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E.'SJ'KAMPRATH 

Soil Acidity and Liming 

Intensive agriculture in the Ilumid tropics has been primarily con

ducteu' on soils with a high level of native fertility. These soils gener

ally have a reserve of weatherable minerals that provide calcium anc! 

magnesium and prevent formation of highly acid soils. On the other 

hand the soils that are not being used intensively often have a low 

soil pil and are very low in exch angeable bases, which limits crop 

production. The Campo Cerrado of Braiil and the Llanos of Colon

bia and Venezuela are examples. Attempts to lime the soils in the 

humid tropics close to neutrality according to the lrocedlnres used 

for soils in temperatc regions havC very o'tCn CndCl illlillrC. Ilow

ever, since 1950, ideas about soil acidity and liming have Undergone 

marked changes. These new concepts aboit t soil lcidity should be 

very helpful in providinug the basis lor deterniinii ig which soils in the 

humid tropics will respond to liming and hov much lime is required 

for optimum crop growth. 

CONCEPTS OF SOIL ACIDITY AND CATION EXCHANGE
 

REACTIONS
 

Nature of Soil Acidity and Cation Exchange Reactions 

For many years, it was assumed that soils with a low p-I were pri

marily hydrogen saturated. However, in (he early 1950's a great deal 

136 
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was
of work by soil chemists showed that exchangeable ahlinuim 

the predominant cation in acid mineral soils with a pit of 5 or lower 

(Coleman and Thomas, 1967). The acid nature of soils containing ex

changeable aluminum is a result of the hydrolysis of aluminum in the 

soil solution and the production of hydrogen ions. Acid mineral soils 

were found to contain essentially no exchangeable hydrogen since 

hydrogen clays are very unstable and decompose to give aluminum 

ions and siliceous acid (Coleman and Craig, 1961 ). Thus, with acid 

are dealing with exchangeable alumiium and not 
mineral soils, we 

hydrogen. Above ptl 5.6, most soils will have relatively small 

amounts of exchangeable alumninum.
 
often made of the titratable acidity of soils by


Determinations are 

adding base to a soil. The amount of titratable acidity is generally 

much greater than the amount of exchangeable acidity. The titra

table acidity includes not only exchangeable ahlliuilmn but also 

acidity that is not replaced with a neutral unbuffered salt. It consists 
, andhydrogen associated with carboxyl gro-

of nonexchangeable 
hydrated oxides of iron anld 'aurnitin. This rionexchang,:,-,e acidity 

on plant growthi, a!: does the exchangeable
has no detrimental effct1 


acidity (exchangeable alummluiln).
 
of the soil, the 

Since the activity of alumitlum is related to the pllI 


method of extraction becomes very importalt. The conventional
 

acetate procedure and other buffered solutions are u n
amnmonitum 

A Icutral in
satisfactory for measuring exchangeable ahumintun. 


buffered salt solutiol such as potassium chloride or sodium chloride
 

has been foulld to extract aluminum ions (Lin and Coleman, 1960).
 
a ncutral unbuffered 

For all practical purposes, the pil of the soil ill 

salt solution will be close to that of the soil. Therefore, the amount 

minum ions extracted will approximately equal the amount on 
of al 

the cation exchange sites. This is in contrast to the much higher
 

acetateextracted by acidified amm1oium
amounts of aluminm 

sol utions.
 

Relation between Exchangeable Aluminum and Aluminum in the 

Soil Solution 

Exchangeable aluminum is held very tightly by soil colloids. Nye et 

found very little aluminum in tile soil solution until ex
al. (1961) 
changeable aluminum comprised 60 percent of the total exchange

able cations of clays. Likewise, Evans and Kamprath (1970) found 

that with surface soils an exchangeable ahllilm saturation of 60 

..nt of aluminum was present
percent was required before a large at 
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in the soil solution. Soils of Guyana had less than I ppm of alumi
ntm1 in tile soil solution when tile aluminum, saturation was lower 
than 60 percent (Cate and Sukhai, 1964).

With an increase in the amount of salt in the system, there is anincrease in the amount of alulinum in tile soil solution (Fried and
Peech, 1946). Thus, high rates of fertilization could result in an in
crease of aluminum in the soil solution. 

Effective Cation Exchange Capacity and Base Saturation 
Traditionally, the cation exchange capacity of a soil has been determined from the amount of the animoninm ion adsorbed by a soil
equilibraled with aminonium acetate at pl1 7. The cation exch;nge
capacity determined f'romn the use of' buffered at mton t1m acetate
would inclde niot only sites occupied by exclhaligeable cations but
also pl-depelndent exchanuge sites associate(] with ca rboxyl groups
and hydrated oxides of iroll Md al1n.intl. It has been amply
demonstrated that the cation exchange capacity of soils ilh a sub
stantial dependent charge increases istile pll increases. Thus, the
cation exchange capacity of acid soils 1eCast red Wilh ant moni in 
ace
tate exceeds the sit1ut of the excha ugCablC alit1intnl, calCilm, magnesium , and po tassitint. Therefore, tie base salturation of a soil calcu
lated on the basis of the cation exclhu-ige capacity determined with
amnutoniut acetate at pll 7 will always be less ihali
100 percent for
soils with a pl Iless tIhan 7 even thotugh the soils do not contain any

exchangeable altlitltll.
 

lased ln (Ihese kinds of eonsiderati ins, Colemen el al. (1959) stuggested that hIe stinl of the exchangeable calcium,imagnesium, potas
sium, and the acidity cxtracted With a mientra tbuffered salt solu
tion be called he effective cation exclatige capacity. The effective
cation cxchalgc capacity call be ConsilCrCl tile exchange sites that
 
are participatintg inl cxchau,!( reactions at 
 the particular soil p1. On
this basis most iieral soils vould be 
 100 percent base-saturated at
pl 6. As judged by plant grcxwth, this is a much more realistic man
tier of exp ,ssing base saturat ion.
 

Causes of Acid Soil Infertility 
Poor growth of plants on acid soils is in many instances related to thetoxic effect of aluminum and manganese. This is discussed in detail by
Adams and Pearson (1967). Also, calcium and other nutrients may 
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be seriously deficient on the highly leached acid soils. Under acid 

conditions, molybdenum tends to be held quite tightly by soil clays 

and hydrated oxides of iron and aluminum, and thus its availability 

to plants may be inadequate. Magnesium deficiencies have been ob

served on sandy soils where the pH is 5 or less and the exchangeable 

aluminum saturation is relatively high (Kamprath, 1967). 

Crop Tolerance to Aluminum and Manganese 

Crops vary in their tolerance to aluminum and manganese. Hewitt 

a number of plants on the basis of their tolerance(1948) has classified 

to aluminum and manganese. Tomato, lucerne, carrot, celery, barley,
 

and sugar beet were particularly susceptible to aluminum toxicity.
 

Swede, kale, lucerne, and tomato were the crops most affected by
 

excess manganese content. 
Cotton and barley were very sensitive to aluminum toxicity; soy

beans were not as sensitive; and corn was relatively tolerant (Foy and 

Brown, 1964). Varieties of a particular plant species may vary widely 

in their tolerance to aluminum. Wheat varieties developed in the east
more tolerant to alumiern United States where the soils are acid were 

num tnian those developed in the Great Plains and western states 

where the soils are neutral to alkaline. Wheat varieties from Brazil 

had the highest tolerance to aluminum (Foy el al., 1965). 

The acidity problemis of surface soils can be eliminated by liming. 

However, at present it is not feasible to lime acid subsoils. Where sub

soil acidity is a problem, selection of aluminum-tolcrant varieties is 

very important so that roots will grow into the subseils and utilize
 

moisture and nutrienk present there. Where the amount and distri

bution of rainfall are adeoate, liming the surface soil may be suffi

cient.
 

Response to Liming Based on Neutralization of Exchangeable
 

Aluminum
 

Coleman et al. (1958) suggested that lime recommendations should
 

logically be based on the amount of exchangeable aluminum in the
 

soil. Kamprath (1970) found that lime rates based on milliequiva

lents of exchangeable aluminum times 1.5 resulted in neutralizing 85 

to 90 percent of the exchangeable aluminum in soils containing 2 to 

7 percent of organic matter. As the pl is increased from 5.5 to 6.0, 

some of the hydrogen ions associated with organic matter and hy
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drated oxides ionize and react with lime. For this reason a factor of 
1.5 is used. 

Results of field and greenhouse studies indicated that the alumi
num saturation at the pl-I
of the soil in the field should be less than 
45 percent for maxiroum growth o' -,. n, 20 ercent for maximum 
growth of soybeans, and 10 percent for maximum growth of cotton 
(Kamprath, 1970). Growth of sugarcane was .cverely depressed on a 
soil with ai e::changeable aluminum saturation of 70 percent. Addi
tion of lime to reduce the aluminum saturation to 30 percent re
suited in a fourfold increase in growth (Abruna and Vicente-
Chandler, 1967). 

Root Development 

Considerable research has been done on the effects of calcium and 
aluminum on the root development of the cotton plant (Adams and 
Lund, 1966; Adams el al., 1967; Adams and Pearson. 1970; Howard 
and Adams, 1965; Lance and Pearson, 1969; Rios and Pearson, 
1964). Cotton roots do not penetrate a calcium-deficient soil; roots 
are restiicted when the calciul concentration in the soil solution is 
less than 0.5 mcq/liter. Roots will grow at p1l 4.6 in the presence of 
adequate calcium. The root restliction in acid soil:; may be attributed 
to aluminm toxicity rather than to calcium de ficiency; restriction is 
observed when ihe concentra lion of the alum intlnn ion in the soil 
solution is greater than 0.002 iUc(l /litcir. depresses the up-Altumi nli 
take of calcium by the roots and reduces the permeability of'the 
plasnaleiml. When the conlcentralion of atlnmintmn in the roots ex
cecded 0.2 percent, yield was reduccd. There appeared to be a close 
interaction between alminum toxiity and calcium deficiency. 

Peanut roots behaved differently fromn cottoil roots. Tle folnLr 
penetrated acid subsoil layers that cotton roots wonl1d WitI)eletrate. 
This was explained by assumning that peanut roots absorb lower
valence ions to the exc:lusion of the highCr-vlencc aluminum ions. 
Consequently, they are tolerant to relatively high aluminum ion con
centiations in the soil solution. These experiments omi cotton and 
peanut root development were done on Ultisols. 

Ragland and Coleman (1959) observed that growth of sorghum 
and corn roots in unlimed subsoils was inversely related to the 
amount of er .,angeable aluminum present. Addition of potassiull. 
chloride to unlimed soils increased the concentration of aluminum in 
the soil solution to the point of drastic root reduction. This inter
ference with root growth was corrected by .Iming. 
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Experiments on root development of tile leguminous plant 

Leucaena glauca in Hawaii (Plucknett, 1961 ; PhUcknctt el al., 1963) 

strongly indicated that phosphorus deficiencies ill the subso. ,c

stricted root proliferation. Phosphorus had to be applied to the sub

soil to stimulate root growth. Root development in the subsoil was 

more highly related to the phosphorus supply than to aluminum 

toxicity. Lime in the subsoil decreased active alumimm but did not 

stimulate root growth. Phosphorus, on the other hand, (,id not de

crease the amount of active aluminuml present but did ;timulate root 

development. 
There has been no evidenc, of alumiuml toxicity to root develop

ment of sugarcane ill acid sfils in Hawaii, even at p11 values below 

5.0. Adequate available calcium was the determining factor. In 

ltawaii, calcium is added as a nutrient, rather than to change tile 

acidity. Alumitm toxicity in sugarcane soils in Guyana did 1ot oc

cur unless the exchange'tble aluminum saturation was more than 60 

percen t. 

Effect of Liming on Availability of Fertilizer Phosphorus in Ultisols 

and Oxisols 

Woodruff and Kamprath (1965) found that liming increased the ef

ficiency of fertilizer ph sphorus on acid soils that had an appreciable 

amount of exchangeable aluminum. The optimum level of liming for 

irproved solubi!ity of fertilizer phosplhorus in Ilawaiian soils was be

tween p!' 5 and 6 (Fox et al., 1962). The increase iniphosplhol is 

solubility vas related to neutralization of cxchangeable aluminini. 

When the p11 of acid alum inlous soils was adjusted to 7, plios

phorus uptake was drastically decreased ("'ox et al., 1964). As plI 7 

is approached, these soils have a very high buffer capacity so that 
lroiihigh r-. ' s of lime are required. Since calcium is readily rleplaced 


t the root surfaces may have
pH-dept',deit sites, excess calcia.ii; 

precipil~ated p4hosphorus. 

OFCHEMICAL CHARACTERIZATION AND MEASI'AEMENTS 
SOIL ACIDITY 

Characterization 

Analysis of some soils from the Lianos of Colombia indicates that 

these highly weathered, acid mineral soils are predominately satu

http:calcia.ii
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TABLE 1 pH, Exchangeable Cations, and Percentage of Aluminum Saturation 
for 26 Soils of the Llanos Orientales, Colombia" 

I xchangeable
 
Calcium plus lxchangcable Aluminum
 
Nagnesiurn Aluminun Saturation
 

Comparison p11 (neq/100 g) (meq/100 gi (%)
 

Average - 1.54 3.05 68 
Range 4.15-5.12 0.05-9.09 0.6-5.80 29-86 

a Data from Vargas (1964). 

rated with exchangeable aluminun and that they have a low content 
of exchangeable bases (Table I ). The effective cation exchange ca
pacity of these soils is quite low, compared with Mollisols of the tem
perate region. 

Chemical data of representative soils from Brazil show that when 
the pH is less than 5, :tlum1it-1 is the predominant exchange'able 
cation (Table 2). Above pll 5. the cxchangcable alumi nuin saturation 
was lolv. 

Samples of acid soils frot tihe statc of Sio l'atlo, Brazil, were low 
in exchangeable calcitm and tlagnwsitum and had an aptpreciable con
tent of exchallgeable alnaniutun (Table 3). "'hese soils from the (ampo 
Cerrado had a very low effective cation exchange capacity, generally 
in the range of 2 to 5 meq/ 100 g of soil. 

Representative soils from Malaysia also had a high exchangeable 
aluittint m sa tutration and a low effective cation exchange capacity 
(Table 4). 

TABLE 2 p-. Exchangeable Cations, and Percentage of Aluminum Saturation 
for Representative Soils of Brazila 

lI.xchiangeabte 

Calciu m plus Exchangeable Aluminum 
Soils Nlagncsiunm Aluminum Saturation 
(Number) pll (nleq/ 100 g) (meq/ 100 g) (%) 

14 5.0 1.2 1.9 58 
18 5.0-5.5 5.9 0.6 16 
11 5.5-6.0 6.5 0.1 2 

a Data from Anaitacio (1968). 

http:0.6-5.80
http:0.05-9.09
http:4.15-5.12
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3 pH, Exchangeable Cations, and Percentage of Aluminum Saturation 

for Various Classifications of Soil in Sdo Paulo, Brazil" 
TABLE 

Classification 


Red Yellow Latosol (Ultisol) 


Red Latosol (Oxisol) 


Red Yellow Podzolic (Ultisol) 

pit 

4.3 
4.0 
5.5 
4.6 
4.3 
4.5 

4.2 
4.2 
4.1 

4.8 
4.5 
3.7 
5.4 

Exchangeable 
Calcium Plus 
Nlagnesi,' i 
(meq/1OU g) 

0.3 
0.2 
4.2 
0.2 
1.2 
1.3 

0.2 
0.1 
0.2 

1.8 
6.0 
0.3 
0.9 

Exchangeable Aluminum 
Aluniuin Saturation 

(meq/100g) (%) 

831.7 
821.2 

20.1 
1.9 89 

723.2 
360.8 

671.0 
820.7 

1.9 88 

542.3 
353.5 

3.8 90 
100.1 

a Data from Pratt and Alvahydo (1966). 

The available evidence indicates that many acid soils of the humid 

tropics have a high percentage of exchangeable aluminum saturation 

when the p11 is less than 5, are very low in calcium and lmagnesiumn, 

and have a low effective cation exchange capacity. The nature of soil 

acidity in many humid tropical soils, therefore, ;s similar to that of 

pH, Exchangeable Aluminum, Total Exchangeable Cations, and 
TABLE 4 

Percentage of Aluminum Saturation for Some Malaysian Soilsa 

pll 
(Calcium 

Soil Series Chloride) 

Rengatn 4.0 
3.8Serdang 
3.6 

Kuantan 
Selangor 

4.3 
Segamat 4.3 

Bati Anam 3.8 
4.2Chemur 
4.2Ulu Tiramo 

,ingcahlc 
Aluminum 
(meq/ 100 g) 

1.92 
5.08 

12.40 
0.90 
0.70 
3.10 
1.33 
1.60 

a Data from Mohinder Singh and Talibudeen (1969). 

Total 
FFxchangcalle 
('alion,, 
it eq/ 100 g) 

2.93 
5.89 

15.96 
2.63 
2.05 
4.75 
2.25 
2.51 

Aluiminuni 
Saturation 

66 
86 
78 
34 
34 
65 
59 
64 
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tile highly weathered, acid mineral soils of tile southeastern United 
States.
 

Measurements of Soil Acidity 
Meaningful measurements of soil acidity can be obtained by extract.ing soils with a neutral unbuffered salt solution such as potassiumchloride, soditum chloride, or barium chloride. This will extract tilealuminul ion, the predominant exchangeable cation in acid mineralsoils at p-I 5 and below. Inferences can then be made as to whether

soil acidity per se is likely to be a growth-limiting problem.
The effective cation exchange capacity-suI of exchangeable
alumintm, calciu in, in agnesiulm, and potassium 
- givCs a meaningfulcharacterization of the exchange properties of hulid tropical soils.Use of the effective cation exchaige capacity to calcuLte the basesaturation of soils provides a more realistic basis for evaluating the
fertility status of soils. 

Characterization of the Cation Composition of the Soil Solution 
Since plants absorb calions from the soil solution, the compositionof the soil solution is important in determining the cation content ofplants. Th c concentration of cations in the soil solution depends
upon the percentage of saturalion of tile cation exchanger by tilecation anl the nature of the cation "xchanger. Montmorilloiiite,kaolinite, scsquiox idc-coated clays, allophane, and organic matter areimportant cation exchangers. As these cation exchangers bind cationswith different affinities, it is necessary to determine not only thecation saturaion of tle exchanger but also the cation composition of
the soil solution. This will give a better understanding of the availability of cations and differences between soils in 
 their response tothe addition of fertilizer cationls, such as magnesium and potassiLm.

Calcium, magncsium , and po tassiumin are generally held morestrongly by montniorillonite clays than by kaolin ite, organic matter, allophane, and sCsquioxiide-coatcd clays. (enerally, when the
exchange sites are pl dependent, tile basic cations are 
not held as
tightly as when the exchange sites have a permanent charge.
 

Measurement of Exchangeable Manganese and Water-Soluble 
Manganese 

Since manganese has been identified as being the ause of poorgrowth in certain acid soils, exchangeable manganese and water
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soluble manganese should be measured. Problems of manganese tox
icity in acid soils are most likely to occur on soils forned from rocks 

having a high content of fenomagnesium minerals. 

LIME STUDIES ON SOILS OF THE HUMID TROPICS 

Rate and Frequency of Liming 

on the amount of lime required toThe rate of liming should be based 
neutralize the exchangeable alumikKuln. Sufficient rates should be 

tested to obtain a range of exchangeable aluminum saturation. This 

will provide information on the amneurt of exchangeable aluminum 

that needs to be neutralized in order to obtain naxintlMl growth. 
aide of tile calciutm and magneSiunMasurements also should be 

content of the plant. One of the objectives of lime studies should be 

the development of a soil test for determining the amount of lime to 

add. Since the predominant cation of very acid soils is exchatngeablh 

aluminm, it seems logical that a soil lest for determitning lime rates 

should be based on a iln. itrcmcnt of exchangcahle aluminum. 

One (UslStioil that Will hK - to be answered is how frequently to 

apply lime to soils of the humid tropics. Rainfall, evapotranspiration, 
occurrence and intensity of a dry season, catioi exchange charac

water adsorption and movement characteristicsteristics of the soil, 
how f7ist calcin in and mallneSilll ;iof the soil all will iln tienecc ar 

leached from soils. Maliilum el al. (1970) reported tlia t consideral)lC 

amounts of calcium were leached from a l lydrol Ilumic Latosol 

(Inceptisol). One interesting aspect of their work was that once the 

exchangeable aluminm was displaced, it did not readily reoccupy 

exchange sites even whvlen calciui was removed by leachinig. 

Frequency of ii ming will delx'nd u.oll how quickly calciulin and 

other basic cations are removed by leaching and how soon exchange

able aluminum reappears on the exchange sites. Long-tenn field 

studies are needed to answer these questions. 

Sources of Lime 

Since many highly weathered acid soils are low in magnesium, studies 

are needed to determine the need for magnesium. Use of both 

calcitic and dolomitic sources of lime would be desirable. Another 

approach would be to determine tile level of exchangeable magne
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sium required for optimum ,rop production. Where magnesium-con,
taining limestones are not available, the use of soluble magnesiumn 
fertilizer materials should be evaluated. 

Tolerance of Crops to Soil Acidity 

As has been pointed out, crops vary considerably in their tolerance 
to soil acidity. In addition, varieties within a species may differ in
this respect. Where new varieties are to be introduced in an area, in
formation should be obtained on their tolerance to soil acidity.

Tolerance to soil acidity as it relates to growth of roots into acid 
subsoils can be very important in utilization by the plant of water 
and nutrients from ilhc subsoil. 

LIME-FERCILIZER INTERACTIONS 

Phosphorus Availability as Influenced by Liming 
Availability of fertilizer l1hos1Iortus has been increased byliming
when the soils contai ned apprecial)le amounis of exchangeable aluli
nuni. The addition of high rates of lime markedly reduced pihosplo
rus availability in certain acid soils but not illothers (Fox e'al.,
1964). These atthors suggested that the decreased availability was
due to the greatly increased availability of calcium, which resulted in
precipitation of p)1l0hosplhorls. This could very likely hap)pen where cal
cium1 is [lot held lightly by the soil complex and where the concen
tration of' phosphorus illthe soil solution is relatively low becaISC of
 
.rixatio of1 phosphorus in stparillgly soluble forms.
 

Oil the olher hand, illsOllie instances large ,noilits of'phosphorus 
appear to be fixed, but the phosphorus is easily desorbcd and a high
concentration ofl phosphorus is Iimiailtlied illthe soil solution. 
Under these conditions, a high concentration of calcium might not 
be as detrimental as it is where the concenir:.tion of'phosphorus ill 
the soil sollion is Inuicli lower. 

Studies are needed to detlermine lhe nature of' these liine-phosplio
nis interactionis ad to characterize I ie soil properties associated 
with different kinds of reactions. With sufficient inlormation, itshould be possible to identify soils wher, high calcium levels will 
have a detrimental effect on plhosplho"us availability. 
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Effect of Lime on the Availability of Micronutrients 

Alolybdentim 

One beneficial effect of lime on certain soils is an increased avail

ability of soil molybdenum, which i, of particular importance in the 

growth of legumes. Most studies indicate that a pH of around 6.5 is 

availability of soil molybdenum.
required in order to get maximun 

However, at pl 6.5, availability of some of the other micronutrients 

may be markedly reduced. Thus, it becomes important in liming 

studies to evaluate the interaction between lime and availability of 

soil molybdenum. Where humid tropical soils are low in molybde

num, treating seed with molybdenum is more feasible than liming the 

soil to pll 6.5. 

OtherMicronutrients 
and boron is often drasticall 

Availability of zinc, copper, manganese, 

reduced when highly weathered soils are limed much above p11 6. 

Liming studies with humid tropical soil should take into account any 

possible effect on the availability of these micronutrients. 

NEED FOR CHARACTERIZATION AND CLASSIFICATION OF 

HUMID TROPICAL SOILS 
a knowledge of 

Interpretation of the results of liming studies requitCs 

ion exchange reactions in soils and the nature and properties of 

cation exchangers in soils. One of the objectives of liming studies is 

to be able to extrapolate the findings to soils with similar chemical 

properties. This requires detailed soil chemistry studies and use of 

the chemical data in classifying and grouping of soils. 
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