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In acid soils, Al toxicity and nutrient deficiencies are main constraints for low yield of 
cacao (Theobroma cacao L.). A controlled growth chamber experiment was conducted to 
evaluate the effect of three Al saturations (0.2, 19, and 26%) adjusted by addition of dolo- 
mitic lime on growth and nutrient uptake parameters of cacao. Overall, increasing soil Al 
saturation decreased shoot and root dry weight, stem height, root length, relative growth 
rate, and net assimilation rate. However, increasing soil Al saturation increased leaf area, 
specific leaf area (total leaf aredtotal leaf dry wt), and leaf area ratio (total leaf area/ 
shoot+root wt). Increasing soil Al saturation decreased uptake of elements. Nutrient 
influx (IN) and transport (TR) decreased significantly for K, Ca and Mg, and showed an 
increasing trend for S and P as soil Al saturation increased. However, increasing soil Al sat- 
uration significantly increased nutrient use efRciency ratio (ER, mg of shoot weight pro- 
duced per mg of element in shoot) of Ca, M g  and K and decreased ER for other elements. 
Reduction of soil acidity constraints with addition of lime and fertilizers appear to be key 
factors in improving cacao yields in infertile, acidic, tropical soils. 

Key Words: net assimilation rates, nutrient influx and transport, nutrient use emciency, 
relative growth rate, Theobroma cacao. 

Cacao (Theobroma cacao L.) is grown on wide range 
of soil types and often these soils are leached, acidic and 
low in P, N, Ca, Mg and other essential nutrients (Hardy 
1960; Smyth 1966; Wood and Lass 2001). Cacao grown 
soils have become infertile and more acidic due to lack 
of proper fertilizer and liming practices, long term culti- 
vation and use of other inappropriate management prac- 
tices (Hardy 1960; Smyth 1966; Wessel 1971; Wood and 
Lass 2001). In highly weathered tropical soils, loss of 
nutrients through erosion and leaching has accelerated 
soil degradation and exhaustion of essential nutrients 
(Baligar and Fageria 1997; Sanchez and Salinas 1981). 

In West Africa and Brazil cacao is widely grown on 
either neutral or slightly acidic soils (Santana and Caba- 
la-Rosand 1984). In east Malaysia, on granitic soils, 
poor cacao performance was related to high soil acidity 
and exchangeable A1 and low base saturation, and 
exchangeable Ca (Ng et al. 1970). In acidic soils, the 
toxicities of Al, Mn and H and deficiency of essential 
nutrients are largely responsible for low yields of cacao 
(Wessel 1971; Santana and Cabala-Rosand 1984; 
Nakayama et al. 1987, 1988; Cabala-Rosand et al. 
1989). Under field conditions, A1 saturation higher than 
15% appears to be toxic to cacao growth (Santana et al. 
1971; Wood and Lass 2001). Nakayama et al. (1987, 

1988) reported significant improvement in biomass pro- 
duction in cacao grown on Oxisols and Ultisols due to 
liming. 

Deficiency of P, Ca, Mg, Zn and Fe in cacao culture 
have been reported (Cabala-Rosand et al. 1989; Wilson 
1999). Cacao reported to have higher nutrient require- 
ments than other plantation crops when grown on infer- 
tile acidic soils (Cabala-Rosand et al. 1989). Differences 
in nutrient uptake and use efficiency and growth among 
plant species have been related to shoot demand for 
nutrients and dry matter production potentials per unit 
of nutrient absorbed (Baligar and Fageria 1997; Baligar 
et al. 2001). However, there are limited published work 
relating cacao growth in acid soils and its nutrient 
demand. Acidity is a major degradation factor of soils 
under cacao. Soil acidity constraints, especially high 
levels of soil exchangeable A1 on growth and mineral 
nutrition of cacao are not well understood. The objec- 
tives of present study were to evaluate the effects of 
varying soil A1 saturations on growth (shoot and root 
growth, root length, leaf morphological parameters, 
shoot/root ratio, relative growth rate, net assimilation 
rate) and nutrient uptake (uptake, influx, transport, nutri- 
ent use efficiency ratio) parameters of cacao. 



710 V.C. BALIGAR and N.K. FAGERIA 

MATERIALS AND METHODS 

Soil and Al saturations. Acidic Porter soil (coarse- 
loamy, mixed mesic, Umbric Dystrochrept) from Ten- 
nessee (USA) was used. Three levels (26, 19, and 0.2%) 
of Al saturations were obtained by mixing soil with 0.5, 
2.0, and l o g  kg-’ of dolomitic lime. To all A1 treat- 
ments, a basal fertilizer of 75 mg N, 100 mg P, 100 mg 
K, 5.0mg Zn, 5.0mg Cu, 1.0mg B, and 0.1 mg Mo 
was applied per kg of soil and incubated for 3 weeks at 
33 kPa moisture tension. Addition of the 3 levels of 
dolomitic lime and the basal fertilizer to soil resulted 
pHw of 4.3, 4.4 and 5.3; exchangeable Ca (cmol kg-’) 
of 1.3, 1.6 and 4.6; exchangeable Mg (cmol kg-I) of 
0.59, 1.24 and 4.58 and H+AI (cmol kg-I) of 4.14, 3.09 
and 0.22 and Bray-I P (pg g-’) 25, 27 and 22, respec- 
tively. Soil chemical analysis was done at the A & L 
Eastern Agricultural Lab, Richmond, VAr. Exchange- 
able cations were determined by adapting methods of 
Knudsen et al. (1982) and Lanyon and Heald (1982), 
exchange acidity and Al were determined by Yuan 
(1959) method and P was determined by adapting Olsen 
and Sommers (1982) method. 

Growth conditions. Pods of cacao “comum” cul- 
tivar were received from Brazil. Seeds were removed 
from pods and planted in sand and perlite mixture ( I :  I 
volume). Seedlings were raised in the greenhouse and 
on d 10, were transplanted to 2 kg capacity plastic pots 
containing soil having various levels of Al saturation. 
Plants were grown in a growth room at 28°C tempera- 
ture, 75% RH, with photosynthetic photon flux density 
(PPFD) of 350 pmol rn-, s-I, for 14 h d-I. All experi- 
mental units were replicated 5 times. Plants were grown 
for 90d and at harvest. At harvest, leaf area (Li-Cor 
model 300 leaf area meter, Li-Cor Inc., Lincoln, NE) 
and root length (Comair Root Length Scanner, Hawker 
de Haviland, Melbourne, Victoria, Australia) were 
recorded. Shoots and roots were washed in deionized 
water, blotted dry, oven dried at 70°C for 5 d and 
weighed. Chemical analysis of the shoot samples was 
done at the A & L Southern Agricultural Lab, Pompano 
Beach, FL. Plant elemental compositions were deter- 
mined by adapting the modified methods suggested by 
Wolf (1982). Briefly, shoot samples were wet digested 
in concentrated sulfuric acid and 30% hydrogen perox- 
ide for elemental determination. Sulfur was determined 
by digesting plant samples in a muffle furnace at 600”C, 
with magnesium nitrate and dissolving the ash in HCl. 
Cations were determined by an Atomic Absorption 
Spectrometer (Perkin Elmer Analyst 400). N, S, and P 
were determined by a spectrophotometer (Gilford 
STASR 11). 

’ Mention of trademark, proprietary product, or vender does not 
constitute a guarantee or warranty of the product by the US 
Dept. of Agriculture and does not imply its approval to the 
exclusion of other products or venders that also may be suitable. 

Determination of growth and nutrient uptake 
parameters. The following growth parameters are 
based on measurements on plants made at harvest on 90 
d of growth. For RGR, NAR, IN and TR determinations, 
an initial harvest was made on the 10th d of growth. 

Specific Leaf Area (SLA, cm’ g-’)=[Total leaf area, 
cm’ /Total leaf dry wt, g] 

Leaf Area Ratio (LAR, cm2 g-’)= [Total leaf area, cm’/ 
ShootfRoot wt, g] 

Leaf/Shoot Ratio (L/S)= [Leaf dry wt/Shoot dry wt] 
Root/Shoot Ratio (R/S)=[Wr/Ws], where Wr is root wt 

and Ws is shoot wt. 
Relative Growth Rate (RGR)=[In (Wt2/Wtl)/(T2- TI)], 

where, Wt is total wt (shoot+root), T is time in d, 1 and 2 
refer to initial and final harvest. 

Net Assimilation Rate (NAR)= [RGR/LAR] 
Nutrient Influx (IN) = [ (U,-U,)  / (T2-T,)]  [(lnWrz- 

InWr,) / (Wr,- Wr’)], where, U refers to elemental content 
in shoot (mmol/plant) and T is time in s, subscripts 1 and 
2 refer to initial and final harvest time. 

Nutrient Transport (TR)=[(U,-U,)  / (T2-T,)]  [(lnWsz- 
In Ws I )/( Ws, - Ws I 11 

Nutrient Use Efficiency Ratio (ER)=[mg of Ws/mg of 
any given element in shoot] 

Details of the methods used for determination of plant 
growth, nutrient uptake and physiological parameters 
were described by Ziska and Bunce (1994), Baligar and 
Fageria (1997), Bunce (1997) and Baligar et al. (2001). 
Data were subjected to analysis of variance using a gen- 
eral linear model (GLM) procedures of SAS (Ver. 8, 
SAS Institute, Cary, NC). 

RESULTS AND DISCUSSION 

Growth parameters 
In many tropical acid soils, toxic levels of H, A1 and 

Mn and deficient levels of essential nutrients such as Ca, 
Mg, N, P and micronutrients are probable major factors 
for low yields of cacao (Wessel 1971; Santana and 
Cabala-Rosand 1984; Nakayama et al. 1987, 1988; 
Cabala-Rosand et al. 1989). In our experiment, increas- 
ing soil Al saturation decreased shoot and root biomass, 
stem height, root length, relative growth rate (RGR) and 
net assimilation rates (NAR) (Table I ) .  In pot studies, 
cacao has shown a negative correlation between biomass 
production and soil Al saturation (Santana and Cabala- 
Rosand 1984). Increasing soil Al saturation tended to 
decrease leaf wt; however it increased leaf area (LA), 
specific leaf surface area (SLA), leaf wt/shoot wt ratio 
(L/S) and leaf area ratio (LAR). These results suggested 
that soil acidity tended to reduce the thickness of leaves, 
but increased their surface area. However soil Al satura- 
tions had significant effects only on biomass accumula- 
tion of shoot and root, SLA, LAR, RGR and NAR. It 
has been extensively reported that the poor productivity 
of plants grown in acid soils is due to combinations of 
toxicities (Al, Mn and H) and deficiencies of essential 
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Table 1. 
parameters of cacao. 

Effect of soil A1 levels on shoot and root growth 

% Soil Al saturation 

26 19 0.2 
Parameters Significance 

Shoot wt 
Root wt 
Stem ht 
Root length 
Leaf area 
Leaf wt 
SLA 
LAR 
L/S 
R/S 
RGRX 
NARX 10-4 

g plan-' 4.17 

cm plant-' 30.70 
m plant-' 31.24 
cm2 plant-' 798 
g plant-' 2.83 
cm2 g-' 283.06 
cm2 g-' 156.7 1 

0.68 
0.24 

g g-' d-'  2.80 
g cm-2 d-' I .83 

g plan-' 0.99 
4.82 
1.01 

33.50 
26.92 

729 
3.18 

230.75 
125.84 

0.66 
0.21 
2.90 
2.35 

5.48 
1.38 

32.50 
34.98 

777 
3.50 

223.67 
113.23 

0.64 
0.25 
3.10 
2.77 

*. 

NS 
NS 
NS 
NS 

* 

** 
* 

NS 
NS 
* 
** 

Table 2. Effect of soil Al levels on uptake (U, mg plant-') 
and nutrient use efficiency ratios (ER, mg shoot/mg-' element in 
shoot) of macronutrients in cacao. 

% Soil A1 saturation 
Significance 

19 0.2 Ele- 26 
ments 

U ER U ER U ER U ER 

N 83.03 50.3 83.86 58.8 100.07 55.0 NS NS 
P 4.48 965.2 5.22 970.6 4.67 1194.4 NS NS 
S 4.78 873.2 4.55 1,072.2 5.42 1.020.7 NS NS 
K 63.21 65.8 71.00 70.1 104.23 52.6 ** * 
Ca 32.50 128.0 53.33 90.9 57.12 95.4 ** ** 
Mg 20.91 199.0 33.25 145.0 41.85 135.7 ** ** 

* and ** Denote values in each row are significant at 0.05 and 0.01 
levels of probability, respectively. NS=Not significant. 

* and ** Denote values in each row are significant at 0.05 and 0.01 
levels of probability, respectively. NS=Not significant. 

nutrients (N, P, Ca, Mg, Fe, and Zn) (Foy 1984). In acid 
soils liming has improved cacao growth (Nakayama et 
al. 1987, 1988). 

Nutrient uptake (U) and efficiency ratio (ER) 
With the exception of K there is a decline in all essen- 

tial nutrients in a soils under long term cocoa cultivation 
(Hardy 1960; Wessel 1971; Wilson 1999; Wood and 
Lass 2001). In our study the uptake of elements 
decreased with increasing soil A1 saturation; however, 
significant differences were observed only for the uptake 
of K, Ca and Mg (Table 2). Low nutrient uptake by 
plants in acid soils is due to the presence of high levels 
of A1 and H which interfere with uptake of P, K, Mg and 
Ca, and to A1 toxicity which limits root growth (Foy 
1984; Fageria and Baligar 2003). Aluminum toxicity 
creates shallow roots and low root density, thereby hin- 
dering the ability of plants to explore a large enough soil 
volume to obtain many essential elements required for 
growth (Foy 1984; Baligar and Fageria 1997; Keltjens 
1997). A1 toxicity induces formation of thick roots 
which are less efficient in taking up nutrients such as P 
(Keltjens 1997). In the present study reduction of 
exchangeable A1 from 26 to 0.2 cmol kg-' by addition 
of dolomitic lime increased the root and shoot biomass 
accumulation by cacao. Significant improvement in bio- 
mass production in cacao was achieved by liming of 
acidic Oxisols and Ultisols soils of Bahia, Brazil 
(Nakayama et al. 1987, 1988). In their study, liming of 
Ultisols reduced concentrations of Mn and Zn and 
increased concentrations of N, P, K, Ca and Mg in 
cacao. Phosphorus is the major limiting nutrient in 
almost all soils in which cacao is grown (Ahenkorah 
1981). In many parts of the world deficiencies of P, Ca, 
Mg, Zn and Fe in cacao have been widely reported 
(Loue 1961; Cabala-Rosand et al. 1989; Wilson 1999). 
In the present study lime application to acid soil 
improved uptake of P, Ca, and Mg by cacao. 

Differences in nutrient uptake and use efficiency 

among plant species have been related to dry matter pro- 
duction potentials per unit of nutrient absorbed, nutrient 
absorption, translocation and shoot demand (Baligar et 
al. 2001). Increasing soil A1 saturation significantly 
increased the ER for Ca, Mg, and K (Table 2). However 
with few exceptions overall increasing soil A1 satura- 
tions tended to decrease ER for N, P and S. Nutrient 
demand by plants for any given nutrient is a function of 
its rate of growth and internal ionic concentration (Bali- 
gar et al. 2001). Reduction in biomass accumulation in 
shoot due to presence of phytotoxic levels of A1 in 
growth medium reduced cacao demand for nutrients and 
lowered its nutrient uptake. Long-term intensive cacao 
cultivation, non existence or inadequate fertilizer and 
lime inputs and loss of nutrients through erosion and 
leaching invariably lead to degradation of land and low- 
ering of soil fertility and cacao productivity (Wood and 
Lass 2001). Therefore, soil amendments that enhance 
soil fertility and reduces soil acidity could improve ER 
for essential nutrients in plants. Improved ER for essen- 
tial nutrients could enhance production of cacao grown 
on degraded infertile soils. The ER values are useful in 
assessing the ability of plants to use absorbed nutrients 
efficiently or non-efficiently and also as a tool to screen 
for more efficient cultivars. 

Nutrient influx (IN) and transport (TR) 
With few exceptions, increasing soil A1 saturation 

tended to increase IN for N and S, and decrease IN for 
K, Ca, and Mg (Table 3). Influx for P increased with 
decrease in soil A1 saturation from 26% to 19% and then 
decreased with further decrease in soil A1 saturation. 
Increasing soil A1 saturation tended to increase TR for S 
and decreased TR for K, Ca and Mg (Table 3). The TR 
for P slightly increased with decrease in soil A1 satura- 
tion from 26% to 19% and a further decrease in soil A1 
saturation reduced TR for P. However, TR for N 
decreased as soil A1 saturation decreased from 26% to 
19% but further reduction in A1 saturation to 0.2% 
increased the TR. Overall, soil A1 saturations had sig- 
nificant effects only on the IN and TR of K, Ca and Mg. 
No previous information is available on the influence of 



712 V.C. BALIGAR and N.K. FAGERIA 

Table 3. Effect of soil Al levels on influx (IN, pmol g root-' 
s-I) and transport (TR, pmol g shoot-' SKI) of macro nutrients in 
cacao. 

% Soil A1 saturation Significance 
Elements 26 19 0.2 

IN TR IN TR IN TR IN TR 

N 1,770 470 1,730 427 1,710 472 NS NS 
P 31 8 40 9 25 7 NS NS 
S 44 12 41 9 41 11 NS NS 
K 441 118 494 121 620 171 * * 
Ca 244 65 494 99 354 98 ** ** 
Mg 259 69 421 102 418 116 * ** 

* and ** Denote values in each row are significant at 0.05 and 0.01 
levels of probability, respectively. NS=Not significant. 

A1 on IN and TR of essential nutrients in cacao. Interac- 
tion of plant genetic and physiological components with 
properties and nutrient status of soil profoundly affect 
the plants ability to acquire and transport nutrients (Ger- 
loff and Gabelman 1983; Vose 1984; Baligar and Fage- 
ria 1997). Root morphological parameters such as 
length, surface area, volume and dry weight, and physi- 
ological condition of plants, such as nutrient demand 
and rate of growth are known to profoundly influence 
the nutrient uptake parameters (U, IN, TR) (Baligar and 
Fageria 1997; Keltjens 1997; Baligar et al. 2001). Alu- 
minum is known to affect the physiological parameters 
of shoot and roots (Foy 1984). In the current study, 
higher soil A1 saturations reduced root biomass and root 
length and such reduction might have contributed to 
reduced IN of slow diffusing cations such as Ca, Mg and 
to some extent K near the root soil interphase (Baligar 
and Fageria 1997). 
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