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ABSTRACT
 

Sorghum roots were iiighly sensitive to soil solution Al present in acid Ultisols and 
Oxisols. Corn roots were moderately sensitive and stargrass roots were tolerant. Repre
sentative acid soils fr(on the htimid rezio of Puerto Rico contained less soil solution Al 
than did several selected from the southeastern United States at tie same pH level. This 
confirms the observation that critical soil pH range tends to be lower in soils of Puerto 
Rico thian in those of t lie southeastern United States. Soil solution Al colcentration can 
be ealculat,'d satisfactorily from soil pI and EC of the saturated paste extract using an 
equat ion tievelop(d from the data presented. 

INTRODUCTION 

Tile Gramineae is an extremely import~m 

family of crops throughout the humid tropics, 
with tremendous potential for increasing the 
high-protein food supply of these areas through 
use with intensive N fertilization in livestock 
production (Vicente-Chandler et al. 1964; 
Caro-Costas et al. 1972a, 1972b). Soils of the 
hunid tropics are usually acid, and the use of 
residually acid N fertilizers at the high rates 
requirel for maximum grass forage yield can 
rapidly lower soil p11 throughout the normal 
rooting zone (Adams et al. 1967). Although a 
nunber of warii climate grasses are relatively 
tolerant to soil aeidity, little is known about 
their rooting behavior in underlying acid subsoil 
zones. This characteristic cati be of primary ira-
lportance in determining yield potential during 
dry seasons and in areas of suboptimal rainfall. 
Coastal berinudagrass (Cynodon daetYhn) roots 
ire believed to be highly tc!.raiit, as are those of 
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pearl millet (Pcnnisetum typhoidcs) (Long 
1972), and napiergrass (Pennisetuin purpurein) 

(Pearson 1971). Oats (Arena sativa) seem to be 
Somewhat less tolerant (Long 1972), and sudan
grass (Sorghun sudanensis) roots are extremely 
sensitive (Pearson 1966). 

This study was undertaken to compare the 
effect of acidity iu the subsurface zone of a typi
cal Oxksol and Ulti.ol on root development of
three :,peeies of Gramineae. 

PROi.DUinE 

Root and top growth of selected test-plant 
species were measured in a greenhouse experi
ment, using surface soil material from two soils 
at three pHi levels, overlain by a well-linmed and 
fe:tilized laver of top soil. The pots were ar
ranged in a complete randomized block with 
four replications. 

The soils selected were Humatas clay-a 
Typic Tropoliunult (Ultisol)-and Corn clay, 

classified as a Tropeptic Haplorthox (Oxisol). 
Both soil sampling sites were located in intcn
sively farmed humid regions of Puerto Rico. 
Preliminary examinations of the soils showed 
that Al essentiallv disappeared from the dis
placed soil solution before soil pH reached 5.0, 
so that. treatment pH levels were rhosen to be 
between 4 and 5. The final pH values were 4.45 

and 4.75, in addition to the untreated pH of 3.95 
in Humatas and 4.05 in Coto. Buffer curves were 
determined for each soil for estimating the 
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amount of Ca(OH), required to adjust soil pH 
to the desired levels. The limed and check lots of 
soils were then moistened to the '/3-atm per-
centage and incubated in sealed plastic contain-
ers for 4 days before potting. 

Plastic-lined No. 2 cans were filled to within 
3.8 cm of the top with the moistened soil, and 
discs of coarsely-woven saran mesh material 
were put in place to separate the treated soil 
from surtice soil to be added. A 2.5-cm layer of 
uniformly limed and fertilized potting soil was 
then placed on the surface of each can. 

Stargrass (Cynodon plectostachyus), corn 
(Zea mays, 'Pioneer' X 306) developed in Ja-
maica for tropical conditions, and sorghum 
(Sorghum vulgare) were chosen as the test. 
crops. Based on the general knowledge of the 
relative responsiveness of these species to lime, it 
was anticipated that roots of stargrass, corn, and 
sorghum would exhibit high, intermediate, and 
low tolerance of subsoil acidity, respectively. 
One rooted node of stargrass was planted per 
pot. Five and nine seeds of corn and sorghum, 
respectively, were planted. 

Cans were weighed daily and H20 content was 
adjusted to the '/3-atm percentage. After 34 
days, plants were harvested and roots washed 
out of the "subsoil," dried at 75"C, and weighed. 

Soil solutions were displaced from samples of 
soil at -atm percentage H20 content taken 
from each treatment at potting. These solutions 
were analvyed for Ca, 'Ma, K, Al, and Min. The 
same cations in exchangeable form were de:,iso 

termined. The following analytical procedures 
were used: Eriochrome Cyanine ]R iethod of 
.JoTIes and Thurmond (1957' for Al: EDTA 
titration for Ca and Nlg: and flame photometry 
for K. Manganese was determined colorimetri
cal!y as KMnO,. 

RIESULTS AND DISCUSSION 

Some physical characteristics of the soils are 
shown in Table 1. Mineralogi(cAly, the chief dif
fertnce between the soils is the presence oi a 
considerable amount of interlayered 2:1 type 
material in the Ultisol. : l narlv twite as Inu'h 
kaolimiite in the Oxi~ol :1in the Illtisol. 

Chemical characterization of the soils at ,eh 
oi the three )l1levels is listed in Table 2. There 
are several points of significance inrelation to 
root requirei(nts. One is the low percent base 
saturation (only 13 percent) in both soils at tile 
lowest 1)41 level. Also, the Ca:total cation ratio 
is extremely low (<0.1) in the unlimed soils, 
indicating a definite possibility of Ca deficiency 
for root growth. Another is the high amounts of 

TABLE 1 
Some physical characteristicsof the Hurnatas and Coto clays used 

Mechanical, %of soil Mineralogical, % of clay fraction 
soil sand (mm) silt (mm) cLay (rnm) K C I Free 

2.0 - .05 .05 - .002 <.002 FeiOs 

Humataa clay (Typic 3 22 75 56 Tr 10-20 11 

Tropohumult) 
Coto clay (Tropeptic 24 17 60 95 Tr - 15 

Haplorthox) 

TABLE 2 

Some chemical characteristicsof Humatas and Coto clays 

soil PHl 
Ca 

Exchangeable cations (me/lO0g) 

Mg K Na Mn Al 

Humataa clay 3.95 
4.45 
4.75 

1.13 
2.96 
3.32 

nil 
0.74 
2.10 

0.40 
0.65 
0.65 

0.10 
0.14 
0.15 

0 o2 
002 
0.02 

11.12 
5.86 
4.15 

Coto clay 4.06 
4.45 
4.75 

0.44 
1.06 
1.86 

0.21 
0.50 
0.99 

0.20 
0.20 
0.23 

0.07 
0.08 
0.08 

0.64 
0.64 
0.51 

5.35 
3.73 
2.88 

CEC (me/1O0g) aseu CA 
saura total 

NH4OAc I-cations cations 

14.14 12.77 13 .09
 
12.69 10.37 43 .29
 
12.69 10.39 60 .32
 
12.45 6.91 13 .06 
12.45 6.21 30 .17 
12.45 6.55 48 .28
 



--

297 ROOT RESPONSE TO SOIL ACIDITY 

exchangeable A] in both soils, even at pH ap-
proaching 5. Still anot her is the discrepancy be-
tween "" cations and CEC by the standard 
NHO\Ae pro'edure in the case of Oxisol, but not 
in the UTisol. An explanation for the wide dif-
ference in CEC, as estiniated by the two 
method for Coto clay, is not at hand. It is not 
due to vhai is essenti:ily theplI-depedent 1 rge, 
san1e ('kE was obtained using NII,OAe buffered 
at 1)11 4.01 :as at 7.0. A final point of significance 
is the :-iuilarity in Ai saturation between the 
soils at :i given pI level. This is shown graphi-
callk in Fig. 1. Several other soils being used in 
related (xlerinents of lime response are plotted 
in the same graplh to show tile similarity in this 
respect among these soils. 

Soil solution alaiivyss T )h3) s.how thm:t C 
.hioihl hetadihquat for root growl i in all treat-
lloeils. with I le os5i)l, ,xception of lumnatas 
at p1l 3.95, in spite of the unusually low ex-

z IO0 

O 
1-

r 

S6o 
-J 

, 40 

z 20 
U 

changeable Ca:total cation ratios (Lund 1970; 
Howard and Adams 1965). Toxicity due to soil 
solution ,\l would range from lethal to low for 
roots of sensitive species (.Ad'ans and Lund, 
1966). Soil -olution Al had essentially the same 
relation to pH in each of these two .oils. This 
relationship, which holds only for very low free
salt conditions, is expressed 	by the equation 

Log AI = 12.2 
- 19.05 l)g 1)11 

and 	 (1) 
r' = 0.95 

Root and top growth made by the three 
grasses at the three 1)1 levels in each soil are 
shown in Table 4. As had been anticipated, star
grass roots were relatively insensitive to these 
levels of acidity, whereas sorghum root growth 
was drastically reduced at the two lower pH 
values. Corn root development was reduced at 

"'IL SER'ES_ 

X LUCEDALE (RHODiC PALEUULT) 
0e HUMATAS (TYPIC THOPOHUMUL'r) 
0 COTO IF.OPEPTIC HAPLORTHCX) 

BLADEN (TYPIC ALBACUULT) 
- CIALITOS (ORTHOXIC TROPOHUMULT) 

38 	 4.0 4.2 4.4 46 4.8 50 5.2 5.4 

SOIL p. 

Fir,. .Ilel'i ion of exhaigeabe Al saturation to soil pH aniong selected soils of Puerto 
Rico and the soutlheastern United States. 

TABLE 3 
Composition of displaced soil soltions of Humatas and Coto clays at variouspH levels 

Ca 

Cation concentration (me/liter) 

Mg K Al Mn 

Ca/total 

cations 

Activity 

of A (iMD) 

Humatas clay 

Coto clay 

3.95 
4.,i 
4.75 
4.05 
4.45 
4.75 

1.00 
2.10 
4.30 
3.24 
3.50 
5.84 

2.00 
1.50 
4.32 
2.58 
2.66 
4.16 

0.59 
0.54 
0.77 
0.46 
0.36 
0.31 

1.03 
0.08 
0.04 
0.31 
0.09 
0.01 

0.00 
0.05 
0.03 
3.28 
2.44 
2.17 

0.20 
0.36 
0.40 
0.30 
0.35 
0.44 

0.1134 
0.0074 
0.0009 
0.0342 
0.0086 
0.0037 
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TABLE 4 
Root and top ild of three ,lant species in an Ultisol and an Oxisol at three pH levels 

Dry weight of tissue per pot (mo) 

Soil series Soil pH Corn Sorghum Stargrass 

roots tops roots tops roots tips 

Humatas 3.95 209a' 1560a 19a 613a 154 t50 
4.45 874b ?220a 296b 1360a 267 545 

2 30 N4.75 931b 2070b 400c 1130b 605Ns 
Coto 4.05 389a 2045 128a 1070a 124 335 

4.45 630b 1940 126a 1300a 117 325 
18 80Ns4.75 687b 345b 1390b 176Ns 390NS 

'Numbers followed by the same letter are not significantly different at the 1% probability level. 

the lowest level only. Yield of tops was woO HMATAS CLAYpH 0 
generally a less sensitive indicator of subsoil pH , CHTACLAY 

CLAY
than was root yield. This would be expected in 80CTO 

pot tests, where moisture stress resulting from ' 0 

restricted root development would be minimized. ' 600 
Previous research has clearly shown that 0 40 0 

whereas soil pH is related to plant root growth u 0o 

in a general way (Pearson 1971), the level of Al 20
in the soil solution is usually the specie factor w_ 
responsible for reduced root development in acid 0 -& 4 0 5 0 040 50 60 70 80 9'0 

soils (Adams and Lund 1965). Even so, soil solu- EXCHANGEABLE AL. % SATURATION 

tion Al and percent Al saturation of mineral 
soils are related (Evans and Katmprath, 1970), FIG. 3. Relative root growth 9f sOrghum as in

on of tiii CEC.as are percentage A] saturation and overall fluenced by percent Al saturat 

plant response (Abrufia-Rodriguez et al. 1970). 
The relationship found in this study between Al saturation exceeded arounii 60 percent. About 

root growth and exchangeable Al, expressed as SO percent Al saturation vn- required to reduce 

percent saturation of effective CEC, is indicated corn root growth to 50 percent tniximunm. 
graphically in Figs. 2 and 3. Values for a given Sorghum root growth, on the other hand, was 

crop species fall on the same curve, regardless of sharply reduced by any iner:'ase in excbangeable 

soil, but the sorghum shows considerable scatter Al above the lowest level tested. The dat:a sug
of points. Nevertheless, root growth in these gest that sorghum root growth might wUave in
soils was not seriously inhibited by a.idity until creased more from at further reduction in ex

changeable Al level if such treatments had been 
Z IO0 - -included. 

sSoil solution Al content or, more precisely, the 

0 chemical activity of soil solution Al, provides the
>" 60 real measure of Al toxicity potential for plant
0roots growing in acid soil (Adarns and Lund 

40 9 HUMATAS CLAY 1966). Aluminum activity in the lumatas and 
oCOTO CLAY Coto soil solutions ranged from 0.113 mM at the 

20 lowest pH to only 0.009 at the highest pl1 in 

0__ Humatas clay. Adams and Lund (1966) found a 
40 50 60 70 6o 90 cleutr reduction in cotton root elongation rate at 
EXCHANGEABLE AL. % SATURATION Al activity levels even less than 0.0009 ImM. Our 

FIG. 2. Relative root growth of corn as in- results, plotted in Fig. 4, show that sorghum 
fluenced by percent Al saturation c.'CEC. root growth dropped sharply with the first in



299 ROOT RESPONSE 

crement of soil solution Al. As Al activity in-
creased, corn root growth was also restricted, 
but about twice as much Al was r.,quired to 
cause the same reduction in corn root growth as 
in sorghum. 

Although both soil pH and Al saturation per-
centage provide general indications of soil solu-
tion Al level, especially among closely related 
soils, other factors play strongly modifying roles, 
This is illustrated by the scatter diagram of Fig. 
5. For example, the presence of only traces of 
electrolyte in the soil, such as would result from 
fertilizer application, can increase soil solution 

100 

d80 '\ 

O601
0 \0 

w 	 4010CR 

> 

TO 	 SOIL ACMITY 

Al 	 concentration and activity at the same soil 
pH 	and exchangeable Al level. Treatments used 
are listed in Table 5. 

Electrical conductivity (EG) is easily meas
ured and is a sensitive indicator of free electro
lytes at low concentration levels in the soil solu
tion. When data from Tables 3 and 5 were used 
to relate soil pH to soil solution Al and EC, the 
curve of Fig. 6 was obtained. Thus, with soil pH 
and solution conductivity measurements, soil so
lution Al concentration for these two dissimilar 
soils can be calculated with considerable preci
sion (r' = 0.95) by use of the equation 

*Ae 	 HUMATAS 
COTO 

--I k.SORGHUM
 

W 20
 

0 .020 .040 .060 .080 .100 .120 
AL 	ACTIVITY, mM 

Fin. 4. Effect of soil solution Al on corn and sorghum root growth. 

.200 o 0 
* NO SALT 

HUMATAS CLAY 0 SALT ADDED 
E 	 .160 * NOSALT 

o 	 COTO CLAY 0 SALT ADDED 

I-	 0
 

.120
 

.j .0804 

.040

0* 

40 4.1 4.2 4.3 4.4 4.5 4.6 4.7 4.8 
SOIL pH 

Fia. 5. Effect of presence of free electrolyte on Al level in the displaced soil solution. 
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Al conc. - EC (176.612 - 109.098 pH degree of accuracy from the EC of the saturated 
- 22.528 pH' - 1.555 pHs)  (2) 	 paste extract (r' = .98). This simple and rapid 

measuremeut, together with the soil pH, could 

where EC is expressed as mmhos/cm at 250C. thus be substituted for soil solution displacement 

It may bo that this or a similar relationship will and analysis in estimating soil solution Al con
apply to broad soil categories. In that case, a centration level. The expression for calculating 
useful and timesaving tool would be at hand for Al concentration in me/liter would then become 

characterizing Al status of soils, particularly if CA = 1.725 EC - 0.1184 (176.612 
EC could be estimated without actual soil solu- (3) 
tion displacement. With this possibility in mind, 
valuas for EC of the saturated paste extract Of course, this approach must be tested on a 
were measured for comparison with those of the wide range of soils to establish its limits of ap
soil solution. The results, plotted in Fig. 7, show plication. 
that EC.%, ,,, was predicted with a high A given level of soil acidity does not appear to 

TABLE 5 
Soil pH, conductivity, and aluminum content of solutions displaced from Humatas and Coto claya 

treated with varying amounts of Ca(OH1)s and KCI 

Treatment Soil solution Al 

Ca(OH)s KC] 
Soil PI-f Conductivity

of soil solution Concen-
tration 

Chemical
activity 

(Me/lO g) (me/00 1) (mmlsos/cm at 2.5C) (M) (mM) 

Humatam None None 4.18 0.63 0.141 0.047 
0.50 None 4.20 0.70 0.185 0.061 
1.00 None 4.28 0.79 0.118 0.036 
1.25 None 4.30 0.80 0.070 0.021 
0.50 0.50 4.01 1.55 0.626 0.188 
1.00 0.50 4.07 1.69 0.474 0.135 
1.25 0.50 4.11 1.70 0.555 0.154 
1.75 1.00 4.08 2.90 0.804 0.199 

Coto None None 4.45 1.55 0.111 0.029 
None 0.25 4.50 2.55 0.207 0.049 
None 0.50 4.24 3.55 0.485 0.112 
None 1.00 4.30 5.80 0.785 0.152 

CLAY 
0 0 KCL ADDED 

0 NO SALT 

Z 1.2 	 HUMATAS 

1.0 

COTO CLAYo 
S)0 
 KCL ADDED 

O NOSALT0
0.8 
.) 17662-109096 pH22528 p4 I 555 pH,. 0.6 

O r2 . 0.95 

.j0.4 -0 

0.2 

00 

4.0 4.2 4.4 4.6 4.8 5.0 

SOIL pH 

Fo. 6. Relationship of soil pH of an Oxitol aud an Ultisol to soil solution Al concentra
tion and electrical conductivity. 
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E 
0 Y= 1.7256X-0,1184 

2
E r 0.979 
F 2.0 
z 
0 

DS 

oJ_ 00 

1.0- 1HUMATAS CLAY 
0 OCOTO CLAY 
C') 

0 

w 0 0:5 1.0 .5 
EC OF SATURATED PASTE EXTRACT mmho/cm 

0.Fia. 7. Relationship between conductivities of displaced soil solutions and of saturated 
paste extracts of a Coto and a Humatas clay. 

oo
30 

0 - 4 ULTISOLS OF S.E. U.S.A. 
0 AL CONC.- - 464.81-H7UM7HTAC 5.62LAY 

/25-0 COO LA 

uL o 
20 

300 
< 

0 
0 

- 3 
AL CONC. •-

1.5OF PUERTO RICO 
152.60-55.81 pH'l5.08 pH

• 

5 0o C r2l,5 
-, 

-I 50 
0u) IO 00 

00 

U) 0 

i s •00 

3.9 4.1 4.3 4.5 4.7 4.9 5.1 5.3 5.5 5.7 
SOIL pH 

FIG. 8. Soil solution Al concentration in randomly chosen mineral soils of humid-tropical 
P ierto Rico and of the humid-temperate southeastern United States as influenced by soil 
pH.
 

be as unfavorable to )lant growth in soils of the relationship and climatic environment has been 
humid areas of Puerto Rico as in those of the suggested. 
southeastern United States. If true, this could be To test whether such a relationship does exist, 
due either to higher tolerance to acidity on the soil solution Al and soil pH were determined on 
part of the adapted genotypes found in Puerto a number of soils from both Pueto Rico and the 
Rico, or to aI lower level of toxic ions, particu- southeastern United States. All samples were 
larly of Al, in soils developed under humid trop- taken from cultivated fields during the growing 
ical conditions. Large differences in soil solution season at least a month after any fertilizer addi
Al-soil 141 relationship have been shown to exist tion. The results plotted in Fig. 8 show a clear 
among closely related soils (Richburg and difference in soil solution Al content, with the 
Adams 1970), but no connection between this soils from the humid tropical region having a 



sharpyofwsih thsolti Al.n t m wsolution Al and organic matter content. SoilSorgh is 

302 	 BRENES AND 

lower level than those from temperate areas 
throughout the normal acid soil pH range. This 
difference is large enough to account for the 
apparently lower "critical" sGil p1I for plant
growth often observed in Puerto Rico as corn-
gretow oen eredhiPuerat r ascon-
pared to soils in the humid-temperate areas of 
the mainland United States. 

SUNMARY 

Root growth of both corn and sorghum in an 
Oxisol and in an Ultisol was restricted by soil 
acidity, but that of stargrass was not affected 
even at pH 4.0. Corn root development was 
reduced only above 50 percent saturation of 

CEC with Al, although root growth decreas.ed 
sharply wvith the first increment in chemical ac-

tivity of soil solution Al. Sorghum roots were 
highly sensitive to Al, with essentially zero 
growth at 0.113 m.M Al activity in the soil solu-

tion. There was no difference in root growth of 
either species in the Oxisol or Ultisol at the same 
sod solution Al level, which supports the premise 
that root inhibition in acid humid-irolrical soils 
is primarily a result of soil-solution Al toxicity. 

Soil solution Al concentration could not be 
predicted satisfactorily front ptH aone, even for 
predicte saisfatoel fromp11 aon en for 

the same soil, when fre~e electrolyte content wt,'as: 
varied. However, by including EC as a nre:.sure 
of free electrolyte content, Al level wa, c:lcu-
lated with acceptable accuracy using an equation 
developed from the data presented. Electric:l 
conductivity of the saturated paste was closely 
related to, and could be used in caleul'ating, lat 
of the displaced soil solution. 

Representative acid soils from the humid re-

gion of Puerto Rtico, both Ult isols aind O)xi-ols, 
bad consider'dly lower soil-solution Al I hevvIs 

than did those from the southeastern United 
States. This is consistent with the observation 
that "critical" soil pH for plant growth is often 
lower in the soils of Puerto Rico than in those of 
the southeastern United States. 
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