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INTRODUCTION

Highly weathered. soils of the humid tropics (mné&iwﬁ
them classified:as Ultisols and Oxisols in the U. S.. SoilL
Taxonomy, 1970) have developed under conditions in which
rainfall exceeds evapotranspiration during most of the year..
Under this condition there has been a gradual depietiam.mﬁ
soil bases and the development of soil acidity.

It is estimated from the unpublished world soil map: of
the Soll Conservation Service, U.S.D.A. that there are 35Q
million hectares of Ultisols and 700 millicn hectares of:
Oxisols in the fropics which are potentially arable. MNost
of these soils have excellent physical characteristics and
favorable topography.

Crop production on these acid soils may be limited bys:
a) deficiency of essential elements and/or b) toxicity of
certain elements due in part to soil acidity. Aluminum
toxicity is one of the major factors contributing to poor
growth of plants particularly in Ultisols and in some
Oxisols., This is being intensified by the heavy use of
acideforﬁing nltrogen fertilizers, and by the addition of
non-nitrogenous fertilizeis which displace exchangeable

Al into the soil solution and lower soil pH even more.‘



Aluminum toxicity causes a combination of effects, of
which inhibition of root growth is perhaps the most obvious
visually. The limited root system caused by toxic quanti-
ties of Al may reduce uptake of water by plants as well as
nutrients (particularly Ca and P) thus reducing top growth.
Many important crops such as lettuce, beets, sorghum, tomato,
alfalfa, cotton, etc. have been reported to be very sensi-
tive to excess Al.

Until now, liming is the most common method of neutral-
izing toxic concentrations of Al and thus promoting optimum
crop growth and efficient use of fertilizer nutrients. There
is disagreement among soil scientists about the eoxiteria to
use in estimating lime requirement, as illustrated by the
papers of Kamprath (1970a, 1970b) and McLean (1970). EKamp-
rath recommends only enough lime to eliminate toxic sub-
stances, principally exchangeable Al, while McLean recom-
wends liming to pH 6 to 6.5. Neither gives much considera-
tion to economic factors. In many areas of the humid
tropics, lime and capital are very expensive.

Anotner method of neutralizing Al toxicity is through
P fertilization. In this case Al is precipitated as Al
(0H)2H2P04 which is relatively insoluble thus Al is no
longer a problem for plant gfowth. This method has been dis-
carded because it is so expensive.

There is some evidence that organic matter has some

influence on the avallability of Al since plants grow more



satisfactorily on organic soils at considerably lower pH than
on mineral soils. This is true even though total Al is quite
high in some organic soils (Evans and Kamprath, 1970). It

is suggested fhat the lower critical pH values for plant
growth in organic soils compared with mineral soils, is due,
at least in part, to the formation of Al-organic matter com=
plexes of lower solubilities (Schnitzer and Skinner, 1963a,
1963b; Greene, 19€3; Evans, 1968). However, there is also
the possibility that Al is detoxified by chelation in water
soluble forms. The formation of Al-corplexes Or Al-

chelates by organic mattes reduces the amount of Al in the,
gsoil solution and this may be one reason why plants grow
well at lower pH in organic soils than in mineral soils.

The role that organic matter plays in the iwrobiliza-

tion of the active Al in tropical soil has been very little
studied. Few investigations have gshed light on this im-
portant problem.

The implication that organic matter inhibits or re-
duces Al toxicity leads to the idea that organic mattex
could be used instead of lime as a means to prevent toxic
effects of Al in acid tropical soils. Commercial lime is
usually véry expensive in tropical countries, and transpor-
tation expenses increase even more the cost of liming.

This could be a good justification for neutralizing Al toxi-
city with organic matter, which at the same time adds

nutrients to the soil, and improves some physical properties



1like structure, aeration, water holding capacity, etc.
Several weeds and grasses which are tolerant to high Al con-
centrations grow naturally in acid tropical soils. It is
possible to incorporate these species in the soil in ordex to
increase the organic matter content and thus reduce Al con-
centrations and make the environment more favorablc to othexr
crops that, otherwise, would be unable to grow.

The objectives of this study were: a) to detcrmine
the effect of variable organic matter increments on the im-
mobilization of ective Al in an acid Ultisol, b) to compare
organic matter applications with lime rates in terms of
sorghum growth, and c) to determine the effects of organic
matter and liming on the foliar composition of sorghnum
grown under greenhouse coaditions. '

The research work was carried out in the grecnhouse and
laboratories of the Experimental Station of the University
of Puerto Rico at Rio Piedras, Puerto Rico.



LITERATURE REVIEW

SOILS FACTORS AFFECTING Al TOXICITY

An excellent review of soil acidity has been given by
Jenny (1961) in which he reported the various ideas on soil
acidity over the last fifty years. He shows how the concept
of the pradominant cation in acid soils changed fron that
~of Al to H, and then back to Al. MNuch aetailed research has
been done recently to elucidate the role of Al in soil
acidity.

The solubility of Al and the gseverity of its toxicity to
plants are affected by many soil factors, including soil PH,
type of predominant clay mineral, concentrations of other

cations, total salt concentration,and organic matter content.

Soil pH
Numerous investigators have established that exchange-

able Al decreases as soil pH value increases (Gilly, 1958;
Lefebre-Drouet and Lavielle, 19663 Pionke and Corey, 1967).
In general, Al toxicity does not occur in soils above pH 5.5
(McCart and Kamprath, 1965), but it is common at lower pH
values, and particularly severe below pH 5.0 where the solu-
bility of Al increases sharply (Magistad, 1925). More than
half of the cation exchange sites may be occupied by Al at a
pH less than 5.0 (Evans and Kamprath, 1970). In the highly



Jeached 80ils of Brazil exchangeable Al was the dominant
cation at pH 5.0 and below (Pratt and Alvahydo, 1966).
Studies with four Ultisols indicated that Al constituted 50%
of the exchangeable cations when pH ranged from 4.8 to 5.1
(Kamprath, 1970a), but only 10% of the exchangeable cations
when the soil pH values ranged from 5.3 to 5.7.

The solubility of Al in displaced soil solution at
various pH values is the same as the solublility of Al in
water at the same pH values (Magistad, 1925; Pierre et al.,
1932). At a pH of 5.5 the concentration of Al in the soil
solution is quite low. However, as the pH drops Irom 5 to
4.5, the Al concentration increases markedly.

The soil pH at which Al becomes soluble in toxic coucen-
trations and at vhich exchangeable Al becomes inactive varies
with the specific soil. In receni field sindies with coiton
and corn, Adams (1968, 1969) demonstrated that certain soils
of the Coastal Plains of the U.S.A. differ in wecritical pH,"
defined as the maximm pH at which a given cxop responds to
dime.

Type of Predominemt Clay Mineral

Adams and Iund (1966) found that the levelo of ¢x~
Shangesble Al toxic to cotton verded gremtly in dif-

Yerent solls depending on the type of preduminsut clay
wineral. JFor exemple, Tinimm exchangeable Al devels that




(Norfolk), vermiculite (Dickson), and montmorillonite
(Bladen), respectively. Minimum Al saturation values
that were toxic were about 5% for Norfolk at pH 5.4, and
30% for both Dickson and Bladen at p’ of less than 5.0.
Thus, Al is toxic at higher soil pH level and a lower level
of exchangeable Al in Norfolk (predominant kaolinite clay)
than in Dickson and Bladen (predominant vermiculite and mont-
morillonite clay, respectively) In addition, they found that
no single critical A1 concentration in the displaced soil
golution would apply to all the soils studied.

Acid soils in California with primarily illite and mont-
morillonite clays contained very little exchangeable Al when
. the soil pH was above 5.0 (Pratt and Bair, 1962).

Concentrationg of Other Cations and Total Salt
Concentrations

The Al saturation of the effective cation exchange capa-
city of the soil greatly affects the Al concentrations of the
soil solution. Al concentration in the soil golution is
quite low until the exchangeable Al saturation exceeds 60%,
but then increases rapidly (Nye et al., 1961; Evans and
Kamprath, 1970).

As the gsalt concentration in the soil increases, the
concentration of Al in the goil solution increases. This
ig due to the cation of the salt replacing some of the
exchangeable Al, which in solution undergoes hydrolysis,
thereby lowering the pH and resulting in a greater



solubility of Al (Black, 1968). The water soluble Al con-
tent of a soil at pH 5.1 was doubled with heavy fertiliza-
tion (MacLeod and Jackson, 1967). The addition of a high
rate of KC1 to an unlimed soil increased the concentration
of Al in the soil solution and markedly reduced the growth
of sweet corn roots (Ragland and Ccleman, 1959). Therefore,
where high rates of fertilization are used, it is desirable
that the cation exchange capacity has a relatively low Al
saturation in order to avoid the detrimental effect of Al.

On the other hand, increasing the Ca concentration of
a hutrient solution at the same initial pH, reduces the
toxicity of Al and other excess cations (Foy, et al., 1969;
Iund, 1970).

EFFECTS OF Al TOXICITY ON PLANT GROWTH

A relationship exists between soil pH and plant growth.
Whether this relationship exists as a result of acidity
alone or as a result of some indirect factor has been a topic
of considerable research. Most results that have been re-
ported nave tended to point toward Al as the toxic factor
jnvolved. The most important effects of Al toxicity on
plant growth are in the root growth and the uptake of
 nutrients.

-Root Growth

‘The inhibition of root development was one of the first
CbiseTvable symptoms of Al toxicity noted by Shoop et al.
QE§§1) and other investigators. They reported that the



symptoms characteristic of Al toxicity are the absence of
lateral roots and the pronocunced browning of the root tissue.
The limited root system may reduce uptake of water as well
as nutrients. Microscopic examination of plants grown with
toxic concentrations of Al has shown an abnormally large
pumber of cells with two nuclel in the meristematic region
of the root tip, indicating inhibition of cell division
(Rios and Pearson, 1964). Rorison (1958) proposed that the
inhibition of branch-root development might be due to re-
action of Al with the pectic substances of the young cell
walis, causing them to lose their plasticity prematurely
and inhibiting elongation.

Roots injured by Ai are characteristically stubby and
spatulate in appearance. Root tips are inhibited and turn
~brown. The root system as a whole has many inhibited and
thickened lateral roots but is lacking in fine branch roots
(Fleming and Foy, 1968; Clarkson, 1969; Reid et al., 1971).

The concentration of Al toxic to plant growth has
been studied extensively by means of culture solutions
by many investigators (McGeorge, 1925; Sederis, 1925;
Villa, 1929). It has been demonstrated that plants are
differentially tolerant to given concentrations of Al
(Foy and Brown, 1964). Other investigators observed that
the level of Al required to be toxic varies with the soil,
the éoncentration oi other ions and the plant specles oxr
veriety (Adems and Iund, 1966; Rios and Pearson, 1964).
Clarkson (1965), using A12(SO4)3, found that levels from
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5.4 to 54.0 ppm completely inhibited onion root elongation
after 6 to 8 hours.

The growth of sorghum roots was severely reduced in acid
soils until 80% of the exchangeable Al was neutralized
(Ragland and Coleman, 1960). Cotton roots died when the con-
centration of Al in the soil solution was greater than 1 ppm
and at O.§ ppm the growth of roots was decreased and their

appearance was abnormal (Rios and Pearson, 1964).

Uptake of Nutrients

Aluminum toxicity has a number of effects on plant nu-
trition. Foy and Brown (1963) reported that excess Al in
nutrient solution caused decreased uptake of P, Ca, K, Mn,
FPe, Na, and B by cotton plants. Moreover, excess Al caused
plents to wilt. McLean and Gilbert (1927) observed lower
Joss of water per unit leaf area from Al treated than from
control plants, and they obtained evidence for lesser move-
ment of dyes in and lesser uptake of ritrate by Al treated
plants than by control plants. These observations sugg?st
that Al toxicity causes a general decrease in permeability
of protoplasm of root cells.

One of the most important effects of Al toxicity is the
uptake of Ca and P:

a) Ca Uptake. It is difficult to separate the effects
on plant growth of low soil Ca levels in acid ooils from the
toxic effects of Al. In some cases Ca additions have not
improved root growth (Clarkson, 1966a; Rios and Yearoon,
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1964). The soluble Ca salts will replace the Al from the ex-
change sites and thereby increase the amounts of Al in the
goil solution to toxic levels. Fried and Peech (1946) found
that the addition of 1000 1lbs of CaSO4 per acre increased
considerably the Al in the soil solution. On the other hand,
Reeve and Sumner (1970) reported that CaSO, reduced exchange-
able Al, increased sorghum growth and did not influence pH

on acid Oxisols.

A certain amount of available Ca is necessary for ade~-
‘quate plant growth. Root growth of cotton was inhibited
when the exchangeable Ca saturation of the soil was less than
20% (Howard and Adams, 1965). For the growth of lettuce and
barley 20% of the exchange complex had to be saturated with
Ca (Vlemis, 1949). In addition, reduced Ca uptake is com-
monly observed in Al-injured plants. For example, Johnson
and Jackson (1964) found that Al reduced both the absorpiion
and accumilation of Ca by wheat. Paterson (1965) concluded
that A1 reduced Ca uptake by corn but did not appear to in-
hibit Ca transport to plant tops. ILance and Pearson (1969)
found that Al at only 0.3 ppm in solution reduced Ca uptake
by cotton seedling roots within one hour. This inhibition
was prevented by increasing the solution Ca concentration to
600 ppm. Soileau et al. (1969), suggested that Al toxicity
and Ca deficiency are closely related and utilized the term
vpl-induced Ca deficiency" in the discussion of their re-~
sults. However, Kamprath (1967) suggested that Ca deficiency
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as such does not limit plant growth on acld soils but rather
the toxic effect of Al. His conclusion is based on the re-
sults obtained by Vlamis (1953) where plants grown in a solu-
tion displaced from limed soil were not adversely affected
when sufficient H ions were added to iower the.pH to 4.2.
Differentiation between Al toxiclty and Ca deficiency is thus
difficult to separate and it may be that both terms.refer

to0 a single phenomenon.

b) P Uptake. The effect of Al on P nutrition has
receivéd more attention than any other nutritional effect.
Al toxicity often appears as a P deficiency in plants
grown on acid soils or in nutrient solutions_(Foy and Brown,
1963, 1964). Excess Al may reduce the solubility of P in
the growth medium and its uptake and transport by plants.
Conversely, the addition of F, in sufficient quantities, to
acid soils or nutrient solutions can precipitate and thus
detoxify Al, increase P uptake and prevent P deficiency
symptoms (Kamprath and Foy, 1971). There is also evidence
that in the presence of excess goluble Al a higher level of
gsoluble P is required to prevent P deficiency in cotton (Foy
and Brown, 1963). Although the exact mechanism of Al toxi-
city is still debatable, there is considerable evidence that
it involves some kind of interference with P uptake and/or
metabolism, '

.The &etrimental effects of high Al and low P as growth
1limiting factors are often extremely difficult to separate
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in acid soils. However, Reeve and Sumner (1970) concluded
that on eight Oxisols Al toxicity, P deficiency and P fixa=
tion were primary but independent growth limiting factors.
The beneficial effects of P fertilization were attributed to
the elimination of Al toxicity and the resulting increased
ability of plants to absorb P rather than to increased P
availability in soils. Munns (1965a, 1965b) concluded that
P treatments reduced the detrimental effects of Al only when
they caused the Al to precipitate in the nutrient solution.
He noted that Al decreased P concentrations in both roots and
tops of alfalfa. The Al-induced P deficiency symptoms were
not corrected by increasing the P level in fhe growth medium,
even when this treatment restored P concentrations of plants
to high levels.

In some instances Al toxicity has been associated with
reduced P concentrations in both roots and tops (Munns,
1965b). In others 4l was believed to precipitate P inside
plant roots and thereby cause P deficiency in the tops
(Wright, 1937, 1943). The occurrence of Al-Phosphate within
the endodermis and within the cell has been described
(Wright and Donahue, 1953).

Clarkson (1969) has summarized the evidence for inter-
ference of Al in plant metabolism and suggesated ways in
which Ai-P interactions may be involved in the mechanism of
Al téxicity. The evidence indicates that Al binds P on root

surfaces and cell walls and in the free space of plants
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roots (Rorison, 1965; Clarkson, 1966b, 1967), making P less
available to metabolic sites within the ceils. In addition,
some of the Al absorbed by plant roots also appears to pene-
trate the cells of meristematic tissue and interferes with
cell division,respiration, DNA synthesis and sugar phosphory-
lation (Rorisonm, 1965; Clarkson,1966b, 1969; Norton, 1966~
1967; Sampson et al., 1965).

EPFECTS OF LIME IN REDUCING Al TOXICITY

Soils are limed for the purpose of (a) neutralizing ex-
changeable Al, exchangeable H where it is present, and/or
exchangeable Mn, and (b) supplying Ca and Mg. However, it
is generally agreed today that the main purrnse of liming
an acid soil is probably to depress toxicity of various
elements, mainly 41. Kamprath (1970a) observed that
lime applied to acid soils reacted primarily with the
exchangeable Al aﬁd reduced the Al saturation of the effec-
tive cation exchange capacity to less than 30% at the higher
rates. Ross et _al. (1964), relating lime requirement to
physical and chemical properties of nine Michigan soils,
showed that grain sorghum and alfalfa responded to lime in
proportion to the amount of exchangeable Al in the soil.,
Shoop et al. (1961), in a study of differential responses
of grasses and legumes to liming, observed a linear in-
crease in growth of fescue and clover up to 1000 1bs per

acre. Lime rates was coincident with a linear decrease in
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exchangeable Al. The yield increase due to lime was apparent
up to the point at which the exchangeable Al was immobilized.
Such a relationship suggests that Al may be the factor re-
sponsible for poor growth of fescue and clover under the con-
ditions of their experiments. The observed increase in yield
upon liming may also be the result of increased availability
of‘various nutrients, mainly P. However, reports of research
on organic soils show that lime does not always have a bene-
ficial influence on the availability both of native soil P
and of that applied as fertilizer and often causes a de-
crease in crop yields (Lawton and Davis, 1956; Okruszko
et al., 1962). Conversely, Evans and Kamprath (1970) ob-
tained significant crop responses to Jiming for two organic
soils when the concentration of soil solution Al was greater
than 0.40 meq/liter in the case of corn and 0.20 meq/liter
in the case of soybean, respectively.

The proceeding reports suggest that for maximum yield
it is only necessary to use enough lime to raise the soil pH
sufficiently to eliminate various toxic substances and at the
same time provide an adequate amount of nutrient elements.

The work of McIlvaine and Pohlman (1949) indicated that
yields of corm, small grain, and tobacco were the same in the
pH range of 5.5 to 7.0. Woodruff (1967), studying crop re-
sponse to lime in midwestern U.S.A., reported that corn
yields were not generally increased by raising the pH above
5.5. He concluded that the available data from recent field
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ezperiménte do not support the recommended optimum pH values
which often are 6.5. In support of this Kamprath (19704,
1970b), also recommends only enough lime to eliminate toxic
substances, principally exchangeable Al. However, McLean
(1970) recommends liming %o pH 6 to 6.5.

Evidently the response of crops to lime in acid sclls
is very complex. It involves severél contributing factoxrs
the Telative significance of which probably varies with
different crops and spil. Foy and Brown (1964) observed
vemarkable difference in the yield response of several plant

species on acid Bladen soil.

EFFECTS OF ORGANIC MATTER IN REDUCING Al TOXICITY

Organic soils are kmown +o have lower critical pH
walues for good crop growth than mineral soils (Welch and
Neleon, 1950). Hester (1935) found that the detoxification
of A1 by the addition of organic matter to acid soils was
soeociated with decreased Al gsolubility. In studying linme
potential of soils, Clark and Nichol (1966) reported low
memsurable Al in some organic soils and believed that this
was due to the formation of insoluble Al-organic mattor
complexes. These Tesulis suggested that reducing the
sohibility of Al mEy be one way in which organic matter
reituces the -effects of soil acidity on plants, and that
Aming to Teduce the Al concentration may be unnecoessary
#m mome orgunic soils. The duportance of considering both
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pH and solubility of Al was indicated as being meaningful
in estimating the liming needs of organic soils.

The possibility'that organic matter reduces the solu-
bility of Al through complex formation of lower solubilities
and results in less Al in soil solution has been reported by
many investigators (Pierre et al., 1932; Greene, 1963;
Evans, 1968). This possibility may be one rezson why plants
grow well at a lower pH on organic than on mineral soils,

Retention of Al by soil organic matter is due in large
part to formation of imner complexes or chelates. Formation
of Buch complexes depends on the existence of two func-
tional groups, one acidic such as COOH, enolic OH, or oxime,
and mnother coordinating in nature, such as amino, cyclic
euino, or carbonyl (Broadbent, 1955). Using infrared tech-
niques, Schnitzer and Skinner (1963a, 1963b, 1964) found
thet Al would rTeact with organic matter up to 6:1 molar
ratio indicating six carbonyl groups per organic molecule.
They indicated that it is possible that Al could be elec- -
+rostatically bound to one oTr more carbonyl groups de-
pending on the degree of polymerization and effective
charge of the Al molecule.

Tntil now, relatively little research has been done
+p esteblish the relationship between organic matter and
Al, =md $o elucidate the role of organic matter in re-
Bucing or imbibiting the toxic effects of the Al in acid
soils. |



EXPERIMENTAL

SOIL

The characteristics of the soil used in this study are
presented in Table 1. Bulk samples of Humatas surface soil
from 0-20 cm depth were collected, composited, air dried and
screened for use in laboratory and greenhouse studies. A
. representative sample was analysed for cation-exchange capa-
city, organic matter, P, pd, exchangeable Ca, Mg, Al, K, and
Mn. Procedures used were those used by the Agricultural
Experiment Station laboratories of the University of Puertv

Rico, at Rio Piedras, Puerto Rico.

METHODS OF ANALYSIS

Cation-exchange capacity was determined by the neufral
N NH,OAC method as described by Chapman (1965). Organic
matter was determined by the Walkly-Black acid dichromate
digestion method as described by Allison (1965). P was
determined by Bray II method as described by Bray and Kurtz
(1945). The pH was determined with a pH meter using a glass
electrode at a soil water ratio of 1:2. The exchangeable
Ca, Mg, and Al were extracted with N KC1l solution. Chemical
determinations for Ca, Mg, and Al were made on this leachate.

Ca and Mg were determined by the EDTA method as described by

19
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Table 1. Some physical and chemical properties of Huwatas

soil

Soil Series
Location

Classification
(s.Ss.I.R. No. 12, 1967)

Origin
Organic matter (%)
Cation-exchange capacity (meq/100g)

PH

P (ppm)

Exchangeable Cations
A1l (meq/100g
Ca (meq/100g
Mg (meq/100
K (meq 100g§
Mn (ppm)

Bulk density (g/cm3)

Humatas

Orocovis, P.R.
Typic Tropohurmlt,
clayey,kaolinitic,
isohyperthermic
Volcanic tuffs
2.3

15.0

3.7

18.6

?opwd
onmuw o

()
®
b
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Heald (1965) using calcein as Ca indicator and Eriochrome
black T as Ca-Mg indicator. Al was determined by the Eri-
chrome Cyanine R method as degeribed by McLean (1965).

The exchangeable K and Mn were extracted with neutral
N NH4OAC at p 7. Chemical determinations for K and Mn were
also made on the same leachate. K was determined by flame
emission photometry as described by Pratt (1965). Mn was
determined calorimetrically by the method of oxidation with
periodate as described by Adams (1965).

PREPARATION OF SOIL FOR EXPERIMENTS

For each treatment 6.2 kilos of the air dried and
gereened soil were used. Thirty treatments were used com=-
posed of different lime and orgenic matter levels as will
be described in the section on the greenhouse study.

Lime

Based on the exchangeable salue of Al as determined
above, 6 levels of lime to neutralize 0, 25, 50, 75, 100 and
1504 of exchangeable Al were used. Ca (OH)‘,2 was uged as a
gource of lime. The soil was spread thinly, the lime was
weighed and sprinkled over the soil, which was then thor-

oughly mixed and placed in plastic bags.

Organic Matter

The levels of organic matter used were O, 2, 4, 6 and
8% by weight., The level of 0% was the native organic
matter of the soil. As a source of organic matter coffee

leaves were used. The leaves were partially decomposed,
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oven dried, ground, and passed through a 100 mesh sieve.
The chemical composition of this organic matter is given in
Teble 2. The soil was spread thinly, the organic matter was
weighed and sprinkled over the soil and then thoroughly

mixed and placed in plastic bags.

Incubation

All the treated soils were moistened to a level approxi-
mating field capacity. The soils were incubated in a labora;
tory room at an average temperature of 28°C for a period of
two weeks. The total weight of each treated soil was checked
occasionally for moisture loss and water was added when
necessary. After removing 5200g of soil for the greenhouse
studies, the remaining soil in each bag was returned to the
laboratory for further incubation and later omalysis. The
total amounts of lime and organic matter applied to each
treatment are given in Table I in the Appendix.

Extractions and methods of determination used for ex-
changeable Ca, Mg, Al, K, Mn, and pH of each treatment

were carried out as outlined in the previous section.

SOIL SOLUTION

Utilizing plastic tubes of approximately 60 cm in
length and 7 cm in diameter, soil solutions were displaced
from esch treated soil. Glass wool, about 2 cm thick, was
placed at the bottom of the soil column and Jjust above the
Tubdber stopper which formed the base of the cylinder to act
a8 a filter. The rubber stopper forming the bottom of the
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Tfable 2. Chemical composition of the coffee leaves
used as a source of organic matter in
greenhouse and laboratory studies®

Element Dry weight
N (%) 3.6
P (%) 0.2
K (%) 0.3
ca (%) 2.0
Mg (%) 0.4
Mo (ppm) 898.0
Fe (ppm) . ° 1000.0
B (ppm) 76.0
Cu (ppm) | ' 19.0
zn (ppm) 35.0
Mo (ppm) 10.9
Sr (ppm) 22.0
Ba (ppm) 12,0
¥a (ppm) 125.0

* A1l determinations for the elements, except for N,
were made by atomic absorption spectroscopy tech-
niques. N was determined by the Kjeldahl method
as described by Bremmer (1965).
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plastic tube bhad a hole through which was inserted a tight-
fitting flexible tube. This tube extended into a 150 ml
Erlenmeyer flask in which the displaced solution was col-~
Jected. The tube was filled with soil at a moisture content
of approximately field capacity to within 12 cm of the top.
This required about 600g of soil. Solution was displaced
with 70 per cent ethanol. VWhen enough soil solution was dis-
placed, the Erlenmeyers were removed and the solution was
used for analysis.

The soil solution was analyced for Ca, Mg, Al, K, and
Mn following the procedures outlined in the section on

methods of anzlysis.

GREENHOUSE STUDY ,

A 6x5 factorial experimental design with four replica-.
tions was used in this.study. Variables were 6 levels of
1ime ard 5 levels of organic matter. The treatments are
presented in Table 3.

After two weeks of incubation, 5200g of each treated.
soil were removed from the plastic bags for use in this
experiment. The 5200g of each treatcd soil were distributed
in four pots. This gave a total of four pots per treat-
ment, each pot containing 1300g of soil. A blanket appli-
cation of N, K, Mn, Fe, B, Zn, Cu, and Mo was applied to
all treatments at rates of 100, 100, 10, 5, 2.5, 5, 0.9,
and 0.1 ppm respectively. N was applied as NH4N03, K as
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Pable 3. Treatments of lime and organic matter used in
+he greenhouse and laboratory studies

Treatment
Calculated % of
Preatment number ¢ Organic matter exchangeable Al
neutraliced with lime
1 o o
2 o 25
3 0o 50
4 0 15
5 o 100
6 o 150
7 2 0
8 2 25
9 2 50
10 2 75
11 2 100
12 2 150
13 4 0
14 4 25
15 4 50
16 4 75
17 4 100
18 4 150
19 6 0o
20 6 25
21 6 50
22 6 75
23 6 100
24 6 150
25 8 0
26 8 25
27 8 50
28 8 75
29 8 100
30 8 150
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KNO3. Mn as Mn012 4 HZO’ Fe as FeSO4, B as H3BO3, Zn as

ZnSO4 7 H20, Cu as CuSO4 5 HZO’ and Mo as H2M004H20.

Sorghum (RS-671) wca used as the test crop. Ten soxrghum
seed per pot were planted. After emergence the sorghwun was
thinned to six plants per pot. All pots were watexred to
approximately field capacity every day. Plant tops were har-
vested after 31 days and oven dried at 70°C for weight re-
cords. The yield data were analyzed statistically.

Plant top samples were analysed for ¥, P, K, Ca, Mg,
and Mn. TFor the determination of P, K, Ca, Mg, and Mn the
digestion of plant material was made by the method of wet
digestion with sulphuric, nitric and perchloric acids, as de-
scribed by Piper (1942). P was determined by the ascorbic
pcid method (Watanabe and Olsen, 1965). K, Ca, Mg and Mn
determinations were made following the nethods outlined in

the section on methods of analysis. N was determined by

the Kjeldahl method as described by Bremner (1965).



RESULTS AND DISCUSSION

LABORATORY STUDY

The Effect of Lime and Orcanic Matter Avpplications
on Lxcnanre rroperties

Most of the effect of the organic matter addition to
the soil was the release of Ca which thereby decreased the
exchangeable Al in the soil. The Ca content of the organic
matter was approximately 2% (Table 2), which means that
for each addition to the soil of 2% organic matter the Ca
supplicd by this material was 2 meq/100g of soil. There-
fore, the addition of 2% organic matver would supply the
game amovnt of Ca as the application of 2 meq of Ca as
Ca(OH)z, which is enough to neutralize 25¢ of the exchange-
able Al. In the same way it is possible to consider
that, theoretically, the levels of 4, 6, and 8% organic
matter at zero lime levels would neutralize 50, 75, and
100% of the exchangeable Al, reepectively, as a result of
the Ca contained in the organic matter. The organic
matter, however, neutralized more Al per unit of Ca in it
than was true for Ca(OH),.

Figure 1 shows the differences between lime and
organic matter applications in the neutralization of the

total measured exchangeable Al. The dotted line on this

27
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Ca added as Ca(OH)2 at zero
O——O organic matter level

® oC2 added as organic matter
at zero lice level

Numbers in parentheses refer
to pH values

cazions on exchangeable Al for the Humatas
soil,

o (4:15)
N\, |
2 \ \\\\
\
1L N\
(4.40) 0\\ o_(4.80)
: , , ™ ¢(4.80) .50)
0 25 50 75 100 150
% of the exchangeable Al neutralized (calculated)
Figure 1. The effect of lime and organic matter appli-
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chart connects points plotted from data for organic matter
while the solid line is for Ca(OH)Z. The vertical axis
represents measured exchangeable Al and the horizontel axis
the % of Al that would be neutralized by the Ca that in the
one case ‘is gdded as Ca(OH)2 ard the other as organic matter.
The fact that the dotted line lies below the s0lid line re-
veals that organic matter reduces exchangeable Al more than
its Ca content alone would make possible. The greatest dif-
ference between organic matter and Ca(OH)2 was at the level
of Ca equivalent to 25% of the exchangeable Al with a pH
about 4.0, where organic matter neutralized approximately
55% of the exchangeable Al compared with 32% for Ca(OH)z.
The reduction cf the excﬁanéeable Al with increments ecf Ca
equivalent to 100% of the exchangeable Al at a pH 4.80
was 92% when Ca(OH)2 was the source of Ca and 98% when
organic matter was the source. The fact that the organic
matter is more effective than lime in neutralizing ex-
changeable Al, suggests that there are some additional fac=
tors in the organic matter, besides the supply of Ca, which
cause this effect. One of the reasons may be the supply of
Mg. The Mg content of the organic matter was approximately
0.4% (Table .2) which means that for each addition to the soil
of 2% organic matter the Mg supplied was 0.7 meq/100g of soil.
| The average values for pH, exchangeable Al, Ca, Mg,
K, and Mn for all the treatments are presented in Table 4.
It is noted from Table 4 that for each increment of Ca added,
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' mhe influence of lime and organic matter applica-

Table 4.

tions on soil pH and exchangeable cations of

Humatas soil

Measured exchangeable ions

Al

Calculated

Treatment
Organic

Soil

Al neu-

Mn

Mg K

pH Ca

tralized

matter

Yo.

with lime

ppo

mea/100g
.00 1.28 0.54 0.53

4
0
0
0
0
0

.18 0.47 0.54
5.00 0.40 0.59
6.75 0.33 0.59

4,80 0.67 8

.68 0.32 0.47

3.19

4.42 1.75
50 0,00 12.10 0.28 0.48

3.65 8
.95 5.42 3
4.15

3
5.
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either from organic matter cr Ca(OH)2 the exchangeable Al
decreased. The addi .on of Ca from either source theorcti-
cally equivalent to 100% of the exchangeable Al reduced the
actual Al concentration in the soil by 92% or more. In most
~ cases, when the total Ca supplied to the soil from elthexr
sourée was calculated to be greater than 100% of the ex-—
changeable Al, the Al was reduced to zero.

When increments of lime or organic matter were added to
the soil the pH increased and when the exchangeable Al was
just reduced to zero by the addition of Ca(OH), at the
various organic matter levels the pH was in the close neigh-
boxhood of 4.90 o 5.00 (Table 4).

Increasing lime or organic matter either alone or com-
bined, the exchangeable Ca jncreased. The measured ex—
changeable Ca increased in an amount approximately equal to
the calculated amount applied either as lime at the zero
level of organic matter, or as organic matter at the zero
ievel of lime. This indicates that reaction of lime and
organic matter with the soil was complete. The exchangeable
Ca values ranged ffom 1.28 to 16 meq/1l00g of soil.

At zero lime and no organic matter application the
exchangeable Mg was 0.54 meq/100g of soil. By increments
of 2, 4, and 6% organic matter the exchangeable Mg was in-
creased to 1.12, 1.68, and 2.03 meq/100g of soil,respec-
tively. At the level of g organic matter the exchangeable
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Mg did not increase and it was almost the same as for the
level of 6% organic matter.

When increments of lime were combined with the addition
of any level of organic matter, the lime caused a decrease
in exchangeable Mg. This may be due to change in the Ca-lMg
relationship in the soil.

In general, for some unknown reason, the exchangeable
K changed very little when increments of lime and organic
matter were added either alone or in combination.

The exchangeable Mn in the soil was wvery low. Addi-
tions of 2, 4, 6, and 8% organic matter to the soil gave
corresponding levels of 4, 8, 8, 20, and 25 ppm of exchange-
able Mn, respectively. Addition of low rates of lime with
and without organic matter caused the exchangeable Mn to
decrease. At high-rates of lime the exchangeable Mn was

reduced to zero.

The Effect of Lime a2nd Orgzanic Matter Avplications
on inhe caemical Composition oI tne Scil Solution

Several factors influence the amount of 41 in the
soil solution, such as the pi of the soil, the Al satura-
tion of the effective exchange capacity, the organic
matter content of the soil, and the salt concentration of
the system (Evans ané Kamprath, 1968; Kamprath, 1971).
Figure 2 shows the effect of lime and organic matter appli-
cations on Al concentration in solution at different rates

of Ca and at different pd values. The data presented in
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this figure follows the same general tendency that was
observed for Figure 1, namely, increments of lime or organic
matter caused a decrease in soil solution Al and an increase
in soil pH. Again the organic matter was more effective in
reducing Al in solution than Ca(OH)2 alone, although the
effect in pi was about the same. The first increase of lime
or organic matter caused the greatest reduction of the Al in
solution. About 55 and 67 of the A1 in solution was neu-
tralized by Ca(OH)2 and organic matter, respectively, with
this first increment, at pH values approximately the same.
Additional increments of lime or organic matter were less ef-
fective in reducing Al in solution. Additions of Ca either
from Ca(OH)2 or organic matter equivalent +o0 100% of the
exchangeable Al, reduced the Al in solution by 98 and 100%,
respectively, and the resulting pH was 4.80 in both cases.

The differences between organic matter and Ca(OH)2 in
neutralizing Al could be very important fox plant growth.
Cotton roots died when the concentration of Al in the soil
golution was 1 ppm and at 0.5 ppm the growth of roois was
decreased and their appearance was abnormal (Rios and Pearson,
1964). Ragland and Coleman (1959) found that Al in soil
golution as low as 1 ppm is toxic to sorghum roots.

Pwo significant features of the two curves in Figure 2
are: 1) the rapidity at which Al in soil solution is de-
creaéed by small increments of either lime or organic matter,
and 2) they differ widely in the middle part of the range,
but essentially come together at both ende.
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The average Qalues for Al, Ca, Mg, K, and Mn in the
soil solution for all treatments are presented in Table 5.
It can be observed from this table that increasing lime or
organic matter either alone or combined to a level of Ca
enough to neutralize 100% of the exchangeable Al, decreased
the so0il solution Al essentially to zero.

The Ca in the soil solution increased with each incre-
ment of lime at any rate of organic matter. The increase of
Ca in solution with lime at the rates of O and 2% organic
matter was greater than at the rates of 4, 6, and 8% organic
matter. Additions of 2, 4, and 6% levels of organic matter
to the soil at zero lime increased the Ca in solution from
11.25 to 20.75, 24.65, and 27.65 meq/liter, respectively.

At the level of 8% organic matter without lime the Ca in solu-
tion decreased as compared with the level of 6% organic
matter,

The reduction of Ca in solution at the highest rate of
organic matter and the fact that lime was less effective in
increasing Ca in solution at the rates of 4, 6, and 8%
organic matter may suggest that organic matter increased the
effective cation exchange capacity of the soil, thus more
cations could be adsorbed and less Ca came to the soil
solution.

Considering the relationship between Al and Ca in the
soil solution, Turner and Clark (1965) and Turner (1965)
found that the ratio g[:;i in solution is a szimple function

Vca
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fable 5. The influence of lime and organic matter appli-
cations on the chemical composition of the soil
solution of Humatas soil

_ Treatnient

Calculated Measured soil solution ions
Organic Al neu-  Soil
No. matter tralized pH Al Ca Mg K Mn
- with lime )

% % . mea/liter ppn
1 o) 0 3,65 21.11 11l.25 5.40 3.05 0.€8
2 0o 25 3.95 9,44 21.65 4.60 2,36 0.85
3 0 50 4,15 5.00 28.75 3.89 1.97 0.57
4 0 15 4,42 1.56 33.25 3,65 1.76 0.48
5 0 100 4,80 0.36 41.50 3.38 1.65 0.43
6 o) 150 5.50 0.00 55.15 3.20 1.54 0.29
7 2 0 4_.'00 70'06 20075 6.37 2.4‘7 2015
8 2 25 4.10 1.94 27.00 5.94 2.24 1.19
9 2 50 4.%0 1.00 31.25 5.72 2.03 1l.1lO
10 2 15 4,55 0.01 37.00 5.47 1.92 0.67
11 2 100 5.00 0.00 45,00 5.24 1.81 0.57
12 2 150 5.60 0.00 59.75 4.33 1.71 0.00
13 4 0 4.20 1.39 24.65 8.23 2.56 1.65
14 4 25 4.40 0.90 29.75 7.79 2.76 1.43
15 4 50 4,60 0,03 34.50 6.58 2.19 1.25
16 4 15 4.90 0.01 41.75 6.49 2.09 1.03
18 4 150 5.85 0900 56.75 504‘1 1081 0.00
19 6 .0 4.40 0.15 27.65 9.07 2.87 1.65
20 6 25 4060 0000 30075 6070 2047 1038
22 6 .15 5.20 0.00 3%8.15 5.93 2.31 0.95
23 6 100 5.55 0.00 41.75 5.77 2.09 0.00
24 6 150 6.10 0.00 52.25 5.70 1.97 0.00
25 8 0 4.80 0.00 25.50 8.10 2.47 1.50
26 8 25 5:10 9.00 28.15 T.51 2,31 0.82
27 8 50 5:25 0,00 33.50 7.06 2.14 0.54
29 8 300 5.90 0.00 40,50 5.72 1l.81 0.00
30 8 150 6.40 0.00 45.90 4.36 1.71 0.00
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of the quantities of the respective ions in the exchangeable
form, and that this relationship is true for a wide range of
acid solls. In many soils of the humid tropics Al and Ca
are the predominant cations in the soil solution. Therefore
the relationship between the solution and exchangeable Al and
Ca should be a useful expression for use in order to explain
the results of this study in a general way. The relationship
between the ratios of Al and Ca in solution and ratios of ex-
changeable Al and Ca for all treatments is given in Figure 3.
The data presented in this figure tend to indicate that the
most important effect of the organic matter additions was the
release of Ca which neutralized the exchangeable Al in the
soil. Charts 1 and 2 indicated, however, that organic matter
reduced Al more than could be expected on the basis of its Ca
content alone. Thus, organic matter seems to have at least
some effect beyond the releas¢ of Ca (possibly the release of
Mg) in spite of the fact that this is not clearly apparent

in Figure 3.

Returning again to Tabl: 5, it is noted that soil solu-
tion Mg, K, and Mn were decreased by each increment of lime at
any rate of organic matter. These results were similar to
those found by Evans (1968).

Organic matter additions at the zero lime level in-
creaced Mg in the soil solution except at the rate of 8%
organic matter. 1In contrast, the soil solution X decrecased
with the first increment of organic matter at O lime level
from 3.05 to 2.47 meq/liter. With further increments of
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organic matter the K in solution remained approximately the
same as it was at the first increment.

Manganese in solution increased with the first increment
of organic matter at the zero lime level. The concentration
increased from 0.88 ppm with 0% organic matter to 2.15 ppm
at 2% organic matter. The addition of 4% organic matter
without lime decreased the concentration of Mn in solution
as compared with the level of 2% organic matter. Additions
of 6 and 8% organic matter did not change significantly the
concentration of Mn in solution as compared with 4% of
organic matter level. Above a pH 5.55 Mn in solution was
reduced to zero.

It is believed that the decrease in concentration of K,
Mg, and Mn in soil solution at the higher rates of organic .
matter possibly was due to an increase in the effective
cation exchange capacity of the soil by lime (Kamprath,
1970a) and because of the probable high retentive capacity
for cations of the organic matter. This could then permit
more cations to be adsorbed leaving a lower concentration of

cations in the soil solution.

GREENHOUSE STUDY

The Effect of Time and Orgsanic Matter Applications
on Lry Matter Jroauction o1 Sorghum

Sorghum dry wsatter yilelds for all treatments are given
in Table 6. The statistical analysis for sorghum yields
indicated significant differences for lime, for organic
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Table 6. Average dry matter'yields of scrghum for different
rates of lime and organic matter applied to a
Humatas soil

Preatment
Calculated
Organic Al ncu- Dry matter Statistical*
matter tralized yields significance
with lime
% % g/pot
0o 0 0.06
0o 25 0.25
o 50 0.29
2 0 0.40
0o 75 0.69
2 25 0.71
4 0 0.%4
8 150 1.87
2 50 1.89
8 100 2.50
o 150 2.57
8 75 3.31
6 150 Je34
6 100 3.59
8 25 3.60
o 100 3.70
8 50 3.82
4 25 4.05
8 0 4.22
6 75 4.54
6 0 4.78
4 150 4.84
4 100 4.87
6 50 4.98
2 150 5.23
4 75 5633
6 25 573
2 15 5.79
2 100 5.90
4 50 5.96

* Each line identifies a group of yields that are not sig-
nificantly different from each other at the 1% level.
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matter, and for the lime and organic matter interaction
(Table 3 in the Appendix). The T test was used to detect
significant differences among the ranked treatment means.

In order to show the comparisons among treatments, yields
were ranked from the lowest to the highest yield. The treat-
ment means connected by the same line are not different at
the 1% level of significance.

The effect of different rates of lime on yields of
sorghum at different rates of organic matter applications is
shown in Figure 4. This figure shows clearly that yield re-
sponded to a function of the combination of the lime and
organic matter applied (but not necessarily a simple sum of
the two). When organic matter was low, yield continued tn
respond to lime up to a high level of use (though not the
highest level of use). When organic matter was high no
yield increases could be gotten by adding lime. Also, at
high organic matter levels lime clearly acted as a depres-
sant. At 8% organic matter, yields were highest with no
lime added. At each successively lower organic matter
level, yields were increased by successively higher lime
applications, though at no level of organic matter did one
of the higher lime applications produce maximum yield. The
relationships shown in Figure 4 forms such a consistent
overall pattern that the results of statistical tests of
significance add little that is meaningful.
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Figure 4A pictures an almost equally consistent over-
all pattern and further supports the idea that yleld is a
function of a combination of the lime and organic matter ap-
plied. In this instance yields responded positively to the
first addition of organic matter at all levels of lime
application, but further response to organic matter is very
noticeably a function of the lime level.

Attempts were made to fit the data relating yieid to
organic matter and lime applications in a joint functional

regression plane but these were not successful.

Plant Growth as Related to Soll Acidity Factors

a). Plant growth as related to Al. Sorghum growth

responses to liming and organic matter were generally a re-
sult of neutralization of toxic levels of Al. |

Some of the soil chemical properties at which maximum
yields of sorghum were obtained are presented in Table 7.

In general, when Ca was applied to the soil either as
Ca(OH)2 or organic matter at a level equivalent to the total
exchangeable Al, maximum yields were obtained.

Coleman et al. (1959), suggested that a realistic value
of the effective cation exchange capacity of a soil is ob-
tained by using the sum of the exchangeable Al, Ca, and Mg
replaced by an unbuffered neutral salt such as KCl. The %

Al saturation can be obtained by the equation, % Al
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Table 7.

Lime levels at which maximam growth of sorghum was obtained at different

rates of organic matter, together with some associated soll properties

Ireatment
Calculated :
Organic Al neu- Soil % Al Exch. Solu- Exch. Solu-
ratter tralized pH Saturat. Al tion Ca tion
with lipe Al Ca
4 % % meq/100g meq/lit meq/100g meq/lit
0 100 4.80 6.6 0.67 0.36 8.68 41,50
2 75 4.55 5.0 0.53 0.01 8.75 37.00
4 50 4.60 2.9 0.33 0.03 9.20 34,50
6 25 4.60 1.4 0.17 0.00 2.25 30.75
8 o 4.80 1.4 0.17 0.00 9.20 25.50

144
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_ Al ’
saturation = 3+ T 0a + Kg + K

cations expressed as meq/100g. Abrufia et al. (1970) and Evans

x 100 with the amounts of the

(1968) have demonstrated that the % Al saturation is useful
in relating plant response to goil acidity factors. Table 7
shows that maximum yields of sorghum at any given rate of
organic matter was obtained only when the Al saturation was
less than 7%. These resulps are quite similar to those ob-
tained by Abruna et al. (1970) for tobacco grown in the same
soil series. The soil solution Al was below 0.68 meq/liter
at the point where maximum yields were obtained. The results
found Ly Evans (1968) for corn differ from these in that the
paximm yields were obtained when the Al saturation was 70%
and Al in solution was less than 0.40 meq/liter.

The growth of sorghum was drastically reduced when the Al
saturation of the effective cation exchange capacity was 19%
(1.75 mea/100g) or more and the soil solution Al was 1.39
meq/liter or more. This result differs from that found by
Ragland and Coleman (1959) in which Al in solution as low as
0.11 meq/liter was toxic to sorghum roots. The yield in the
check was almost zero when the Al saturation reached a value
of 77% (8 meq/100g) and the soil solution Al was 21 meq/literx.
There was no yield increase in sorghum in this experiment
until the Al saturation was 16% (1.67 meq/100g) or less and
Al in the solution was 1.0 meq/liter or less.

'The range of pH at which maximum yields occurred at

any given rate of organic matter was quite narrow being
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from 4.55 to 4.80. This range of pH corrcsponds to the
treatments in which the exchangeable Al was reduced by 92%
oxr more from the original‘amount contained in the check.
Yields of sorghum increased from 0.06g/pot in the check at

a pH value of 3.65 to a maximum of 5.96g/pot at a pH value
of 4.60, At any given rate of organic matter the yields
decreased when the pH was increased above 5.0. It is be-
lieved that this decrease in yield when the pH was above 5.0
might be due to an excess of Ca or any other factor such as
nicronutrient deficiency that was not measured in this study.
The effect of the exchangeable Ca on yields will be dis-
cussed later.

Calcium in solution was 41.5 meq/liter or less at the
point where maximum yields were obtained for all rates of
organic matter, and the Ca in solution decreased as the
organic matter applications increased. Probably, the de-
crease of Ca in solution observed with the increase of
organic matter was due to an increase in the effective cation
exchange capacity of the soil by the organic matter addi-
tion as was discuésed previously. The Ca concentration in
the s0il solution for the check was 11.25 meq/liter which is
far above the level of 1.5 meq/liter required to be ade~
quate for corn growth (Barber et al., 1963). The poor
growth of the plants on the check was therefore not due to

lack of Ca but rather to the detrimental effect of Al.
Figure 5 shows the difference between lime and organic matter

applications in ncutralizing Al toxicity as related to dry
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matter production of sorghum. It was coincidental that based
on the analysis of the organic matter for each addition of 2%
organic matter to the soil the amount of Ca supplied was about
equivalent to 25% of the exchangeable Al. In this way addi-
tions of 2, 4, 6, and 8% organic matter is approximately equi-
valent to 25, 50, 75, and 100% of the exchangeable Al. Incre-
ments of Ca(OH)2 added to the soil were equivalent to O, 25,
50, 75, 100 and 150% of the exchangeable Al.

It can be noted from Figure 5 that with the same amounts
of Ca applied to the soil, either as organic matter or Ga(OH)z,
the yields were highcr and the exchangeable Al was lower when
organic matter was the source of Ca. As previously empha-
s8ized, this suggests that there was some factor besides the
supply of Ca that caused the better efficiency of the organic
matter,

There was no significant yield response to lime or
organic matter until the quantity of Ca supplied reached the
third increment (equivalent to 50% of the exchangeable Al).

At the addition of the fourth increment of Ca (equivalent to
75% of the exchangeabie Al) the yield was much greater when
organic matter was the source of Ca than when the source was
Ca(OH),. There was no significant yield response with the
addition of the fourth increment of Ca by Ca(OH)Z. Yields of
sorghum with organic matter as a source of Ca ranged from
0.94g/pot at the third increment of Ca to 4.78g/pot at the
fourth increment of Ca. The yields of sorghum with Ca(OH), a3
a source of Ca were 0,29 to 0.69g/pot at the third and fourth

increment of Ca, respectively. The difference in yield betwecen
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organic matter and Ca(OH)2 at the fourth increment of Ca was
statistically significant at the 1% level. Probably, the
difference in yield observed at the fourth increment of Ca was
due to the fact that exchangeable Al in the soil was 1.75
meq/100g with the Ca(OH)2 application and only 0.83 meq/100g
with organic matter application. It must be noted that in
this experiment the yield of sorghum was severely reduced
when the concentration of the exchangeable Al in the soil

was 1.75 meq/100g or more (19% Al saturation).

At the fifth increment of Ca (equivalent to 100% of the
exchangeable Al) the yield with Ca(OH), as a scurce of Ca
was 3.70g/pot. This yield was significantly higher at the
1% level as compared vith the yield with Ca(OH), at the
fourth increment of Ca. At that level of Ca exchangeable
Al was reduced to 0.67 meq/100g which was not detrimental
to plant growth. The yield was decreased when the Ca sup-
plied by organic matter was equivalent o 100% of the ex-~
changeable Al., This addition of organic matter reduced
the exchangeable Al to 0.17 meq/100g. Probably, the de-
crease in yield with organic matter at the fifth increment
of Ca was due to a deficiency in N observed in all treat-
ments with 8% orgunic matter which will be discussed
later. Yields obtained when Ca was supplied by either
Ca(OH)2 or organic matter at the fifth increment of Ca
were statistically similar. Maximum yield obtained when

organic matter was the source of Ca was statistically
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higher than the maximum yield obtained when Ca(OH)2 was the
source,

Comparison between organic matter and Ca(OH)2 at the
level of Ca equivalent to 150% of the exchangeable Al vas
not possible because there was no addition of organic matter
which supplied that much Ca.

b) Plant growth as re}ated to the ratio of Al and Ca

3
in solution. The ratio J!:EI based on the concentration
\/Ca
in solutior might be a useful expression in relating plant

response to soil chemical properties for purposes of this
study. Other evidence, Zandstra (1971), indicates that
this is useful. PFigure 6 shows the relationship between dry
matter yields of sorghum and the above ratio of the solu-
tion couventration. It can be observed that with the same .
amount of Ca applied to the soil, .either as organic matter
or Ca(OH)z, the yields were higher and the Al-Ca ratio lower
when organic matter was the source of Ca.

There was no significant yield response tg 1ihe or

organic matter applications until the ratio in solu-~

tion was less than 0.20. The ratio with the addi:ion of the
fourth increment of Ca as organic matter (6 meq of Ca/100g of
goil) and with the fifth increment of Ca as Ca(OH)2 (8 meq

of Ca/100g of soil) were almost the same (0.10 and 0.11) and
corresponded to the maximum yields obtained with organic
matter and Ca(OH)z. Although the ratio with the fifth in-

crement of Ca(OH), and fourth increment of organic matter
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were almost the same, the maximum yield obtained with or-
ganic matter at that ratio was significantly higher than the
maximum yield obtained with Ca(OH)z. These findings suggest
that high organic matter contents, fairly common in tropical
solls, may be responsible for the relatively high yields in
acid soils. It also points to the possibility.of using less
liming materials if adequately high levels of organic matter
are maintained in these soils,

Until more information is known about the complexity of
organic matter and its relationships with Al, the implications
made on these observations can only be speculative in nature.

¢) Plant growth as related to exchanreable Ca. Figure 7

shows the relationship between dry matter production of
sorghum and exchangeable Ca at different rates of organic
matter applications. The yields were better related with the
total exchangeable Ca of the soil than with the % Ca satura- |
tion. Until the exchangeable Ca was increased to 7.20
meq/lOOg the differences in yields observed in each curve
were due primarily to Al toxicity which was present in dif-
ferent concentrations in each treatment. TFor example, at the
level of 7.20 meq/100g of exchangeable Ca there were dif-
ferences in yield among treatments with 2, 4, and 6% organic
matter. Yield with 2% organic matter was significantly lower
than the yield with 4% organic matter, and that at 6% organic
matter significantly higher than the yield at 4% organic
matter. The exchangeable Al was 1.67, 1,50, and 0.83 meq/100g
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for the rate of 2, 4, and 6% organic matter, respectively,
while the soil solution Al for the same rates of organic
matter was 1.00, 0.90, and 0.15 meq/liter.

Maximum yields were obtained for each rate of organic
matter when exchangeable Ca was between 8.70 and 9,25 meq/
100g which corresponded to additions of Ca to the soil equi-
valent to 100% of the exchangeable Al. The implications of
thése findings are that exchangeable Al as measured in this
study can be used quite successfully as a basis for apprlying
lime to the Humatas soil.

It is important to note that maximum yields for each
level of organic matter were obtained at approximately the
same total Ca application. However, the maximum yields were
about equal and statistically significantly higher than the
maximum yield with zero orgar.ic matter application. These
differences can not be explained on the basis of Al toxicity
because at that level of Ca, toxic levels of Al had already
been eliminated. So there was something else in the organic
matter which produced better ylelds than any level of Ca(OH)2
alone. The difference in maximum yields observed between
the rates of 8% organic matter and 2, 4, and 6% organic
matter additions was due to a deficiency in N observed in
all treatments with 8% organic matter which will be discussed
in more detall in the next section.

"Plant analysis data shows that the N content for maximum

Field with 8¢ organic matter was 0.85%. The N concentration
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for maximum yields at 2, 4, and 6% organic matter were 1.79,
1.64, and 1.22%, respectively. The N deficiency was also
present in the treatments with 4 and 6% organic matter but
was less severe than at the 8% level. Probably, the dif-
ferences among the curves for levels of exchangeable Ca above
9.25 meq/100g with 2, 4, 6, and 8% organic matter were due

to N deficiency which was more severe as the organic matter
applications increased.

The decrease in yield observed in each curve at any
level of organic matter when the level of exchangeable Ca
was greater than 10 meq/100g, probably was due to an excess
of Ca which cauced some micronutrient deficiency such as Cu
or an ionic desequilibrium. Because Cu is strongly complexed
by organic matter, the higher the soil organic matter level,
the greater the possibility of Cu deficiency (¥Xamprath and
Foy, 1971). According to Berger and Prati (1963) when Cu is
applied to soils, that portion which is not chelated by
organic matter is probably precipitated as Cu(OH)2 at sofl
solution pH values above 4.7.

The Effect of Lime and Crgenic HMattfer Annlications on
%, P, %, ca, ', and lin vontent ol Sorcnun Plants

Plant analysis for all treatments are presented in
Table 8. The N content of sorghum plants decreased with in-
creased organic matter and lime applications. The N content
decreased with organic matter additions from 3.21 % N at the
level of 2% organic matter to 0.85% N at the rate of 8%
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Pable 8. The effect of lime and organic matter applications
on N, P, X, Ca, Mg, and Mu of sorghum plants

rreatnent
Calculated Dry weight composition of plants

Organic Al neu-
No. matter tralized N* P K .Ca Mg Mn
with lime '

% % % ppm

1 0 0 0.19 2.30 0.62 0.22 80
2 0 25 0.15 2.32 0.69 0.27 32
3 0 50 0.11 2.08 0.90 0.20 48
4 0 75 0.18 2.37 0.87 0.22 39
5 0 100 3.19 0,20 4.10 0.71 0.20 113
6 0 150 3.51 0,20 4.23 0.78 0.24 74
T 2 0 0.12 2.04 0.46 0.21 36
8 2 25 0.19 2.20 0.57 0.18 73
9 2 50 3,21 0.25 3.84 0.83 0.21 158
10 2 15 2,03 0.19 4.26 0,54 0.21 144
11 2 100 1.79 0.16 4.34 0,51 0.21 116
12 2 150 2,25 0.19 4.01 0.63 0.26 44
15 4 0 0.19 2.82 0.68 0.24 258
14 4 25 2,09 0.23 4.50 0.59 0.23 212
15 4 50 1.64 0.14 3.90 0.42 0.17 144
16 4 75 1.49 0.15 4.15 0.47 0.21 118
17 4 100 1.47 0,16 3.81 0.50 0.21 56
18 4 150 1.35 0.14 3.65 0,56 0.20 28
19 6 0 1.31 0.17 4.09 0.45 0.21 205
20 6 25 1.22 0.14 3.29 0.35 0.19 149
21 6 50 1.06 0.15 3.84 0.41 0.18 122
22 6 15 0.90 0.16 3.73 0.42 0.17 108
23 6 100 0.90 0.12 3.58 0.43 0.19 62
24 6 150 0.91 0.12 3.40 0.51 0.19 28
25 8 0 0.85 0.17 3.64 0.39 0.17 180
26 8 25 0.81 0.16 3.61 0.34 0.16 135
27 8 50 0.78 0.15 3.47 0.37 0.17 108
28 8 15 0.79 0.13 3%.23 0.40 0.17 99
29 8 100 0.73 0.14 3.62 0.41 0.18 82
30 8 150 0.70 0.14 3.30 0.58 0.17 95

* Data for treatments No. 1, 2, 3, 4, 7, 8, and 13 were not
included in this table because of insufricient plant
material.
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organic matter. According to Miller (1958) the‘N content

in sorghum plants before maturity is considered low if it

is below the level of 1.04ch. Probably the decrease in N con-
tent with additions of organic matter was due to a depletion
of the so0il N by soil microorganisms which in the presence

of organic matter became active and multiplied rapidly.

Under these circumstances N was taken up by microorganisms
due to the microbial demand for this elerent to build their
tissues.

. The N content of sorghum plants also decreased with in-
creased lime applications at each of the organic matter
levels. This might be expected because each pot received
equal amounts of N. Iuxury consumption of N occurred on the
lower lime treatments, whereas a dilution effect was ob-
served at the higher lime treatments.' This might also indi-
cate that N may have been somewhat more limited on the
higher lime treatments than on low lime treatments. These
results agree with those found by Vitosh (1968).

The % P in sorghum plants varied considerably among the
treatments at different rates of lime and orgaric matter
applications. High levels of lime at higher rates of organic
matter decreased slightly the P content in plants as ccompared
with additions of lime at low rates of organic matter. In
general, with only two exceptions, the treatments that gave
the lowest yields (numbers 1, 2, 4, 8, 13) have higher P

‘contents. This is contrary to the most common results found
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in the literature in that Al generally reduces the uptake of
P by plants (Munns, 1956b; Wright and Donahue, 1953). How-
ever, Randall and Vose (1963) found that higher levels of Al
in the soil solution (50 ppm) increased P contents in both
roots and tops of 8 week-old ryegrass plants (perennial),

but depressed total P uptake by reducing growth, It was con-
cluded that Al binds P within the plant in some way that it
can no longer promote plant growth which then depresses total
P uptake. These findiﬁgs could be an explanation of the re-
sults found in this study.

The K content in sorghum plants was higher than 2% in
all of the treatments and this level is considered high for
sorghum plants before maturity (Miller, 1958) indicating
that there was no K deficiency. However, the K content in
sorghum plants increased as tne Al toxicity in the soil de-
creased. It can be noted from Table 8 that with additions
of Ca to the soil,either from organic matter or Ca(OH)Z,
equivalent to 50% of the exchangeable Al the K content of -
the plants did not exceed 2.82%. Vhen Ca was added from
organic matter or Ca(OH), equivalent to at least 75% of the
exchangeable Al the K content in the plants increased to at
least 3.23%, with the exception of the treatment 4 (0p
organic matter--6 meq of lime).

These results agree with those found by Chamura and
Hoshi {1960) in which greater Al sensitivity in sorghum

(compared with corn) was associated with a greater reduction
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in K uptake. The effects of Al on K uptake were greater in
young thaﬁ in old plants. Jacobson et al. (1960) also has
found that the absorption of ¥ is enhanced at low pH by Ca.
The stimulating effect is present at pH values below 6.5. .
In contrast, some investigatoxrs (DeWard and Sutton, 1960)
had associated Al toxicity with reduced uptake of Ca and Mg
and increased uptake of ¥ and Al. They suggested that the
ratio of K/Ca + Mg in plant tops can be used as index of
Al injury.

nmere was no apparent relationship between Ca content
and yield with different rates of lime and organic matter
applications. The concentration of Ca in sorghum plants was
higher than 0.30% in all of the treatments and this level is
considered sufficient for sorghum plants before maturity
(Miller, 1958) jndicating that there was no apparent Ca de-
ficiency in the plants. Soil solution Ca in the treatments
that gave the lowest yield was also higher than that which
is required to be adeguate for plant growth (Barber et al.,
1963). So Ca deficiency, per S€, apparently was not a
primary growth limiting factor. It can be noted from Table 8
that the Ca content in the check was similar to treatment
number 12 which produced some of higher yielés and lower
than treatment number 15 which produced the highest yield.

There is the possibility that Mo deficiency may have
Leen partly responsible for the poor growth of sorghum in

the treatments where the pH was about 4.2 (Davis, 1656;
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Kamprath and Foy, 1971). The low yields observed at high
levels of lime with higher rates of orgénic matter probably
might be due to some micronutrient deficiency, like Cu as
was mentioned previously.

The Mg content in sorghum plants changed vexry little
with lime and organic matter applications. With a few excep-
tions, Mg contents were nof lower than that concentration
which is considered to be deficient for sorghum plants before
maturity (Miller, 1958)., In general there was approximately
the same Mg content in plants with the rates of 0, 2, and 4%
organic metter at any level of lime. Additions of 6 and 8%
organic matter, at any level of lime, decreased slightly
the Mg concentrations in plants as compared with the rates
of 0, 2, and 4% organic matter at any level of lime. The
average Mg‘confent in sorghum plants ranged from 0.22% at
the rates of O, 2, and 4% organic matter to 0.17% at the
rate of 8% organic matter. Therefore Mg content was not re-
sponsible for the differences in yields observed at dif-
ferent rates of lime and organic matter applications,
Apparently Al did not interfere wish Mg uptake by sorghum
plants in this study.

The Mn content in sorghum plants had great variation
at different rates of lime and organic matter applications.
For example, the Mn content of plants from the check was
greater than that for plants of treatment 12 which gave one
of the higher yields and it was lower than the content of
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the treatment 15 which gave the highest yield. In general,
applications of organic matter at the rates of 4, 6, and 8%
increased the Mn content of the plants at the zero level of
lime, High levels of lime at any rate of organic matter
decreased the Mn content of the plants. This decrease in
Mn content probably was due to a decrease of Mn in the soil
solution when the pH increased because of Ca applications.
The pH at which IMn began to decrease was about 5.2. Mn
toxicity or deficiency in plants was not observed in this
study. It seemed that Mn had very 1ittle influence on the
variation of yields observed with applications of different
lime and organic matter levels.

In conclusion, it appears that the applications of lime
and organic matter to the soil had very little effect on
the P, Mg, Ca, and Mn concentrations in the plants, nor on

the dry matter yields.



SUMMARY AND CONCLUSIONS

Aluminum toxicity is one of the major factors contri-
buting to poor growth of plants particularly in Ultisols and
in some Oxisols. The role that organic matter plays in the
immobilization of the active Al in tropical soils has been
very little studied. The objectives of this study were the
following: a) to determine the effect of variable organic
matter increments on the immobilization of active Al in an
Ultisol, b) to compare organic matter applications with
lime treatments as related to sorghum growth in the green-
house, and c¢) to determine the effects of organic matter
and liming on the foliar composition of sorghum grown under
greenhouse conditions.

A representative Ultisol of Puerto Rico, Humatas clay,
similar to soils from large areas of other tropical. countries,
was used for this study. A factorial pot experiment with 6
levels of Ca(OH)2 and 5 levels of organic matter was used.

The levels of Ca(OH)2 were calculated to neutralize 0, 25,
50, 75, 100, and 150% of the exchangeable Al as measured

by KC1 extraction. Organic matter was applied at the levels
of 0, 2, 4, 6, and 8% by weight. Partially decomposed

coffee leaves were used as a source of organic'matter.

62
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Organic matte:r was much more effective in neutralizing
exchangeable and soil solution Al than Ca(OH)2 at a given
rate of Ca applied to the soil and at approximately the same
pH. Additions of Ca from lime or organic matter equivalent
to 100% of the exchangeable Al reduced the exchangeable and
so0il solution Al by at least 92 and 98%, respectively. Vhen
the total Ca supply to the soil was greater than 100% of the
exchangeable Al the concentration of the exchangeable and
soil solution Al was reduced to zero. The pH at which the
exchangeable Al was reduced to zero ranged from 4.90 to 5.00.
Exchangeable Ca increased in an amount approximately equal
to the amount applied either as lime or organic matter.

Soil solution cations were determined for all treat-
ments. Increments of Ca from lime cr organic matter equi-
valent to 25% of the exchangeable Al caused a decrease in Al
in solution by 55% or more. Lime and orgznic matter addi-
tions increased the Ca in the soil solutionm, but at the
rate of 8% organic matter the Ca in solution was lower than
at the 6% organic matter level.

3
The relationship between the ratio of YA in solu-

3 VCa

tion and the ratio _V AL exchangeable, both based upon the
measured concentratig;gagf the ions tends to indicate that
the most important effect of the organic matter additions
was the release of Ca which neutralized the exchangeable Al
in the soil. However, the Mg in the organic matier may

also have some effect.
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In the greenhouse experiment, maximum yield was ob-
tained when additions of Ca from organic matter or Ca(OH)2
were equivalent to 100% of the exchangeable Al. The Al
gsaturation was less than 7% and the soil solution Al less
than 0.68 meq/liter when maximum yields were obtained. I%t
was concluded that exchangeable Al as measured in this study
wae suitable for determining the lime requirements of Humatas
goil. The yield was drastically reduced when the Al satura-
tion was 19% (1.75 meq/100g) or more and the soil solution
Al was 1.39 meg/liter or more. The range of pH at which
maximum yields were obtained at any given rate of organic
matter was between 4.55 to 4.80 which corresponded to the
treatments in which the exchangeable Al was reduced by at
least 92% from the original amounts in the check. The ex-
changeable Ca at which maximunm yields occurred was between
8,70 and 9.25 m=q/100g of soil and corresponded to addi-
tions of Ca,from organic matter or Ga(OH)Z,eqnivalent to
100% of the exchangeable Al. Sorghum yields were reduced -
whenever the exchangeable Ca exceeded 10 meq/100g which cor-
responded to additions of Ca as Ca(OH)2 or organic matter
ecuivalent to at least 125% of the exchangeable Al., Ca in
solution was 42 meq/liter or less at the point where maximum
yields were obtained. There was no concentration of Ca in
soil solution low enough to limit growth because of Ca de~
ficiency. Plant responses to lime and organic matter were

generally a result of neutralization of toxic levels of Al,
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Maximum yield for organic matter application at the
gero lime level was reached with a rate of 6% organic matter
which supplied a level of Ca equivalent to 75% of the ex-
changeable Al, while the maximum yield for Ca(CH), at zero
organic matter level was reached with a level of Ca equiva-
lent to 100% of the exchangeable Al. The maximum yield when
Ca was supplied by 6% organic matter was statistically
higher thanBthe maximum yield with Ca supplied as Ca(OH),.
The ratio i!:ﬁi in solution plotted against the yield demon-
sfrated tha%rggth the same amount of Ca supplied to the soil
the yields were higher and the Al-Ca ratio lower when organic
matter was the source of Ca than when the source vas Ca(OH)z.
Even when the Al-Ca ratio was about the same the organic
matter gave better yields than Ca(OH), alone.

I+ was suggested that probably the high organic matter
contents may be responsible for the relatively high yields
in acid soils. This also points to the possibility of using
less liming materials if adequately high levels of organic
. matter are maintained in acid tropical soils.

With the exception of N and K no apparent differences
in plant composition due to lime and organic matter appli-
cations were observed for most elements. N deficiency
was observed in all the plants with higher levels of organic
matter. Liming the soil increased the deficiency. The K
contént in sorghum plants was incrensed with additions of

Ca, either from Ca(OH)2 or organic matter, equivalent to at
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least 75% of the exchangeable Al. However, the K content in
sorghum plants in all of the treatments was considered high.
The following conclusions were drawn:

1. Organic matter neutralized more Al per unit of Ca
in it than was true for Ca(OH)z. No definite reason for the
greater effectiveness of organic matter in this respect was
jdentified in this study. ZProbably one of the reasons might
be the additional supply of Mg by the organic matter.

2. Maximum yields were obtained on all the treatments
when the Al saturation was less than 7% and soil solution
Al was less then 0.68 meq/liter.

3. The rate of Ca, either from organic matter or Ca(OH)a,
at which maximum yields were obtained was at a level equi-
valent to 100% of the exchangeable Al., Thus exchangeable
Al as measured in this study was suitable for determining
the lime requirement of Humatas soil.

4. The yields of sorghum were drastically reduced
when the Al saturation was 19% or more and the soil solution
Al was 1.39 meq/liter or more.

5. The pH at which maximum yields were obtained ranged
from 4.55 to 4.80.

6. Exchangeable Ca increased in an amount approxi-
mately equal to the amount of Ca applied either from organic
matter or Ga(OH)z. However, the increase in concentration
of Ca in solution was less than exchangeable Ca as the

organic matter applications increased.
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7. The levels of exchangeable Ca at which maximum
yields were obtained ranged from 8.70 to 9.25 meq/100g and
these levels were obtained with additions of Ca, either from
organic matter or Ca(OH)z, equivalent to 1007% of the ex-
changeable Al. Increasing Ca additions above 125% of the
exchangeable Al decreased the ylelds at any rate of organic
matter. The Ca in soil solution where maximum yields were
obtained was less than 42 meq/liter.

8. The maximum yield obtained by adjusting organic
matter application at zero level of lime was statistically
higher, and was obtained with a lower amount of Ca supplied
to the soil, than the maximum yleld obtained by adjusting
Ca(OH)2 at zero level of organic matter. This suggests the
possibility of using less liming materials if adequately
high levels of organic matter are maintained in acid
tropical soils.

9. The K content of the sorghum plants was increased
with additions of Ca, either from organic matter or Ca(OH)z,
equivalent to at least 75% of the exchangeable Al.

10. N deficiency was observed at higher rates of
organic matter probably due to immobilization of soil N
by soil microorganisms. Liming the soil increased the

deficiency.
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Appendix Table 1. Amount of Ca(OH), and organic matter
- applied to each %reatment

mreatment

Calculated

No. Organic Al newtralized Organic ca(0H),
matter with lime matter
% % __g/pot
1 0 0 0 0.000
2 0 25 0 0.262
3 0 50 o 1.924
4 0] 15 0 2.886
5 0 100 0 3,848
6 0] 150 0 5.772
7 2 0 26 0.000
8 2 25 26 0.962
9 2 50 26 1.924
10 2 % 26 2.886
11 2 100 26 3,848
12 2 150 26 5.772
13 4 0 52 0.000
14 4 25 52 0.962
15 4 50 52 1.924
16 4 75 52 2.886
17 4 100 52 3.848
18 4 150 52 5.772
19 6 o 78 0.000
20 6 25 78 0.962
21 6 50 18 1.924
22 6 15 78 2.886
23 6 100 18 7,848
24 6 150 78 5.772
25 8 0 104 0.000
26 8 25 104 0.962
27 8 50 104 1.924
28 8 75 104 2.886
29 8 100 104 3,848
30 8 150 104 5.772




Appendix Table 2. Dry matter yields of sorghum for different rates of lime and
organic matter applied to a Humatas soil

Treatment
Replication Organic Galoulated % AL neutralized with lime
number mattexr 0 25 50 15 100 150
% ' g/pot

1 0 0.0900 0.3858 0.34&0 0.7683 3.7500 2.8615
2 0 0.0514 00,2239 0.3378 0.6296 3.8C00 2.4375
3 0 0.0€20 0.1757 0.2171 0.6898 3.4716 2.53
4 0 0.0672 0.2070 0.2538 0.6158 3.7910 2.43
1 2 0.4212 0.7043 1.7720 5.7113 5.8543 4.,7750
2 2 0.2993 0.6784 1.7666 6.0698 5.8572 4.6913
3 2 0.4551 0.684% 2.0620 5.5130 5.3278 5.7520
4 2 C.4149 0.7674 1.9395 5.8570 6.5624 5.6920
1 4 £.9493 3.9480 5.9530 5.5893 4.,0813 4,6095
2 4 02,8545 3.6165 6.35350 £.54C0 3.5648 3.9220
3 4 2.92828  4.4170 5.9818 4.2720 5.7540 5.2057
4 4 0.990C8 4.2270 5.55C0 5.2280 6.0658 4 .2C3!
1 6 4.4461 5.8260 5.3170 4.2740 2.9923 3.1370
2 6 5.6622 5.4560 4.6920 5.09€4 3.4223 3.7605
3 6 4.8970 6.82890 4.7510 4,3580 4.0917 3.9240
4 6 4,1212 4.79%4 5.1735 4.4512 3.8400 2.4700
1 8 4.1703 3.3382 4.0650 2.6530 2.4163 2.2170
2 8 4.5725 4.0800 3.9738 3.2363 2.7276 1.8675
3 8 3.6230 3.5227 3.1907 3.1270 2.1510 1.5723
4 8 4.5330 3.4800 4,0450 4.2100 2.7150 1.8400

6L
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Appendix Table 3. Analysis of variance for dry matter
yields of sorghum of Appendix Table 2

Degrees oX vun ox llean
3gg§f$igi freedom squares square Observed
< d.f. SS MS F

Organic

matter 4 159.66 39.92 187.00%*
Lime 5 56.13 11.23 52.59%x
Organic
matter x lime 20 219.10 10.95 51,32%*
Error 90 19.21 0.21

Total 119 454.09

**Significant at the 1% level.
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Appendix Table 4. XN content of sorghum plants with dif-
ferent rates of lime and organic matter
applied to a Humatas solil*

Treatment
Replica-

“tion Organic Calculated % Al neutralized with lime
nunmber pmatter 0 2bh 50 e 100 150
% %

1 0 3,18 3.55
2 0o 3.41  3.47
3 0o 2.98

4 o

1l 2 3,18 1.84 1l.4€ 2.00
2 2 3,23 2,11 1.89 2.29
3 2 2,08 1.82 2.48
4 2 2,08 1.97 2.21
1 4 1..87 1.66 1.49 1.44 1.28
2 4 2,40 1.58 1.54 1l.44 1l.44
3 4 2.24 1.71 1l.49 1l.52 1l.722
4 4 1.86 1.61 1l.44 1.44
1 6 1.34 1.26 0.99 0.90 0.96 0.9
2 6 1.28 1.18 1.04 0.84 0.82 0.88
3 6 1.%1 1.19 1l.14 0.95 0.88

4 6 1.24 1.07 0,90 0.93

1l 8 0.85 0.80 0.77 0.77 0.70 0.70
2 8 0.80 0.78 0.82 0.75 0.75

3 8 0.9 0.83 0.75 0.82

4 8 0.80 0.82 0.80

Data for treatments that were not included in this table
was due to insufficient plant material.



Appendix Table 5. P contenf of
ferent rates

82

sorghum plants with dif-
of lime and organic mattexr

applied to a Humatas soil¥*

Repli~- Treatment

cation Organic Oaloulated o LI neutrerized with lime

number metter 0 29 50 15 100 150

# %

1 0 0.19 0.12 0,12 0,15 0.20 0.22
2 0 0.17 0.10 0.17 0.21 0.19
3 0 0.19 0.21 0.18
4 0] 0.22 0.19 0.15
1 2 0.15 0.20 0.28 0.18 0.15 0.19
2 2 0.08 0.19 0,24 0,20 0.17 Q.22
3 2 0.12 0.12 0.24 0.18 0.15 0.19
4 2 0.17 0.23 0.20 0.15 0.17
1 4 0.20 0.20 0.13 0.15 0.16 0.13
2 4 0.20 0.24 0.15 0.14 0.18 0.17
3 4 0.18 0.28 0.15 0.15 0.15 0.13
4 4 0.18 0.20 0,13 0,16 0.15 0.11
1 6 0.16 0.14 0,16 0.,16 0.14 0,12
2 6 0.14 0.13 0,18 0.17 0.1l 0.1l
3 6 0.17 0.11 0.13 0.15 0.13 0.1l
4 6 0.21 0,19 0,14 0.15 0.10 0.13-
1 8 0.17 0.19 0.12 0.13 0.13 0.1l
2 8 0.18 0.15 0.15 0.16 0.1l 0.13
3 8 0.20 0.19 0.19 0.14 0.15 0.15
4 8 0.13 0.13 0.13 0.10 0.15 0.15

* Data for treatments that were
was due to insufficient plant

not included in this table
material.
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* Data for treatments that were not included in this table

was due to insufficient plant material.
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Appendix Table 8. Mg content of sorshum plants with dif-
ferent rates of lime and organic matter
applied to a Humatas soil¥*

Repli- Treatment

cation Organic Calculated § Al neutralized with lime

number matter 0 25 50 75 100 150

% 5

1l 0 0.22 0.21 0.20 0.20 0,20 0.26
2 0 0.33 0.19 0.18 0.2 0.25
3 0] 0.20 0.21 0.2%
4 0] 0.30 0.20 0.20
1 2 0.21 0.19 0,22 0.21 0,20 0.26
2 2 0.19 0.19 0.2x 0.22 0.22 0.27
3 2 0.23 0.19 0.22 0.20 0.23 0.27
4 2 0.16 0,20 0.22 0.21 0.25
1l 4 0.28 0.,22 0,16 0.19 0.20 0,19
2 4 0.24 0.24 0.17 0,20 0.22 0.22
3 4 0.21 0.24 0.18 0,22 0,21 0.19
4 4 0.23 0.22 0,16 0,22 0.22 0.20
1l 6 0.18 0.18 0.17 ©0.17 0.20 0,18
2 6 0.19 06.18 0.20 0.17 0.19 0.1l€
3 6 0.21 0.17 ©0.17 0.19 0.18 0.19
4 6 0.25 0.22 0.20 0.17 0,17 0.18
1l 8 0.18 0.14 0.16 0.17 0.6 0.14
2 8 0.18 0.15 0,18 0.17 0,17 0.16
3 8 0.19 0.18 0.17 0.17 0.18 0.18
4 8 0.1 0.15 0,17 0.16 0,20 0.18

r

¥ Data for treatments that were not included in this table
was due to insufficient plant material.
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Appendix Table 9, Mn content of sorghum plants with dif-
ferent rates of lime and organic matter
applied to a Humatas soil*

Repli Preatment

narion Organic Calculated % Al neusralized with lime

nunber natter 0 25 50 75 100 150

% oI

1 0 80 32 32 32 136 80
2 0 32 64 32 116 56
3 0 40 100 80
4 0 53 100 80
1 2 40 133 100 136 116 32
2 2 27 27 172 152 116 32 ..
3 2 40 53 188 152 116 56
4 2 30 172 136 116 56
1 4 287 232 136 136 56 16
2 4 232 212 172 136 80 32
3 4 227 172 ‘152 100 56 32
4 4 287 232 116 100 32 32
1 6 188 152 136 116 80 %2
2 6 212 136 136 116 80 16
3 6 188 136 116 100 32 32
4 6 232 172 100 100 56 32
1 8 188 136 100 100 56 188
2 8 172 116 136 116 56 56
3 8 188 172 116 100 116 80
4 8 172 116 80 80 100 56

* Data for treatments that were not included in this table
was due to insufficient plant material.




