates that

It should be emphasized that this approach differs from the FAD

simple fertilizer trials which aiso advocate the use of lower fertilizer,

rates than that suggested by marginal analysis {Hauser, 1574). The
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o difference is that with the linear response and plateau model the yields!

at recornmended fertilizer rates are on the order of 80% of the maximum, |

L

41 while the FAO trials normally consist of low fertilizer rates, that
5| seldom approach maximum yjelds. Both methods emphasize working on the

g| 1inear portion of the fertilizer response curve which produces maximum

«| output per unit input but differ on the expected yield levels.
a In addition to methods of determining fertilizer recommendations,

. there are a number of agronomic practices that also increase the effi- |

10| ciency of fertilizer use such as better fertilizer sources, timing of
|
. application and placement methods. These and otner practices will be
12| discussed in other sections of this review.
E

'
i

3. Take advantage of favorable attributes of acid infertile soils.:

)

*
4

L;éMany Oxisols and Ultisols in their acid state have several positive

1 iagronomic factors that can be used advantageously. By keeping the soil

e i s

;giacid, the solubility of slowly available rock phosphate is higher than

;7:%f the so0il is Timed; Hweed growth is considerably decreased as com-

H

s pared with a Timed and fertilized scil. Also the Tow effective cation
1%Eaxch&age capacity {ECEC) of the soils favors the downward movement of
t

gggappiied calcium and magnesium to the subsoil. Oxisols and Ultisols with,
; !
o1l high phosphorus fixation capacity may produce a longer residual effect. i

an! of phosphorus fertilization and a more constant level of phosphorus in
|

the soil solution than those with lower fixation capacity. Examples of i
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of the tropics. The following is a partial list, some of which can be
combined for certain farming systems:

1.

13

Selection of most ép;rsgriate tands whare, because of soil
properties, landscape positions and mérket accessibility low
input technology has the comparative advantage over high input
technology.

Use of plant species and varieties that are more tolerant to
the major acid so0il constraints as well as being adapted to
climatic, insect and disease stresses.

Use of low cost and efficient land c¢lezring, plant establish-
ment, cropping systems and other practices to develop and main-:
tain & plant canopy over the soil.

Manage soil acidity with minimum inputs, with emphasis on pro-
moting deep root development into the subsoil,

Manage phosphorus fertilizers at the lowest possible cost with E
emphasis on increasing the efficiency of cheaper sources of
phosphorus and prolonging the residual effects of appliication.
Maximize the use of biological nitrogen fixation with emphasis
on acid-tolerant Rhizobium strains.

Identify and correct deficiencies of other essential plant

nutrients.
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II. SITE SELECTION

The first step is to select the soils and landscape positions most
appropriate for low input techho?egy‘ This involves avoiding the best
lands in terﬁé of high native fertility, irrigation potential or close
proximity to the markets. Most of these favored lands could be managed
most effectively with high input technologies. In tropical America
unfortunately, this is not always the case. It is common to Tind many
valleys where the best bottomland soils are under extensive low input
management systems while the attempts are made to farm intensively the
adjacent steeplands with acid soils. In many cases this is due to land
tenure patterns. Efforts should be made to intensify production in the

5011% with less acute chemical constraints.

|
!
|
|
!
%
i

Large scale land evaluation schemes have improved our understanding,
i

about the areas suftable for low input technoTogies in tropical America. !

G 2
Approximately £& of the Amazon (B0 million hectares) is dominated by

" "VTwell-drained, high base status soils classified es Alfisols, eutric

.
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Inceptisols, Vertisols and Mollisols (Cochrane and Sanchez, 1881).
Their higher native fertility gives the comparative advantage to inten-
sive annual food crop production or to acid-sensitive export crops such

as cocoa {Theobroma cacao). In addition, the same study indicates that

the Amazopn has about 11& million ha of poorly dreined soils either in

4
| flood plains or swamps, accounting for 22% of the basin. Some of the

alluvial flood plain areas are already under intense use, such as many

"yarzeas" in Brazil and many "restingas” in Peru and Ecuador. Flood
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hazards, however, 1imit the production potential of the lower topo-
graphic positions.

Also to be avoided, but for different reasons are acid infertiie
s0ils with severe physical limitations such as shallow depth or steep
siopes, and coarse sandy soils classified as Psamments or Spodosols
often called "Tropical ?$Q§b1s.“ This latter group has extremely low
native fertility, severe leaching and erosion hazards. These two groups
cover about 41 million ha or 8.5% of the Amazon {Cochrane and Sanchez,
1981). Unfortunately a sizeable proportion of the data gathered by
ecologists to warn about the extreme fragility of the Amazonian environ-.
ment has been gathered from these Psamments or Spodosois, which repre-

51 sent only 2.2% of the region and has combined the worst physical and
chemical soil constraints.

The total area to which low input technology may apply in the
Amazon region is therefore on the order of 275 million ha or 57% of the %
basin, mainly Oxisols and U]t{Sois with less than 8% slope.

In the savanna regions of tropical America it is iess difficult
to identify the soils to be avoided, but the ¢riteria remain the same.
Many of the islands of high fertility soils afe already under intensive
production such as in the Eastern Llanos of Venezuela. Steep and
shallow soils are readily recognized in the savenna landscapes, Large
areas of seasonally flooded plains such as parts of the Western Llanos
of Venezuela and its extension into Colombia, and parts of the Beni of

‘Bolivia and Pantanal of Brazil will require a different management

strategy. B A ;"
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in the savanna regions of tropical America the CIAT Land Qesaung
Study indicates that there are 71 mi¥1ﬁen he¢tares of Oxisols and
Ultisols with less than 8% slopes (T. 7. Cochrane, personal communica-
tion). This corresponds to approximately 24% of the savanna regions
and this is primarily where the low input technology described in this
paper can be applied. These estimates are conservative as it is pos-
I'sible to produce beef from legume-based pastures at steeper slopes.
There are an additional 19 miilion hectares of savanna Oxisols and
Ultisols with 8 to 30% slope that could be used for such a purpose.

Although the above generalizations provide an overall picture,
actual selection is site-specific. Soil parameters per se are not suf-
ficient for appropriate site selection. Land classification therefore,
is a more useful tool because it also considers c]imate; landscape,

native vegetation and infrastructure. The land systems approach used

in CIAT's Land Resource Study of Tropical America (CIAT, 1878, 1979)

-+ appears to be an appropriate method for evaluating the potential of

ir
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| these vast areas. Using a scale of 1:1 miliion about 500 land systems
have been identified so far, each representing & recurring pattern of
climate, soil, Tandscape and vegetation {Cochrane, 1879). Soils and
climate are classified according to technical systems such as the
Moisture Availability Index (Hargreaves, 1977; Hancock et al., 1379}
and the Fertility Capability Soil Classification system (Buol et a]l.,
1975). The data are assembled in computer tapes (Cochrane ef al.,
1979}, Users of these tapes can produce computer-made maps of specific
regions pinpointing one or several parameters, such as shallow soils,

with more than 60% aluminum saturation at a specific depth.
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A medification of the USDA Land Use Capability Classification

[

| System has been developed in Brazil to take into account the realities

| of the tropical environment. Ramalho et al., {1978) redefined Tand
capability classes in terms of the high, moderate or lTow input use,

g High input levels mean intensive use of fertilizers, lime, mechanization
-, and other new technology. "Moderate” input use implies Timited fer-

- titizer and less intensive use of mechanization. This corresponds to

the Tow input technology concept of this paper. Ramalho et al's "Jow"

o

10| input use implies primarily manual labor and few if any purchased in-
11| puts. This interpretive system has been applied to RADAM soil survey

of the Brazilian Amazon (Ministeric das Minas e tnergia, 1973-1379).

et
t3

Consequently, for low input technology soil management systems it

L
[}

is appropriate to select Oxisols and Ultisols without steep slopes,

g
ER

151 avoiding the high base status soils which can be better put to more in-

€n

Ead
e

j

- ltensive usg, and also acid soils with severe physical Timitations such
i
}

.~ as steep slopes, shallow depth, the Spodosols, poorly drained or sea-
.

<y sonally flcoded soils.

-
e
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111. SELECTION OF ACID-TOLERANT GERMPLASM

A substantial number of plant species of economic importance are

generally regarded as tolerant to acid soil conditions in the tropics.
Many of them have their center of origin in acid soil regions, suggest-
ing that adaptation to soil constraints is part of the evolutionary pro-

cess. Also, varieties of certain species also possess acid soil toler- j

. ance aithougn the species as a whole does not. These varieties have

"Eprobab]y been selected involuntarily by farmers or plant breedsrs be-

i cause of their superior behavior under acid soil conditions. Examples

ésf such involuntary selection are well documented in the literature
“| (Foy et al., 1974; Silva, 1976; Mertini et al., 1977; Lafever et al.,
*1977). “
d The term "acid soil tolerance” covers a variety of individual
m;tslerances to adverse soil factors and the interactions between them.
“§Wheﬁ mentioned in this paper, this term only conveys a qualitative

" assessment of plant adaptation to acid soil conditions under low fer-

Cotilizer or lime levels. Quantitative assessmenis of plant tolerances

acid soil stresses inciude tolerances to specific leveis of aluminum or
manganese toxicity, deficiencies of calcium, magnesium, phosphorus and

certain micronutrients, principally zinc and copper. The interaction

g Y

¥

|
|
|

%
%
g

between these factors is also quite impourtant. For example, the calcium

' Tevel of the soil solution can partially attenuate aluminum toxicity in |

AE many plant species (Foy and Fleming, 1978; Rhue, 1879). Tolerance to

é aluminum and low phosphorus stresses occur together in cultivars of

Ewhest, sorghum, rice and common beans but not on corn {Foy and Brown,
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o! 1964; Salinas, 1978). The physiolegical mechanisms involved, however,

5i are beyond the scope of this paper. The reader is referred to review
articles in books edited by Wright (1976), Jung (1978}, Andrew and

5| Kamprath (1978), and Mussell and Staples (19879) for detailed discussions.
6 Duke (1978) compiled a 1ist of 1031 plant species of economic im~

7| portance with known tolerances to adverse environmental conditions.

Tolerance to "acid soils,” "lateritic soils” and "aluminum toxicity”

v

twere included, The first two categories are gquaiitative assessments,

24

o and the last one identifies only those species with which aluminum tol-

.| erance studies have been carried out. Duke's 1ist although preliminary

»i and incomplete, illustrates the broad base of acid-tolerant germplasm.

A total of 397 species were listed as tolerant either to acid soils,

Ll

i lateritic soils or to aluminum toxicity. Of these, 143 species met two
"of these criteria and 29 all three. This Tast number reflects the

i 1imited number of species on which aluminum tolerance studies have been

-3

conducted. Tables 4, 6, 7 and 8 tist selected species from Duke's list
which meet at least two of these criteria with modificaticns, additions

ol or deletions by the authors of this review, based on their own observa-

g! ticns,
11 A. Annual Food Crops
o Table 4 shows that several of the world's most important basic

5t food crop species exhibit a significant degree of acid soil tolerance.
¢

+' Seven of them, cassava, cowpea, peanut, pigeon pea, plantain, rice and
z|'sOybean are considered acid-tolerant species, although there are some
- acid-sensitive cultivars. The degree of knowledge as to the nature and

-1 degree of acid soil tolerance varies with the species.
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Cassava (Manihot esculenta) is more tolerant to high levels of

aluminum and manganese, low levels of calcium, nitrogen and potassium
than many other species (Coﬁk, 1981). Although it has high phosphorus
requirements for maximum growth’cassava apparently can utilize phos-
phorus sources that are relatively unavailable through mycorrhizal asso-
ciations (Cock and Howeler, 1978; Edwards and Kang, 1578). Many cassava

cultivars respond negatively to liming because of .zinc deficiency in-

duced by high soil pH Tevels (Spain et al., 1975). The abjlity of

cassava to tolerate acid soil stresses may be due to an interesting

quate nutritional status in the presence of low nutrient availability.

This is shown in Table 5. Rather than dilute its nutrient concentration

|
|
|
. mechanism. Cock (1981) observed that cassava leaves maintain an ade- |
|
i
!

1ike other plants, cassava responds to nutritional stress by decreasing §

its leaf area index. This is one reason why it is difficult to assess ;

visual symptoms of nutrient deficiency in cassava growing on acid s0ils.

Cowpea (Vigna unguiculata) is the major grain legume species con-

sidered most tolerant to acid soil stresses, and specifically to alu-

minum toxicity (Spain et al., 1975; Munns, 1978). Under field condi-

tions in Oxisols cowpea commonly outyields other grain legumes such as

soybean and Phaseolus vulgaris beans at high levels of aluminum satura-

!
!
{
tion (Spain et al., 1975). As in other legumes, the acid soil tolerance;

of the associated rhizobia is as important as the acid soil tolerance ofé
the plant per se (Keyser et al., 1977; Munns, 1978).
Peanut (Arachis hypogaea) is also regarded as high%y;zglerant to

i
i
i
|

soil acidity (Munns, 1978) although it has a relatively high calcium ;

requirement. Fortunately small quantities of lime can provide




el 2 A TR TR D BT T R R T AR P AT AR Al Ay A ey

R T TR R S AR A e e

TR SR T T e RS

e RSB R MM T TATTAE B BT e R e ST uilff e A AR RNt T TR T T e Tl et o e s A S, meplibntands P A

e,

[Rv]

21

[ ] O]
[N ] =]

e
13

]
ot

S

-t

| the chemical reduction of iron and manganese Oxides and hydroxides

-1 Sanchez, 1976; Sanchez, 1977}.

) 21
sufficient calcium without altering the soii pH for maximum yields in
Oxisols and Ultisols of the Venezuelan Llanos (C. Sanchez, 1977).

Plantain {Musa paradisiaca} is one of the most important carbohy-

drate food sources in many areas of the humid tropics of America and

Africa. Its tolerance to aluminum and general adaptability to acid

501l stresses has been demonstrated in Ultisols of Puerto Rico (Vicente-
Chandler and Figarella, 1967; Plucknett, 1978} and Oxisols of the Llanos!
Orientales of Colombia (CIAT, 1873). This crop, however, has relatively
high regquirements for nitrogen and potassium. Strong positive responses
to nitrogen, phosphorus, potassium, magnesium and micronutrient applica~

tions have been recorded (Caro Costas et al., 1964; Silva and Vicente-

Chandler, 1974; Samuels et al., 1975). ;
|

Acid s011 tolerance of rice (Oryza sativa) under flooded conditions

5| is normally not of significance. Except in some acid sulfate soils, i

the pH of most soils rises to 6 or 7 with flooding as a consequence of é
(Ponnamperuma, 1972). Exchangeable aluminum is precipitated out at
these pH levels. In non-flooded systems, many rice varieties are guite
tolerant to aluminum toxicity {as shown in Figure 4} and/or low avail-
able levels of phosphorus (Spain et al., 1975; Howeler and Cadavid,
18765 Salinas and Sanchez, 1976; Ponnamperuma, 1977; Salinas, 1878).
Also, varietal differences in tolerance to manganese toxicity and iron ;
deficiency in acid soils have been identified (Ponnamperuma, 1976)., In

the Oxisol=Ultisol regions of Latin America upland rice is considered

generally more tolerant to acid soil stresses than corn (Salinas and
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Soybean {Glycine max) can be considered as a generally aluminum-
tolerant species {Foy and Brown, 3954; Pearson et al., 1977; Abruna, ﬁ
1980). As a species, scyheangzégé“prabah}y Tess tolerant to overall
acid soil conditions than most of the previously mentioned ones. Con-
siderable varietal differences in tolerance to aluminum exists {(Sartain
and Kamprath, 1978; Muzilli et al., 1978; Miranda and Lobato, 1978) as
well as to manganese toxicity (Brown and Jdones, 1977b). Unlike the
other grain legumes, rhizobia strains associated with soybeans tend to
be more aluminum-tolerant than the plants (Munns, 1980}.

Other less common grain legume species afe also considered tolerant

to acid soil stresses in Oxisols and Ultisols of the tropics, although

there is 1ittle quantitative information about their degree of toler-

. ance. They are pigeon peas (Lajanus cajan), lima beans (Phaseoclus

lunatus ), winged bean {Psophocarpus tetragonolobus) and mung bean

(Vigna radiata), according to Munns (1978).

Table 4 also lists eight species where certain cultivars have been

. identified as acid soil tolerant but the species as a whole is not.

e
Great variability exists with (ﬁﬁaseeias VQ?garisT)Beans common with

some cultivars being tolerant to aluminum toxicity and/or Tow phosphorus
levels and some highly sensitive to both stresses (Spain et al., 19753
Whiteaker et al., 1976; Salinas, 1978; CIAT, 1877, 1578, 1979, 1980).

In this species, disease and insect stresses, particularly in isohyper-

thermic temperature regimes are more yield Timiting than soil con-

-straints.

Although corn {Zea mays) is considered by some investigators to be

generally acid-tolerant (Rhue, 1979) lime response trials in the tropics

;%
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tend to demonstrate the ocpposite. Nevertheless several hybrids and

3

composites possess a marked degree of aluminum tolerance and/or toler-

o

2| ance to phosphorus stress (Fox, 1978; Salinas, 1978).

The potato (Solanum tuberosum} has long been considered an acid-

Pa 2]

| tolerant crop. Potato growers prevent pH values to rise above 5.5 in

~| order to control the common scab organism, Streptomyces scorbies.

Definite varietal differences in tolerance to aluminum have been estab-

L4

. Vished {Villagarcia., 1973). Disease problems in isohyperthermic temper-

A%

101 ature regimes are a greater ]imitation than acid soil constraints.
I
11 As a species grain sorghum (Sorghum bicolor) is poorly adapted to

101 acid soil conditions, as most of the verietal improvement work on this

st

LR
&)

nately, cultivar differences in terms of aluminum tolerance do exist

F\

i
|
!crOp has been conducted in near neutral or calcareous soils. Fortu-
i
l
l
l

(Brown and Jones, 1977a). An example has been shown in Figure 5 adapted:

Cf

Brown and Jones {1977z) have also reported markej é

--: cultivar differences to copper stress, but none to manganese toxicity.
o

1+ Cultivar differences in tolerance to phosphorus stress also exist
1o (Brown et al., 1977).

20 Aluminum tolerance in some sweet potato (Ipomoea batatas) cultivars

have also been identified (Munn and McCollum, 1976). Some varieties

]
[

grown in Puerto Rico are quite tolerant to aluminum and manganese tox-
wle”

i

icity (PerezZ1977). |
[ .

:

[
]

>

[&h]

; Wheat (T%iticum aestivum) is probably the species most thoroughly

| 3N
149

studied in terms of acid soil tolerance. 1t is an important crop in ?

£
(55 ]

Oxisol-Ulitisol regions of Latin America with isothermic or thermic soil

| g
s

)
-1

temperature regimes. Varietal differences appear related to the soil !
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acidity status where they were developed (Silva, 1976; Foy et al., 1974).
For exampie, the well known short statured CIMMYT wheat varieties which
were selected on calcareous soils of northern Mexico perform poorly in
Oxisols of the Cerrado of Brazil in comparison with Brazilian varieties
which were developed there, in spite of their inferior plant type
(Salinas, 1978). Acid soil tolerance in such wheat cultivars is re-
lated to 2 joint tolerance to aluminum toxicity and Tow available soil
phosphorus (Salinas, 1978; Miranda and Lobato, 1978). Other studies
alse show that aluminum-toierant varieties perform well at higher per-
cent aluminum saturaticon levels than aluminum-tolerant soybean varieties

in Oxisols (Muzilli et al., 1978).

B. Perennial and Tree Crops

Table & lists some of the tropical fruit crop species considersd

tolerant fo acid 50171 stresses. Some species like pineapple and cashew,

cropsl some species are severely affected by other constraints. For
exampie, bananas are hampered by diseases and high potassium require-
ments; the citrus species are less productive in ischyperthermic temper-
ature regimes than in cocler climates; mango reguires an ustic soil
moisture regime for high productivity.

Some important perennial crops and forestry species adapted to
acid soils in the tropics are listed in Table 7. Arabica coffee is very
tolerant to‘aiuminum but sensitive to manganese toxicity (Abruna et al.,
1965). It prefers an isothermic soil temperaturs regime and a udic soi7;

moisture regime. Robusta coffee is better adaptizd to isohyperthermic

regimes but produces lower quality coffee.
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| browse and firewood (National Academy of Sciences, 19770}, Neither of

< 1878},

'C. Grass and Legume Pastures

-1 acid s0il1 tolerance has been conducted in Austirzlia and Latin America

- 25

Ameng other perennial crops, rubber and oil palm are very well ]
adapted to Oxisol-Ultisol regions, particuiarly those with udic isohypery
thermic regimes (Alvim, 1981; Santana et al., 1975). Sugarcane is also
generally tolerant to acid soil conditions {Abruna and Vicente-Chandler,
1967), but requires large quantities of nitrogen and potassium to sup-
port high production levels.

Although many native wood species of the Amazon are tolerant to

acid soil conditions, some of the most promising forestry species are

imported from other regions. Gmelinag arborea, Pinus caribea, Dalbergia

nigra and certain species of Eucalyptus have proved to be well adapted
to Oxisols and Ultisols of the Brazilian Amazon without liming (Alvim,
1981). Other species native to the Amazon such as Brazil nut, guarana
and peach palm alsc have significant commercial poteﬁtié§.

Several important tropical perennial crops are not included in the ‘

above list. Noteworthy among them are cocoa {Theobroma cacan) and

lL.eucaena leucocephala a legume species with potential for grazing,

these two species are aluminum-toierant, (Alvim, 1981; Hill, 1870}.
Therefore, they are not adapted to acid soils with minimum inputs.
Breeding for aluminum tolerance, however, is proceeding in both species.
In the case of the legume, selection for acid-tolerant Rhizobium strains

is considered of equal importance as plant selection (CIAT, 187%9; Munnms,

Extensive work on screening grass and legume pasture species for
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{Andrew and Hegarty, 1968; Andrew and Vanden Berg, 1973; Spain et al.,
1978; Andrew, 1976, 1978; Helyar, 1978; CIAT, 1978, 1979, 1880, 1981; ‘
Spain, 1978). A fsndam&&t&?gd%fference of the work in the d%iﬁereﬂ%?;me
continents is that aluminum toxicity is infreguent in the tropical pas-
ture regions of Australia while the opposite is the case in tropical
pasture regions of Latin America (Sanchez and Isbell, 1879). The pre~-
dominant acid soil stresses in tropical Australia are Tow phosphorus
and, to a lesser extent manganese toxicity. Aluminum toxicity, low
phosphorus availabiltiy and high phosphorus fixation are more important

in tropical America.

i. Aluminum folerance. A wide range of CIAT's forage germplasm

bank is tolerant to high levels of exchangezble aluminum simply because
much of it has been collected from acid, infertile soil regions of trop-
ical America (Schultze-Kraft and Giacometti, 1973}, An exampie of dif-

ferential tolerance to aluminum of four common tropical grasses is shown

zigin Figure 7 from a culture solution study of Spain (1978}. Brachiaria

i

zigdecumbens shows even a slight positive response to the first increment

1§

20

of aluminum, and no growth reduction at high concentrations. Panicum
maximum exhibits strong tolerance up to half the aluminum concentration

as Brachiaria decumbens. In contrast, Cenchrus ciliaris, one of the

most widespread tropical grasses in ustic but not acid areas of
Australia, is severely affected by aluminum, This excellent grass is
well adapted to non-acid soils, but to grow well in Oxisol-Ultisol re-
gions it is necessary to completely neutralize the exchangeable aluminum

by Viming to pH of 5.5.
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Figure 8 also adapted from Spain (1979) shows actual responses to
Time applications in an Oxisol of Carimagua, Colombia with pH 4.5 andi
90% aluminum saturation before liming., Acid-tolerant grasses such as

Andropogon cayanus, Brachiaria decumbens and Panicum maximum and the

legumes Stylosanthes capitata and Zornia latifolia produced maximum

growth either 2t 0 or 0.5 ton/ha of lime. The 0.5 ton/ha rate did not
alter soil pH or aluminum saturation, but provided calcium and magnesium;

to the plants. Other legumes, particularly Desmodium ovalifolium and

Pueraria phasecloides appear to reguire either more calcium and magne-

sium or a lower level of aluminum saturation than the previous group.

Yet, their performance is clearly superior to aluminum-sensitive species

such as grain sorghum and Centrosema plumieri, & legume cleariy not

i adapted to acid soils., It is also relevant to point out that some §

f

15! species are aluminum~tolerant but do not grow vigorously in acid soils.
L i
1! This is the case of Pangola grass {Digitaria decumbens), shown in

1~ Figure 8,

single most expensive input needed in improved pastures in Oxisol-
Uitisol savannas (CIAT, 1979). It is not, however, the only nutrient
that is deficient in these soils, but its correction is usually the most
gxpensive one. No improved pastures are likely to be establ%shegéor
maintained without phosphorus fertilization in these savannas. In order:
to increase the efficiency of éhasphorus fertilization, it is possible
to select plants that have a lower reguirement of phosphorus for maximumé
growth than those commonly used. Fortunziely, aluminum tolerance and

*Tow phosphorus tolerance® often occur jointly because the latter seems
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.- and Brachiaria decumbens reguire higher critical levels of available

i capitata and Zornia Jatifolia (3-4 ppm P) for near maximum growth (ﬁIﬁT,?

¢! does not apply to these species. This has been proven in the field by

28
associated with the plant's ability to absorb and translocate phesphorus
from the root to the shoot in the presence of high levels of alamiaam“
in the s0il solution and in root tissue (Salinas, 1978).

Several promising grass and legume species require a fraction of
the available soil test phosphorus levels required by annual crops and
much less than other pasture species. For example, the general soil
test critical level used for crops in Colombia is 15 ppm P by the Bray II
method (Marin, 1977). Promising, aluminum-tolerant ecotypes of

Stylosanthes capitata, Zornia latifolia, and Andropogon gayanus require

173 to 1/5 of that amount fo atiain maximum yields. This information
1% shown in Table 32 of Section V{?.

It should be noted that adapted grasses such as Andropogon gayanus

sojl phosphorus (5-7 ppm P} than adapted Tegumes like Stylosanthes

1879). The commonly held view that fertilization of grass-legume mix=~

tures should be basad on the legume's higher nutritional requirement

Spain (1979), who in addition to phosphorus, obssrved a higher need for
potassium in the grasses than in the legumes.

Field responses during the establishment year show significant dif-
ferences in the levels of phosphorus fertilization needed for near max-

imum growth in an Uxisol with about 1 ppm available P prior to treat-

ment applications (Figure 9). Andropogon gayanus required 50 kg Pgﬁafha

to reach maximum yields, while Panicum maximum required 100 kg Pzﬁgfha

and Hyparrhenia rufa required 200 or perhaps more. The latter species,
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very widespread in Latin America, performs poorly in Oxiscl-Ultisol re-
gions because of a generally nigher reguivement of phosphorus and patés-
sium and a lower tolerance to aluminum than the other two (Spain, 1879).
These differences are quite significant at the animal production level,

At Tevels of inputs where other grasses produce good cattle liveweight

gains, Hyparrhenia rufa produced serious liveweight losses at Carimagua,

Colombia (Paladines and Leal, 1979).

It mey be argued that the use of pastures that require less phos-
phorus may provide insufficient phosphorus for animal nutrition. Tnere
is no 8§iden5a in the CIAT work that this is so (CIAT, 1978, 1979) but,

if it were, it is probably cheaper to zpply to the soil the quantities

Crequired for maxinum plant growth and supplement the rest directly to

the animals via salt Ticks.

3. Water siress. The ability to grow and survive the strong dry

seasons of ustic environments under grazing is a necessary requiremsnt
for acid-tolerant forage species, because irrigating pastures is5 pro-
hibitively expensive in wost Oxisoi-Ultisol regions. Because of their
aluminum tolerance, roots of adapted forage species are abie to pens-
trate deeply into acid subsoils and exploit the residual moisture avail-
able. This is in sharp contrast with aluminum sensitive crops that
suffer severely from water stress even during short dry spells because
their roots are confined to the Timed topsoil (Gonzalez et al., 1879).

Adapted legume species are generally more tolerant to drought

‘stress than the grasses species. Also legumes &re abie to maintain a

higher nutritive value during the dry season than the grasses. For

-| example, Zornia latifolia 728 contained 23.6% protein in-its Teaves at
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the height of the Carimagua dry season, while accompanying grasses hover
' at about 5% protein (CIAT, 1979). Among the adapted grasses, ﬁndrﬁgoéﬁn
!

§

=]

gayanus is more tolerant to drought stress than Brachiaria decumbens or

=

5. Panicum maximum (CIAT, 1979). 1Its pubescent leaves also permit dew

g| drops to remain on the leaves longer than in B. decumbens or P. maximum,

21 It 18 common to get one's pant legs wet while walking through an

£

i Andropogon pasture at about 10:00 a.m. in tne Llanos eor in the Amazon,
i
. when swards of the other two species are already dry. :

10 4. Insect and disease attacks. WMost of tne adapted Tequme speciesf

11 have their center of origin in Latin America and therefore, have many %

H

12| natural enemies. Anthracnose caused by Collectoirichum gloesporoides is:

a most devastating disease of legumes (CIAT, 1977, 1978, 1979). Stem- §

2! borers of the genus Caloptilia also destroy several Stylosanthes species:

15| {CIAT, 1978). Spittlebug attacks caused by Deois incompleta and other E

~' species have destroyed thousands of hectarss of Brachiaria decumbens

2 pastures in udic regions of tropical Brazil. The solution to these %
lggprobTems is varietal resistance since appiications of insecticides or
19: fungicides to these pastures are likely to be uneconomical. Screening
5g; Tor tolerance to these and other pathogens has provided ecotypes that

51| combine the adaptation to adverse soil conditions with pathogen resis-

o) tance. Examples of these to date are ssveral ecotypes of Andropogon

— ———— o b

i
2i gayanus, Stylosanthes capitata and Desmodium ovalifolium. Several pro- E

: |
j

9. mising ecotypes of Stylosanthes guianensis, a legume extremely well

i

05! adapted to acid soil constraints, unfortunately have succumbed to insect!

¢
~a! and disease attacks (CIAT, 1878, 1979). As in cther plant improvement i
!
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programs, the search for new ecotypes that combine tolerance to patho-
gens with other desirable characteristics is a continuing activity. m
It is interesting to note that plant protection problems increase
in importance after the soil constraints are aileviated by piant selec~
tion or fertilization in Oxisoi-Uitisol regions. This may be a conse-
quence of eliminating a previously 1imiting factor, or of a pathogen
buildup as new plants are grown on many hectares fgr the first time in a
new environment. This observation applies both to pastures and to an-
rnual food crops. ToIeranﬁe‘to disease and insect attacks, however, ;
varies with ecological conditions and therefore, the degree of tolerance

of each promising cultivar must be validated locally.

5. Tolerance to burning. Accidental burning is common in savanna

regions and intentional burning may be a necesszry management practice

in cases where grasses grow too fast and Tose their nutritive value.

Consequently, the adapted pasture species must be able to regrow after

 burning. Studies by Jones (CIAT, 1879} show that Andropogon gayanus,

<j Panicum maximum, Brachiaria decumbens and Brachiarja humidicola regrow

rapidly after burning.
D. Conclusions

This section shows that there is a broad germpiasm base of acid-
tolerant annual crops, permanent crops, tree crops and pasture species.
In addition, selection or breeding programs can provide acid-tolerant
varieties from generally sensitive species. The degree of quantifica-
tion of these differences, however, is very limited. A more systematic

classification of what are the critical leveils of each important variety

-| or species is needed. Such a plant classification system could Tink
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well with present technical soil classification systems in order to

better match plant characteristics with soil constraints.
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IV. DEVELOPMENT AND MAINTENANCE OF GROUND COVER

The choice of farming systems is extremely varied and very much de-
pendent on market demands or opportunity, farming tradition ancé govern-
ment po1ic€a§. The prevalent farming systems in Oxisol-Uitisel regions
of tropical America can be grouped inte four major categories: Shifting
cultivation (primarily in the forested areas), extensive cattle grazing
in both forested and savanna regions, permanent crop production systems,
and intensive annual crop production systems. The extent of the last

Gor

two is very limited. These systems are described in jh&p?éview by
Sanchez and Cochrane (1980). »

Regardless of the farming system or the piant species used, a basic
principle of Tow input technology is to develop and maintain a plant
canopy over the soil for as long as possible in order to decrease
erosion, compaction and leaching hazards., The main technology compo-
nents are land clearing methods, crop and pasture establishment tech~
nigues, muiching, the use of managed fallows, intercropping and multiple
cropping systems. Some of the advances in developing these technology

components are discussed in this section.

A. Land Clearing Methods in Rainforests
The choice of land ciearing method is the first and probably the

most crucial step affecting the future productivity of farming systems
in rainforest areas. Several comparative studies conducted in the humid
tropics of Latin America confirm that manual slash-and-burn methods ére
superior to different types of mechanical clearing because of the fer-
tilizer value of the ash, soil compaction and topsoil displacement

caused by mechanized land clearing.
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1. Nutrient additions by the ash. The nutrient content of the ash

has been directly determined only upon burning a 17-year old secondary
forest on Typic Paleuduit from Yurimaguas, Peru. The data of Seubert
et al., (1977) in Table 9 show significant beneficial effects of ash on
soil chemical properties {Figure 10), that resulted in higher yields of
a wide variety of crops during the first two years after c1earing.
{Table 10). There is considerable variability in the guantity of ash
and its nutrient composition because of differences in soil properties,

clearing techniques and the proportion of the forest biomass actually

mass was actually converted to ash after burning a virgin forest on an
!0xic Paleudult of scuthern Bahia, Brazil, Silva also analyzed the ash
composition of the burned parts of individual trese species and observed
wide ranges (0.8 to 3.4% N; O to 14 ppm Py 0.06-4.4 meq Ca/100 g3
0.11-21.03 meg Mg/100 g, and 34-345 meq K/100 g}. This information sug-

' gests the presence of certain species that can be considered accumula-
2 tors of specific nutrients.

The fertilizer value of the ash is likely o be of less impertance
in high base status soils., Cordero (1964} observed that the increases
in phosphorus and potassium availability caused by burning an Entisol of

pH 7 in Santa Cruz, Bolivia, did not increase crop yields. The soil was

atready high in these elements. Information on ash composition from

1 different scils and clearing methods, therefore, will contribute signif-

icantly to our understanding of soil dynamics and its subsequent manage-

8 ment.

burned, Silva (1978) estimated that only 20% of the felled forest bio- |

|
i
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2. Spil compaction. Conventional bulidozing has the clearly de~

2
|
{trumenta? effect of compacting the soil, particulariy coarse~textured

m

‘UEQISQ]S. Significant decreases in infiltration rates, increases in

r&k

bulk density and decreases in porosity have been recorded on such soils

[ )

g: in Surinam (Van der Weert, 1974}, Peru (Seubert et al., 1977) and Brazil

- (Silva, 1978) after mechanized land clearing. Table 11 shows the de-

creases in infiltration in three sites. The slash-and-burn method had

£

o @ moderate effect on infiltraticn rates but bulldozing decreased them

101by an order of magnitude. Comparisons between sites are difficult be-
|
17?caus& of differences in the time span used in measuring. The Manaus

1
i

19iexample illustrates the compaction observed in degraded pastures in parts

i of the Brazilian Amazon.

[
[ €%

J
i

,f 3. Topsoil displacement. The third major consideration is the cie-~i

[
i

-gree of topsoil carryover, not by the bulldozer blade, which is nsrnai?y

fon
(II

kept above the soil, but by dragging uprooted trees and logs. Although g

i

i"”}

E ;
;??no gquantitative data is available, topsoil scraping in high spots and |
*&:azcumu}ation in Tow spots is commonly observed. The better forest re-
1g! growth near windrows of felled vegetation suggests that topsoil carry-

opiover can result in major yield reductions (Sanchez, 1976}. For example,

oy kal et al., (1975) in Nigeria observed that corn yields decreased by 50%

[ 83

E‘when the top 2.5 ¢m of an Alfiscl was removed. No comparable data, {

23! hawever, is available from acid soils of tropical America. Neverthe-

S

1ess, the yield decresases shown in Table 10 are undoubtedly associated

iE

with topscil dispiacement.

| xv)
[ 1]

v
(?3

!\J

=
i 4. Alternative land clearing methods. The detrimental effects of
%
v

bulldozer land clearing are now well known to farmers and development l
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¢! the process of clearing land for pasture establishment.

15§50 intense that it is now necessary to develop technology that minimizes
H
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troot systems remain in place. "Tree pusher” attachments on tractors re-

‘duce enerqy reguirements for felling and probably decrease compaction by

35
organizations. Government credits for large scale mechanized land
clearing operations have been sharply reduced in the Brazilian Amazon
since 1978, Also, the p;actéce of completely destroying the forest vs.
its partial harvest before burning is being considered. S5ilva (71978)
provided the first quantitative estimate of the possible benefits of
such a practice. He compared the two extremes, slash-and-burn and bull-
dozing, with treatments that include the removal of marketable trees
first, followed by cutting the rest and burning them. A1l the advan-
tages of burning on soil fertility were observec in this latter treat-
ment, with no significant differences from the conventional slash-and-
burn method (Silva, 1978), but with a vaiuable increase in income. The
tack of difference is probably due to the smail proportion of the total
biomass that is actually burned. Indeed many farmers in the Amazon

harvest wood first; some of them develeoping profitable lumber mills in |

i

The pressures for opening new lands in some areas of the Amazon are

the detrimental effects of mechanized land clearing on soil properties.
Research comparing presently available mechanized land clearing tech-
nologies has not been conducted in this region on a systematic fashion.
Bulidozers equipped with a "KG" blade that cuts tree trunks at ground

level by shearing action could cause Tess topsoil displacement since the |

machinery. A heavy chain dragged by two bulldozers should alsc minimize;

compaction. With these three technigues the felled vegetation could be




A

1 | 37

o burned and Tater the remaining material could be removed by bulldozers
o] equipped with a root rake.

a A large scaie unreplicated study on Oxic Paleudults near Manaus

showed little difference in chemical or physical soil properties when

H

ing (UEPAE de Manaus, 1979). The slash-and-burn treatment provided

~3

=1 superior chemical properties and better pasture growth than the mech-

i anized land clearing treatments. Work on Alfisols of Nigeria with

19, removal of residues with a root rake was the least damaging mechanized
~ system (IITA, 1980).

14 One type of low input technology that has produced little satis-

as strips cieared by slash-and-burn, in order to plant shade-tolerant

1g| by various organizations but the results have been disappointing. No

og| data are available as such experiments have not been published. Appar-

ng| @stablishment without eliminating the forest canopy. Leaving a few
23ltreas untouched, however, is often done particularly when they are of
i :

i value or to provide shade for pasture. Hecht (1979} has identified

[
Hx

several legume tree and shrub species that should be allowed to regrow

g
Lh

o
-

forage for cattle.

3
-1

g| some of the above combinations were compared with conventional bulldoz-

1g: totally different physical and chemical properties show that the clear~

4+ ing with bulldozers equipped with a shear blade, followed by burning and1

uable timber species. Experiments have been conducted in Manaus, Brazil,

o1| ently it is difficult to provide sufficient sunlight for vigorous plant

.1 after clearing for pastures, because of their capacity to provide browse,

15 factory results is the partial clearing of tropical rainforests, usua?lyé

crops such as cocoa, certain pastures or to enrich the forest with val- :

i
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Many of the faiiures of large-scale farming operations observed by
the authors in the humid tropics can be directly attributed to improper
land clearing methods, Research on alternative mechanized land clearing
methods that invelve burning is needed,

B. Soil Dynamics After Clearing Tropical Rainforests

. When a tropical forest is cleared and burned several changes in
soil properties generally occur within the firsti year: large vc?ati]iza~!
tion losses of biomass nitrogen and sulfur occur upon burning, soil or-
ganic matiter decreases with time until & new equilibrium is reached;

[ the pH of acid soiis increases, aluminum saturation levels decrease, ex-!
changeable bases and available phosphorus increase; soil temperatures
15 increase (Sanchez, 1973). The following discussion is based on a f&ceﬁt%
review of the subject by the senjor author (Sanchez, 1979). é

i
Most of the available data is based on sampling nearby sites of

o1 assumed known age after clearing, which confound time and space dimen-

[
pat

]
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[
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sions and increase the already considerable variability between sites. ;
.i Fortunately there are five studies in which changes in soil properties

| were followed with time in humid tropical America: Yurimaguas, Peru; j

Manaus, Belem and Southern Bahia, Brazil; and Carare, Colombia. Most of

them, however, are limited to what happens during the first year, the

oldest being eight years old. Nevertheless, they illustrate the differné

i
i

ences that take place within sites as a function of time. |

1. Soil organic matter. Salas and Folster (1976) estimated that |

25 tons C/ha and 673 kg N/ha were lost to the atmosphere when a virgin
I forest growing on an Aeric Ochraguox in the middle Magdalena Valley of

Colombia was cut and burned. These figures were derived by measuring i
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51 the biomass changes before and after burning, but before the first

s D

H
f rains. These losses accounted for only 11 to 15% of the total carbon,

5

and about 20% of the to£a1 nitrogen in the ecosystem {5alas, 1978).

sfa

Consequently, assertions that most of the carbon and nitrogen in the

w

vegetation is volatilized upon burning deserve scrutiny. Ancther un-

oy

» known factor is whether or not a proportion of the volatilized elements

=; 1s returned back te nearby areas via rainwash.

G The influence of burning on the thin organic~-rich layer consisting
19, 0Ff Titter-topsoil interphase was also determined by Salas (1978}. The
10 C/N ratio of this . material increased from 8 to 46 within five months,

12; suggesting that the volatile losses were rich in nitrogen. |

12 The literature has conflicting information about the losses of soil

t o
1

organic matter when the cropping phase begins. Larger losses will eccuré

et

i

in s¢ils with higher initial organic matter contents (Sanchez, 1976). %

This effect, however, is attentuated by the topsoil clay content.

74
R

f
H

~7:Turenne {1969, 1977} found an inverse relationship between crganic car- |

1. bon losses and clay contents in Oxisols of French Guiana.

4

Ty

19 Ancther supposedly detrimental effect of burning is a decrease in
2335e11 microbiological activity. Silva's (1978} southern Bahia study re-

21!parts nc significant differences caused by various degrees of burning

2y’ on fungail flora, but decreases in the bacterial and actinomycetal popu- !
23§1atisn durino the first 30 days after the conventional burn. Figure 1)
2§5shaws the time trend in cellulose decomposition activity. Burning

!
p5iactually had a stimulating effect on the decomposing microfiora, prob-

i
i

ggiably because of the increase in phosphorus and cther nutrients, plus the.
|

o~ higher s0il temperatures incurrad upon exposing ithe soil surface to
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direct sunlight. Ko such effect was observed in the bulldozer clearing,
probably because of topsoil displacement and soil compaction. The par-
tial sterilization effeéé in the conventional burn may account for the

Tower microbiological activity observed during the first 25 days after

burning.
The dynamics of organic carbon during the first four years of con-
tinuous upland rice-corn-soybean cropping on an Ultisol from Yurimaguas,

Peru without fertilization or liming, are shown in Figure 12. There

was an actual increase in organic carbon contents right after burning,

plateau for the Tirst six months, then a sharp decrease is observed
after the first rice crop is harvested, and finally an equilibrium is
' reached at the end of the first year. The annual deccmﬁss%tiaﬁ rate
during the first year 1s on the order of 30%, but a new equilibrium is

attained the second year of cropping at high fertility levels

{Villachica, 1978). This sharp decomposition rate resulited in a very

i large increase in topsoil inorganic nitrogen during the first six months

at Yurimaguas (80 kg N/ha in the top 50 cm), which quickly disappeared
because of leaching and/or crop uptake (Seubert et al., 1877)}. This
"nitrogen flush" probably contributes to the initial lush growth of the
first crop after burning.

2. Initial increases in nutrient avajlability. The changes in

topsoil properties before clearing and after burning in several properly
‘sampled time studies are summarized in Table 12. This table shows the
general trends and deviations thereof. Soil pH values increase after

burning but not to neutrality. Exchangeable Ca + Mg levels doubied,

orobably & result of ash contamination. This increase is followed by a -

i

|
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tripled or quadrupled, but there is considerable variability among
nearby clearings on the same so0il as shown by the two Yurimaguas sites.
This particular difference is attributed to an initially higher base
status in site 11 and a better quality burn than in site I. Exchange-
able potassium also increases drastically but the effect is short-lived
because of rapid Teaehing. This probably explains why there were no in-
creases in the Yurimaguas II and Belem sites, which were sampled at 3
and 12 months after burning. Exchangeable aluminum decreases in propor-
tionate amounts to increases in Ca + Mg, suggesting a straight liming
effect. An exception to this statement occurs in the more fertile
southern Bahia site, which had relatively Tow exchangeable aluminum
contents. Aluminum saturation decreases in all cases, to levels below
that considered as critical {60%) except in one case. Available phos~
phorus, alse increases with burning, surpassing the c¢ritical level of

about 10 ppm P in some cases, but again with considerable variabiiity

‘among sites. Regardless of these differences there is no question that

.| the fertiiity of acid soils improves considerably after burning.

3. Fertility decline pattern. These positive effects begin to

reverse with time. Figure 10 illustrates the changes occurring within
the first 10 months after clearing in Yurimaguas without fertilization,
Siiva (1978) has reported aimost identical resulis at the other end of
the continent, in southern Bahia. Inorganic nitrogen {(not shown} and

potassium are the first elements to be depleted, while the others show

sla slower decline. Figure 12 shows the changes occurring in topsoil

properties during the first four years in Yurimaguas. Equilibrium

values were attained with pH and organic carbon after the first year.
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Exchangeable aluminum began to increase after the original decline,
attaining pre-clearing levels within a year. This is attributed to the
rapid organic matter deébmposition rate during the first year which re-
leased H+ ions into solution which, in turn, released Al++ ions from
the solid phase (Villachica, 1978). Consequently, the residual "liming"
effect of the ash was short-lived. Increases in exchangeable calcium
remained relatively stable with time. Exchangeable magnesium and potas-
sium, however, decreased after six months of cultivation. Available
phosphorus levels were close to the critical level of 15 ppm P in this
particular trial.

Crop performance data (Villachica, 1978; Sanchez, 1979) shows that
nitrogen and potassium became deficient within six months after clear-
ing. Aluminum reached toxic levels for corn at 10 months after clear~
ing. At that time phosphorus, magnesium, copper and boron became defi-

cient and crop yields without fertilization approached zero. When

-, potassium fertilizers were added, a K/Mg imbalance was detected which

necessitated further magnesium additions. Zinc approached deficiency
levels at the end of the second year and sulfur and molybdenum defi-
ciencies were observed sporadically (Villachica, 1978; Sanchez, 1979).
The Yurimaguas results indicate that most of the rapid changes occur
during the first two years after clearing, after which soil dynamics

tend to be stabiiized.

*C. Land Preparation and Plant Establishment in Rainforests

In traditional slash-and-burn clearings, land preparation is
usually limited to removal of somsz logs for firewood or charcoal. The

first plantings consist of poking holes in the ground with a pointed

!
|
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stick called "espeque" or "tacarpo," followed by dropping seeds or
simply by inserting cassava stakes or plantain rhizomes. This zero til-
lage system protects the scil against erosion with its tang1e§?mass of
logs and branches, numerous tree stumps and a muich of ash and unburned
plant material. Since fzrtilizers are seldom needed for the first
planting there is Tittle need for tillage. Trials in Yurimaguas, Peru
showed no significant difference in upland rice yields between the
"tacarpo” no till plantings and rototilling followed by row seeding
after clearing a rainforest by slash-and-burn (Sanchez and Nurena, 1872).
Plant spacing however, had a marked effect on yields. Table 13 shows

that decreasing spacing between the "tacarpo” holes from the conven-

“tional of 50 x 50 cm pattern to 25 x 25 cm, rice yields increased by

33% and the incidence of weeds decreased dramatically. =
Closer spacing plus a change from the traditional tall statured
Carolinc variety to the short-statured biast tolerant IR4-2 variety has

resulted in a 76% yield increase on farme% field trials in the

.: Yurimaguas region, from 0.95 to 1.67 tons/ha (Donovan, 1973}. This

simple Tow input technology has improved the traditiomal shifting cul-
tivation system. To change from shifting to continuous cultivation in
this region, however, fertilization is definitely needed {Sanchez,
19773.

Oversowing pasture species on land cleared by slash-and~burn is a

common practice in the Amazon. The high initial fertility favors rapid

pasture establishment and ground cover development. Toledo and Morales

{1879) reported successful pasture establishment in Ultisols of

.| Pucalipa, Peru with Brachiaria decumbens and Panicum maximum. They also




o

[~
158

=
<1

frok
s

44
reported that grass-legume assoééatiens may be difficult to establish
because the most aggressive species may tend to dominate. To avaoid this
difficulty it is recommended to plant each species in single or double
rows.

For many of the pasture species adapted o acid soil conditions,
better establishment is obtained when the seeds encounter a corrugated
soil instead of a high pulverized one. Spain (1979} attributed this to
the need of small pasture seeds to be sheltered and aveid desiccating
during germination. Planting deeper than 1 or 2 cms is likely to retard
establishment or prevent it altogether.

Because of the initial high fertility level of the topsoil after

»! burning, the development of a plant canopy after slash-and-burn land

clearing is seldom a problem in the humid tropics. The ¢ritical issue
is the nature of such a cover. HWith good management it consists of
vigorous crops or fast growing pastures; with poor management or adverse
weather conditions weeds and jungle regrowth may constitute the prin-
cipal components of the canopy. In either case, the soil is likely to
be protected from ercsion hazards.

With mechanized Tand clearing however, the situation s totally
different. The absence of burning keeps the seil in its original acid
infertile state {Figure 10) and some degree of compaction can be ex-
pected. Tillage is usually necessary to correct compaction and to in-

corporate moderate quantities of fertilizer and lime which the first

' crop or pasture may need. Although weed competition is likely to be

less than with slash-and-burn clearing, jungle regrowth does take place

in bulldozed areas.
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D. Land Clearing Methods in the Savannas

The absence of a closed tree canopy in savanna regions poses a wide
variety of alternatives for transforming the native savanna into agri~:
cultural production systems. Uniike in rainforests, a significant pro-
duction system exists in native savanna, extensive cattle grazing with
essentially zero soil management. Native savanna vegetation, however,
is far from uniform. Five physiognomic types are recognized in the
Cerrado of Brazil:

1. "Campo Timpo® (clean field): A continuous grass canopy without

arboreal vegetation, A treeless savanna.

2. "ggﬁgg sujo" (dirty field): A continuous grass canopy with

widely scattered small bushes.

3. "Campo cerrado": A continuous grass canopy overiain by a dis-

continuous arboreal canopy scattered enough so it is possible
to drive a jeep through it.

4. "Cerrado" (in the strict sense): A two canopy savanna where it |
is impossible to drive & jeep through.

5. "Cerraddo": A dominant and almost closed canopy of trees of the

same species as before but taller, underlain by a discontinuous
grass canopy.

These physiognomic types are related to topsoil fertility para-
meters in well drained areas (Lopes and Cox, 1877b). Treeless savannas
also occur on shallow scoils and on poorly drained areas, although with

-a different species composition in the Tatter case. Large areas of the

Llanos Orientales of Colombia are of the campo limpo type.
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Land clearing and crop establishment fehniques are related to the
above physiognomic types. Duque et al., {1380) describe the different
clearing techniques practiced in the Cerrado of Brazil, for areas in-
tended for either crop production or improved pastures. For campoc Timpo
and campo sujo areas the common technique is to burn the native savanna,

remove whatever shrubs exist by hand, and plow. For campo cerrado,

cerrado and cerraddo the usual procedure is to fell the arboreal vegeta-

tion with twe bulldozers dragging a 25 m heavy chain. A third machine
piles the woody residues in windrows along the contour, providing some
protection against erosion. Part of this material is gradually removed
for charcoal production. The areas between the'windrows are burned to
eliminate the grass canopy.

The effects of land clearing practices in savannas are not well
documented, but appear to be less marked than those reported in rain-
forests. The amount and composition of ash produced by annual burning

of native Oxisol savannas has not been measured but the amount is esti-

| mated to be a fraction of that produced after burning rainforests.

Consequently, the changes in chemical soil properties with ciearing are
probably minor. Topsoil displacement due to bulldozer clearing is also
Tess pronounced because of the low density and generally smali size of
the arboreal vegetation. Unlike the rainforests where mineral cycling
has concentrated nutrients in an organic-rich topsoil layer, organic

matter and nutrient distribution is more uniform with depth in the

| savannas (Sanchez, 1976). Consequently, topsoil displacement will cause

Jess damage in deep, uniform savanna Oxisols than in Ultisols and Oxi-

sols under rainforest vegetation.
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E. Crop and Pasture Establishment in Savannas

In Cerrado Oxisols, the preferred tillage implement for crop estab-
lishment is the disk harrow. Duque et al., (1980) recommend to avoid
the moldboard plow and deep disking as they cause compaction probliems.
Root fragments should be picked up after each disking operation during
the first or second year after clearing. A second operation, either
disking or rotovating, is normally conducted to incorporate lime and
broadcast fertilizer applications. Planting upland rice, soybeans, corn
or other crops is normally accomplished with grain drilis equipped with
fertilizer attachments for band placement.

Excessively deep and frequent tillage operations are common in
Oxisols and Ultisols of the Llanos Orientales of Venezuela, where pea-
nuts and sorghum are grown extensively. These practices result in a
very pulverized seedbed which easily washes away during heavy rain-
storms. Parts of this region are irrigated with center-pivot systems
which are often poorly managed} These high input land preparation tech-
nologies appear to have a clearly negative effect on soil properties.

In other savanna regions of tropical America where energy-related inputs
are less readily available, land preparation.for crop production is more
agronomically sound.

Conventional pasture establishment methods in savanna regions com-
monly consist of one or two passes with a disk harrow, followed by seed-

ing with a grain drill equipped with a fertilizer attachment. These-

-are relatively easy to do during the rainy season but the cost is high,

on the order of US$133/ha in the Lianos of Colombia (Spain, 1979; CIAT,
1979).
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Regardless of the quality of land preparation, the soil is left
exposed for a considerable amount of ffme until the crop or pasture
cancpy is established. Hfhis cfitica] period is also when high intensity
rainstorms occur at the beginning of the rainy season. Although Oxisols
are among the least erodible soils of the world (E1 Swaify, 1977), sheet
erosion is an important constraint in the savannas. Given the fairly
uniform distribution of organic matter and nutrients in many of the
savanna Oxisols, it has been argued that sheet erosion is unimportant.
This argument loses its validity when phosphorus and lime are incor-
porated into the topsoil. Also, some Oxisols have umbric epipedons with
higher organic carbon contents than the underlying oxic horizon., This
is usually the case with many savanna Ultisols as well. In such cases,
erosion will significantly decrease the effective cation exchange capa-
city of the soil due to organic matter, thus increasing potential leach-
ing losses.

A series of Tow input land preparation techniques are being de-
veloped in order to reduce costs and erosion hazards. Four technigues
are described in this section: The introduction of improved pastures in
native savanna, its gradual replacement, Tow density pasture establish-
ment methods, and crop-pasture relay intercropping.

1. Improving the native savanna. Unlike in the rainforests where

partial clearing is not promising, gradual improvement of the native
savanna appears promising. Oversowing pasture species on undisturbed
" native savanna however, is usually unsuccessful (Spain, 1979). Some
degree of soil disturbance is necessary for the small pasture seeds to

have contact with sufficient moisture for ocermination. Light disking ¢r
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sodseeding in rows 50 cm apart have successfully establiished acid-
tolerant legumes in campo Timpo savannas of the Brazilian Cerrado, im-
proving the nutritional quality of the sward considerably (CIAT, 193Q).
After one year of disking and sodseeding, improved legume species with
14% protein content were well astablished in the native sévanna which
contained only 4% protein {CIAT, 1980).

2. Gradual displacement of the native savanna with imoroved pas-

tures. A second Tow cost alternative is to plant improved pasture
species in strips without disturbing the native savanna in between. A
trial conducted by J. M. Spain and colleagues in Larimagua, Colombia is _
showing promising results [CIAT, 1980). Grass/legume pastures were
established in 60 cm wide strips prepared with spring tines or with a
field cultivator to a 12 cm depth, followed by phosphorus and potassium
applications. The area between strips, about 2.5 wide, received four
Tevels of native savanna vegetation control, Several grass and legume
species were able to invade and gradually displace the native savanna

strips. The most successful species are the legumes Desmodium ovali-

folium and Pueraria phaseoloides, and the creeping grasses Brachiaria

humidicola and B. decumbens. Table 14 summarizes the results. Spain's
work shows that the native savanna can be gradually replaced by such
strip piantings, at a much Tower cost, while reducing the erosion hazard
to a fraction of the land.

3. Low density seedings. In Oxisol savannas, weed growth after

- land preparation is normally slow due to the extremely low native soi}

fertility, as long as the soil is not limed or fertilized. Taking ad-

vantage of this situation, Spain (1979) developed a low density planting
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system with considerable saving$ in seed costs anpd initial fertilizer
applications. After the land is prepared with one or two passes with an
offset disk harrawiagffﬁ?ass and/or legume seeds arg planted in holes
spaced at about 3 m giving a population of 1000 plants/ha during the
rainy season., The plants receive a localized high rate of phosphorus
and potassium, but on a per hectare basis the highest rates USgé were
9 kg ongiha and 1.5 kg KZO/ha, One man equipped with a shovel can
piant and fertilize one hectare in one day {Spain, 1979).

These plants grow vigorously during the rainy season due to their
high soil fertility status and the absence of competition from weeds or |
plants of their own species. Stoloniferous species cover the ground
within eight months, at the beginning of the next rainy season (CIAT,

1979). Tussock-type grasses such as Andropogon gavanus and Panicum

maximum produce seed at the end of the rainy season, At Carimagua, the
seeds aligned themselved in the furrows left by the disk harrow and

germinated with the first rainy season showers, starting ahead of the

I
aiweeds. The new seedlings had to be fertilized shortly after emergence

or they would die because of acute phosphﬁrqs and potassium deficien~
cies. With such a system, pastures in Carimagua were ready for grazing
within nine months after planting, which is about three months later
than with conventional land preparation. The details are explained
more thoroughly in reports by Spain (1979) and CIAT (1978, 1979, 1880}.

Although this system does not reduce the fertilizer requirements rela-

-tive to conventional plantings, the seed costs are greatly reduced

(from USS$34 to $3/ha; CIAT, 197%). Since seed of improved pasture
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species is generally scarce, the use of vegetative propagation is an
additional advantage.

4, Using crops as irecursors of pasture establishment. The pre-

viously described low density planting system is not likely to be suc~
cessful in savanna areas that have been previously fertilized or in
recently cleared rainforest areas where vigorous weed and jungle re-
growth takes place. In many of these areas a2 feasible altsrnative is
to grow crops as precursors of pasture establishment, using the land
preparation and fertiiization practices required by the c¢rops but inter-
p?antingtpasta?& species so ahen crops are harvested, the pasture is
established (Kornelius et al., 1979; Té¥eds and Morales, 1979). In ef-
fect, pasture establishment costs are largely paid for by the cash crop.
Results with an Orthoxic Palehumult in Quilichao, Colombia, Shown

in Tabie 15, describe some of the relationships involved. When cassava

I and Stylosanthes guianensis were planted simultaneously, cassava yields ;

deareased somewhat and stylo production halved, but a stylo pasture was
ready for grazing after the cassava harvest. When cassava was inter-

planted with a mixture of Brachiaria decumbens and S. guianensis, crop

yields were adversely affected by the vigorous grass growth. Although
the sum of relative yields is identical to the previous case, this com-
bination serjousiy decreased cassava yields, and is therefore not pro-
mising.

When a crop with short growth duration is used, the results are
different, Table 15 also shows the same two pasture species planted at

the same time with Phaseolus vulgaris. Bean yields were not affected

by the presence of either the legume alone or the grass~legume mixture,

L4
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although pasture growth was retarded by the presence of the bean crop.
Nevertheless, a pasture was already established after the bean harvest.

Intercropping between pastures and crops is extremely site specific
and weather dependent. The actual systems to be used must be validated
1acaﬁ¥y, particularly in terms of relative planting rates, row spacing,
crop varieties and fertility levels. On the same Eecati? in Colombia,
the first upland rice-pasture experiment failed because rice growth was
56 vigorous that pastures could not compete with it. A second trizl
with different relative planting dates and spacings produced excellent

association of short-statured upland rice with Brachiaria decumbens and

Desmodium ovalifolium (CIAT, 1979}.

It is likely that pastures establéshed_%n such a manner will enjoy
a higher initial and residual soil fertility level than pastures estab-
Tished in the conventional manner. If managed in conjunction with other
conventionally established pastures, they could serve as a source of
protein or energy for cattle herds.

F. Haintenance of Established Pastures

After the pasture is established, managemént is aimed at maintain-
ing its initial productivity and botanical composition by manipulating
stocking rates, grazing pressure, fertilization and weed control. Un-
fortunately, most of the existing information in Oxisol-Ultisol regions

is Timited to stocking rates and grazing pressure, with little experi-

.t ence of maintenance fertilization rates and weed control. It is gen-

erally believed that maintenance fertilization rates should be less thar
half of the established rates of all nutrients applied. Soil tests and

plant analysis could quantify which are the most economical rates and
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what their frequency of application should be, either every year or
every two years. Also, these techniques would identify nutritional de-
ficiencies or imbalances that arise-with time.
Pasture degradation in the Amazon has received considerable atten-

tion. According to Hecht (1979) most of the Panicum maximum pastures in

the Brazilian Amazon are in some stage of degradation. In the Para-
gominas area of the State of Pari, Hecht reports that about 70% of the
cattle ranches went out of business because of degraded pastures. The
main causes of degradation are the use of 2 grass species ;?té:;?gh nu-
tritional reguirements, no fertilization, no legumes and often exces-

sively hégﬁ stocking rates. The costs of controlling jungle regrowth

becomes too high when the Panicum maximum population decreases, and the

fields are gradually transformed into 2 secondary forest.
Serrac and coworkers (1973) have found that phosphorus deficiency
is the limiting factor that sets this process in motion. Phosphorus

availability is high right after burning the forest, remains above the

| critical level up to four years, and then declines. The correction of

this problem is remarkably simple and of low cost. Serraoc et al.,
(1979) recommend to cut the jungle regrowth with a machete and burn the
field, then broadcast 50 kg Paﬁsfha half as simple superphosphate and

half as phosphate rock. Under these conditions, the Panicum maximum

population increased from about 25 to 90%. Broaécaéting legume seeds
is being incorporated into the system.

It is likely that potassium, sulfur and other nutrients may also
become limiting with time. Freguent monitoring of soil properties is

essential to identify these constraints and correct them quickly., The
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use of better adapted species which are more tolerant to aluminum tox-
icity and low levels of available phosphorus could also improve this

particular system. The grasses Brachiaria humidicola and Andropogon

gayanus and the legume Desmodium ovalifolium appear more premising for

these areas than Panicum maximum,

Hutton (1979) asserted that the main reasons why pastures degrade
in Ultisol-0Oxisol regions of Latin America is lack of soil fertility

maintenance. This is a correct statement, and it underscores the need

to establish critical Tevels of soil test or tissue analysis for the |
main species grown in this region, particularly for phosphorus, potas-
sium, calcium, magnesium, sulfur, zinc, boron, copper and molybdenum.

! The present lack of such information is a major limiting factor prevent-
ing the maintenance of productive pastures in the region.

+ G. Mulching, Green Manures and Managed rallows

In crop production systems further soil cover protection can be

:; using ménaged fallows as opposed to the typical secondary forest fallow
| may also improve soil protection.

1. Mulching. A major component of Tow input technology in the
subhumid {ustic) forest region of West Africa is the use of crop resi-
dues as mulches to majntain soil physical properties (Lal, 1975). Im-
pressive results have been obtained by IITA in Nigeria showing the ad-
vantages of mulching for sustained crop production. Most of this work,
however, has been conducted on Plinthic or Oxic Haplustalfs character-

ized by a sandy gravelly topsoil underlain by clayey gravelly subsoils

often with soft plinthite. Unlike most Oxisols and Ultisols of tropical
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America, the dominant soils of West Africa’s forest region have more
acute physical constraints than chemical ones.
Limited research on”@ulching conducted in Oxisol-Ultisol regions of
tropical America has provided less positive resulis than those reported

in West Africa. The effect of a 10 cm thick Melinis minutiflora grass

mulch on corn growth on Oxisols of the Cerrado of Brazil provided only
slight yield increases {Bandy,1876; NCSU, 1876). Table 16 shows the
resuits during the rainy season which included a cgnsiéerab}e period of
water stress at about tasseling. Mulching decreased topsoil tempera-
tures by 2 to 3°C, decreased evaporation losses by 4 to 7 mm daily dur-
ing the water stress period, and reduced water stress in the plant as
evidenced by a lower leaf water potential (Bandy, 1976). The resulting
average yields, however, were only 6% higher with muliching than without,
The experiment also continued during the dry season with an irrigation
pattern that simulated the water stress periods encountered during the
previous rainy season. A black plastic mulch treatment was also in-
¢luded. Corn yields were the same without mulch as with the Melinis
minutiflora mulch, but a significantly higher yield was obtained with
the black plastic mulch {Table 16). This was attributed to vigorous and
deeper root development associated with higher soil temperatures caused
by the black plastic mulch during the cool dry season in Brasilia

(Bandy, 19763 NCSU, 1976). Consequently, the benefits of a grass mulch

i were not sufficiently attractive to recommend it as a practice. The-

black plastic mulch s probably too expensive to justify its use.

Mulching with Panicum maximum has been extensively evaluated on

~{ Typic Paleudults at Yurimaguas, Peru., The overall effect on crop
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yields, summarized in Table 17, is not clear. Valverde and Bandy {§1é1)
'indicate that mulching is almost always detrimental to upland rice,
since the plants remain greener into maturity and thus subject to more
disease attacks. Mulching is especially advantageous to corn when
severe drought stress occurs. Since corn is planted during the drier
part of the year, it is more subject to drought stress than rice.
Therefore, the differences encountered are also related to the amount of
rainfall during the cropping season. There were no overall trends on
' the effect of mulching on the three grain lsgumes included in this

}stuﬁy.

Most of the comparisons summarized in Table 17 as well as the g
. Brasilia resuits shown in Table 16 were conducted at a generally high |
Tevel of fertilizer inputs. A study conducted at lower input levels by g
Wade (1978) in Yurimaguas showed a definitely positive effect of mulch- E
:ing on crop yields. Table 18 shows the relative yields of five consecu-;
tive crops which were either left bare or were covered with 2 Panicum

maximum grass mulch or a Pueraria phaseoloides legume mulch. These

three treatments did not receive fertilizers or lime. The results are
compared with a bare plot which received sufficient fertilizer and lime
applications to errcom%j?Ziki?ity constraints {120 kg N/ha and 70 kg
KZtha ner crop, 4 tons/ha of lime and 45 kg PZOS/ha per year). The
yields obtained with this treatment are considered maximum ydeﬁfﬁrmCrmps

jgmwing with Panicum maximum muich produced an average of 54% of the-

maximum yields without chemical inputs. The beneficial effect of the

| Pueraria phaseoloides mulch was even greater, producing 80% Qfﬁmaxﬁmum E

yie?@ﬁf'again without inorganic inputs. The Panicum maximum mulch
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o | decreased maximum topsail tempefatares by an average 2°C on dry, hot

o| afternoons. It also increased avajlable soil moisture, prevented sur-
.| face crusting and reduced weed growth, Both muich materials had no ef-
- féct on soil.chemical properties but because of higher yields than in

6 the bare unfertilized plots, they promoted greater nutrient uptake by
the crops.

. 2. Green manuring. Table 13 also inciludes treatments in which

| Panicum maximum and Pueraria phaseoloides were incorporated as green

10| manures after every ¢rop harvest. The overall yields obtained average
11 71 and 90% of the maximum, respectively. This suggests an almost

10 equivalent substitution of legume green manure for inorganic fertiliza-
13 tion and Timing. The incorporation of thess green manures also in-
creased soil moisture retention, reduced bulk density and soil compac-

13 tion. The kudzu green manure supplied significant quantities of ni-

| trogen, potassium, calcium and magnesium to the soil. The addition of
l:!bases decreased aluminum saturation and provided a more favorable en-
15?vironment for plant growth. As a resuit, nitrogen, phosphorus, potas-
19 sium, calcium and magnesium uptake of the four crops increased (Wade,

20 1978).

91 1t appears that kudzu green manure can be substituted for fertili-
0g| Z€TrS in Yurimaguas to obtain moderate yields of continuous crops. This
23 is essentially a tradeoff betwesen nutrients supplied by the fertilizer
.+ bags for green manuring. Taking account of the labor involved in incor-

- porating kudzu, the cost of adding 1 kg N/ha as urea is approximately

equal the cost ¢f adding the same amount of nitrogen as kudzu. The

2]
i

tradeoff of labor for purchased input appears attractive, but has the

jaed
-3
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disadvantage of the hard work involved in incorporating the green manure!
Farmers in this area seem more interested in cbtaining credit to pur-
chase fertilizers and obtain machinery than to carry and incorporate
kudzu with a hand hoe. It should be pointed out that the above-
mentioned green manure treatments were not grown in situ, but were col-
Tected from adjacent areas. 'If grown in situ, green manures, would
compete with growing an additional crop at the same time. Experience
from West Africa indicates that farmers would rather grow an additional
crop and use fertilizers if available than grow a green manure crop.
Intercropping green manures with cereal crops could be a better alter- .
native as no time is wasted.

3. Managed fallows. A further extension of the green manuring

concept would be to substitute the conventional secondary forest fallow
with one which could improve soil physical and chemical properties in a
3_sh0rter perio§ of time, Promising results have aiready been produced in’
Alfisols of Nigeria {Jaijebo and Moore, 1964; Juo and Ulal, 1977) and
:petentia1 of planted kudzu fallow is presently being studied at Yuri~
maguas with promising results.

H. Intercropping and Multiple Cropping Systems

Variocus forms of intercropping are widely used by farmers in the
Cxisol-UTtisol regions of tropical America. They range from intercrop-

ping annuzl food crops, to combination of annual crops with pastures,

manent crops. These patterns are generally more complex in the udic
than in the ustic soil moisture regime. Intercropped systems other than

the use of crops as precursors of pasture establishment are not
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widesppeaé in the savannas. In udic rainforest areas intercropping is
practiced both by shifting cultivors and by large scale plantations,
Unlike other sections of this review, most of the technology described
is based on farming rather than research experience.

i. Intercropping food crops. Traditional shifting culitivators

almost invariably ihtercrép. In the Amazon a marketabie cash ¢rop is
planted right after clearing, usually upland rice or corn. Shortly
afterwards, cassava and plantains are interplanted either in rows or at
random with an average spacing of about 2 x 2 m for cassava and 3 x 5 m |
for the plantains. When the grain ¢rop is ready for harvest the cassava
canopy takes over; with time it is graduaily replaced by a plantain
canopy which can last as much as two years depending on the rate of soil

fertility depletion and the presence of nematode attacks. Finally the |

There are many variations of the above thems, some of which have
been described by Pinchinat et al., {1976} in a review of multiple crop-
ping systems in tropical America. Variations include other annual food

crops such as cowpeas, pigeon peas (Cajanus cajan}, yams (Dioscorea sp.),

malanga {Xanthoscma sp.), vautia {Colocasia esculenta) and a wide

variety of vegetable crops.

The traditional intercropping pattern has the advantage of keeping
a continuous crop canopy over the soil, imitating the regrowth of a .
forest fallow and eventually becoming one. Soil exposure to erosion
and compaction hazards is Timited, and the use of acid-tolerant species

Tike rice, cassava and plantain permits a better utilization of the
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available so0i1 nutrient supplies. The more nutrient demanding crops

L]

5| such as-corn or the most vaiuable, such as rice, are normally grown

4 first to capitalize on fﬁe fertilizer value of the ash.

5 Research has shown that intensifying intercropped systems can pro-
g| duce higher annual yields than when individual crops are grown in mono-
ni cultures. In Ultisols of Yurimaguas, Peru, Wade (1978) developed a row
«| intercropped system that produced nine consecutive crops in 21 months.

¢| A virgin rainforest was cleared by slash-and-burn and the first upland

107r1ce crop was grown without fertilization. Following the rice harvest,
I
11! corn was planted in 2 m rows and soybeans in three 5C cm rows between

10! the corn rows. Forty-five days later, cassava cutlings were inserted ini
i !

.- the corn rows as 1 m spacing. Soybeans were harvested at 91 days and

;:icorn at 105 days. Cassava grew vigorously in the former corn rows and §

cowpeas were planted where the soybeans were. The four crops were har-

o
(;Jt

i
i
1Cfvested in 266 days. A second cycle started one month afterwards. Corn
;T!was planted the same way but upland rice replaced soybeans as the com~
15;pan1on crop. Cassava was planted again in the corn rows, th1s time 67 E
133days after the corn seeding. Corn was harvested at 105 days and rice
og) after 140 days. Five days after the rice harvest peanuts were planted
91| where the rice was and it matured 96 days later. There was enough time

.1 to grow a crop of cowpeas where the peanuts were before the cassava

3
3

| canopy closed in., A total of nine crops were harvested from the same

fov]
[£v]

: field in one year and nine months.

T
wWn

o5 The crop yields shown in Table 19, include & comparison of mono-

§cuitwes grown in separate stands at the same time. Although the yields

;Df individual crops were always Tower under intercropping than as
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monocul tures, the total market value of one hectare of intercropping was
20 to 28% higher than if the same hectare was split among the four or
five crops grown as monocultures. Intercropping alsoc produced more pro-
tein and energy per hectare than the monocultures. Also, i#tercragping
incteased nutrient uptake and the efficiency of nitrogen fertilizer used
(Wade, 1978). The annual fertilizer application was moderate for the
very acid soil conditions: 1 ton/ha of lime, 45 kg N/ha, 100 kg Pgﬁsfha,
45 kg K/ha, 10 kg S/ha, 0.5 kg B/ha and 0.5 kg Ho/ha.

Although this intensive intercropping system does not require high
levels of purchased inputs, it requires intensive hand Tabor. Its
vajue, therefore, may be limited to small areas near the farmhouse,
while Tess Tabor demanding systems could be used at a larger scale.

Other intercropping systems can be even more efficient. Leihner
(19795 CIAT, 1980) reported that when cassava was interplanted with
cowpeas or peanuts in an Orthoxic Palehumult or Quilichao, Colombia, at
their normal ﬁ?anting densities, neither crop suffered significant yield
declines. This is apparently due to Tess interspecific competition be-
tween the early maturing grain legumes and the later maturing cassava.
Planting cassava in double rows spaced at 2 to 3 m with 50 cm betwaen
rows has increased yields significantly and has enhanced the advantages
of intercropping throughout Brazil {0liveira, 1979). These and other
refinements may further increase the valﬁe of intercropping acid-
tolerant annual crops in Oxisol-Ultisol regions.

2. Intercropping annual with perennial crops. Planting of acid- .

tolerant or perennial crops such as rubber, oil palm, guarana, and

timber species requires an alternative soil cover until the trees
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produce a closed canopy. Several variations of the "taungya" agro-
forestry system are presently being practiced in the Amazon. Corn,
cowpeas and sweet potatoes are grown between rows of rubber, oil palm
and guanara for two to five years until the oil palm canopy fully de-
velops {UEPAE de Manaus, 1978; Andrade, 1973). Although no data on the
relative yields of annual and perennial crops is available, there seem
to be 1ittle interspecific competition for the first two to threes years.
In addition to producing food while a plantation is being established,
the soil between the tree rows is protected from erosion during most of
the year, except for intervals between harvesting of annual crops and
the planting of the subsequent one,

3. Intercropping pastures with tree crops. When a legume or

Tequme/grass pasture is grown under young tree crops, the soil is better
protected than with annual crops. Many combinations exist in tropical

1
L

America (Thomas, 1978). Pueraria phaseoloides is used as understory for:

some cases cattle grazes the Pueraria with apparent Iitt?e{detr%ment to

rubber production under careful management. When the trees are planted
at less than optimal density, certain grass/legume pastures persist and

produce beef and milk. This is the case of a Brachiaria humidicola-

Desmodium ovalifolium pastures under a planted stand of laurel {Cordia

alegdora) a fast growing fuelwood species in non-acid alluvial soiis of
the Ecuadorian Amazon (Bishop, 1981}).
The value of agroforestry as & low input soil management compenent

is now widely acknowledged (Mongi and Huxley, 1878}. Research data on

agroforestiry, however, is difficult to find. The lack of data to
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accompany these most interesting combinations underscores the need of
systematic research aimed at understanding soil dynamics and improving
soil management in agro%ﬁrestry systems.

The potential of some annual ¢rop-pasture-permanent crop succes-
sions in acid seils of the humid tropics of tropical America 15 indeed
tremendous. There is little doubt that the most stable production sys-
tem in this environment is the one that produces essentizlly another
tree canopy. It is also the one that requires ieast chemical inputs
because a nutrient cycle between the soil and the trees is established.
Acid-toierant food crops Tike rice, cassava, soybeans, peanuts, cowpeas,"
nlantains and others must be grown in order to provide food, but they
can gradually be replaced by pastures or better by perennizl crops. 01]
palm, for example, can produce 5 tons/ha per year of magetativejzgl
without Time and with modest fertilizer T2biiiommts T Oxisols and
Ultisols {Alvim, 1981). This is three to five times the oil production

potential per hectare of other o0il crops, including soybeans. Palm oil

 can be directly used as fuel in diesel engines with minor modifications.

Mass production of totally renewable bio-energy couid accompany in-
creased food crop and livestock production in Oxisol-Ultisol regions.
I. Conclusions

The desirability of keeping the so0il covered by a planf canopy
during most of the year can be accomplished by various fow input tech-
nology components in Oxisol-Ultisol regions. Sone, Tike low density'
pasture seedings, take advantage of acid sofl infertility in surpressing

weed growth. An understanding of changes in chemical and physical soil
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properties with time is helpful for designing or improving continuous
farming systems in acid infertile soil'regéons.

It would be ideal from thelece}ogicai point of view if this review
could stop at this point, with the emphasis on minimal soil disturbance.
Unfortunately, few of the above systems would remain productive unless
fertilizers and Time would be added, to partially overcome critical acid
soil constraints. The remaining sections of this review,mi4%”%§§;ess

this issue.
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V. MANAGEMENT OF SOIL ACIDITY

Soil acidity constraints are largely eliminated in the northern
temperate regions of the world by liming to increase the soil pH to near
neutrality. This strategy does not work in most Oxisol-Ultisol regions
because of the different chemistry of low activity clay winerals which
often results in yield reductions if such soils are Timed to near neu-
trality (Kamprath, 1971). In addition, lime transportation costs are
often very hich inr many savanna and rainforest areas. Nevertheless, the
main soil acidity constraints {(aluminum toxicity, calcium deficiency,
magnesium deficiency and manganese toxicity) nesd to be alleviated in
order to have successful agriculture in these regions. The importance
of these constraints has been indicated in Table 2. Aluminum toxicity,
calcium and magnesium deficiencies occur in about 70% é% the acid infer-
tile so0il region of tropical America, and on approximately half the
territorial extension of tropical America as a whole. Three main
strategies are used to attenuate acid s0i1l stresses without massive lime
applications: (1} Lime to reduce aluminum saturation below toxic levels
for specific farming systems, {2} Vime to supply calcium and magnesium
and to promote their movement into the subsoil, {3) use plant species
and varieties tolerant to aluminum and manganese toxicitia%.

A. Lime to DPecrease Aluminum Saturation

There are three major considerations: To determine how much, if zny
lime should be added, to consider the quality of lime used, and to ﬁro«

mote the longest residual effect.
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1. Lime rate determination. The diagnosis of aluminum toxicity in

acid soils of tropical America has been based on exchangeable aluminum
extracted by 1IN KC1 since the mid 1960°s (Mohr, 1960; Cate, 1965;
Kamprath, 1970; Salinas, 1978). Liming recommendations are commonly
derived from the following formulae, where the lime requirement is ex-

pressed in either ﬁi??ieqsfva?ents of caicium or tons/ha of CaCGB

equivalent:
meq Ca/100¢ soil = 1.5 x meg txch, A1/100g
(1)
tons Caﬁﬁ3—equiva1ent/ha = 1.65 x meq Exch. A1/100g
(1T)

Lime applications based on these formulae usually neutralize most
of the exchangeable aluminum and raise the soil pH in the neighborhood
5.2 to 5.5. Figure 13 shows the relationship between pﬁ and exchange-
ahle aluminum levels in acid soils of Panams (Mendez, 1973).

The very low levels of exchangeable bases common of these soils
have to be taken into consideration, in addition to the amounts of ex-

changeable aluminum present (Olmos and Camargo, 1976, Freitas-and

Exch. Al
a + Mg+ K+ A

expresses these relationships weil. Lopes and Cox (19772} suggested

Silveira, 1877). Percent aluminum sataratéeﬁ[gxch‘ r }xlﬁﬁ
that in most cases the percent aluminum saturation should be considered
first, since soils having the same level of exchangeable afunﬁnum but
different degree of aluminum saturation would have different crop re-
sponses to 1iming at the same lime rates. Moreover, Evans and Kamprath
(1870), Kamprath {1971) and subsequent workers including Spain (1976}

have indicated that for many ¢rops the liming requirements based only on
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| topsoil to the desired range:
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Qhe;zkchangeable aluminum may overestimate the lime rates because of
varying degrees of plant tolerance to aluminum,

From the pioneer work of liming iﬁggé acid so0il of tropical America
by Menezes and Araujo in Brazil 30 years ago (Cojmbra, 1963) until one
of the recent experiments established 8 years ago also in Brazil
(Ganzalé§5g§_31§, 1979}, the common approach has been to lime the soil
for optimum crop response. This criterion can be interpreted as chang-
ing the soil to satisfy the plant's demands. T7his approach is difficult
to apply in many areas of tropical America due to agro-ecanoﬁic impli-
tations. It may also be noted that Kamprath (1971} has reported that
excessive liming may have & detrimental effect on plant growth, for
example, lime induced zinc deficiency in cassava {Spain, 1976). There-
fore, it is important to determine the most appropriate formula to con-
vert exchangeable Al into the amount of 1ime for specific soil-crop sys-

tems. Cochrane et al., (1980) developed a formula for determining the

Lime required (ton CaClj-equiv/ha) = 1.8 [Al-RﬁS(Al+Ca+M§§TGQ]
(111) h
Where RAS is the critical percent aluminum saturation required by a
particular crop, variety or farming system to overcome aTumfnum toxicity,
and A1, Ca and Mg are the exchangsable levels of these cations expressed
in meq/100 g. When compared with actual field data, the predéctabilfty
of this equation is excellent (Cochrane gt zl., 1980). An additiona]

advantage is that it reguires no soil ana%ys§§ beyond the 1N KC1 extrac-

tion of aluminum, calcium and magnesium as wel?l as the information zbout




| 3]

10

i1

12

68
crop tolerance to aluminum in terms of percent aluminum saturation. The
adoption of such a formuia could Tead‘ta the more effective use of lime
and considerable savingg in the gquantities applied as well in costs.

2. Use-quality liming materials. In addition to how the amounts

of Time to apply are determined, the quality of the Timing material de-~
serves consideration. Unfortunately 1ittle attention is usually given
in Oxisel-Ultiso] regions of tropical America to particle size and
chemical composition of lime, other than whether the lime is calcitic or
dolomitic (Lopes, 1975). Characterization studies of local lime de-
posits such as that conducted by Guimardes and Santos (1968} for the
State of Para in the Brazilian Amazon should be encouraged. The ideal
1iming material should be in the carbonate form with most of it passing
a 100 mesh sieve. Coarse CaQGB sources seldom produce the desired yield
responses for the first crop because they are slow to react. In order
to compensate, farmers often apply higher than recommended rates, which

may cause overliming problems for later crops (Cemargo et al., 1962;

. Jones and Freitas, 1970).

In parts of the Amazon, most of the lime sources are exploited for
construction purposes and therefore produce hydrated 1ime in the hydrox-
jide form. These liming materials are extremely reactive and produce a
short-lived residual effects (NCSU, 1975, 1876). The alternative for
better utilization of Ca(0H), as a time source is smaller and more fre-
quent application rates (Wade, 1978}, A better alternative is to re-
quest the Iima'greducemfiﬁéﬁfﬁg-grind the material to the appropriate

size and thus keep it in the carbonate form.
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Since magnesium is frequently Timiting in Oxisols and Ultisols,
dolomitic 1ime sources are preferred. A Ca:Mg ratio of 10:1 1in the
Timing material is usually adegquate.

3. Residual effects of lime. The beneficial effects of liming

acid soils are usually expected to iast fér several years. However, the
residual effects are consider§£;§z§ﬁ;r§er in tropical than in temperate
regions because of higher rainfall and higher temperatures (Lathwell,
1979). Whether this is true or not, the estimation of residual effects
of 1iming,iﬂ’gbid s50ils of tropical America becomes a main concern of
soil management for humid tropical rainforests and ustic savanna regions,
The length of the residual effect will aiso depend on the ecosystem.

In general, acid soils in the tropical rainforests will have shorter
residual effects of lime as compared with the savanng{/}egion because of
faster leaching of bases due fo higher rainfall, faster release of alu-
minum from organic matter complexes, and hicher base removal by plants
in year-round crop production systems (Villachica, 1978).

Figure 14 shows the changes in topsoil exchangeable aluminum,cal-
cium and magnesium within four and a half years after 1iming applica-
tions in an Oxisol from Carimagua, Colombia con which seven annual crops
were grown consecutively. There is an increase in exchangeable aluminum
with time at all but the high 1&59 rate probably caused by leaching of
bases, release of H+ ions from organic matter, and residual acidity of
nitrogen fertilization. The losses were on the order of 1 to 2 tons ¢f
Time per ha for the 4% year period. Howeler {1975) considered an annual

application of 200 to 500 kg/ha of lime per year to be sufficient to
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maintain an adequate level of calcium and magnesium in this soil under
continuous cropping and reverse the above increases in exchangeable
aluminum, -
Table 20 summarizes the residual effect of a Brazilian long-term
Timing experiment after seven consecutive crops (five of corn, one of
sorghum and one of soybean). After 6% years, soil pH decreased at all

1ime rates probably because of the residual acidity of nitrogen fer-

tilizers. GExchangeable aluminum increased with time and exchangeable

. . . i fev-éxﬂ i .
calcium and magnesium decreased. Aluminum saturation rafes increased by

about 20% for the 0, 1 and 2 ton/ha rate. The grain yields indicate an

excellent residual effect, with the 1 fon/ha rate still providing over
80% of the maximum yield in the seventh successive crop. This 15 prob-
ably associated with the relatively high aluminum tolerance of the soy-
bean variety used (UFV-1}.

B. Lime as Calcium and Magnesjum Fertilizer

The tréditiona? emphasis on NPK fertilization in tropical America
{with the welcome addition of sulfur in recent years) has distracted
attention from the widespread calcium and magnesium deficiencies found
in Oxisol-Uitisol regions. 1In high input systems, tradi??ena? fer-
tilizer sources such as ordinary superphosphate aﬁdi??;;ﬁ;%ten satisfy
the plant's nutritional requiremerits for the three secondary elements.
In low input systems with plants tolerant to high levels of aluminum
saturation and low available phosphorus, grown on low effective cation
exchange capgcity soils, the correction of calcium and magnesium defi~

quun’ﬂ . .
ciencies pesds™direct attention.
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1. Availability of calcium and magnesium. The principal factors

wy

affecting the availability of calcium and magnesium in Oxisols and

]

«| Ultisols are the level of these nutrients in exchangeable form, the ef%
= fe:ii&éiEEC;-exchangeabie aluminum levels, tei%are and clay mineraiogy
g| (Kamprath and Foy, 1971).

7 Exchangeable calcium and magnesium levels in Oxisols and Ultisols

are usually very Tow. The range encountered in savannas of Brazil,

o

Colombia and Venezuela is on the order of 0.1 to 0.7 meq Ca/100 g and

i3l

101 0.06 and 0.4 meg Mg/100 g for the topsoil (Lopes and Cox, 1977a; Salinas,

1980; C. Sanchez, 1977). Calcium and magnesium levels in the subsoil

Bk

[

are usuyally lower and sometimes reach undetectable values in Oxisol

1ud
f 2]

subsoils (Ritchey et al., 1980).

[
£.3

12, Exchangeable calcium and magnesium Tevels in rainforest Oxisols anéé
15jU1tiso1s are somewhat higher, particularly in the topsoil. The examples
Qéprevious?y shown in Table 12 indicate a range of 0.4 to 1.46 meq ﬁaf?%@gi
in the fopsoil prior to clearing and burning. Exchangeable Mg ranges
12| from 0.07 to 0.33 meq/100 g in the same data set. Consequently, topsoil
qb%exch&ngeabie calcium levels seem higher in the rainforest than in

ap ! S52vanna regions, but exchangeable magnesium levels show no differences.

01| Decreases with depth of these two elements is sharper in the rainforest

o' than in the savannas but the levels remain within the detectable range.
|
as. The dynamics of these two nutrients as a result of burning rainforests

5B
has been described in a gnexieasggectionhof this paper.

p I
]

24

The low ECEC of most Oxisols and Ultisols pose some advantages and

v
o

i

an: disadvantages to the supply of calcium and magnesium., The first disad-

vantage is the rapid leaching during periods of intense rainfali.
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During such periods temporary anaerobic conditions may actually inhibit

calcium and magnesium uptake by roots. During the dry season, water

tion of these elements in tissue samples of Melinis minutiflora and

native savanna species decreases significantly during the dry season at

Carimagua (Lebdosoekojo, 1977). Plants are therefore faced with a dif-

stress may accentuate calcium and magnesium deficiencies. The concentra-i

ficult situation, probably adequaté calcium and magnesium supplies dur-
iing part of the rainy season, rapid leaching losses during periods of
‘1ntense rainfall and Tow availability of both nutrients during the dry
season because of water stress (Gualdron and Spain, 1980). Weverthe]ess,

tboth native and introduced plants in Oxisol savannas appear to do better;
“I ;

-'in terms of calcium and magnesium than the Jow soil levels and the ad- - |

verse moisture-dependent relationships would suggest. Rodriguez (1975)
1nd1cated that some species may have more efficient calcium and mag-
1nes1um uptake mechanisms than those presently understood.

Aluminum competes with calcium in the soil solution for exchange

\ . ,
icalcium uptake but not its translocation to the aereal plant parts
(Garcia, 1977). Reduction in root development under high aluminum con-

centrat1ons could be due to calcium deficiency which hinders the develop-
i

iment of tap roots (Zandstra, 1971).

: In general, soils dominated by 1:1 clays require a lower level of
ibase saturation for calcium and magnesium to become available to plants
ifrom soils dominated by 2:1 clays (Kirkby, 1979). This is an advantage
|

of Oxisols and Ultisols because of the dominance of 1:1 clays.

é /
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. able Villachica (1978) recommends magnesium application rates on the

' ment phase of two pasture Tegumes, Desmodium ovalifolium and Pueraria
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2. Fertilizer requirements. Information of the rates of lime to

satisfy calcium and magnesium fertilization requirements is scanty.
Table 21 summarizes the experience in Oxiso]s'of the Llanos Orientales
of Colombia, with levels ranging on the order of less than 0.1 to 0.4
meq/100 g of both elements.

In some cases the response to 0.5 ton/ha of dolomitic lime is due

to magnesium. Spain (1979) reported this situation for the establish-

phaseoloides in Carimagua, Colombia. A straightforward magnesium re-

sponse also accounted for most of the lime response by the first crop of
|
corn in a long-term experiment at Brasilia (NCSU, 1974). In rainforest

Ultisols of Yurimaguas, Peru, where dolomitic lime is not easily avail-

order of 30 kg Mg/ha per crop to overcome magnesium deficiencies and
prevent K/Mg imbalances.

Recent results show that'tropica1 grasses also differ in their cal-
cium requirements (CIAT, 1981). Figure 14 shows the field response of
seven grass species grown in an Oxisol of Carimagua as a function of
calcium concentration in plant tissue. The critical internal calcium
requirements ranged from 0.32 to 0.60%. Figure 15 shows the correspond-
ing levels of aluminum saturation, calcium saturation and lime require~
ment, according to Cochrane et al.'s formula). This information sug-
gests that these species should be classified not only according to-
their tolerance to aluminum but also according to their different cai-

cium requirements,
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3. Downwards movement of calcium and magnssium. Regardiess of

whether liming is practiced to decrease aluminum saturation and/or to
supply calcium and magnesium, its beneficial effects are felt mainly at
the depth to which it is incorporated, because lime does rnot move appre-
ciably in tk%MSGifz The subsoil of most Oxisols and Ultisols is usually
quite acid and often presents a chemical barrier to root development,
either because of aluminum toxicityjof’;xtreme calcium deficiency, or
both. It is common to observe roots of annual crops almost exclusively
ccnf@ﬁéd to the limed topsoil, with little penetration into the acid
subsoil in savanna Oxisois (Gonzalez, 1976; Bandy, 1376) and rainforest
Ultisols (Bandy, 1977; Valverde and Bandy, 1981). Such plants suffer

from water stress when drought periods occur in spite of ha¥€ﬁ§ ample

453351 moisture stored in the subsoil. Llarge yield Tosses occur when tem

norary droughts occur at critical growth stages during the rainy season
in Oxisol regions {Woif, 1977).

A major objective of low input technology is‘to promote root de-

i velopment into these acid subsoils as an alternative to the more expen-

sive supplemental irrigation sysiems, Thégg;strategias have been de~

.
I)Deep lime applications in Gxisa?s,i@raw

vised to overcome this problem:
| 3)

moting the downwards movement of calcium and magnesium, and&the use of

aluminum-tolerant cultivars and species.

Although at first g?anca;?gat a Yow input technology, incorporating

.| the same rates of lime into the top 30 rather than the top 15 oms has

increased corn yields through various seasons in an Oxisol near Brasilia
(NCSU, 1974; Salinas, 1978; Gonzalez et al., 1979). This practice is

possible in well granulated Oxisols, where it is feasible to rototill
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o| down to 30 cm without major increased in tractor energy. In Ultisols

5! Wwith a marked textural change within the top 30 cm this practice is not
4 recommendable because it may create severe soii physical probiems

- {Sanchez, 1977). This suggests that not only chemical but also physical
6 soil parameters should be considered to define the most appropriate al-

T Miming/’ chhi«; .

5 0Tmos (1971) presented experimental results which demonstrate sig-

o' mificant differences in behavior among various kinds of acid soils be-

1Dicause of subsoil aluminum. Figure 16 shows ae—anweﬁamﬁ%é;zg; changes in

.- pH, calecium, magnesium, potassium and aluminum saturation throughout the.

lgéprefile of Colombian Oxisol. Aluminum toxicity at levels which inhibit

iroot penetration is found in the first 80 ¢m below which aluminum satura-

|
14! tion decreases to values lesser than 60% with no toxicity effects

15£(Saﬁn3s and Delgadiilo, 1980).
i

16 A major advantage of many acid infertile soils is that their chem-

!
.~lical and physical properties permits the downwards movement of calcium

lgéand magnesium into subsoil layers, thereby decreasing acid soil stresses
18;at depth and increasing root development. Downwards movement of cal-

op| cium and magnesjum applied as lime is of little or no practical signifi-
o1l cance in other soils dominated by high activity clays.

225 As mentioned before, lime-does not move appreciably in seoils, but
05! exchangeable calcium and magnesium do so in low ECEC Oxisols and Ultisols
éaccompan‘ieé by anions such as sulfates or nitrates (Pearson, 1975;

05 Sanchez, 1976). The first evidence of this phenomencn in tropical Latin

ol America was reported by Pearson et al., (1952} after applying about

~-1 800 kg N/ha/yr as ammonium sulfate to intensively fertilized grass
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pastures in Puerto Rico. The probable presence of large concentrations
of accompanying anions prometed rapid movement of basic cations into the

subsoil. ¢

. ?ef}ér’}@{

Within the last three years similar cobservations have been pub-"—
Jishéd-for Oxisols of the Brazilian and Colombian savannas and for
Ultisols of the Peruvian Amazon, but at much Tower levels of lime and
fertilizer inputs (Salinas, 1978; NCSU, 1978; Villachica, 1978; Ritchey
et al., 1980; Gualdrdn and Spain, 1980). Figure 17 shows the changes in
soil properties with depth 40 months after applying lime to the top

15 cm of a Brazilian Oxisol and cropping it continuously for five years.

o Subsoil acidity was gradually ameliorated, particularly when high rates
'of 1ime are used. With 2 and 4 ton/ha rates, the critical level of 50%
| aluminum saturation is reached at about 30 cm depth. With 8 tons/ha of

;| 1ime, this level is reached at about 80 cm depth. Crop rooting volume

did increase as the aluminum toxicity barrier was gradually pushed down
{Bandy, 1976).

Laboratory column experiments and field observations with the same
soil have confirmed the previous resuits. Ritchey et al., (1980} showed
significant calcium movement down to 180, 75 and Z5 cm depth when Caiiz,
CaSGé, and CaC&a, respectively were mixed with the top 15 cm of an

Oxisol column and the equivalent annual rainfall leached through

o| (Figure 18). Under field conditions gypsum included in simple super-

phosphate increased subsoil pH and calcium plus magnesium Tevels while
aluminum saturation decreased at 75-80 cm depth 3 to 4 years after ap-

piication (Figure 19), Corn roots growing in ths improved subsoil
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environment were able to take up water and withstand droughts {Ritchey
et al., 1980},
It is interesting to observe that considerable increases in subsoil
calcium and ‘magnesium can be attained with moderate applications of Time
(1 to 2 tons/ha) and simple superphosphate (160 kg Pzﬁsiha},

€. Selection of Aluminum Tolerant Varieties

The main component of managing soil acidity is the selection of
‘productive varieties that are telerant to atuminum toxicity. Screening
Ea large number of ecotypes either in ésiture selection, 1in the green-
house, the field or & combination of the three is the preferred proced-

i
rure. This requires close cooperation between soil scientists and plant

- breeders, Among the nutrient culture solution screening techniques the

i
éhematoxy1in test proposed by Polle et al., (1978) appears very useful.

f . .
' Results of culture selection or greenhouse screening, however, must be

H

validated in the field with a representative range of the cultivars
screened. Examples of such correlations are given by Spain et al.,

(1975); Howeler and Cadavid (71976); Salimas (1978}, and 53linas and

.i Delgadiiio (1980). The latter two studies include the joint tolerance

to aluminum and phosphorus stresses, because they tend to occur to-
gether (Salinas, 1978). Cultivars can then be classified by their

. critical aluminum saturation level required for attaining 80% of the
maximum yield, For a specific site, this parameter can be reported in
terms of lime requirement using the formula of Cochrane et al., (1980),
and incorporating the critical percent aluminum saturation as “RAS."

1. Screening annual crops. Figure 20 shows an example of 10

wheat varieties screened in this fashion in an Oxisol from Bras¥lia,

|
%
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o| Brazil, The results are pfesentad in a Cate-Nelson diagram (Cate and
4 Nelson, 19?2} piotting percent maximum‘yie?d against aluminum saturation,
4] With the critical aluminum saturation level indicated by a vertical

gl arrow. Critical levels ranged from 22 to 60% aluminum saturation, which
g| for that soil represents & lime requirement of 0.5 to 1.6 tons/ha of

7 ﬁaﬂ%B equivalent. Figure 21 shows similarly obtained data on five up-

tand rice varieties. Critical aluminum saturation levels ranged from

¢ &1

o| 22 to over 70%, and lime requirements from 0.2 to 1.4 tons/ha of CaCOs
' : . k
10] equivalent. Tnese two results confirm the existence of wide differen-

11 tial tolerance to aluminum in both rice and wheat. The rice variety

[

12 Pratao Precoce was not affected by aluminum within the range tested,

13 while the sensitive varieties Flotante and Batatais showed a negative
14§1iaear yield response to increasing aluminum saturation.
1z The general trend shows that wheat varieties bred in Brazil exhibit

;o' greater tolerance to both stress factors than varieties bred in Mexico,

17/ such as Sonora 63, INIA 66, and CIANO. Brazilian varieties were selec-
15ited under acid seil conditions while the Mexican ones were selected in
1§K0a1careo&s soils. Among Brazilian varieties, the two developed closest
og| to the Cerrado, IAC-5 in Campinas, and BH 1146 in Belo Horizonte were

o1| more tolerant to the aluminum and low phosphorus than those developed
on! in Rio Grande do Sul (IAS-20 and IAS-55) where the soils, although acid,
03} are generally more fertile than in the Cerrado. Some variability is
2,.aiso observed among the Mexican varieties. These results suggest good
05| possibilities of combining the aluminum tolerance of the Brazilian

varieties with the short-statured, lodging resistant plant type of the

o Mexican varieties.
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A third field study conducted in Oxisols in the State of Parani,
Brazil compared the differential aluminum tolerance of 10 soybean cul-
tivars. Muzilli et al., (1978) defined the critical aluminum saturation
level as that required to obtain 80% of the maximum yield. This proced-
ure is quite similar to that reported by Salinas (1978) in Figures 20
and 21 since the Cate-Nelson plot diagrams show that yields at critical
aluminum saturation levels were in the order of 70 to 80% of the max-~
imum. Table 22 shows Muzilli's classification. None classified as
tolerant, which was defined as a critical level of more than 25% alu-
minum saturation.

These critical levels may vary with location and management, and

particularly the availability of calcium, magnesium and phosphorus in

.i the s0i1 during the experiment. For example, one soybean variety,

Improved Pelican, was tested in Yurimaguas, Peru (NCSU, 1976) using the

same procedure as in the Brazilian experiment. Improved Palican showed

.ia critical aluminum saturation level of 40%, a rating never approached

.+in Parana. Nevertheless, such studies clearly show which cultivars are

more tolerant. The Parana study suggests the cultivars Bossier, Vigoja
and UFV-1 should be used instead of Andrews, Cobb or é]oriéa, a5 far as
aluminum tolerance s concerned.

2. Screening pasture species. A somewhat different approach has

been followed by Salinas and Deigadilic (1280} in their systematic

iscreening of grass and legume ecotypes for adapiation to aluminum and

phosphorus stress. Both absolute and relative yields are considered
since growth vigor during the establishment phase is an important con-

sideration in the selection of superior ecotypes. Salinas and

PR
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Delgadillo considered a 50% maximum yield level i¢ an index of survival,
50 to 79% maximum yield as moderate tolerance and 80% of the maximum
yield or more as high tolerance under conditions of high aluminum and
phosphorus stresses. The 50% Jimit is consistent with bioiogic toxi-
cology (Matsumura, 1976; Leiner, 1969; Lal, 1980) while the 80% limit
was set as the point beyond which the response curve is nearly flat.

Table 23, adapted from Salinas and Delgadillo {1980), summarizes
the behavior of six grass and nine legume ecotypes at different levels

of aluminum and phosphorus stress at Carimagua, Colombia. The unamended

| Oxisol topsocil had 93% aluminum saturation and 1.7 ppm available P ex-

tracted by the Bray II method. Treatments included lime rates 0.5 ton/ha

.| to supply calcium and magnesium and 5 tons/ha to neutralize most of the

i exchangeable aluminum. This latter rate decreased aluminum saturation

to about 25%. Two phosphorus rates were included, 17 kg P/ha as minimal

land 227 kg P/ha to attenuate and overcome most of the high phosphorus

fixation capacity of the soil. "The field design was a factorial of four

| Time rates x three phosphorus levels., Plant tolerance was classified as

high (H} when the reiative yield exceeded 80%, moderate (M) between 50
and i%%, surviving (S) between 1 and %z%, and dead {X) for those that
did not survive.

Table 23 shows a marked differential response among grass and le-
gume ecotypes. The tolerance rating varied with different levels of
aluminum and phesphorus stress. In the case of the grasses there was
an overall positive growth response as the stresses were gradually elim-

inated. Brachiaria humidicola and Andropogon gayanus showed the great-

| est overall tolerance, Pennisetum purpureum the least. The absolute
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yields show that Andropogon gayanus was the most productive overall.

Also this species attained over 80% of the maximum yield with 86% alu-
minum saturation and 2.3 ppm P, a result of adding 0.5 ton/ha of Time to

supply calcium and magnesium and 17 kg P/ha, Panicum maximum showed

1ess overall tolerance but relatively high absolute yield. Under
Carimaguz conditions this species reguires high levels of lime and
phosphorus to reach 80% of its maximum yield.

As a group the legumes listed in Table 23 are generally more toler-
ant to acidity and low phosphorus than the grasses, except for Desmodium

heterophyllum, Macroptilium sp. and Leucaena teucocephala. These eco-

types died unless 0.5 ton/ha of Time and some phosphorus was added.
Stylosanthes showed generally better performance than other genera,

Such ratings do not guarantee the success of a tolerant ecotype
under grazing conditions. Persistence and productivity of the pasture
also ﬁep&nﬁs on many éther plant attributes including regrowth capacity,
tolerance to defo?iatien; trampling, drought, insect and disease stress,
Nevertheless, the tolerance ratings give a clear estimate on the inputs
needed to overcome acid soil constraints.

D. Selection of Manganese Tolerant Varieties

Manganese toxicity is another toxic factor present in certain
Oxisols and Ultisols. ATthough its geographical extent is not known
(Table 2) it is believed to be less common than aluminum toxicity.
Manganese toxicity occurs in seifs.hiéh in easily reducible manganese,
usually with fairly high organic matter contents that can cause tem-
porary anaerobic conditions. Manganese is very soluble at pH values
i

Tower than 5.5, particularly under anaercbic conditions where tn*? s
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reduced to Mn*z, Temporary anaergobic conditions may occur in wel)
drained Oxisols and Ultisols due to rapid decomposition of organic mat-
ter and/or temporary wagér?ogging during periods of heavy rainfall.
Examples of "such soils is Coto clay, a Tropeptic Eutrorthox from Puerto
Rico (Pearson, 1975) and some Orthoxic Palenumult soils at CIAT's
Quilichao station in Colombia. Unlike aluminum toxicity, manganese .
toxicity can occur at pH levels as high as 6.0 {Simar et al., 18974).
The lime levels commonly needed to raise the pH of manganese toxic
Oxisols and Ultiscls to about 6 is usually very high., For example, to
raise the pH from 4.6 to 6.0 in the Ultisol of CIAT-Quilichao it is
necessary to apply 20 tons/ha of pure Ca£83 (CIAT, 1878). Consequently,
the main strateqgy is to select tolerant varieties.

Unlike aluminum toxicity, symptoms of manganese tdxicity occur in
the leaves, because this element tends to accumulate in the %?ea} parts,
while excess aluminum accumulates in the roots {Foy, 1876b). Manganese

toxicity symptoms include marginal chlorosis, distortion of young leaves

.iand localized spots where manganese accumulates {(Vliamis and Williams,

1973; Foy, 1976b). In general it seems that legumes are more suscep-

tible to manganese toxicity than grasses {Lohnis, 1951; Hewitt, 1963).
nd
Australian scientists have é%é&aciari&eé/%&portant differegnces in toler-

ance to manganese excess among the main pasture legume species. Table
24 shows Andrew and Hegarty's ranking of manganese tolerance of major
Australian tropical legumes. Souto and Ddbereiner (1969) also found

similar differences in manganese-toxic Oxisols of the State of Rio de
Janeiro, Brazil. Their results shown in Table 25 suggest that Centro-

sema pubescens is relatively tolerant while Pueraria phaseoloides is
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sensitive. Ongoing work by thé junior author {Salinas, unpubiished)
shows the opposite result, according to visual observation in Ultisols
of Quilichao, Colombia. Australian scientists are breeding specifically

to incorporate manganese tolerance into Macroptilium atropurpureum be-

cause the widspread variety Siratro is quite sensitive to manganese
toxicity (Hutton et al., (1978).

Very little has been accompiished in establishing critical external
(s0i1) or internal (foliar) critical levels of manganese toxicity.
Andrew and Hegarty (1969 have developed internai crifical levels shown
in Table 24 but they do not follow their tolerance rankings. Based én ‘
preliminary work at CIAT, more than 100 ppm TN KCi-extractable Mn within
the top 50 cms of the soil could be considered as a tentative indication

of manganese toxicity (Sanchez and Cochrane, 1980). This figure neesds

-i local validation before it can be considered as a external critical

| Tevel for manganese toxicity.
ii!g- Conclusions

Although about 70% of the land area of the Oxisol-Ultisol regions
of tropical America possess severe acid soil constraints, it is not
necessary to lime these areas to neutrality or even to pH 5.5 in order

to obtain sustained crop &ﬁé'pasfur& production. Estimates of long-term

o world food production should not include heavy rates of lime applica-

tions for the 750 million hectares of tropical America with serious

o4: aluminum toxicity, calcium and magnesium deficiency constraints., At

the same time, statements that sustained agricultural production is pos-
sible without Timing in most Dxisols and Ultisols are wrong. The exis-

- tence of very aluminum tolerant varieties of forage species and crops
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may eliminate the need to decrease the aluminum saturation level of the
soil by Timing, but in most cases the b?ants require fertilization with
calcium and magnesium. -This can be accomplished by small lime applica-
tions or by fertilizers containing sufficient amounts of these two es-
sential nutrients.
A very positive attribute of many Oxisols and Ultisols of tropical

America 15 the relative ease of calcium and magnesium movement into the

'subsoil. It is possible to take advantage of what is normaily consid-

ered a 501l constraint, Jow effective CEC. Together with a favorable
soi] structure and plenty of rainfall, low ECEC favors the gradual
amelioration of the chemical properties of the subsoil. They, in turn,
favor deeper-root development and thus increased tolerance to drought

stress.
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VI. PHOSPHORUS MANAGEMENT

Phosphorus def%cieg;y is one of the most widespread soil con-
straints in tropical America. Approximately 82% of the land area of the
American tropics is deficient in phosphorus in its natural state
(Table 2). 1In the Oxisol-Ultisol savannas and rainforests the estimate
increases to 96% of the area (Sanchez and ﬁcahrang}{qgao). Phosphorus
deficiency problems are compounded by widespread high phosphorus fixa-
tion capacity. Soils with high phosphorus fixaticn capacity can be de-
| fined as those that require additions of at least 200 kg P/ha in order
to provide an equilibrium concentration of 0.2 ppm P in the soii solu-
tion {Sanchez and Uehara, 1980). Acid soils that fix Such amounts of
: phosphorus can he identified as those with Toamy or clayey topsoil tex- |
tures with a sesquioxide/clay ratio of 0.2 or above, cf by the dﬁminancei

of atlophane in the clay fraction of the topsoil (Buol et al., 1975).

| About 53% of tropical America's land surface is dominated by s0ils with

this figure increases to 72%, but high Tixing soils are iess extensive
in the Amazogfféﬁggié than in the savannas {Cochrane and Sanchez, 1381},
Figure 22 shows some examples of phosphorus sorption isotherms
according to the Fox and Kamprath (1970) procedure. Among Oxisols and
Ultisols phosphorus fixation generally increases with clay content be-
cause of its direct relationship with surface area, where the iron and
aluminum oxides and hydroxides largely responsible for phosphorus fixa—
tion are located (Pope, 1976; Lopes and Cox, 1979; Sanchez and Uehara,

1980). High phosphorus fixation is considered one major reason why vast
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areas or arahble lands in trcpica? American savannas are largely under-
utilized {Leon and Fenster, 1980).

The relatively high unit cost of phosphorus fertilizers, coupled
with the widespread deficiency and fixation constraints require the
development of low input technologies that can make most efficient use
of applied phosphorus in these soils. Salinas and Sanchez {1976),
Fenster and Leon {1979) and Sanchez and Uehara (1980) have suggested
similar strategies in order to develop seuaé,;;;osphorus management for
crops and pastures on the acid, infertile soils of tropical America.
The strategy now consists of six major components, five of which are

relatively well established. They are: 1) Determine the most appro-

I priate combination of rates and placement methods to enhance initial and

i residual effects; 2) improve soil fertility evaluation procedures for

making phosphorus recommendations; 3) use less costly sources of phos-
phorus such as phosphate rocks, either alone or combined with superphos-
phate; 4) use moderate amounts of Time to increase the availability of
phosphorus; 5) select species and varieties that can grow well at lower
levels of available soil phosphorus; and 6) explore the practical pos-
sibilities of mycorrhizal associations to increase phosphorus uptake by
plants. These £9ﬁr;§€;étegées are discussed in the following sections.

A. Rates and Placement Methods of Phosphorus Appiications

Extensive research has been conducted in tropicai America to deter-
mine the optimum crop responses to phosphorus fertilization in Oxiscls

and Ultisols (Kamprath, 1973). Most of it however, is limited to broad-

. cast applications of superphosphates and their incorporation into the

.| topsoil. Although this application method produces very strong yield
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harvests during a seven year period. Contrary to conventional opinion,

.| banding was inferior to broadcast applications for the first crop. This

' sequent crops this effect disappeared as the banded applications were !

.1 tions by Miranda et al., {1980) also indicate that this high input -

87
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responses, such as the one shown in Figure 2 (Section EZ) the high
rates reguired and placement method are not necessarily the most effi-
cient way to apply phosﬁhorus.

1. Annual crops. A Tong-term experiment conducted on a high fix-

ing Typic Haplustox of the Brazilian Cerrado provides a comparison of
banded vs. broadcast superphosphate applications for a sufficient period
of time to adequately evaluate the residual effects. Figure 23 (drawn
from data by NCSU, 1974, 1975, 1876, 1978; CPAC, 1978, 1979, 13980; Yost
et al., 1979; and Miranda et al., 1980) shows the results of different

rate and placement of tripie superphosphate on nine consecutive corn

soi] was so deficient in phosphorus that root development was re&t%éat&d!
i

to topsoil areas which had received phosphorus fertilization. With sub-

mixed with the rest of the topsoil by &ab&eqaﬁnfyzgiiage operations.
Considering the Tong-term effects, the highest average grain yield
of 6.3 tons/ha was obtained by broadcastﬁng the massive appiication of
1280 kg PZOS/ha and incorporating it into the topsoil prier to the
first planting. The residual effect has been sufficient to keep the
available soil phosphorus level above the critical level of 8 ppm P

{by the North Carclina extraction} for seven years. Economic calcula=

strategy is the most profitable among the ones studied in this experi-

ment, assuming an annual interest rate of 25% on credit to buy the
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fertilizer, and an average price:cost ratio where 6.7 kg of corn are
needed to pay for 1 kg of ?205 as trip?e superphosphate.

The high capital investment and the implications on world fertil-
izer supplies suggest that other alternatives be pursued. Splitting the
1280 kg Pzﬁsjha rate into four 320 kg Pzﬁs/ha banded applications to the
first four crops, produced 97% of the maximum yield; therefore, the
efficiency of fertilizer use was not affected. This alternative,
however, has the disadvantage of initially low yields, but has the
advantage of spreading the purchase of phosphorus over four years. A
similar gradual build-up by banded applications for four years to reach
a total of 640 and 320 kg P205/ha produced 74 and 51% of the maximum

yield, respectively. These treatments performed similtarly to initial

.| broadcast applications of 640 and 320 kg ?Zﬂs/h& (Figure 23, middie).

The tradeoffs are higher initial crop yields with broadcast applications
instead of & gradual yie?dﬁf}ncraase and a more effective residual
effect with the banded applications.

Combinations of broadcast and banded applications, shown at the

. bottom of Figure 23 show more promise. An initial broadcast application

of 320 kg ?EGS/ha followed by four banded applications of 80 kg PZOS/ha
produced 79% of the maximum yield as an average of the mine crops.
Miranda et al., (1980) reported that the economic return to this

strategy was similar to broadcasting 1280 kg ?zﬁB/ha once, but the total

! amount of phosphorus added reduced to one-half. Another possibility is

to broadcast a minimum amount of 80 kg P,0./ha and apply the same

quantity in bands to every crop, including the first one. This stratecgy
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| produced 75% of the maximum yields but the total investment in phosphorus
5| during the nine crops increased to 800 kg ?zasfha.

Both broadcast and banded combinations have the additional advan-

= | tage of higher yield stability than either all broadcast or all banded

g| applications. In retrospect a more effective treatment may have been an

71 initial broadcast application of 160 kg ?zusiha followed by banding

§A80 kg onsiha to all crops. This would have reduced the total ihvest~
anant to 640 kg P/ha for the nine crops, could have produced between 75
zGéand 80% of the maximum yield and avoided large initial capital invest-
ll%meats. Considering the high phosphorus fixation capacity of this soil

A

i i :
Ezl(?SG ppm P or 3545 kg ?zﬂﬁfha to reach 0.2 lin soil so1utaon7fkéhcwn in
15! Figure 22 as the Oxisol from 8?3259, the broadcast plus banded strate-

t
H .
1&§gées are examples of how to decrease fertilizer phosphorus inputs by a

15{more judicious combination of rates and placement methods, with suffi-

1Stcient time to evaluate the residual effects.

2o 2. Pastures. Phosphorus fertilizer rates and placement considera-

-

;
jaitions are fundamentally different in the case of pastures in these high

3§§fixing soiis. The main reasons are the lower phosphorus rates required
o) by acid-tolerant pastures, the lack of subsequent tillage operations

»1| that mix applied phosphorus within the topsoil pri ; 55 e~

Grnd & . . omeLhent iyt .
23,Qﬂasi_zxsaagyﬁr;ut?aent recycling via animal excreta under grazing.
n

ol Figure 24 shows a completely different response pattern of adapted pas-
nsl ture species to broadcast superphosphate applications in an Ultisel from

Quitichao, Colombia with a simitar phosphorus fixation capacity as the

"2
[41]

og| 0xis01 from Brasilia mentioned in the previous example. Figure 22 indi-

|
oni cates that the amount of phosphorus added to maintain 0.2 ppm pb@ﬁghﬁruﬁg
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1~ before a deep root system develops (Salinas, 1880). Consequently it is

H
H

.1 important to assure that the seedlings have a nearby supply of phos-

| (NCSU, 1976). This permits the use of Tower rates as the contact with

S0
in the soil solution is similar in both soils (650 ppm P for the
Quitichao Ultisol and 760 ppm P for the Brasilia Oxisol). Annual crops
grown on the Quilichao Ultisol require about 400 kg Pzﬂ5lha to approach

maximum yields. Pasture species like Panicum maximum, Andropogon

gayanus and Centrosema pubescens require about 80 kg P205/ha as one

broadcast incorporated appiicatéon to approach maximum dry matter pro-
duction for the first two years. In the Carimaqua Oxisol with consid-
erably lower phosphorus fixation capacity (400 ppm P to reach 0.2 ppm P

in solution as shown in Figure 22), adapted pasture species such as

Brachijeria decumbens reaquire only 50 kg ?Zﬁgzha as triple superphosphate;
to achieve maximum production (Figure 25). At such low levels of appli-
cation, banding is definitely superior to broadcast incorporated appli-
cation for pasture establishment, particularly if seeding is also dotie
in bands (CIAT, 1978; Fenster and Ledn, 1979). Pasture species have

their maximum phosphorus requirements a few weeks after germination,

phorus. Band placement also decreases weed growth between rows in
these Oxisols (Spain, 1979).
After a pasture is well established, maintenance phosphorus appli-

cations can be broadcast on the soil surface without incorporation

the high phosphorus fixing soil is minimized. Although how pasture -
species utiiize surface-placed phosphorus is not well understood, appar-
ently the superficial roots are able to absorb and utilize it effi-

ciently.
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B. The Need to lmprove 3551‘Ferti?ity Evaluation Procedures

Another way to increase the efficiency of phosphorus fertilization
is to use better methods for determining fertilizer recommendations.
The purpose is to identify the initial phosphorus requirement for a par-
ticular species or variety either in terms of available soil phosphorus
(external critical level) or foliar phosphorus content {internal criti-
cal level). These critical levels are those necessary to provide an
adequate level of dry matter defined in this review as 80% of the max-
imum. The use of the Cate-Nelson (1972} diagrams and the linear re-
sponse and plateau model, describes in Section I%%, are quite useful for
phosphorus , while the use of quadratic response models tend to exag-
gerate the optimum rates of fertilizer application (Anderson and Nelson,
1875).

Given the phosphorus fixation constraints in these soils, it is

' tempting to use estimates of phosphorus fixation as guides for the rates

of phosphorus to apply. The most common approach is to extrapolate

t from the phosphorus sorption isotherms the amount of phosphorus that

needs to be added in order to achieve a desired level in the soil solu-
tion (Fox et ai., 1971, 1874). The soil solution Jevel extrapolated to
the field that produces 95% of the maximum yield was defined by Fox and
coworkers as the "external critical phosphorus requirement.® The range
in such ¢ritical level among species is from 0.04 to 0.6 ppm P (Fox et
al., 1874). Table 26 shows the amounts of broadcast superphosphate-re~
quired to maintain specific soil solution levels in the field and their
equivalence in terms of three common soil test methods. The soil on

clayey

which the data on Table 26 were obtained is aiTropeptic Eutrorthox witf |
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15' relevant range in such soils. The Langmuir and Freundlich isotherms
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.1 obtained with the 400 kg Pgﬂsfha rate (Table 27). At such low rates,

Marin, 1977; Miranda et al., 1980). Soil solution levels as low as

g2
"’;‘Ws gh capacity to fix phosphorus {350 ppm P applied to
reach 0.2 ppm in solution), :

When applied to Oxisols and Ultisols of tropical America this ap-
proach has been found to exaggerate the phosphorus rate recommendations
by a significant amount (Novais and Kamprath, 1879; Smyth and Sanchez,
1980b; Sanchez aﬁdkuehara, 1980; Fenster and Leon, 1879). The main rea-
son is found in Table 26. The critical soil test %evels'fcr grain crops
in Latin America, based on the Cate-Nelson approach is on the order of

8 to 15 ppm P by the three extractions shown in this table {Cano, 1973;
P
0.025 ppm produce soil test values way above the critical soil test

In addition, it 15 extremely difficult to establish critical 1eve15§

of & few parts per biliion that often correspcnqgr;o the agronomically-

are difficult to extrapolate at this range. Also, the Tow concentra-
tions approach the/{;;;¥§}§§§T?E¥?f§fingLf cenventional spectrophoto-
meters.

Khen considering the’%%w Tevels of phosphorus fertilizer additions
(50 to 150 kg onsiha}, the sorption isotherms are of little value
(Fenster and Lebn, 1979). For example, Figure 22 shows that the Cari-
magua Oxisol fixes high amounts of applied phosphorus (400 ppm P or 1818
kg P,0c/ha to reach 0.2 ppm P in se?ution) After four years continuous

cropping with Brachiaria decumbens, however, an initial application of

50 kg P205 as triple superphosphate produced 79% of the maximum yield
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the conventional soil test extraction procedures often do not reflect
the amount cfr?EFf?fgig;XEﬁgigggigifédded. Table 28 shows the very
small increases in Bray Il-available phosphorus when an QxﬁseTJuas’ig;
ceived from 0 to 100 kg P,0./ha in 20 kg increments. This causes diffi-
culties in making fertilizer phosphorus recommendations based only on
soil tests. Some studies have been started to improve the sensitivity
of the existing soil tests (CIAT, 1980). Figure 26 shows that increas-
ing the NH4F concentrations in the Bray extractant which increases the
available phosphorus vaiues reflecting the sorbed phosphorus that is
available to the plant {CIAT, 1981). Since NH4F is able to extract some
of the aluminum-bonded phosphorus and iron-bonded phosphorus these

fractions might play an important role in releasing phosphorus to the

141 ptants, perhaps through root excretisggr;r microorganism activity.

fd

3o &

Table 28 shows the phosphorus fractions of the Carimagua Uxisol as
1 @ function of phosphorus rates. Increases in calcium-bonded and

-~ aluminum-bonded phosph§%§§ contributed increased available phosphorus,

1| but part of the large guantities of iron-bonded phosphorus may be having

some influence on the availability of phosphorus. Therefore, ihéygﬁants
at ,

uadegh?ew rates of applied phosphorus appear to extract phosphorus from
these fractions in a way that conventional soil tests are not able to
detect.

When phosphorus applications are banded, the interpretation of soil
tests becomes even more difficult. One possibility is to shift to -
tissue analysis as the plant is the ultimate evaluator of soil fertility,

Where internal critical levels are available and properly standardized

[+ 2 48
-1 in terms of plant pé%i and age, tissue analysis s&e&%é}g; used.

i

%
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Another approach might be to interpret soil test data of samples
between the bands in the form outlined in Figure 27, where relative s0y-
bean yields are plotted as a function of soil test values in experiments
that involve different braadcast and banding combinations.

Where field response data is available, making fertilizer recommen-
dations based on s0il tests have the benefit of calibration with field
.daté, Table 29 shows the initial broadcast and annual banding recommen-
dations for clayey Oxisols near Brasilia based on the data shown in
Figure 23. This table shows decreasing rate of broadcast applications
with increasing soil test level.

C. Use Less Soluble Phosphorus Sources

A third component of the low input phosphorus management strategy
is to utilize the abundant rock phosphate deposits present in tropical
South America, shown in Figure 28. Al]l these deposits, axce;ﬂ;iah;{“éra
i classified as low reactivity materials which are considered unsuitable
-: for direct application (Lehr and McClellian, 1972). The Bayovar rock is
.1 classified as high reactivity and the Huila rock as medium reactivity.

1. Comparisons among sources. Table 30 shows the agronomic effec-

tiveness of differant phosphate rocks as related to triple superphos-

AAALdn
phate, gxowi;g’Panicum maximum as the test crop on an Oxisol from the

Llanos Orientales of Colombia. High reactivity phosphate rocks such as
North Carolina, Bayovar and Gafsa performed nearly as well as triple
superphosphate. Medium reactivity phosphate rocks such as Huila and
Florida, and even the array of low reactivity materials from Brazil,
Colombia and Venezuela lcok promising for direct application in acid

soils.
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The effectiveness of rock phosphates in these soils depend on their
solubility fineness, time of reactianland soil pH (Sanchez and Uehara;
1980). On these highly acid soils even the low reactivity phosphate
rocks are effective with time. This is shown in a field experiment con-

ducted on a Carimagua Oxisol with Brachiaria decumbens where six phos-

phate rocks with varying agrondmic effectiveness ratings were compared
to triple superphosphate (Table 27). This study includes application
rates ranging from 0 to 400 kg onsjha, all broadcast and incorporated.
After neariy four years, the yields of forage from the phosphate rock
treatments compare favorably with those for tfépie superphosphate. In
many instances the yields with phosphate rocks are considerably higher.

For the period of time this experiment has been conducted a 50 kg

. ons/ha application rate appears to be adequate under field conditions.

Similar results have been recorded from a field experiment con-
ducted in Peru on Ultisols from Pucallpa and Yurimaguas (Leon and

Fenster, 1980; NCSU, 1974; Cano et al., 1978), and on an Oxisol of

<iBrasilia, Brazil (NCSU, 1975, 1876; Miranda et al., 1980). 1In the

latter casé, the higher phospheras fixation capacity increased the re-
quired rate to about 200 kg P205/ha; The use of the very low reactivity
Araxd rock phosphate in Brasilia, had little effect on Brachiaria
decumbens growth during the first year of application.

2. Particle size of the rock phosphate materials. The effective-

ness of all rock phosphates increases with increasing fineness, in con-
trast to the opposite effect in water-soluble sources {Terman and
Englestad, 1972). From the practical standpoint finely ground phosphate

rocks present serieus preblems of handling and spreading which wéuld
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prevent the faréer or the fertilizer dealer {0 make widesgread use of
phosphate rocks. To solve the problem Fenster and Leon (1979) initiated
a study to determine whether finely ground phosphate rocks could be
granulated and still retain their agronomic effectiveness. Preliminary
greenhouse experiments were carried out using different rate and granule
size of phosphate rocks and the results are shown in Figure 29, The
minigranules {-48 + 150 mesh) proved to be as agronomically effective as
the finely ground phosphate rock. Apparently when these “minigranules”
came in contact with the soil, the KC1 binder dissolves. Their effec-
tive surface area therefore, is not markedly different than when finely
ground materials are applied. Although the larger sized granules (-6 +
16 mesh} were not as effective initially they did release increasing
amounts of phosphetus with time (CIAT, 1880, 1981).

3. Applications before liming for acid-sensitive crops. Rock

phosphates reguire an acid soil environment in order to release phos-

phorus into the soil solution. In some acid soils of tropical America

5
| the effectiveness of high reactivity rock phosphates decreased™3f the
N

soil pH increases above 5.0 (Lathwell, 1979). This usually does not
pose a problem with most aluminum-tolerant pastures, but may imhibit the
growth of aluminum sensitive crop varieties. In terms of crop produc-
tion an alternative is to apply the rock phosphate several months ahead
of 1iming in order for it to react at low pH. This procedure is spe-
cially advantageous if the first crop to be planted is relatively toler-
ant to aluminum such as upland rice. Lime can then be added prior to

planting a crop more sensitive to aluminum like soybeans. The time
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required for lime to react in acid soils is less than that needed for
the high solubility rock phosphate sources to react (Sanchez and Uehara,
1980).

4; Combining with more soluble sources. An additional alternative

is to broadcést the rock phosphate and apply more soluble phosphorus
sources in bands in order to provide phosphorus while the rock phoﬁphate
slowly dissolves. Figure 30, adapted from Smyth ané~8anche2;%;;81) and
CPAC (1980) shows the broadcasting of 200 kg P205/ha of low reactivity
Patos de Minas rock phosphate rock plus annual banded applications of
simple superphosphate produce similar soybean yields as the same rate
entirely witﬁ simpie superphosphate.

Table 31 shows that when varying ratios of phosphate rock to single
or triple superphosphate, the initial growth response of corn in a

Colombian Oxisol was proportionate to the amount of soluble phosphorus

| phate rock and triple superphosphate or simple superpnosphate with these

. in the fertilizer mixture. Comparisons between co-minigranulated phos-

 soluble phosphorus sources aione, show that the granulated materials are
superior in every instance. In evaluating these results it would indi-
cate that the acid produced from the soluble phosphorus in the granule
is perhaps reacting with the phosphate rock which is releasing addi-
tional phosphorus for the plants.

5. Partial acidulation. From the aspects discussed previously,

it is apparent that many phosphate rocks, although they perform well
with time, are initially inferior to the more soluble phosphorus sources
at least for crop production, and for certain pastures as well. The

work of McLean and Wheeler (1964) indicates that partially acidulating
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phosphate rocks to levels of 10 or 20% could overcome this problem. The

partially acidulated phosphate rocks would provide soluble source of

[

4| phosphorus initially while still maintaining the desirable character~

istics of low cost and residual value of the phosphate rock. Howeler

f#3]

| (CIAT, 1979) has shown very encouraging results with beans. Studies on

-ia Carimagua Oxisol has shown that partial acidulation with H,50,,

Séhowever, did improve yields when compared with the Florida and North
Q§Cara3ina phosphate rocks. Researcn conducted at the International Fer-
1ﬁat1?1zer Development Center $howeé that partial acidulation with HZSO4
11 ' and subsequent drying of tha gransles produced a material that was al~-
most completely covered by a thin layer of insoluble anhydrous or hemi-

dydrate C&SG that either occludes the release of phosphorus or physi-

CS‘

cally prevents contact of the phosphate rocks with the soil. This may

pt
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2
I
$
?
!
f
l
i

explain the lack of response by the plant to applications of these pro-

lC;dﬁcts (Lecn and Fenster, 1980).

17/ D. Decrease Phosphorus Fixation with Liming

15; The third component of this low input strategy is to decrease the

15| phosphorus fixation capacity of these acid soils by applying amendments
00| such as lime and silicates. Considerable controversy exists whether

1| 1iming decreases phosphorus fixation or not {Amarasiri and Olsen, 1973;
inpearson, 18975}, Part of this problem is attributed to reactions of the
nq| added phosphorus with freshly precipitated iron and aluminum hydroxides.

gs| Therefore, the effects of lime on phosphorus availability may depend on

T
Wt

the extent to which phosphorus is fixed by the adsorbing surfaces or by

reactions with exchangeable aluminum (Smyth and Sanchez, 1980a). Sev-

2
w3

eral studies with acid soils in Tropical America show that when

rd
-3
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exchangeable aluminum was neutralized by Timing phosphOfus fixation de-
creased (Mendez and Kamprath, 1978; Leal and Velloso, 1973ab; ,
Vasconcellos et al., 1975). "

Table 32 shows the results of Smyth and Sanchez (13899 on Oxisols
?ram Brazil where lime, silicate and both Time and silicate mixtures were
applied at agronomically retevant rates in an attempt to decrease phos-
phorus fixation. AlT1 amendment treatments decreased phosphorus fixation
by about 20 to 30% in the treatments that did not receive phosphorus ap-
plications. These resulis imply thét in future experiments or recommen-
dations to farmers level, the determinations of the amounts of phosphorus
reguired to obtain a given solution concentration should be performed
after lime or silicate applications and sufficient time has been allowed
for them to react. Otherwise, the phosphorus requirements may be over-

estimated {Smyth and Sanchez, 1980a). In the case of using soil tests

as a key to fertilizer recommendations, improvements could be made if

sampies would be taken after 1ime has reacted.

Liming has Tittle or no effect in decreasing phosphorus fixation in
soils with higher pH value, although still acid, but with lower aluminum
saturation (Leal and Velleso, 1973b). Furthermore, 1iming to pK values
near or above neutrality may increase, rather than decrease phosphorus
fixation because of the formation of relatively insoluble calcium phos-
phates (Sanchez and Uehara, 1980). Consequently, the effect of lime on

phosphorus fixation depends on pH levels.
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ol E. Selection of Varieties Tolerant to Low Levels of Available Soil

]
5 Phasgii?us
(+1h
! A fex component of the Tow input phosphorus management strateqy

-11s to select plant species or varieties that grow well and produce about

6 80% of the maximum yields at Tow levels of available soil phosphorus.

=
|

g toxicity, research in that direction is also being conducted in tropical

1o America,

17 1. Annual crops. Salinas (1978) screenéd a number of commercial

!
5
|
i
H
1
i
i
H
i
]

1o varieties of upland rice, corn and beans for tolerance to low phosphorus

5

1;'availability in the Cerrade of Brazil. Figure 31 shows the results with

l$§r€ce expressed as yields relative to a high rate of broddcast superphos-
N

13
1€?ph05ph0ras level of 26 ppm P (North Carolina extraction). Most of the
1:'rice varieties produced maximum yieids at the high soil phosphorus rate,
15§b“t at different aluminum saturation levels. When the aluminum satura-
lE!tion was 63%, by adding half ton 1ime/ha which supplied mainly calcium

00 and magnesium as nutrients, the first three rice varieties (Batatais, -

21 Flotante and IAC~1246) did not approach 80% maximum yield as did IAC-47 o

'Pratio Precoce. The latter variety had the lowest external phosphorus

2
L2

requirement {10 ppm P) under aluminum stress.

3
o3

na
1

These results clearly show differential varietal response to avail-

Bt
1

5 able s0il phosphorus under aluminum stress. When aluminum saturation

| g
3

o-|and IAC-1246 produced 80% of the maximum yield, but with a significant

. |Although screening and selection of germplasm for "phosphorus efficiency"

clor "tolerance to low phosphorus" is Jess advanced than that for aluminum

5l was reduced to 38% by adding 1.5 ton lime/ha, the rice varieties Flotante

phate applications of 1363 kg P205fha. This rate provided available saf%

ol
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- jmended rates of phosphorus for upiand rice are much lower than those for

»icreased to 38% by adding 1.5 tons limesha, the five corn varieties
siyield. This observation underscores the jmportant role that the Time

s11iming this Oxisol with 1.5 tons/ha enabled the corn plants to more

. 101

difference in the external phosphorus requirement. The Flotante variety
required almost four times more available phosphorus than IAC-1246, On
the other hand, IAC-47 and Pratao Precoce decreased their external re-
quirements which indicates a better utilization of phosphorus at low
rates when aluminum toxicity was reduced, The economic implications of
these results suggest a tradeoff betwsen 1ime and phosphorus. Using
1.5 tons/ha of lime could decrease phosphorus requirements. Lime is
1ikely to be always cheaper than phosphorus fertilizers.

Under no aluminum stress all the rice varieties approached 80% of

maximum yield but at different available phosphorus levels. The Flotante

rice variety always required more available phosphorus to produce well

while Pratdo Precoce was able to produce over 80% of the maximum yield

|
lat one-sixth the phosphorus rate.

Figure 322 shows a similar trend with corn varieties, but in alj |

cases with a higher external phosphorus reguirement than the rice varie- |

ties. These results also confirm the general observation that the recom-
corn in Latin America (Kamprath, 1973). \Under ajuminum stress {63%
aluminum saturation) the corn varieties Yellow Carimaguz and Agroceres-
152 approached B0% of maximum yield. When aluminum saturation was de-

showed lower external phosphorus requirements to approach 80% of maximum

plays in efficiency of phosphorus fertilization. Also, it appears that
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efficiently utilize both native and fertilizer phosphorus since less

™o

5! phosphorus was complexed with soil aluminum compounds (Salinas, 19?8}:

Figures 33 and 34 also show the differential responses of bean and

12

5|wheat varieties. With the exception of the variety Rico Pardo, the rest
g|of the bean varieties reduced their exte?na1 phosphorus requirements as
»ialuminum was neutralized by liming. In addition, varieties differed in

their phosphorus requirements under the same level of aluminum gtress,

(743

giIn the case of wheat varieties (Figure 33) the Mexican varieties Sonora

1piand Jupateco which were developed in calcareous soils produced signifi-

p3lcant yields only under no aluminum stress and reguired higher phosphorus
{ X

12.requirements than the Brazilian wheat varieties BH-1146 and IAC-5. The

-s'wheat variety IAC-5, although having a high externai phosphorus require-

14iment, was the only one that produced 80% of itz maximum yield under alu-

1

|

!

1

lsiminum stress. As aluminum stress decreased the external phosphorus re-
j
|
!

gquirements of this variety also decreased.

4

%o
Db

2. Pastures. Similar results are being obtained with tropical
15%grasses and legumes (CIAT, 1977, 1978, 1978, 1980). Tables 33 and 34
s ishow external and internal phosphorus requirements for several tropical
sglgrasses and legumes. The data indicate substantial differences among
o1|ecotypes in internal and external phosphorus requirements. Excellent
0o'pasture estabiishment with Tow phosphorus fertilizer inputs and using
oniadapted grasses and legumes to the acid infertile soil conditions is

%
.itaking place in different ecosystems of tropical America (CIAT, 1980).

I
P

F. Potential Utilization of More Effective Mycorrhizal Associations

fae ]
2

It is well established that several genera and species of vesicular

| Q]
33

-|arbuscular mycorrhiza form symbiotic association with roots of certain

f phe]
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plants and as a result increase the uptake of phosphorus from soils low

s P e snats i )
in %?8%46@4&%%3%&%#&&%8;%3;Héerﬁ et al., 1575). Many of the plant spe-

A ,
cies considered in this review as folerant to acid soil constraints are

heavily mycorrhizal in Oxisols and Ultisols: Cowpea, cassava, soybeans,

¢citrus, guava, Brachiaria decumbens, Centrosema pubescens, Pueraria

phaseoloides, Stylosanthes guianensis and others (CPAC, 1879, 1980

Waidyanatha et al., 1979; Yost and Fox, 1979). 1t seems reasonable to
speculate that the ability to enter into mycorrhiza1 associations may be
an important characteristic of plant species and varieties adaptable to
i 1ow input systems.

The advantage of mycorrhizal association 1ies in the use of iis
hyphae as extension of the plant root system which results in a larger
surface area for nutrient uptake and the tapping of nutrients that move
primarily by diffusion (phosphorus, zinc and others) from a larger soil

ivolume. There is no evidence that mycorrhizal associations are capable

tof utilizing forms of soil phosphorus that would be otherwise unavail-
iab?e {Mosse et al., 1973). Nevertheless, the increase in phosphorus up~
Ataka can resuit not only in increased growth and phosphorus concentration
but increased nodulation and nitrogen fixation in legumes. Table 35 .
shows the results of inoculation with and without high reactivity rock

phosphate additions on Pugraria phaseoloides growth in an “acid lateritic

s0i1" of Sri Lanka with pH of 4.5 and 4 ppm Bray II available phos-

iphorus. Mycorrhizal infections indeed produced all these favorable

sleffects, and in addition increase the efficiency of an application of
-112 ppm P Jordanian phosphate rock to that of 60 ppm P without mycor-

.irhizae.
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In an Oxisol from Hawaii, Yost and Fox (1973) compared the field

response of various crops to phosphera§ by fumigating part of the p1o£s
and leaving the rest in its natural state. Since fumigation killed most
of the mycorrhizal population, the importance of their presence was
evaluated in terms of phosphorus response. They found that mycorrhizae
did make a difference in terms of phosphorus uptake not only at Tow
available phosphorus levels, but up to levels on the order of 0.1 ppm F

in solution for soybeans, 0.2 for cowpeas and 1.6 or above for Stylo-

san%%ef hamate, Leucaena leucocephala and cassava. At Jow available

phosphorus levels (0.003 ppm P in solution or 3 ppm P Bray 1} phosphorus
uptake was on thé average 25 times greater in mycorrhizal than in non-
mycorrhizal plants.

Estimates of internal or external critical phosphorus levels in the
absence of mycorrhizal associations, such as those based on sand culture)
nutrient solution or fumigated soil, naxf%rass1y exaggerat%:the&e~%e¥§%§?r"
|Yost and Fox (1978} estimate that the phosphorus requirement of cassava
can be exaggerated by a factor of 100 times if estimated in the absence
of mycorrhizae.

The problem with such data is that they only document what is hap-
pening in Oxisols and Ultisols under natural conditions, where native
mycorrhizae strains are already operating. This information, although
highly enlightening does not produce a new management practice. Hhat is
needed is to determine whether inoculation with more effective strains
of mycorrhizae can enhance phosphorus uptake., Two obstacles need to be

removed in order to answer this guestion: 1) How to inoculate
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mycorrhizae on & practical basis, and 2} whether there are more effective

| Sl

7 strains that can compete with the native ones and persist in the soil.
Unlike rhizobia inoculation, mycorrhizae has to be inoculated as

fresh hyphae-and cannot be mixed with peat and dried. At the experi-

. 1]

mental Tlevel field inpoculation can be carried out by adding soil from

mycorrhizal areas, but the tonnage required impedes its practical appli-

-3

cation. Some advances are being made at answering the second question.

i

Researchers at the Cerrado Center near Brasilia (CPAC, 7980) were able

e

'to produce good iniéctioailof the mycorrhiza species Anaulospora laevis

to the acid-tolerant soybean cultivar UFV-1 in an Oxisol. More work in
this direction is needed before mycorrhiza can be a component of low in-

put soil management technology.

.;G. Conclusions

d
t?

1

UI

; Phosphorus is frequently the most expensive purchased input in
!Gx1501s and Ultisols of tropical America. - Except for lands recently ,
Mﬁ‘c?aared of rainforests, phosphorus fertilization is almost always assen*!
lsétial for sustained crop or pasture production systems. The widespread
high phosphorus fixation capacity of loamy and clayey Oxisols and Ulti-
00 sols has raised fears of huge guantities of phosphorus needed for these
01 vast areas., Five of the major components of low input soil management
technology, either individually or preferably together have markediy
-03 reduced phosphorus requirements and thus increase the efficiency of

utilization of this basic resource.

| ]
fes]
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VII. HMANAGEMENT OF LOW NATIVE SOIL FERTILITY

In addition to aluminum and manganese toxicity, calcium and mag-
nesium deficiency, phosphorus‘deficiency and high fixation, most Oxisols
and §1tisa§am6f tropical America are also very deficient in other essen~
tial nutrients, particularly nitrogen, potassium, sulfur, and zing,

copper, boron and molybdenum {Sanchez, 1976; Spain, 19765 Lopes, 15880).

This low fertility syndrome has sometimes caused the less fertile Oxi-

sols to be considered as "fertility deserts” (Spain, 1975). In somewhat
less infertile Ultisols of the Peruvian Amazon Villachica (1978} and
Sanchez (1979) recorded deficiencies of all essential plant nuirients
except for irpn, manganese and chlorine in continuous crop production
'systems,

Table 2 shows that 93% of the Oxisol-Ultisel regions suffer from

initrogen deficiency, 77% have low potassium reserves indicative of po-

“tassium deficiency, 71% have sulfur deficiency, 62% zinc deficiency and
130% copper deficiency. The areal extent of other micronutrient defi-

“iciencies cannot be aﬁcertainad with the data available. Although these

percentage Tigures give an indication of the extent of the individual
constraint, they are also fairly rough estimates (Sanchez and Cochrane,
1980).
ﬁ # * E
The main low input techno]ogiesﬁmaﬂage Tow native soil fertility
center on 1} maximum use of nitrogen fixation by legumes in acid soils,
2} increas?ﬂthe efficiency of nitrogen and potassium fertilization,

3) identification and correction of sulfur and micronutrient deficiency,

4) promotion of nutrient recycling.

1
!
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;itance that are adapted to acid seoil conditions are legumes. Among the

Jzéwpea, peanut, soybeans, pigecn peas, and several less widespread ones

3 modium, Zornia, Pueraria, Centrosema and many others. Spontaneous Eev

-Itial that the nutritional requirements and degree of acid soil tolerance

107

A. Maximum Use of Biological Nitrogen Fixation

The best known lew input soil maéagamant technology is the use a%
legume-rhizobium symbiosis to meet the 93&31% nitrogen demand without
having to purchase nitregeﬁ fertilizers. Biological nitrogen fixation is
Timited to legume-rhizobium symbiosis in these soils in terms of prac-
tical management. Associative symbiosis between nitrogen-fixing bacterig

such as Spirillum lipoferum in the rhizosphere of tropical grasses has

created widespread expectation about the possibility of nitrogen-fixing
grasses, many of which are acid-tolerant (National Academy of Sciences,
1977a; Neyra and Ddbereiner, 1877). \Unfortunately evidence to date in-
dicates that the practical exploitation of such symbiosis appears to be
minimal at this time (Hubbell, 19?9}.' This is an exampie of a Tow input
component that has not worked. Additional basic research, however, may
show some practical implications in the future, and such research shouid

continue. ' i

We are fortunate that many of the plant species of economic impor-
;

annual food crops, there are four important acid-tolerant Tegumes!™,

such as lima beans, mung beans and winged beans. There is also a wealth

of very acid-tolerant forage legumes of the genera Stylosanthes, Des-

gumes also abound in areas cleared of rainforests Hecht (?ﬁ?Q)%%§ 1a§&maq
;,m sh ;“e

sgec1es-ﬁsuﬂdjw% pastures of the Lastern Amazon of Brazil.

In order for these legumes to fix sufficient nitrogen, it is essen-

Fres
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o10f the associated rhizobium match those of the plant (Munns, 1978). If
5 not, piant growth will be severely hamﬁeraé because of nitrogen defﬁ-m
ciency. Rhizobium strains differ in their tolerance to the various acic
= 15011 stresses just as plants do (Munns, 1978; Date and Halliday, 1979;
g|Hunns et al., 1979; Halliday, 1979; Keyser et al., 1979). Consequently,
" soi]l management practices requife the matching of nutritional require-

ments and tolerances of both Tegume and rhizobiz.

g Until recently it has been assumed that most tropical pasture le-

10/9umes growing on acid soiis develop effective symbiosis with native
13 "cowpea~-type" strains of rhizobium, and therefore, the selection of

(g|specific strains for individual legume species or cultivars is the ex-

oiception rather than the rule {Norris, 1972). Recent work by Halliday

{1979) and collaborators clearly shows that this is no longer the case.

A five-stage screening and matching procedure involving laboratory,

I

!
la;greenhouse and field stages has shown @ high degree of strain specificivy
| ,

Ve feirn

1:ifer obtaining effective symbiosis in the most promising’ legume ecotypes.

i \

. jRecent recommendations including inoculation technology are available
i

l(cIaT, 198).

50 Long~-term field experiments however, show that the response to

o+ inoculation with selected rhizobium strains generally decreases with

.itime. Protecting the inoculant strain with lime or rock phosphate pel-
2 [y

- g 3 = - *
ng eténgkgermits an effective infection in an acid soil. The critical

04 point however, is reached two to three months afterwards when the pri-

s (mary nodule population decomposes. Then the rhizobia must fend for

themselves in an acid soil environment in order to reinfect the plant

on roots (CIAT, 1979)}. The selection of effective acid-tolerant strains is
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o1 therefore, highly desirable. Date and Halliday (1879} developed a simple

laboratory technigque to screen for acid tolerance at the early stages of

[ 4]

<|strain selection, using an agar medium buffered at pH 4.2. Rhizobium

strains tolerant to acidity grow in sachfafigﬁia while those susceptible

[#41]

gldie.
7 With this approach specific strains have been identified and recom-
g mended for low input pasture production systems on acid soils for several

q accessions of Stylosanthes capitata, Desmodium ovalifolium, Desmodium

ioiheterophyllum, Zornia spp., Pueraria phaseoloides, Aesﬁhynomene

11 brasiliana and A. histrix (CIAT, 1980).

19 Differences in acid tolerance among rhizobium strains have also been
T

identified for cowpea (Kemper et al., 1979} and mung beans {Munns et al.,

12[19879). In beézspecies the host plant tends to be more tolerant to

1zjacidity than many of the rhizobial strains. The opposite is apparently

-~ithe case with soybeans, where the current commercial strains of rhizobia

!
;
3

7 appear to be more tolerant than the hGSﬁ’gf(NUﬁﬁSg 1980).

15§ in terms of nutritional needs rhizobia require greater amounts of
zgécobalt and molybdenum for symbiotic nitrogen fixation than the host le-
s gume for growth (Robson, 1378). The relative requiremenis of other nu-
o1|trients and the interactions between legume nutrition and rhizobium

ng nutritéeﬁ'ggéziieé’additiona§ research inputé.

213 Nevertheless, it seems clear that the nutritional requirements and
sslacid soil tolerance of legume species should not be determined in the
oz absence of nodulation. This is almost invariably the case with culture

ag solution studies. Screening for acid soil tolerance of legumes should

1-2
]

be done with 5011 and with inoculation. In addition to joint work by
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‘cant transfer of fixed nitrogen to the cereals, but because the legumes

tion appears to be the main avenue for decreasing nitrogen fertilizer

~linputs in Oxisols and Ultisols. ' -

‘these soils are almost universal except during the first crop after

- 110
s0il fertility specialists and plant breeders, the microbiologists must
aisc be involved.

B. Increase the Efficiency of Nitrogen and Potassium Fertilization

1. Nitrogen. It appears that no fertilizer nitrogen is Tikely to
be needed for acid-tolerant, Tegume-based pastures for the acid infer-
tile soil regions of tropical America. Fertilizer nitrogen applications,
however, are essential for cereal or root crop production systems in |
these regions. Rotating or intercropping grain legumes with cereals may

decrease the overall amounts of nitrogen nesded not because of a signifi-

occupy space in the fields. Most of the nitreogen fixed by grain legumes
is removed from the field during harvest (Henzell and Vallis, 1577).

Consequently, increasing the efficiency of fertilizer ﬁétrsgen utiliza-

Exceptions to the above statements are few, Nitrogen responses in

c¢learing rainforests or on Oxisols and Ultisols that have been inten-
sively fertilized with nitrogen for many years. Fox et al., (1974} ob-
served no nitrogen responses by corn for six consecutive and relatively
high yielding crops in Ultisols of Puerto Rico, because of a long-term
history of intensive fertilization.

Extensive nitrogen fertiifzaéien research conducted with corn, up-
land rice, sorghum, cassava and sweet potatoes in Ultisols and Oxisols of
tropical America. A review by Grove {1979) shows that these soils

typically supply from 60 to 80 kg N/ha to most of these crops and that




¢

1! ) M

’ 2§appii¢at%ans on the order of 80 to 120 kg N/ha produced about 85% of the

maximum yield which in the case of corn was on the order of § tons/ha.

Ly

When the most efficient rates, sources and placement methods (urea incor-

121

. |porated right before the period of most rapid plant uptake) apparent
6 nitrogen recovery was about 56% {Grove, 1879). With upland rice? re-

ricovery is on the order of 30% (Sanchez, 1972). Sulfur-coated urea has

3 failed to produce significant advantages over regular urea or ammonium
gésquate on cereal or root crops in Oxisols and Ultisols of tropical

1o +America.

11% Higher nitrogen rates than those reported by Grove (1979} are often
i .

o necessary in high rainfall environments due to leaching. Splitting

13/nitrogen applications in two usually increases nitrogen recovery.

1%§ The problem with the above summary is that most of the data was
;

f . . v Corlamds *
15:collected in experiments where other fertility 1@%@%@ﬁgw$aééﬁr$}§§$a

i
i

d ;sf(
1ascs§§a§%e&% It is not known whether fertilizer nitrogen efficiency would

w

EZZbe different when acid-toierant cereal or root ¢rops are grown under low
1i;phaspharus and 1ime inputs. Although corn varieties are known to differ
zgéén their ability to utilize fertilizer nitrogen efficiently (Gerloff,
2511978} this has not been tested under low input techmology situations,
21 Well known plant characteristics that increase yield responses to nitro-
2§§§eﬁ such as short stature and high tillering in upland rice in high fer-

o5it1lity s0il should have a similar effect in acid infertile soils.

Soil testing is of little value for nitrogen fertilization, because

]
Hw

25 the mobility of nitrate in well drained Oxisols and Ultisols and other

factors (3anchez, 1976). Conseguently fertilizer recommendations are

f )
o

based on fielid experience. Nitrogen fertilization for cereal and root

3
-1

i
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‘€. Identify and Correct Deficiencies of Sulfur and Micronutrients

1%

20

26

27

,11973; Cox, 1973; Lopes, 1980). Unfortunately, very little is known about

112

crops, therefore, is one of the weakest components in low input strategy
for these soils, L

2. Potassium. The situation with potassium is ggz;igigéh%%y“bsttéi
As mentioned before, most of the Oxisols and Ultisols have low potassium
reserves in gheir clay minerals. As cultivation proceeds, potassium
deficiencies increase with time (Ritchey, 1872). Unlike nitrogen the
identification of potassium deficiency via soil test is straigthforward.
The established critical levels range between 0.15 and 0.20 meq K/100 g.
Unfortunately there are no direct shortcuts for potassium fertilization.
There are no major differences among or within species in terms of
"tolerance to low available soil potassium.” Potassium fertilizer re-
‘quirements can reqch levels of 100 to 150 kg KEGXha per crop. Although
not as csst?gzgé nitrogen or phosphorus fertilizers, such outlays repre- :

i
| . e . : .
sent a .significant cost to the farmers. The main avenues for increasing

the efficiency of potassium fertilization are split applications just
! ' . . :
iTike nitrogen and avoid removing crop residues particularly steveg,anégﬁgm

Dxisols and Ultisols are often deficient in sulfur and several

micronutrients particularly zinc, copper, boron and molybdenum (Kamprath

the geographical occurrence of these deficiencies in terms of critical
levels in the sai?}and the requirements of acid-tolerant species and
varieties. There are no known ways to overcome these deficiencies except

by fertilization.
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2 Hutton (1979) attributed most of the lack of legume parsisﬁﬁ%ce in
3{mixed pastures of Latin America te uncorrected nutrient deficiencies.
4tMany ranchers in tropical America feel that applying triple superphos-
Mx’:«/fza ;ZH"'-'*. .

5iphate is sufficien Afer grass/legqume pastures. This fertilizer source
¢|provides only phosphorus and some calcium. In tropical Australia molyb-

7ldenized simple superphosphate i3 widely used as the only fertilizer in

g;A?fisais very deficient in nitrogen, phosphorus, sulfur and molybdenum.
giThés source corrects phosphorus, sulfur and molybdenum deficiencies,
1§§al?ewiag the legume to provide nitrogen to the mixture. Given the fun-
11 damental differences in soil acidity between séiis of tropical Australia

12iwhere improved pastures are grown {mainly Alfisols)} and the Oxisol~

;gEU}tisez region of tropical America, it is not possible to extrapolate

1;§the Australian fertilization practices (Sanchez and Isbell, 1979). This
15%situation is not much better for crop production because most of the f&r{
155tiiizers avaiilable are straight NPK formulations. With the use of highe{
17€anaiysis sources such as urea, triple superphosphate and KC1, the sv?fﬁr‘
15%ccntent of such mixtures has decreased and sulfur deficiency has become

1§§ma?a viidespread.

20 Surveys of the nutritional status of Oxisol-Ultisol regions such as
21!the one Lopes and Cox (?9?5? did in the Cerrado of Brazil, plus on-site

22§f§63§ experiments on the nutrients such as those conducted in Carimagua,
osiColombia (CIAT, 1877, 1978, 1979, 1980, 1980; Spain, 1979) and in Yuri-

H

<imaguas, Peru (Villachica, 1978) contribute significantly to identifying

[ R
o

LR

which nutrients are deficient and which are best practices to correct

[y

&|them, including possible nutrient imbalances which may be induced by

[ 3]
-3

fertilization. Therefore, site-specific identification is necessary.
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| These efforts must be related to the nutritional requirements of the
B it Moo G -

g main . »cultmvafggﬂg f little is known about the

4! species mentioned in this paper. Table 36 shows tentative external and

siinternal critical sulfur levels for important grasses and legume species

gunder Oxisol conditions.

7 When one of these constraints is identified the results can be ex-

tremely positive. Wang et 31.,(}9?§)ideﬁtéfied sulfur deficiency in

Xk

o rice growing areas in the lower Amazon of Brazil. By switching from

lgiurea to ammonia sulfate appiications and therefore applying sulfur, rice

13%proéuction improved dramatically. Similar experience with micronutrient

w hbrCor
identification and correction have been recordei {Cox, 1973; Lopes,

1980).

¢
1]
L £
|
aal

PV

P

14 Insufficient knowledge of nutrient deficiencies is probably the
. ({M ;H/'Ml 7[641’?}10;":?{17
1z ‘Weakest ¢0mpcnent,?;w%hés~5$&a$e§y. This gap can be corrected by sys-

A
i . L —_ . . . .
- tematic determ1natxaq§”€f critical nutrient levels in the soil and in

i
-~ithe plants. Fortunately, the application costs are low and there-+&—
15.zine and copper fertilization p,vofuec /gﬁf 2e37 ctrmad ﬁzgag,zf .

1¢!0. Promote Nutrient Recycling

20 Soil management practices in Tow fertility soils should encourage
oy nutrient recycling as much as possibée.‘ Nutrient recycling is the main

s-lreason why acid, infertile Oxisols and Ultiscls are able to support ex-

LavE

neihuberant tropical rainforest vegetation in udic environments. The mag-

e initude of this natural recycling is of interest. Two detailed studies
!

oziconducted on an Ultisol from Manaus, Brazil (Fittkau and Klinge, 1973)

negaﬁd an Oxisol from Carare-Opon, Colombia (Salas, 1978) show that the

o-iannual nutrient additions via litter layer ranged as follows (in kg/ha):
1

Citeed :‘?{1} i-
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5:106-141 N, 4-8 P20 15-20 K0, 18-90 Ca and 13-20 Mg. Nutrient addi-

itions through rainwash, wood decomposition and root decomposition may

g
double the above estimates.

- In crop production systems a significant portion of nutrients are

Oxisle am/ Ly ol

6 removed from the soil at harvest. In A;, natural reserves are

~|Tow, consequently nutrien§§kgkport must be compensated by fertilizer

cladditions. Because of several mechanisms that siow the avai]abi]ity'of

|
F’nutr1ents, simple "maintenance" fertilizer applications aimed at replac-
|
|
|

10:1ng what harvests took away are not sufficient for sustained crop yields

TAsrfty
11 (NCSU 1974, 1975). Nutrient recyc11ng offers #enyjf?ﬁited possibili-

t1es in crop production systems. The on1y possible application may be

siover
5 1eav1ng crop residues as mulches, particularly in the case of corqqand

IJ

1
&
{

r1cef in order to recycle potassium back into the soil. There is ueny’z"

?mfrtw
11tt1e data on the effect of these or other mulching‘on nutrient re-
_ {

lf'cycling.

4
Rt

In pasture production systems, there is a natural recycling mech-
-.:anism where about 80% of the nitrogen, phosphorus and potassium consumed

by cattie are returned to the soil via excreta (Mott, 1974). Thé@e 10—

,_l
e

A
rrres=aye very rough estimatgﬁ“&nd it depends considerably on stocking

)
o

o-|rate, grazing management and other factors. The Timited data available

oniin Oxisol-Ultisol regions shows that this is an important mechanism.
Ovthoxic Fale hemo I

‘|C01omb1a caused by dun depos1t1on in a Brachiaria decumbens pasture .ces
j.%ﬁﬁm GrLIAf w:-l.‘: eve

1T dage

. This fig-

og|ure shows a doubling of the topsoil inorganic nitrogen content within

fren

Flgure 36 shows the changes in the top 20 c¢m of an W#ised from Quilichao

fecen

Ghem
2-115 days wi%ﬁéﬁ'a 1 m radius oof the excreta, and a decline to previous
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levels. Avai?agie phosphorus, potassium, calcium and sulfur also showed
a similar increase, followed by a more gradual decrease with time than
nitrogen. The effects of vrihe(;not shawn} indicate a sharper increase
in potassium and sulfur with urisre’than with feces, but a smalier in-
crease in the availability of nitrogen, phosphorus and calcium (CIAT,
1981). The overall effects of these additions were favorably reflected
in increases of all five elements in plant tissue concentration within
the first 30 days after excreta deposition.

Indirect evidence of nutrient recycling in poorly grazed pastures

|15 shown in Figure 36 in Oxisols of the eastern Amazon of Brazil, where

the forest was cut by slash and burn and Panicum maximum was planted.

Serrac et al., (1872) sampled soils in unfertilized Panicum maximum pas-

tures of known ages in two areas of Brazil. Soil pH in¢reased from

about 4.5 to between 6 and 7 right after burning, and remained constant

|
gand magnesium levels were maintained at fairly high levels, as well as

gorganic matter and nitrogen. Potassium values remained close to the
‘critical level while available phosphorus decreased below the critical
Tevel rather quickly. These results are from samples of different
fields of known age after clearing taken at the same time; therefore,
ithey confound time and space variability. HNevertheless, it seems clear
that many of the chemical properties of these Oxisols were definitely
improved when cleared and grazed.

These soil dynamics are in sharp contrast with the rapid fertility

dacline observed after clearing rainforests and growing annual crops in

udic areas of Peru {shown in Figure 10 in Section IVB). The reasons for

tup to 13 years. Aluminum toxicity was completely eliminated and calciunm !

i

Y

w
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3t

these differences are not clearly understood and deserve more thorough

f
|
i
;stady, Some factors favoring & less ma?ked deciing in eastern Amazonia

may be an ustic soil moisture regime which allows for a more thorough

e

5!burn and more ash and possibly upwards movement of cations and anions
giduring the dry season. Also, the periodic burning every few years prac-

-iticed in these areas and some degree of nutrient recycling by the grazing

clanimal may contribute to the effects shown in Figure 3. Whatever the
ir&ascns are, the improvement in the chemical properties of acid infertile
:Ox1sals is remarkable, and shows promise for better managed gress-legume
11-pastures in the Amazon region.

19 Farming systems that include trees are expected to produce real

nutr3ent recycling. Trees of economic¢ importance such as cocoa, oil
ié‘pa1m are expected to have a similar nutrient recycle mechanism as the
‘ra%nfsrest (Alvim, 1981). Actual data to support this hypothesis o
hswevar, ex$¥e§§%§%¥1mxteé Table 35 shows evidence of incipient nu-
- trtent recyc?*ng of several permanent crops in an Oxic Paleudult
<s 8a?re}andsa, Bah¥a, Brazil. Silva (1978) observed an increase in the
1;§ex¢h&ngeabée base content of the top 5 c¢m of the soil 34 months after
Qggbﬁ?a%ng. The increase is most marked in the young oil paim plantation
s * . ¢
*f;wzth a Pueraria ghaseséeéées cover e%sﬁj;?bliowed by the pasture and to

!
.2 lesser degree in the cassava -banana intercropping that precedes cocoa

Y
I’“'ﬂ

?',)3

]antzng Similar observations have been made with some planted forestry

gésspecaes also with a kudzu understory in an Oxisel of Manaus, Brazil
i Fw:m;nf_commumclhm

25%(?, T. Alvim, &ﬁpabl+shed-da%?}. More data, covering a longer time span

zﬁfis needed in order to fully ascertain the importaznce of nutrient recycl-

2¢ling in cropping systems of Oxisol-Ultisol regions in tropical America.
L
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i€, Conclusions

3 The low native fertility of Oxisol-Ultisols cannot be eliminated as

a major constraint without significant fertilizer inputs. Several

e

s avenues are available for lowering the overal] fertilizer requirements.
¢|The need for nitrogen fertiiization, however, can be essentially elim-

ziinated in legume-based pasture systehs with the use of acid-tolerant

cirhizobium strains in association with acid-tolerant legume species. The
gisame is possible for the acid-tolerant grain Tegumes, but definitely not
Eoifer cereal and root crop species. The carryover effect of nitrogen fixed
s1iby @ legume to a non-legume crop either ﬁnterﬁrmgped or in rotation ap-

1o|pears to be minimal as most of the nitrogen is harvested away. Increas-

3;ing the efficiency of nitrogen fertilization for non-legumes can be
1é%acc§mplish@d through improved timing and placement of fertilizers.
155Litt§& is known about fertilizer nitrogen efficiency of acid~tolerant
15?cereaf crops under low input systems. ' | !
335 Potassium and sulfur deficiencies are widespread and in the case of
;ggthe latter, becoming more widespread with the use of higher analysis
zgéfﬁrti1izers, The identification of deficiencies of these nutrients and
201th€ micronutrients is a major gap in tropical America. This can be over-

o1|come by effective soil fertility evaluation services, including the es-

ot tablishment of critical levels and fertilizer recommendation. The cor-

[ g™)

rection of these deficiencies, except for potassium, are reiatively

f o
L

cheap considering the value of the response.

13
=

05 Nutrient recycling should be pramote@}but,fg; c¢rop production sys-

ol tems the possibilities seem largely limited to avoiding crop residue

2

1
-3
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Erémova] and muiching. The magnitude of nutrient recycling in pastures

ciand tree systems needs additional quantification.

i
i
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i VIII, DISCUSSIGN

{38

[

The previous sections have described the various components for low

s

i
H
i
i
i
|
!

input soil management technology that can be used in the acid, infertile

‘gssi!s of the American tropics. Obviously each component is not appli-

-

8 . )
lcable to all situations or farming systems in the vast target area; some

t
”
H

H .
:components are mutually exclusive. Also, several components are reason-

“iably well developed and ready for local validation while others are

“barely more than preliminary observations. As a whole, however, they
10° ‘

represent a philesophy of s01l management for marginal lands of the
‘tropics. The same philosophy can also be appiied to other aspects of

'?agricﬂiture, particularly plant protection. This section of the review

‘examines same of the implications of the use of such technology.

A. Low vs. High Input Approaches

15;
: There is considerable ambiguity in the term "low input technology.”

-~

"~ How Tow is low, and relative to what? The terms “zero input” and

T 'minimum Ynput® have also been used. The first one is not appropriate

;:%because in most systems zero input resuits in zero output. Low input
19§as opposed to medium or high input deserves some quantification. In

gégthis review, we would 1ike to consider low input technology for acid
Elzsséi$ of the tropics as that targeted at obtaining about 80% of the max-

~ ™

""f%mum yields with the most efficient use of soils, acid-tolerant germ-

2zl;;ﬂasm, fertilizers and Time. This review shows that it is biologically
:i;feasibTe to reach these yield levels with new technology and germplasm
25§at a substantially Tower level of input than by using traditional tech-
2isna39§y and germplasm.

-
L

i
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5 What is wrong with the traditional high input technology that has

been the base of much of our present worid food production? There is

2
(%3

nothing wrong with it from an agronomic point of view. If we were far-

FIEN

mers in an Oxisol region and the government gave us a choice between

Wi

¢overcoming the main soil constraints by financing massive phosphorus

g

applications, sufficient E%meﬂaadfggpgiemeﬁ%a} irrigation systems, end ey~
w

‘putting into practice the components described in this review, we would

oy

i

?be crazy not to follow the first alternative. As farmers, we would see

fthe value of our land increasing as it is transformed from marginal to

ek
¢

fexce?]ent land by the application of inputs. The senior author, in
: i
12;fact, saw his father do exactly that in a 50 hectare Oxisol farm, where |

v
k

$-
¥R

- he grew three crops a year with irrigation and profited handsomely from

.. it. It is difficult to find better soil to manage than an Oxisol once

17 1ts chemical constraints are eliminated by inputs. %
1ﬁ: Such opportunities, however, are the exception rather than the
;;fru]e in the acid infertile soil regions of tropical America. The magni—é

. :itude of investment capital needed to apply high input technology to

Ll
1githese soils is commonly beyond the resources of governments px private |
A

1

aplorganizations. Political priorities also dictate that farm intensifica-

A

. Fhayh .
a1|tion aﬁéfhxgh input use be located where the large concentrations of

~o farmers are, usually in high base status soilsregiens’

33! The increasing costs of petroleum-related inputs and the worldwide

i

i;femghasis on conserving the Earth’s natural resources pose additional re-
i

ggistraints to the "maximum input " approzch. The development policy goals
;

' . . .
»:'0f many tropical countries require that both producers and consumers

? L L4 * + + R +
o-ivtith Timited resources be the major beneficiaries of improved
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i
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»iagricultural technology. Nickel (1879) states that "if low income level

! . O .
giconsumers are to benefit, food production increases must be achieved at

lower unit costs. These low unit costs can be achieved through biolog-

15

51ically-based technology which is often scale neutral. To assure that

gl producers with Timited resources have access to the benefits of this

71 technology, it should not depend on large amounts of purchased inputs. ™~
= |Consequently, the main justification of low input soil management tech~

H
!
ginoiogy in Oxisoi~U1tisol regions of tropical America is socioceconomic

spitand not agronomic in nature.

+

In the past, farmers adjust to their lack of purchasing power by

i

1:§ap§1yin§ low amounts of inputs to a farming system designed to operate
i

1'ébast at high input levels. Examples of this abound in Latin America,

14:where-cle&r’gaérient deficiency symptoms are obvious in many fields,

1z:Many farmers know that their crops could yield more if more fertilizer

ot

|

.~'was applied to high yielding varieties, but they either cannot afford to
I

- -‘purchase more or do not dare to because of the high risk involved.

-« Another example is the large scale attempt of beef production in Oxisols

lg%and Ultisols of the Amaﬁ?n of Brazil by planting Panicum maximum without

| ]

o|phosphorus fertilization. This clearly a case of jgnoring very obvicus
ay/50i1 constraints. As Paulo Alvim has repeatedly mentioned in meetings

noiabout the Amazon, agriculture is different from mining. You must add

oz!inputs in order to have sustained production, even in the best soils of

~.the temperate region.

o3| Low input soil management technology for these acid soils is dif~-
1

g ferent from the partial adoption of high input technology. Low input
i

~-itechnology is not Jess of the same but a different way of managing the

ami;  rreramar
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!3e€¥. The fundamental breakthrough has been the identification of impor-

. el )
tant plant species and varieties that can tolerate significant 1a$3$§ of

1

(]

jhe?ggfd soil constraints. Then it is a matter of determining how much

128

_{fertilizer and lime these tolerant species require to produce about B0%
6 of their maximum yield on a sustained basis.

- Finally, a better understanding of the favorable attributes of acid

K porpliy  Crtmtn [0 [ I
o 1. By keeping the soil in its acid state, Tow reactivity phosphate

}CQraaks, abundant in tropical America, can be used directly at a fraction
z‘§ef cost of superphosphates. In effect the chamistry of soil acidity re-

Fra
p?aces superphosphate factory at considerable energy savings, provided
A

12|

!

Eth&t aluminum-tolerant plants are grown.

3
1a! 2. Extreme acid soil infertility car:é%e*eagéjxgéd infestations
iégwhéie localized fertilizer applications promote vigorous growth of the i

H
H

s c1desired crop or pasture.

_§ 3. Low effective cation exchange capacity can be considered an

-

Clagey Ecec
lg*asset in many of these soils. Soi1s with low ae%é%%%yﬂelayﬁfggﬁeraiiy

tvi
19*have better structure and are Iess erodibie than soils pf nigh activity

pord

20 ciays,z( similar clay content.

21 4. Low effective cation exchange capacity permits the gradual in-
gnitrease in the base status of the subsoil through the downwards movement

of calcium and magnesium, Instead of deterioration, the fertility of

T
a2

| . fmprives - . R
.:these soils actually 1n£iaase§fbgg;m1ttéﬁg deeper root development which,

[ D
W

in furn, permits the utilization of hitherto unavailable soil moisture.

[ 2]
o

»niThis 15 an attractive alternative to the more expensive supplemental

- irrigation systems.
T

tinfertile soils converts certain soil constraints into management assetss

o
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B. Productivity of Low Input Systems

- Agronomically-sound high input soil managerent systems almost in-

l

ivariably produce higher yields than the Tow input systems defined here.

There are several reasons that account for this observation. When soil
constraints are eliminated by fertilization, liming and irrigation, it is
possible to use plant species and varieties that have a higher absolute

yield potential than the acid-tolerant varieties presently available.

G

10;

“«
IV

21
i
i
;
!
1

The reason for this difference is very simple. Plant breeders have tra-
id%tiona'l“ly concenirated on increasing the yield potential in the absence !

i . . , : . . . .
*of soil constraints. Breeding to combine the various high yielding at-

~ tributes with acid soil tolerance is in its infency. There are no

&l inem
aEtg-—

i
i
H

tolerant rice varieties with the yield potential of IRB, vet. Androgoqai

1. g&g&au does not have the production potential or the nutritional qua11;y

H
¥
!

i
|
|
f

«_i

i

A
P
14
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*é\

1to match intensively fertilized Pennisetum purpureum. Stylosanthes

guianensis cannot outproduce alfalfa under o;t1m51 conditions.

This Timitation is probably a matter of tirme, because some toler-

iances to acid soil stresses are controlled by one or two genes, which

are often dominant {Rhue, 1979). Consequently combining acid tolerance
with high yield potential appears feasible from the breeding point of
view. Breeding for acid soil tolerance, however, is just beginning.

Most of the screening work is based on selecting already existing -

EEe—

Jcleap-obdesdive, Joint work of breeders and soil scientists should be

intensif%edgandgzﬁs payoff could be as important as the successful ef-
forts of plant breeders with pathologists and entomologists in breeding

for disease or insect resistance. In fact, the payoff may be even

o " o dessd b 5
es and nog Dﬂfggéregating popn?atiansféﬁgm a braadwng program w¢%§?§fﬁ

i
i
'
€

}
|




125

B

be greater because the acid-tolerant varieties may have a longer useful

{time span than insect or disease-tolerant varieties. The aluminum ion
i

( * * - *
. . does not mutate intc a more viruient race as many fungi or bacteria do.

[ S

3

5 C. Soil Mining or Soil Impravemestﬁﬁ,

6 Concerns have been expressed that plant species tolerant to acid

s0il constraints, but particularly those tolerant to lower levels of

-1

- ‘avaiiab}e vhosphorus, may compietzly deplete the Tow supply of nutrients
“5 that these s0ils have and render them totaily useless. Low input tech-
,Smﬂm

10 ae?egy is then viewed as a Jast ditch effort to extract the last bit of
11!fevt:21ty out of th%f%oris,
-

1°? This argument must be viewed in terms of the total reserves of the |

i |
.1s0i1, the amounts of fertilizers to be added, and total nutrient extrac-

o A

, i , :
{ .ition. |

-
P 1

-

7:% With continuous plant growth the supply of available nutrients in '
H gwwz’ H
,-'the soil eventually reaches—below the critical ievel. In Oxisols and

.-'UTtisols, this happens rather quickly with nitrogen and potassium, ele- 5

‘l; -,jments that are very mobile in their available form. Nitrogen depletion

E s very unlikely because of the large reserveir in the organic¢ fraction

Zand its replenishment by root decomposition, nitrogen fixation and other

agww crra s pon Lnds w/',?f-w Wity mml . e o%é(,,
factors in a farming system after-ii-has—reached a new equilibriumstaye]

7%‘“ P PR, © NP c?lm W Ea T TR [fwn‘v ;;/‘?3{)1
v oy |85—al—forms—ar—landuse-da. The situation with sulfur is vepy similar.

Mj%?%g{?%e rate of potassium depletion depends on the soil's reserve in non-

| . . . : . . .
ﬁ,=exchangaaéie forQ)ma1nIy in clay minerals, The potassium reserves of
i

a5 lthese soils are low and can be depleted rapidly enough to provsde less

lthan the critical level of 0.15 meq/100 g. An equilibrium -
i
-

iO

between available {exchangeable) potassium and non-exchangeable

LD




o T ww brnblisbll . T Sl 1P

; fﬁ&ﬁ&w witigh will not support rapid piant growth but will not decrease

or s ama e a7

3 the soil's potassium reserves to zero. Since crop residuss are usually
l

ATyt
¢:high in this element, some degree of reqyc]1ng takes place.

The! potentiall "mining }uf calcium, magnésxum, zinc, iron, copper,

boron, manganese, and molybdenum appears Tess likely because the amounts

3

<

~jremoved by plant harvests are very small in consideration with fotal soil
quc’s rmd UiTisds  (lhep

reserves, agn the available forms of these elements are less mobile in
A

: sei?s and thus Tess subject to loss,

|
|
|
|

10" This Teaves phosphorus, the element around which most of the "soil
,q:minang“ arguments revo]v%f Total phosphorus contents in the topsoil of
12;Gxiso1s and Ultisols range on the order of 100-200 ppm P, as compared
13(with about 3000 ppm P in high base status, high activity clay soils of
1. Midwestern United States and similar temperate regions (Sanchez, 1976). i
.z Some Dxisols however, have very high total phasphorgifcent&nts such as
- Eutrustox of the Cerrado of Brazil (Moura et al. {%9?2), but the
et Oy and Utfeide ‘

:::Tﬁm%ted data base shows that Eﬁgyﬁare generally low in total phosphorus.

Tabie 37 shows the total phosphorus content of an Oxisol profile
15§f?sm Carimagua, Colombia, representing the least fertile range of the
23§Oxisoimu1t5501 regions of tropical America. The total phospnorus re-

gilserves of the top 150 cm average 106 ppm P which is equivalent to

i
H

0214830 kg P,0c/ha of total phosphorus. Roots of acid-tolerant plants,

n»'however, may penetrate deeper than 150 cm.

i et

o Table 38 shows the total uptake of phosphorus of two acid-tolerant

ra

a:fgrass pasture under grazing at Carimagua. Total phosphorus uptake by

o~*tﬁ° forage on offer ranged from 3 to 12 kg P/ha per year {7.5 to 28 kg
'ﬁfé;pﬁ:af
97;?265/ha). Assuming all ef;%ﬁr1s exported away from the sward, and thus
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oiignoring recycling, it is obvious that the amounts added as fertilizer

3f50 kg P205/ha per year}more than compensates for the removal. Therefore,

feans
there is no soil mining but actually ahgma%T};G%1dup of phosphorus.

18

Table 28 confirms that there is a gradual buildup of total phosphorus in

._l

these soils of about 15 to 20 ppm P per year on the topsoil with appli-

=2 ]

-3

i
t
tcation rates of 50 to 100 kg PZOS/ha per year.
i

In the case of crop production, phosphorus removal rates are higher.

s,

iwade (1978) reports that four consecutive harvest of cowpeas, corn,

1e! peanuts, and rice in which the residues were left in place produced a
¢
11 'totaT removal of up to 28 kg P/ha per year. The total amount added was

| O 0) nﬂ"’( ;
1o 2% kg P7ha, suggesting a very close balance. @naa/av//m Hor e ) f@
/yp Ls VA o_‘;—/A.\ f2e S Camr nsrted P j-.-J/;: JPr ebvice. o 7)"06"'-5 191 Eacany

It is well known that plants remove less phosphorus than applied as

.fert111zers Since low input technologies described in this review do

rl

'f
-tinvolve fertilization, the soil mining argument 1%;%é§§§trd N aniad #

B o/» V37 Sovny leof Va/%

]
=

2
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Table 1. Generalized areal distribution of soils in the tropics. Based on tabular data from FAQ-UNESCO
(1971-1979) with indicated modifications.

: ‘b Tropical Tropical Tropical Tropical % of
5011 Associations , :
dominated by Americaij Africagf Asiagf Austra1ia§/ Total Tropics
~~~~~~~~~~~~~~~~~~~~~~~~~~ mi1170N has =mmmm e e
Oxisols 502 316 15 - 833 23
Hltisols 320 135 286 8 749 20
Fntisols 124 282 75 93 574 16
Alfisols 183 198 123 55 559 15
Inceptisols 204 156 169 3 532 14
Vertisols 20 46 66 31 163 5
Aridisols 30 _ 1 23 33 87 2
Mollisols 65 - 9 0 74 2
findisols 31 1 11 0 43 1
Histosols 4 5 27 - 36 1
bpodosols 10 3 6 1 20 1
Total 1493 1143 810 224 3670 100

gf??em 23% - 2398, updated by senior author.

D

=fﬁra&s with more than 150 days of growing season. From Dudal (1980).

§flnciudes temperate portions of India, Bangladesh and Indochina plus Papua New Guinea.

%/North of the tropic of Capricorn. From Sanchez and Isbell (1979).
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Table 2. Gﬁagfaphicaa extent og major soil gonstraintg in tropical
America (237 NHorth-23" South) and in the regions dominated
by acid, infertile soils.

Tropical America Acid Infertile Soil Region
{1493 mill. ha) {1043 mill. ha)

Soil MiTlion % of Mitlion % of

Constraint Hectares Tota] Area Hectares Total Ares

N deficiency 1332 89 969 93

P deficiency 1217 82 1002 96

K deficiency 799 54 759 77

High P fixation 788 53 672 64

Al toxicity 756 51 756 72

S deficiency 756 51 745 71

Zn deficiency 741 50 645 62

Ca deficiency 732 49 732 70

Mg deficiency 731 49 739 70

HEG stress » 3 months 634 42 299 29

Low H20 holding capacity 626 42 583 56

Low ECEC 620 41 577 55

High erosion hazard 543 36 304 29

Cu deficiency 310 21 310 30

Waterlogging 306 20 123 12

Compaction hazard 169 i1 169 16

Laterite hazard 126 8 81 8

Fe deficiency 96 6 ? ?

Acid sulfate soils 2 0 2 0

Mn toxicity ? ? ? ?

B deficiency ? ? ? ?

Mo deficiency ? ? ? ?

Source:

Adapted from Sanchez and Cochrane, 1980.
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Table 3. Decreases in recommended fertilizer and lime application rates when only 80% of. the maximum yield
is desired. Examples from Oxisol-Ultisol regions. Residual effects indicated with "R".
Reduction
Rate to Reach of fertilizer
Maximum Max. 80% rate
Location Crop Input Yield Yield Max. 8&/18&5MY Source
ton/ha/crop ---- kg/ha --=- mmmm f e

Brasilia, Br. Corn {6) PZOS{R} 7.0 563 282 50 NCSU 11978)
Brasilia, Br. Corn {5) Lime (R) 5.6 8000 2000 75 NCSU {1978)
Brasilia, Br. Corn (1) K 4.9 249 60 76 NCSU {1978)
Brasilia, Br. Soybeans (1} P50z 3.2 1200 300 75 CPAC (1876)
Brasilia, Br. Wheat {1) ngs 2.4 800 200 75 CPAC (1976)
Orocovis, P.R. Elephant grass N 53.0 1792 746 58 Yicente~

Chandler

et al (1964
Carimagua, Col. Cassava (42) Lime 8.0 6000 1700 72 CIAT (1978)
Carimagua, Col. Corn {20) Lime 3.2 6000 2200 63 CIAT {1978)
Carimagua, Col. Rice {96) Lime 2.8 6000 3500 42 CIAT (1978)
Carimagua, Col. Sorghum (240) Lime 3.1 6000 1800 70 CIAT (1978)
Carimagua, Col. Beans {49) Lime 1.0 6000 4000 33 CIAT (1978)

P
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Table 4. Some important food crops considered generally tolerant of acid
soil conditions in the tropics. ’

Generally tolerant species:

Cassava {Manihot esculenta)
Cowpea (Vigna unguiculata)
Peanut (Arachis hypogaea)
Pigeon pea {Cajanus cajan)
Plantain {Musa paradisiaca)
Rice (Oryza sativa)

Soybean (Glycine max)

Generally susceptible species with acid-tolerant cultivars:

Common bean (Phaseolus vulgaris)
Corn (Zea mays)

Potato (Solanum tuberosum)
Sorghum {Sorghum bicolor)

Sweet potato (Ipomoea batatas}
Wheat (Triticum aestivum)
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Table 5.

The effect of soil fertility level on leaf area index and
leaf nutrient concentration of the cassava variety M Mex 59

six months after planting.

Leaf Nutrient content per
Fertility area Nutrient concentration unit of leaf area
Tevel index N P K
---------- % mmmmmmmm e mg/dmz ———————
High 5.39 18.9 1,28 10.3
Medium 3.54 20.2 1.04 7.7
Low 1.65 21.7 1.11 4.5

Source:

Cock (1981).
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Table 6. Some important fruit crops considered generaily tolerant to
acid s0il conditions in the tropics.

Name Species Source*
Banana Musa sapiensis 2
Carambola Averrhoa carambola 1
Cashew Anacardium occidentale 1
Coconut Cocos nucifera 1
Granadiila Passiflora edylis 1
Grapefruit Citrus paradisi 1
Guava Psidium guajava 2
Jackfruit Artocarpus heterophyllus 1
Lime Citrus aurantiifolia 1
Mango Manguifera indica ]
Orange Citrus sinensis 1
Pineapple Ananas comosus 1
Pomegranate Punica granatum 1
*1:Duke, 1978; 2:authors.
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Table 7. Some important perennial and forest crops considered tolerant

to acid soil conditions in the tropics.

Name ) Species Source
1Brazil nut ) Bertholletia excelsa 1
Coffee Coffea arabica 1
Eucalyptus Eucalyptus grandiflora 2
Gmelina Gmelina arborea 2
Guarana Paullinia cupana 2
Jacaranda Dalbergia nigra
0i1 paim Elaeis guineensis 1
Peach pa1§ Guilielma gasipaes¥* 2
Pepper, black Piper nigrum 1
Pine Pinus caribea 2
Rubber Hevea brasiliensis i
Sugatcane Saccharum officinarum 1

i-Duke (1978},
2-Atvim (1981).

*Known as "pegibaye," "chontadurc,” “"pijuayo,” "pupunha,”
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Table 8. Some important
of the tropics.

pasture species adapted to Oxisols and Ultisols

Species

Observations

GRASSES:
Andropogon gayanus

Brachiaria decumbens
Brachiaria humidicola
Digitaria decumbens
Hyparrhenia rufa
Melinis minutiflora

Panicum maximum

Pennisetum purpureum

Paspalum notatum
Paspalum plicatuium

LEGUMES:

Desmodium heterophyllum

Desmodium gyroides

Desmodium ovalifolium

Calopogonium mucunoides

{entrosema pubescens

Galactia striata

Pugraria phaseoloides

Stylosanthes capitata

Stylosanthes guianensis

Stylosanthes scabra

Styiosanthes viscosa

Zornia Jlatifolia

Well adapted. New release in tropical America.
Well adapted., Spittiebug susceptible.

Very Al-tolerant, low palatability.

Adapted, but requires high fertility.

Adapted, high K reguirement, low productivity.
Adapted but Tow productivity.

Adapted, somewhat higher nutritional requirement.
Adapted for cut forags, high nutrient reguirement
Low productivity.

Disease susceptibility in some areas.

Prefers udic soil moisture regime.
Shrub for browse.

High tannin in ustic ¢limates.
Persistent but Tow palatability

Insect attack problems.

Productive in certain systems only.

Not for Tong dry season.

Savannas only.

Only few cultivars have anthracnose tolerance.
Promising for isothermic savannas.
Promising for isothermic savannas.
Promising for isohyperthermic savannas.

Source: CIAT {1978, 1979, 1980} and author observations.

-
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Table 9. HNutrient contribution of ash and partially burned material to
an Ultisol of Yurimaguas, Peru after burning a 17-year-old
forest.

Total

Element Composition additions

kg/ha
N 1.72% 67
p 0.14% 6
K 0.97% 38
Ca 1.92% 75
Mg 0.41% 16
Fe 0.19% 7.6
Mn 0.19% 7.3
in 132 ppm " 0.3
Cu 79 ppm 0.3

Source: Seubert et al. (1977).
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Table 10. Effects of land-clearing methods on crop yields at Yurimaguas.
(Yield is the average of the number of harvests indicated in
parenthesis).

Slash
Fertility and Bulidozed Bulldozed

Crops level* burn Burned
————— t/ha*¥ cemaaa %
Upland rice (3) 0 1.3 0.7 53
NPK 3.0 1.5 49
NPKL 2.9 2.3 20
Corn (1) 0 0.1 0.0 0
NPK 0.4 0.04 10
NPKL 3.1 2.4 76
Soybeans {2) 0 0.7 0.2 24
NPK 1.0 0.3 34
NPKL 2.7 1.8 67
Cassava (2) ¢ 15.4 6.4 42
NPK 18.8 14.9 78
NPKL 25.6 24.9 g7
Panicum maximum G 12.5 8.3 68
{6 cuts/year} NPK 28.2 17.2 68
NPKL 32.2 24.2 75
Mean relative yields 0 37
NPK 47
NPKL 48

* B0 kg N/ha, 172 kg P/ha, 40 kg K/ha, 4 t/ha of Time.

** Grain yi

elds of upland rice, corn and soybean; fresh root yields

of cassava, annual dry matter production of Panicum maximum.

Source: Seubert et al. (1977}.
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Table 11. Effects of bulldozer clearing

in decreasing infiltration

rates in Ultisols from Yurimaguas, Peru, Manaus and

Barrolandia (Bahia), Brazil.
- Yurimaguas Manaus, AM Barrolandia, BA
Clearing Method Peru Brazil Brazil
----------------- CM/hY —emmee e m e e — e
Undisturbed forest 26 15 24
Slash and burned
(1 year) 10 - 20
Bulldozed (1 year) 0.5 - 3
Slash and burn and
5 year pastures - 0.4 -

Silva (1978).

Sources: NCSU (1972); Seubert et al. (1977); Schubart (1977) and
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Tabte 12. Summary of changes in topsoil chemical properties before and shartiy after burning tropical
forests in UTtisols and Oxisols of the Amazon.

Yu?imagaaslj %anau&—zl Manausgj Belem~ &/ ﬁarro1andza5/
S0i1l Timing (2 sites) (x 7 sites) (1 site} {x 60 sites) Bahia (1 site)
Property 1 11 ,
Months after burning: 1 3 0.5 4 12 1
pH (in HZO) Before: 4.0 4.0 3.8 4.1 4.8 4.6
After: 4.5 4.8 4.5 5.5 4.9 5.2
Exch. Ca+Mg Before: 0.41 1.46 0.35 0.92 1.03 1.40
(meq/100 g) After: 0.88  4.08 1.25 5.44 1.97 4,40
& 0.47 2.62 0.380 4,52 0.94 3.00
Exch. K Before: 0.10 0.33 0.07 (.08 0.12 0.07
(meq/100 g) After: 0.32  0.24 0.22 0.23 0.12 0.16
b .22 {0.07) 0.15 0.15 0.00 0.09
Exch. Al Before: 2.27 2.15 1.73 1.81 1.62 0.75
(meq/100 g) After: " 1.70 0.65 0.70 0.10 0.90 0.28
A (0.59) (1.50) (1.03) {1.713 (0.72) (0.45)
Al satn. Before: 81 52 80 64 58 34
(%) After: 59 12 a2 2 30 5
A {22) (40) {48) » (62} (28) {29)
Avail. P{ppm) Before: 5 15 - 2 6.3 1.5
(0lsen in Peru, After: 16 23 - 5 7.5 8.5
NC in Brazil) A 11 8 - 3 1.2 7.0

Calculated from data by: 1/ Seubert et al. (1977} and Villachica and Sanchez (unpublished data)
2/ Brinkmann and Nascimento (1973}
3/ UEPAE de Manaus (1979)
4/ llecht {unpublished data)

5/ Siiva (19?8)

* ] + + b N 0 ' . .
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Table 13. Effect of planting method, spacing and seed density on IR8
upland rice yields on Aeric Tropagualf in Yurimaguas, Peru.

Source: Sanchez and Nurena (1972).
Planting method and Seed density Grain yields
spacing (kg/ha) {ton/ha)
Rototilled, 2 row
seeding {25 cm rows) 50 5.93
No till, "tacarpo" holes
25 x 25 cm 35 5.68
Ko til1, "tacarpo" holes
50 x 50 cm ‘ 18 4,25
LSD.O5 0.31
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Table 14, The ability of different forage species to invade and
displace fertilized native savanna with different degrees
of control and tillage in Oxisols of Carimagua, Colombia.

Treatment of
native savanna

Species capable of:

Invading

Displacing

Burn only

D. ovalifolium
P, phaseolpides
8. radicans

D, ovalifolium
P. phaseoloides

Chemical control

D. ovalifolium
P. phaseoloides
B humidicola

U:‘

B. radicans

D. ovalifolium
P phaseoloides

B humidicola

Tine tillage to
12 cm

=
#

 gualifolim

. » -

- gayanus
B. radicans

ml 3:&! ml U:JPJI
ot
m
Iy)
Pt
=]
o
1]
=
v

D. ovalifolium

Compiete sezedbed
oreparation

. ovalifolium

F

. humidiczola
B. decumbens

. fayanus
radicans

RN

1717

. phasecloides -

D. ovalifolium
P phaseoloides

B. humidicola
B. decumbens
A, gayanus
B. radicans

Source: CIAT (1980}




Table 15. Crop and pasture production in row intercropped systems

2 planted simultaneously on an Ultisel from Quilichao, Colombia
fertilized with 0.5 ton/ha of dolomitic lime and 100 kg
3 Pzﬂslha of triple superphosphate.
4
5 Species.. | Crop Yields Pasture {Dry Matter) Sum
" Pasture*  Mono- Inter- Mono- Inter of
6| Crop {# cuts) culture cropped RY** culture cropped RY RY
7 wm~= ton/ha w-wme B wmee—— ton/ha ----- 0%
8| Cassava 5.g9.(3) 45.6 38.2 84 2.1 1.0 48 132
-{roots)
b
" B.d. + 2.4 i7.0 40 7.0 6.4 92 130
10 S.g. {3)
11| Beans S.g. (1} 1.08 1.08 100 0.80 0.37 40 146
{grain)
12
N B.d. + 1.22 1.24 102 1.70 0.93 55 157
13 S.g. (1)
14

Adapted from CIAT (1979).
15] *5,9 = Stylosanthes quianensis 1363 B.d. = Brachiaria decumbens.

16p* RY = Relative Yields = Intercropped x 100
' Monocul ture

17
18
18
20
21
22
23
24
25
26

27




L3
Table 16. Effect% of mu1ghing on corn yig?dg on a Typic Haplustox near o
Brasilia, Brazil {Means of varieties and other management
treatments per season). ‘ ez
2
Rainy Dry season

Treatment $eason (irrigated) |[c2
-------- Grain yields (tons/ha) ----- [5G

No mulching 6.16 5.93 12
Melinis minutiflora mulch 6.54 5.99 0%
Black plastic mulch - 6.75 61
ST

Sources: Bandy (1976), NCSU {1976} 5T
31
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o|Table 17. Qverall effect of mulching with Panicum maximum on crop
grain yields in Typic Paleudults of Yurimaguas, Peru.

3
4 Number
of With Without

3|Crop Harvests mulching mulching
6 memmemme LONfHE wrame o
7 tUpland rice 7 2.10 2.71
®lcorn 4 3.94 3.56
®1soybeans 6 2.34 2.29
*0peanut 4 2.96 2.88
eowpea 1 0.64 0.74
12

Mean yields 20 2.56 2.49
13

14|Source: Valverde and Bandy (1981).
15
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Table 18. Overall effect of mulching and green manure incorporations in unfertilized treatments relative
to the yields attained in the bare, fertilized treatments in five consecutive crops. Numbers
in parenthesis are the actual yields in tons/ha which were equalled to 100. Yurimaguas,

1974-1975.
Treatments 1st crop 2nd crop 3rd crop 4th crop 5th cfop Mean
{al11 unfertilized) Soybeans Cowpeas Corn Peanuts Rice effect
(1.10) {0.74) {4.17) (2.88) (2.74)
~~~~~~~~~~~~~~ % of yields in bare, high NPKL treatments --mememcwcccarvn
Bare soil 9 59 33 55 64 44
Grass mulch 14 103 57 52 94 64
Grass incorporated 33 90 70 69 94 71
Kudzu mulch - 97 72 63 90 80
Kudzu incorporated 109 77 88 79 99 90

Sources: MNorth Carolina State University (1976), Wade {1978).
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Table 19. Intensive intercropping systems producing 4 to 5 crops a
year as compared with growing the same crops under mono-

Source: Adapted from North Carolina State University (1875, 1976)
Wade (1978).

culture in a Typic Paleudult at Yurimaguas, Peru. Tall
crops spaced in 2 m rows. '
Year 1: ~ Corn Soybeans Cassava Cowpeas Total % over
. i market mono-
value culture
Grain or tuber yields {tons/ha} UsS$/ha
Intercropped 1.54 0.83 11.7 0.54 1055 20
Mono-
cultures 3.35 1.15 16.8 1.05 879 -
Year 2: Rice Soybens (Cassava Peanuts Cow- Total % over
peas market mono-
value culture
Intercropped 2,01 §.52 8.0 2.62 0.24 1996 28
Mono- . i
“leultures 2.38 1.19 22.9 3.05 0.47 1558 - I
!
[
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Table 20. Residual effects of Time applications to an Oxisol of Brasilia in terms of changes in topsoil
properties and relative grain yields at 6 and 66 months after application.

Lime Relative grain
applied pH Exch. Al ~ Exch. CatMg Al. sat. yields
in 1972 6* b6 6* 66* 6* bo* b* 66* 6% 66*
tons/ha 1:1 HZO ~~~~~~~ meg/l00 g moweecmon e e
0 4.7 3.9 1.1 1.5 0.6 0.3 63 80 53 50
5.0 4.2 0.9 1.1 1.1 0.6 45 61 85 93
2 5.1 4.3 0.5 1.0 1.5 1.0 25 46 88 88
4 5.6 4.8 0.2 0.4 3.1 2.1 6 15 100 89
8 6.3 5.2 0.0 0.1 4.4 4.0 Z 2 93 100

Compiled from:

* Months after Time incorporation.
crop {soybeans). Maximum yields were 4.0 and 2.1 tons/ha, respectively.

NCSU, 1974; Gonzalez, 1976; Gonzalez et al., 1979; CPAC, 1979; Miranda et al., 1980,

Yields refer to the first crop {corn) and the seventh consecutive
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Table 21, Estimated 1ime requirements for main crops and pasture

species in the well drained savanna Oxisols of the Colombian
LL1anos Orientales.
_ Lime
Species Rate Source
ton/ha
CROPS:
Rice (tall statured) 0.25 - 0.5 2
Cassava D.25 - 0.5 5
Mango 0.25 - 0.5 5
Cashew 0.25 - 0.5 5
Citrus 0.26 - 0.5 5
Pineapple 0.25 - 0.5 5
Cowpea 0.5 = 1.¢ 5
Plantain 0.5 - 1.0 5
Corn 1.0 - 2.0 5
Black beans 1.0 - 2.0 5
Tobacco i.5 - 2.0 5
Peanuts i, - 2.0 1
Rice (short statured)} 2.0 1
PASTURES :
Andropogon gayanus 0.4 3
Fanicum maximum 1.5 3
Brachiaria decumbens 1.1 3
Stylosanthes capitata 0.5 3
Zornia latifolia 0.5 4
Desmodium ovalifolium 0.5 4
Puyeraria phasecloides 1.0 3
Pennisetum purpureun 2.6 3

EY
Sources: (1) Alvarado, undated; {(2) Caivo et al., 1877;,Salinas and
Delgadillo, 1980; (4) Spain, 1979;x5pain et al., 1975.

<
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Table 22. Classification of soybean cultivars according to critical
aluminum saturation levels (required for 80% maximum yields)

in Oxisols of Parani, Brazil.
Critical
% Rl saturation

Category h Cultivar Tevel

Very susceptible: Andrews g
Cobb 10

Mod. susceptible: Florida 13
Bragg 15
Sant'ana 17
Hutton 18
Santa Rosa i8
UFY-1 2
Vicoja 22
Bossler 22

Source: Muzilli et al., (1978)
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Table 23, Differential tolerance rating of pasture grass and legume species under field conditions in
an Ox{sol of the Colombian Llanos Orientales.

: No Lime 0.5 tons lime/ha 5 tons Time/ha Maximum
Species and 0 kg 17 kg 227 kg 17 kg 227 kg 17 kg 227 ky  dry matter
CIAT No. P/ha  P/ha P/ha P/ha P/ha P/ha P/ha vield
Grasses/soil 92% A1 90% Al 89% Al 86% A1 Bl% Al 26% A1 - 22%°A1
test levels: 1.7¢9 2.1p 11.7 P 2.3p 4.8p 1.5p 18.3°P
------------------- Tolerance categories® -mcome-vemcmemcnows --fons/ha-
Brachiaria humidicola 692 M H H H M M S 3.33
Anaropogn gayanus 621 M M M M H M M 7.35
Melinis minutiflora 608 ) Mo H H H M M 3.09
Brachiaria decumbens 606 S S S ) S M M 3.58
Panicum maximum 604 S 5 S S M M H 5.86
Penisetum purpureumn 5 N S S M M H 6.98
Legumes/soil 92% Al 92% A1 92% Al 86% Al 86% Al 27% A1 27% A1
test levels: l.6p 2.6p -28.1°P 2.6 P 24.1°P 1.6 P 24.1P
Stylosanthes capilata 1078 M M H M M M H 4,04
Stylosanthes guianensis 184 S M M H H M H 2.66
Centroserna hybrid 438 S M H M H S M 2.04
Stylosanthes capitata 1405 S M H M H M M 2.88
Stylosanthes capitata 1019 5 M M M M M M 2.67
Desmodium ovalifolium 350 S S M M H M M 3.68
Desmodium heterophyllum 349 X X ) S ) M H 2.41
Macroptilium sp 506 X M 5 M 5 M 2.96
Leucaena leucocephala 734 X X S 5 5 H M 1.56

* X = dead; S = surviving [<50% max. yield); M = moderate (50-80% max. yield); H = highly (>80% max. yield}
Adapted from: Salinas and Delgadillo (1980}; CIAT (1980).
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Table 24, Differential response of nine forage legumes to manganese
toxicity in Australia.

Internal

Regression Tolerance Critical
Species Coeficients rating level

ppm Mn
Centrosema pubescens -0.0023 1 Tolerant 1600
Stylosanthes humilis -0.0038 2 1140
Lotononis bainesii ~0.0039 3 1320
Macroptilium lathyroides -0.0066 4 840
Leucaena leucocephala ~0.0077 5 550
Desmodium uncinatum -0.0080 & 1160
Medicago sativa -0.0102 7 380
Glycine wightii -0.0128 8 J 560

Macroptilium

atropurpureun -0.0159 9 Susceptible. 810

* Indicates magnitude of dry matter production decreases with

increas

Source:

ing manganese levels.,

Andrew and Hegarty (1969).

Sl
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Table 25. Differential response of five tropical forage Tegumes to
manganese toxicity in Rio de Janeiro state, Brazil.

Regression Tolerance
Species Coefficient rating
Stylsséﬁthes guianensis -0.014 1 Tolerant
Glycine wightii -0.091 i
Centrosema pubescens -0.162 3
Macroptilium atropurpureum -0.197 4
Pueraria phaseoloides -0.210 5 Sensitive

Source: Souto and DGbereiner (1969)
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Table 26.

So?utien phosphorus levels in sorption isotherms equivalent
soil test levels and amounts of broadcast triple superphosphatsa

added after 7 years and 13 continuous crops to a Tropeptic

Eutrorthox from Hawaii.
P maintained S0i] test P values P added to soil
in soil -~ Maintenance
solution Bray I N.C. Olsen Initial in 7 years Total
--------------- PPM P meemmcm s e monmemena kg ons/ha ma———
0.003 3 6 12 80 114 194
0.006 5 9 15 200 204 404
0.012 14 20 30 432 714 1146
0.025 28 35 44 682 1445 2127
0.05 55 57 72 1000 2050 3050
0.1 72 86 83 1363 2614 3977
0.2 144 158 164 1591 3691 5282
0.4 156 209 160 1591 4634 6225
1.6 338 337 295 3273 7566 10,839

Adapted from Yost and Fox {1979).
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Table 27. Relative agronomic effectiveness of several phosphate rocks as determined by yield of
Brachiaria decumbens grown in the field at Carimagua {sum of 13 cuts taken over a 44

month period.

Phosphorus P applied {kq P,0./ha)
Source 25 50 Y100 400
-------------------- % relative yieldt -oococemmooeome-
TSP Annual (32.2)%/ (34.5) (35.9) (43.6)
TSP Residuall/ 100 100 100 100
(21,1} {29.4) (31.2} {36.8)
Florida (U.S.) 122 93 101 104
Bayovar (Peru) 120 20 103 109
Gafsa (Tunisia) 108 104 104 104
Huila {Colombia) 95 113 98 110
Pesca (Colombia) 110 82 111 116
Tennessee (U.S.) 104 76 96 108

Check: 13.6%

1/ Assumed at 100% for each level of application,
2/ Dry matter yields in ton/ha.

Source: Leon and Fenster {1080).
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Table 28. Phosphorus fractions in the Carimagua Oxisol as a function of applied phosphorus rates.
Applied Phosphorus Avail. P Inorganic Organfc Total
P,0g p Bray II Ca-P Al-P Fe-p p P P
-------- kg/ha ----- e e 141 b D bttt
0 0 1.8 0.9 0.5 26 29.2 101 130.2
10 4.4 1.8 0.8 0.6 29 32.2 97 129.2
20 8.7 1.9 1.0 0.6 32 35.5 97 132.5
40 17.5 2.1 1.1 0.6 35 38.8 108 146.8
80 34.9 2.2 1.7 0.9 40 44.8 102 146.8
100 43.7 3.5 1.7 1.0 42 48.2 92 140.2
150 65.5 5.5 1.9 1.3 43 51.7 101 162.7
200 87.3 6.6 2.2 1.5 45 55.3 101 156.3
Source: CIAT (1981).
. . ' “ - C
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Table 29. Phosphorus rate recommendations for clayey Typic Huplustox near Bra ilia, Brazil for
continuous corn production according to soil test interpretations.

Available Relative Basal Banded Total for

p Soil test corn broadcast application . Total for
{N.C. method) interpretation yields application per crop g crops

- PP ——e e - % maX. = = mmemmmmmemeemmceeeeo kg Pzﬁsfha ------------------
0< - 2.0 Extremely low 0- 25 320 80 i 1040
2.1- 6.0 Very low 26- 50 200 80 920
6.1-10.0 Low bl- 75 80 80 800
10.1-16.0 Medium 76- 90 0 70 630
>16.0 High 91-100 0 60 540

Adapted from Miranda et al., (1980)}.
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Table 30. Agronomic effectiveness of phosphate rocks as determined by
yield of Panicum maximum grown on a Las Gaviotas Oxisol in
the Lianos of Colombia under greenhouse conditions (sum of
3 cuttings). : L

Phosphate Reactivity Phosphorus rate (mgipdtj

rock ' rating** _ 50 100 200 400

== % relative yield * ---u.

BRAZIL :

Abaete Low 11 33 52 55
Araxa Low 30 33 56 58
Catalao Low 5 ) 22 38
Jacupiranga Low 12 13 19 51
Maranhao Low 60 69 86 91
Patos de Minas Low 27 42 66 72
Tapira Low 4 7 10 23

COLOMBIA:

Huila Medium 58 59 84 84
Pesca Low 56 61 80 83
Sardinata Low 29 44 68 74

PERU:

Bayovar High 99 79 104 91

VENEZUELA:

Lobatera Low 56 56 65 76

TUNISIA:

Gafsa High 63 72 114 105

UNITED STATES:

Florida Medium 59 71 86 91
North Carolina High 70 78 107 108
* Dry matter yields obtained is with triple superphosphate considered as

100% for each phosphorus rate. Absoiute yields: 0.6, 13.3, 19:9,
22.2 and 22.2 g/pot with 0, 50, 100, 200 and 400 mg P/pot as triple
superphosphate, respectively.

** From Lehr and McClellan (1972) and unpublished sources.

Source: Leon and Fenster (1979}.




vl ] [ el B2 B ] | o bl b - bt Pk = pt et bk o d
-3 oy L Hw L7 Lo ponat fim] w [+5] -X £ ot Lo 2] [ ] [ < ow (v o] ~3 o on W [+ 3~ Pk

Table 31. Effect of ratio of phosphate rock to simple and triple superphosphate on yield of corn grown
in the greenhouse on a Carimagua Oxisol (sum of two harvestis).

Phosphorus Source

PR:SSP/TSP
‘ 11

1:90 31 13 0:1
------------------------ T L 2T L ——
Simple superphosphate - - - - 19@2/ 3/
{18.9)~
Triple superphosphate - - - - 91
Florida simple superphosphate 71 70 91 99 -
Florida triple superphosphate 71 72 97 98 -
Pesca simple superphosphate 27 53 75 99 -
Pesca triple superphosphate 27 54 70 8BS -

Check - 16%

1/ A1l phosphorus rates were averaged. Granule size used: Minigranule (-48 + 150 mesh)
2/ SSP assumed at 100%
3/ Tissue yield in g/pot.

Source: Fenster and Leon (1980}.
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Table 32, Effects of amendment and P applications on the amount of
sorbed P needed to provide 0.1 ppm P in solution in a

Brazilian Oxisol,
Applied P {ppm}

Level* Amendment 0 380 460 540
------ % decrease in P —————
0 Control 0 44 54 65
1 CaC0, 18 59 68 77
Ca5i0, 24 65 77 84
Combined 18 65 71 82
2 CaCl, 16 62 77 85
Casi0, 28 75 82 91
Combined 32 74 77 85

* Amendment Tevel is relative to neutralization of exhcangeable Al
Initial exchangeable Al

by the factor of 1 and 2, respectively.

1.45 meq/100g.

Source: Smyth and Sanchez {1980).




1iTable 33,

External critical phosphorus levels of various tropical

pasture species,

3 Critical level of
4 : Bray 11
Species and accession number available P
% ; ppm P
6 Legumes:
7| Stylosanthes capitata CIAT 1978 2.5
g Stylosanthes guianensis CIAT 1200 2.5
Zornia latifolia CIAT 728 2.8
? Desmodium ovalifolium CIAT 350 3.0
10 Stylosanthes capitata CIAT 1315 3.2
11 Stylosanthes capitata CIAT 1097 3.3
Zornia sp. CIAT 883 3.4
12 Pueraria phaseoloides CIAT 9800 3.5
13{ Stylosanthes capitata CIAT 1019 3.5
14 Stylosanthes capitata CIAT 1338 3.6
Stylosanthes guianensis CIAT 1153 5.5
13! Desmodium scorpiurus CIAT 3022 8.0
16| Macroptilium sp. CIAT 536 8.5
17| Desmodium gyroides CIAT 3001 11.4
18 Grasses: .
191 Andropogon gayvanus CIAT 621 5.0
5o Brachiaria decumbens CIAT 606 7.0
Panicum maximum CIAT 604 10.0

21

22|* Soil test level associated with 60-80% of maximum yield.

23

24

26

27

Sources: CIAT (1978, 1979, 1980).
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Table 34, Internal critical levels of phosphorus associated with
maximum yields of tropical pastures species.
Species Z P in tissue Source
Legumes:
Stylosanthes humilis 0.17 1
Centrosema pubescens 0.16 1
Desmodium intortum 0.22 1
Glycine wightii 0.23 1
Medicago sativa 0.25 1
Grasses:
Andropogon gayanus 0,11 2
Brachiaria decumbens 0.12 2
Melinis minutiflora 0.18 i
Panicum maximum 0.1% 1
Pennisetum clandestinum 0.22 1
Chloris gayana 0.23 1
Paspaium dilatatum 0.25 1
Sources: 1. Andrew and Robins (1969, 1971}
2. CIAT (1978}
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Tabie 35. Effects of vescicular arbuscular mycorrhiza inocululus in sterilized acid laterite soil of
Sri Lanka on growth, phosphorus uptake and nitrogen fixation by Pueraria phaseoloides
under pot conditions.

e

Nodules

Dry matter Mycorrhizal Plant per CZHQ

Treatment production infection p pot reduction

g/pot % % No. wnol/pot/hr.
Unsterilized check 2.4 0 0.18 1 0.1
Mycorrhiza only 28.8 76 0.27 230 55.0
Mycorrhiza + 12 ppm P as PR¥ 31.0 67 0.28 241 69.1
Mycorrhiza + 60 ppm F as PR* 37.8 74 0.31 54 123.4
12 ppm P as PR* 3.9 11 0.25 11 1.6
60 ppm P as PR* 4.6 0 0.25 96 24.8

Adapted from Woidyanatha et al., (1979).

* Jordan phosphate rock
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Table 36. Tentative external and intermal critical sulfur Tevels of
acid tolerant forage grasses and legumes grown in a

Carimagua Oxisol in the greenhouse (estimated from Cate-
Nelson diagrams).
Critical Critical
5011 test tissue
Species Tevel* concentration
ppm S %S
GRASSES:
Brachiaria humidicola 679 11 0.14
‘Andropogon gayanus 621 12 0.15
Brachiaria decumbens 606 13 0.16
Panicum maximum 604 14 0.15
LEGUMES:
Stylosanthes capitata 1315 12 0.15
Desmodium ovalifolium 350 13 0.12
Zornia latifolia 728 14 0.14
Stylosanthes capitata 1019 15 0.17

Source: CIAT {1981)
* Calcium phosphate extraction
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Table 37. Soil phosphorus fractions in the profile of an Oxisol of Carimagua, Llanos Orientales,

Colombia.

Percent of total P

Organic Base Total
Horizon C Saturation P Organic Reductant- Occluded
(cm) pH (%) (%) {ppm) p Ca-P Al-P Fe-p Sol Fe-P Al-pP
0-6 4.5 2.26 7 185 77 0.9 0.8 10 9 1
6-15 4.6 1.84 7 151 75 0.6 0.9 11 11 1
15-40 4.6 1.13 13 126 73 0.7 1.2 6 17 1
40-70 4.9 0.53 15 114 55 0.8 1.3 7 34 i
70-100 5.1 0.43 2% 90 47 0.6 1.0 9 41 1
100-150 5.1 0.24 21 84 35 0.7 1.2 4 53 4
Source: Benavides (1963).
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Table 38. Phosphorus content of Andropogon gavanys and Bracharia
decumbens available by swards under a stocking rate of

1.7 animal units per hectare in a Tropeptic Haplustox of
Carimagua, Colombia fertilized with 50 kg P,0./ha as triple
superphosphate and plus small quantitites ﬁ% ga!cism,
magnesium, potassium and sulfur.
Annual
Dry matter %P Phosphorus  Liveweight
Species Season on offer content uptake gains
ton/ha % kg P/ha kg/wt
A, gayanus. Rainy 4.7 0.16 7.5 288
{1 year mean) Dry 5.5 0.09 4,9 -23
Annual 0.2 0.12 12.4 265%/
B. decumbens Rainy 0.8 0.1% 1.2 125
{4 year mean) Dry 1.6 0.13 2.1 4
Annual 2.4 0.14 3.3 129

Adapted from 0. Paladenes and P, Hovos. 1979, Unpublished data,
CIAT, 1980,

1/ Stocking rate of 2.4 au/ha.
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