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ABSTRACT 

A greenhouse experiment was conducted to evaluate ' l iainc; '  

potential of different green manures. G r o ~ n d  leafy materials aF  

cowpea (Vigna unguiculata) , leucaena (Leucaena leuccc?phr la) 2i:i; 

guinea grass (Panicunt m a x i m )  were added at 0, 5, 10 and LO 2/47 
to an Ultisol having a soil-water pH 4.0, KCl-extractable A l  - 7 , 6  
c ~ o l d k g ,  A1 saturation = 50% and soil-soluticn A1 = 2.2 @. 

Treatments with Ca(OH)z were established for comparison. Sesbanih 
cochinchinensis, an Al-sensltive tree l e g w e ,  was grown for 4 ~ ~ 5 s  

as a test crop. Biomass production and chemical cogositicn o f  t 5 a  

soil indicated that (i) cowpea and leucaena were inore effective 'Lha;: 

gutnea grass in detoxifying A1 ; for example, the additions c i i  !O 3 

manure per kg soil were equivalent to 1.8 crwi jOH)/kg for g v i n ~ a  

grass, 3.4 for cowpea and 4.2 for leucaena (at least on a short- term 

basis), ( t i )  reduction of soluble A1 at increased p!i as a result u i  

manure additions was the niajor mechanism for A1 detoxificaticn, and 

( i i i )  complexation of soluble A1 by organic mlecules also ccn- 

tributed to the detoxification. 

Copyright 8 1989 by h l r m l  t k k k n ,  Inc. 

BESTAVAILABLE COPY 



15W HUE AND At l IEN 

I r n I O I (  
A l m i n u n  (A1 I\ phytotoxici ty is a nearly universal factor of soil 

acidity which seriously 1 imi ts productivity af many soils around the 

world. Conventional amendaents (e.g., CaCO, or HgCO,) are re1 atively 
expensive and may not be available in many developing countries 

h e r e  neither cash nor transportation is adequate. Alternatives 
~ i s t ~ g  locally available resources must be sought. 

Racent research has shown that the addition of green manures to 

acid soil s reduces A1 phytotoxicity and increases crop yields.31L15 

Complexation of soil solution A1 by decomposition products, 
prrtlcularly low-molecular-weight organic acids, of the added 

residues has been implicated as a major mechanism for A1 detoxifica- 

t~on.~.' Additionally, freshly added organic materials can also 

reduce soluble A1 by adsorbing it on their surface3 and/or precip- 

itating A1 when soil pH is increased as a result of (i) intense 

microbial activities4*' or (i i )  1 igand exchange reactions between OH' 
and organic  anion^.^ Regardless of the rnechanisrn(s) involved and 

4 ts presumably short-1 ived (as compared to CaCO,) nature, the A1 

Cs?oxifying effect o f  green manures still could give young seedlings 

the needed time to establish, become more competitive with weeds 

and/or more tolerant of soil acidity. 
The primary objective of this study was to evaluate the A1 

detoxifying potential of different organic residues which were 
Incorporated into a strong1 y a c i d  U l  tisol. The second objective was 

to identify possible processes responsible for this A1 detoxifica- 

tion. 

EkTERIALS A)ID METHODS 
Prooertles of Sci 1 .  Ranures. and knendments. 

A highly weathered strongly acid Ul tisol (Humoxic Tropohumul t , 
Kancche Series), which had a soii -water pH of 4.0, KC1 -extractable 

A1 of 7.6 cnolJkg, A1 saturation of 50% and soil solution A1 of 2 . 2  
RIM, was used in a greenhouse experiment for A1 detoxification. 

Green manures consisted of ground leafy materials of cowpea (V igna  
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Table 1. Nutr Ien t  values o f  t he  green manures used I n  t he  l i m i n g  

experiment. 

Green manure N P K Ca &I 

Cowpea 3.60 0.41 3.45 1.54 0.37 

Guinea grass 0.85 0.12 1.60 0.57 0.25 

Leucaena 3.81 0.16 1.72 1.05 0.32 

unguiculata)  , guinea grass (Panicum rraxinrum) and leucaena (Leucaena 

1 eucocephala) . These p l a n t  species were selected because they 

wldely grow i n  t he  t r o p i c s  and cowpea, i n  p a r t i c u l a r ,  I s  known f o r  

I t s  a c i d  to lerance.  Table 1 l t s t s  sonre n u t r i t i o n a l  values o f  t h e  

manures. 

Treatments Included conventional l ime  as Ca(OH), a t  0, 1.8, 3.6 

and 7.2 cmol(OH)/kg and manures a t  0, 5, 10 and 20 g/kg f o r  each 

source. To ensure t h a t  A1 t o x i c i t y  was the  so le  f a c t o r  1 i m i t i n g  
growth, basal fertilizers were added to all treatments at (in rng/kg) 

140 N, 200 Ca, 310 P, 390 K, 48 Mg and 64 S.  Each treatment was 
rep l i ca ted  th ree times, and the  experiment had a completc ly 

randomized design. 

Sesbania cochinchinensis, an A1 - s e m i  t i ve t r e e  legume, was grown 

f o r  4 weeks as a t e s t  crop (two seedlings per pot  conta in ing  1 kg 
s o i l  ) . Deionized water was added d a l l y  t o  rep lace evapo-transpira-  

t i o n  loss .  P lant  dry matter  weight and s o i l  chemical composit ion 

were used t o  measure the  1 iming e f fec t iveness of t h e  manures. 

Laboratory Analus1 s. 

S o i l  s o l u t i o n  c o l l e c t i o n .  A c e n t r i f u g a t i o n  procedurelo was used 

t o  c o l l e c t  s o i l  so lu t ions  j u s t  p r i o r  t o  p lan t i ng  (1  week a f t e r  
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treatment i n i t i a t i o n )  f o r  chemical character izat ion.  I n  t h i s  

method, approximately 250 g o f  s o i l  a t  f i e l d  water ho ld ing capaci ty 

was packed i n t o  a modified p l a s t i c  Buchner funnel l i n e d  w i t h  a 

Yhatman no. 42 f i l t e r  paper. The whole assembly was cent r i fuged a t  

1500 g for  30 minutes, pH of the  s o i l  so lu t i on  j u s t  co l l ec ted  was 

immediately measured before s i g n i f i c a n t  CO, might be l o s t .  

Thereafter, t he  s o i l  so lu t i on  was f i l t e r e d  through a 0.45-urn 

micropore membrane and re f r igera ted u n t i l  chemical ana lys is  which 

was done w i t h i n  2 days a f t e r  the  so lu t i on  was co l lec ted.  

Chemical measurements. Soi 1 so lu t i on  A1 was unusually h igh 

(1 0.5 M, even i n  the treatments rece iv ing h igh ra tes  o f  l ime  o r  
manures) ; therefore,  des i rab le  s e n s i t i v i t y  fo r  measurement o f  t o t a l  

so lub le  A1 was achieved w i t h  atomic absorption spectrolaetry using 

a n i t r o u s  oxide flame. 

Exchangeable A1 was f i r s t  extracted w i t h  1 M KC1 and then 

measured by a t i t r i w t r i c  method using d i l u t e  NaOH a f t e r  t he  

add i t i on  o f  KF." Exchangeable Ca was extracted w i t h  I Y NH,OAc, pH 

7.0, then measured w i t h  an atomic absorption spectrometer a f t e r  

LaC1, addi t ion.  

S o i l  so lu t ions o f  those treatments rece iv ing the  highest  r a t e  

o f  Ca(OH),, cowpea o r  leucaena were a lso  analyzed f o r  ox id izab le  
carbon and low-molecular-weight oryanic acids. Soluble ox id izab le  

carbon was determined by the  Mn(1 I I) -pyrophosphate method .12 Organic 

acids were determined w i th  a h igh pressure l i q u l d  chroaatograph 

(HPLC) a f t e r  p u r i f i c a t i o n  o f  the  s o i l  so lu t i on  as fo l lows. One mL 
o f  t h e  so lu t i on  was passed a t  a f l ow  r a t e  o f  0.25 mL/min through a 

coluutn (0.5 a i.d.) packed w i t h  a 0.5-cm l a y e r  o f  AG 1-X8 anion 

exchange res in ,  pH 4.8, i n  formate form (bed volume o f  t he  r e s i n  was 

approximately 0.1 a). Adsorbed anions were displaced w i t h  3 nL o f  

6 M formic acid, which was subsequently removed by dry ing the'e luent 

a t  60 OC. The residue was redissolved i n  5 a H,SO, and analyzed fot 

f ree organic acids w i t h  an HPLC using an h l n e x  HPX-87H s i ze  

exclusion column and a va r iab le  wavelength UV detector.  



f o r  h igh s t a b i l i t y  and s e n s i t l v i t j ,  the HFLC was operated uader 
t s o c r a t l c  (constant mobile-phase corpposition) inode. This requ i res  

two de tcm ina t i ons  per sample, one f o r  a l i p h a t i c  dclds, and another 

fo r  a r m a t i c  acids. The HPLC operat lng condi t ions were as fo l lcws.  

m a t ! c  acid:. Moblle phase, 5 p;fl HzSO,; f low ra te ,  0.5 
aL/min; column temperature, 25 + 2 OC; sample loop, 50 uL; wave- 

length, 210 fun; and absorbance u n i t  f u l l  scale (AUFS), 0.040. 

Aroaat lc acids. Hobtle phase, 5 a H2S0, contaln ing 10% aceto- 

n i t r i l e  (CH,CN); f l ow  rate, 0.6 mL/tain; colurcn temperatu-3, 53 + 1 

O C ;  wavelength, 254 nm; and AUFS, 0.040. A pre l iminary  study had 

Ind ica ted tha t  these operat ing condl t ions were necessary t o  resolve 

c e r t a l n  aromatic aclds t h a t  were unresolvable using the set t ings  f o r  

a1 i p h a t i c  acids. 

Because the ana ly t i ca l  column was h igh l y  se lec t ive  i n  r e t a i n i n g  

low-molecular-weight organic aclds, these aclds were q u a n t i t a t i v e i y  

determined by comparing the re ten t i on  t i r e s  and peak areas o f  w?:- 
so lu t i on  chromatograms w i th  those o f  HPLC-grade chemical standard: 

t ha t  had undergone the same r e s i n  treatment as prevfously described 

for  the unknowns. 

RESULTS AND DISCUSSION 

L imln~ Effectiveness o f  the Green Manurest 
Since Ca was adequately added t o  a l l  treatments o f  t h i s  U l t i s a i ,  

t he  response o f  Sesbania  cochinchinenesis t o  Ca(OH), appl icat l r jn 

ra tes  was a strong i n d i c a t i o n  o f  A1 t o x i c i t y  (Table 2). Btcnass 

product ion (dry matter  weight o f  shoots and roo ts )  increased 

exponent ia l ly  from 0.54 g/pot i n  the unamended t o  5.49 g/pot a t  t ! : ~  

highest I lme r a t e  o f  7.2 cmol (OH)/kg. I n  fac t ,  t h i s  r a t e  might have 

been less  than adequate f o r  maximum growth (complete Al de tox i f i ca -  

t i on )  as indicated by a steady and pos i t i ve  increase i n  the slope 

o f  the  curve descr ib ing shoot dry  weight as a funct ion  o f  CajOil), 

addi t ions (Fig. 1). 

Using p lan t  growih as a measure of A1 de tox i f i ca t i on ,  i t  i s  

evident tha t  cowpea and leucaena were qu i te  e f f e c t i v e  as " l i ; n i q n  

sources (Table 2 ) .  For example, the 5 g cowpea per kg so41 y ie lded  
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Table 2. Biomass o f  Sesbania, and s o i l - s o l u t i o n  pH, s o i l - s o l u t i o n  

A l ,  exchangeable A1 and Ca as funct ions o f  l i m e  

o r  green manure addit ions.  

Appl ica t ion  Biomass Soi 1  so lu t ion  Exchangeable 

r a t e  top  roots  Tota l  pH A1 A l t  Ca* 

2.24 3.83 0.73 

2.94 4.02 0.67 
6 .39  4.21 0.58 

Guinea grass, g/kg 

0.19 3.88 2.15 

0 .25  3.90 2.43 

2.15 4.12 0.87 

Leucaena , g/kg 

0 .92  3.95 1.89 

5.23 4.08 0.93 

7.31 4.20 0.58 

~ x t r a c t e d  w f  t h  1 H KC1. 
$Ext rac ted  w i t h  1 NH,OAc, pH 7.0.  
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Fig. 1. Shoot d r y  weight o f  Sesbania seedl ings as a f c n c t i o n  o f  

Ca (OH), added. 

2.24 g biornass/pot which was p r a c t i c a l l y  i d e n t i c a l  t o  2.25 g/pot 

produced by the  Ca(OH)2 t reatment  o f  3.6 cmol (OH)/kg. The e f f e c t  o f  

leucaena add i t i ons  was even more dramat ic :  w h i l e  i t s  lowest  r a t e  ( 5  

g/kg) was l e s s  e f f e c t i v e  than t he  corresponding cowpea ra te ,  the 
other two rates  (I0 and 20 g/kg) surpassed those o f  cowpea (and 

l ime )  i n  terms of d e t o x i f y i n g  A1 (Fig.  2) .  By con t ras t .  amendments 

w i t h  guinea grass reduced growth a t  the  two lower r a tes  r e l a t i v e  t o  

t he  unamended (Fig. 2). I t was no t  c l e a r  as t o  how t h i s  g r ~ w t h  

reduc t i on  a c t u a l l y  occured bu t  i t  i s  probable t h a t  the n u t r i e n t - p o c r  

grass might have t i e d  up s o i l  nu t r i en t s ,  p a r t i c u l a r l y  n i t r o g e n  an3 

m ic ronu t r i en t s ,  t h a t  would o the ru i se  be a v a i l a b l e  t o  t h e  sesbania 
seedl ings.  The 20 g grass/kg produced a growth increase, b u t  i t s  

magnitude was much smal le r  than those or cowpea o r  leucaena (Fig.  

2) 

Poss ib l e  Processes Res~onsl b l  e f o r  A1 Detoxl  f l c a t i o n  by t h e  Green 

Panures . 
The growth response o f  sesbania seedl ings t o  Ca(GH)2 o r  green 

manure add i t i ons  can be a t t r i b u t e d  p r i m a r i l y  t o  pH increases and 
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Biomass, g/pot 

Fig.  2. Biomass product ion o f  Sesbania seedlings as funct ions of 

green manure sources and ra tes .  

consequent decreases i n  A l ,  both soluble and exchangeable (Table 2 ) .  

For example, t he  highest  add i t ion  r a t e  o f  cowpea increased s o i l  
s o l u t i o n  pH from 3.80 t o  4.21 and decreased so lub le  A1 from 2.17 t o  

0.58 my. The product ion o f  OH- from Ca(OH),, which r a i s e d  s o i l  pH 

and p r e c i p i t a t e d  A1 , was we1 1 documented and understood, bu t  the OH- 

re leas ing  e f f e c t  o f  green manure add i t ions  was more i n t r i g u i n g .  I t  
i s  poss ib le  t h a t  ( i )  a reducing environment was created s h o r t l y  
a f t e r  green manure add i t ions  as a r e s u l t  o f  intense microb ia l  

a c t i v i t i e s ,  which i n  t u r n  dissolved s o l i d  Mn and Fe oxides and 

produced OH- as proposed by Asghar and Kanehiro,' and i l l u s t r a t e d  

be1 ow: 

HnO, t 2 H* t 2 e- <-I=> nnZ+ t 2 OH- 

and/or (i i ) 1 igand exchange react  ions occurred by which terminal 

OH'S o f  A1 o r  Fe hydroxy oxides were replaced by organic anions, 
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Soil solution DH 

Fig. 3.  Relationship between soil-solution pH and amounts of 

Ca (OH), added. 

decomposltlon products of the manures, such as malate, citrate and 

tartrate. These reactions can be illustrated as f~llows."~~' 

I OH , COO- I ,P - C,  
\ / ;  

A1 + R <---> '11 
/ 

R +2w- 
\ :  

OH 
\ coo- I ' o -  I c '  u 

Further work is required to elucidate these mechanisms, however. 
In term of pH increase, regardless of aechanistn(s) involved, a 

practical application can be-made by estimating 1 ime equivalence of 

the added green manures. A lime tltratlon curve (Fig. 3) was used 
to estimate that additlons of 10 g manure/ky were equivalent to 1.8, 

3.4 and 4.2 cml(OH)/kg for guinea grass, cowpea and leucaena, 

respectively. In terms of reducing soluble Al, however, cowpea was 

the most effective and guinea grass the least effective of the 

manure sources (Fig, 4). This discrepancy suggests that the 

rflat ionship between pH and soluble A1 in manure-amended soils 

varied slgniflcantly with the manure source. In fact, when biomass 
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Total Soluble Al, mmol/L 

Fig.  4 .  Total  soluble A1 r e l a t i v e  t o  r a t e  and source o f  s o i l  

amendments. Manure ra tes  were 0 ,  5 ,  10 and 20 g/kg and 

Ca(OH), ra tes  were 0, 1.8, 3.6 and 7.2 cmol (OH)/kg. 

Total Soluble Al, mmole/L 

Fig.  5. Biomass production o f  Sesbania cochfnchinenesis grown i n  

d i f f e r e n t  A1 detox i fy ing  treatments as a funct ion o f  t o t a l  

soluble A1 . 
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Table 3. So lub le  carbon and o rgan ic  ac i ds  i n  s o i l  s o l u t i s n  o f  

se iec ted  t reatments.  

0xi.dizable Organic ac ids  i n  s o i l  s o l u t i o n  

Treatment c t c i t r i c  G a l l i c  Pro t?  P h t h a l i c  

Cowpea, 20 g/kg 8.5 

Leucaena 4.3 - - 3.9 - - - - 
(20 g/kg) 

+ ~ e a s u r e d  by t he  method o f  B a r l e t t  and ROSS."  

* ~ r o t o c a t e c h u i c  ac id .  

 on detec tab le .  The de tec t i on  l i m i t s  ( i n  urn) f o r  c i t r i c ,  g a l l i c ,  

p ro toca techu ic  and p h t h a l i c  were 5, 0.05, 0.05 and 0.02, r espec t i ve -  

l y .  

was p l o t t e d  as a f u n c t i o n  o f  t o t a l  so l ub l e  A l ,  i t  was c l e a r  t h a t  

sesbania seed l ings  grew b e t t e r  i n  t h e  leucaena o r  cowpea t reatments 

r e c e i v i n g  20 g/kg than i n  the  t reatment  r e c e i v i n g  7 .2  crnol(OH)/kg 

as Ca(OH), even though so l ub l e  A1 concent ra t ions  i n  t he  former were 

g r e a t e r  than i n  t h e  l a t t e r  (F ig.  5, t h ree  da ta  p o i n t s  w i t h  bioaass 

> 5.5 g i p o t ) .  Th is  suggests t h a t  a l though t o t a l  A1 concent ra t ions  

i n  t h e  s o i l  s o l u t i o n  were s i m i l a r ,  t he  forms o f  so l ub l e  A1 were 

p robab ly  d i f f e r e n t  among those s o i l s  amended w i t h  leucaena o r  cowpea 

and those w i t h  l ime,  and t h a t  these A1 species d i f f e r e d  s i g n i f i c a n t -  

l y  i n  t h e i r  p h y t o t o x i c i t y .  
So lub le  carbon da ta  and organic  a c i d  concen t ra t i ons  measured by HPLC 

st rong1 y support these p r e d i c t i o n s  (Table 3 ) .  The s o i l  s o l u t i o n s  

o f  the  leucaena and cowpea t reatments con ta ined  n e a r l y  5 and 10 

t imes more so l ub l e  carbon than t h e  l imed s o i l .  Furthermore, severa l  
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s t rong A1 complexing organic acids, such as c i t r i c  and ga l  1  i c ,  were 

found i n  t h e  manure-amended so i l s .  I t has been we l l  establ ished 

t h a t  these o rgan i ca l l y  complexed A1 species are not  phy to tox i c .6~7  

S M R Y  AND CONCLUSIONS 
This study demonstrated t h a t  ( i )  green manures can subs t i t u te  

f o r  l ime  i n  de tox i f y i ng  A1 ( a t  l e a s t  on a  sho r t - t e rn  basis) ,  ( i i )  

l i m i n g  e f fec t iveness o f  t he  manures var ied  w i t h  r a t e  and source, 

( i  i i )  reduct ion  o f  soluble A1 (by p r e c i p i t a t i o n  a t  increased pH o r  

chel  a t i o n  on organic c o l l o i d s )  resu l t ed  from manure add i t ions  was 

the  major mechanism o f  A1 de tox i f i ca t i on ,  and ( i v )  complexation of 

so lub le  A1 by organic molecules, espec ia l l y  organic acids, a1 so 

cont r ibu ted s i g n i f i c a n t l y  t o  the A1 de tox i f i ca t i on .  
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