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Abstract: Soil acidity and phosphorus (P) deficiency are some of the major causes of low maize yields in Kenya. Although 

considerable work has been done to establish liming rates for acid soils in many parts of the world, information on the effects of 

the lime-Al-P interactions on maize growth and yield is limiting. A green house pot experiment was conducted at Waruhiu 

Farmers Training Centre, Githunguri to evaluate the effects of lime-Al-P interactions on maize growth and yield in acid soils of 

the Kenya highlands. Extremely acidic (pH 4.48) and strongly acidic (pH 4.59) soils were used for the study. Four lime (CaO) 

rates and phosphorus (Ca (H2PO4)2 rates were used. The liming rates were: 0, 2.2, 5.2 and 7.4 tonnes ha
-1

 for extremely acidic soil 

and 0, 1.4, 3.2, and 4.5 tonnes ha
-1

 for the strongly acidic soil. Phosphorus applications rates were: 0, 0.15, 0.30 and 0.59 mg P 

kg
-1

 soil for the extremely acidic soil and 0, 0.13, 0.26, and 0.51 mg P kg
-1

 for strongly acidic soil. The experiments were a 4
2
 

factorial laid down in a Randomized Complete Block Design (RCBD) and replicated three times. Data collected included: plant 

height, number of leaves, P-uptake and maize dry matter yield. Lime-Al-P interaction significantly (P≤ 0.05) increased P 

concentrations in maize tissues, maize height, dry matter yields. Use of 7.4 tonnes ha
-1

 in extremely acidic soils and 4.5 tonnes 

ha
-1

 in strongly acidic soils significantly (P≤ 0.05) increased maize height compared to lower lime rates. Phosphorus uptake and 

dry matter yields did not however, vary when 7.4 tonnes ha
-1

 lime was combined with either 0.59 mg P kg
-1

 or 0.3 mg P kg
-1

 in 

extremely acidic soils, and 4.5 tonnes ha
-1

 was combined with either 0.51 mg P kg
-1

 or 0.26 mg P kg
-1

 in strongly acidic soils. It 

was, therefore, concluded that lime and P positively interact to reduce Aluminium toxicity in the soils and improve maize growth, 

P uptake and yields in acid soils in the Kenya highlands. However, further research is required to evaluate long term effects of the 

interactions on crop yields, uptake of plant nutrients under field conditions. 
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1. Introduction 

In highly weathered, acid soils around the world, P, Ca, and 

Mg deficiencies and aluminum (Al) and manganese (Mn) 

toxicities are the most important nutritional and/or element 

disorders that limit crop yields [1,2]. Phosphorus deficiency in 

such soils is attributed to adsorption of P by Al/Fe oxides and 

hydroxides, such as gibbsite, hematite, and goethite [3]. The 

phosphorus is first adsorbed on the surface of clay minerals 

and Fe or Al oxides by forming various complexes. Non - 

protonated and protonated bidentate surface complexes may 

coexist at pH 4 to 9, while the protonated bidentate inner 

sphere complex is predominant under acidic soil conditions [4, 

5]. Phosphorus may also be occluded in nanopores that 

frequently occur in Fe / Al oxides, and thereby become 

unavailable to plants [5]. 

Aluminium toxicity is a major growth limiting factor for 

crop production in acid soils [6]. It impedes both cell 

elongation and cell division leading to reduced root growth [7, 

8] hence reduced ability of the plant to explore the soil volume 

for nutrients and water leading to nutrient and water stress. 

Aluminium toxicity can also interfere with active ion uptake 

processes across the root-cell plasma membrane [7]. 
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Liming modifies the physical, chemical and biological 

characteristics of soil through its direct effect on amelioration 

of soil acidity [9, 10, 11]. It also plays an indirect role of 

mobilization of plant nutrients, immobilization of toxic heavy 

metals and improvement of soil structure [12]. Physical 

amelioration of lime occurs through flocculation of colloid 

particles which leads to changes in surface potential and 

charge densities [13] while chemical amelioration of lime 

occurs through increased Ca
2+

 and /or Mg
2+

 ions in the soil 

solution and increased soil pH, thereby reducing the activities 

/ concentrations of Al
3+

 and Fe
3+

, H
+
, Mn

4+
 and Fe

3+
 ions in the 

soil solution. Liming also improves microbiological activities 

of acid soils, which in turn can increase dinitrogen fixation by 

legumes and liberate nitrogen (N) from incorporated organic 

materials. 

Although liming of acid soils has been shown to have a 

variable effect on P sorption capacity, increased sorption on 

limed soils is attributed to formation of active x-ray 

amorphous Al hydroxyl polymers, which actively sorb more P 

than Al
3+

 [14].The active Al hydroxyl polymers formed can 

also coat the surfaces of minerals, thereby affecting their 

surface charge characteristics [15] and P sorption of the soils. 

Liming an acid soil to above about pH 5.5 has also been 

reported to increase plant growth [16]. This positive growth 

response to lime has been attributed to amelioration of 

Al-toxicity and / increased P availability [17, 18]. However, 

high rates of lime, which increase the pH values above 6.5, 

have been reported to depress plant growth [16, 19]. The 

decrease in yields have been attributed by [16] to three 

possible reasons, namely, reduction of infiltration due to 

formation of smaller soil aggregates, micronutrient 

deficiencies at higher pH and induced P deficiency due to 

formation of insoluble calcium phosphate (Ca-P) compounds. 

However, [20] attributed the yield decrease to Al reactions in 

the soil where the level of exchangeable Al at a given pH 

reflected the reactivity of the aluminium surfaces which, in 

turn, governed the solubility of P. 

Kenyan soils, similar to other agricultural soils of the 

tropics, have low available P, high Al concentrations and high 

P-fixation capacities [21, 22, 23] attributable to extensive 

weathering and dominance of Al, Fe, and Mn oxyhydroxides 

and 1:1 layer silicates and extensive leaching of the basic 

cations and high concentration of Al
3+

 and Fe
3+

 in the soil 

solution and on the cation retention sites and the soil colloids. 

Under these situations, an appropriate combination of lime 

and P is an important strategy for improving field crops yield 

in highly weathered soils. Several workers have tested and 

documented the effect of liming on nutrient availability in acid 

soils of the western highlands of Kenya [22, 24, 25]. However, 

information on the interaction of lime, Al and P to ensure 

optimal availability of P as assessed by plant uptake in Kenya 

highlands soils is limiting. The objective of this study was, 

therefore, to evaluate the effects of lime-Al-P interaction on P 

uptake, maize growth and yield. 

2. Materials and Methods 

2.1. Experimental Layout, Design and Crop Husbandry 

A greenhouse pot experiment was carried out at Waruhiu 

Farmers’ Training Centre, Githunguri, Kiambu County. Two 

composite soil samples representing extremely acid (pH 

4.0-4.5) and strongly acidic (pH 5.0-5.5) soils, as described by 

[9] were used in the study. The experiments were a 4
2 
factorial 

laid down in a Randomized Complete Block Design (RCBD) 

and replicated three times. The treatments were lime 

application rates and phosphorus application rates. Liming 

rates were chosen to obtain 0, 30, 70 or 100% reduction in 

amounts of M KCl-extractable Al originally present in the soil 

while the phosphorus levels added were: 0, 0.5, 1 or 2 times 

the standard phosphorus requirement (SPR) of the tested soils 

(Table 1). Burnt lime (CaO) containing about 21% calcium 

oxide was used in this study while triple superphosphate 

fertilizer [Ca (H2PO4)2] as used as P- source. 

Table 1. Actual amounts of phosphorus and lime added in the acid soils. 

 
Lime added (tones ha-1) P added (g P kg-1 soil) 

Soil 0% 30% 70% 100% 0 SPR 0.5 SPR 1 SPR 2 SPR 

Extremely Acidic 0 2.2 5.2 7.4 0 0.15 0.30 0.59 

Strongly Acidic 0 1.4 3.2 4.5 0 0.13 0.26 0.51 

SPR-Standard phosphate requirement 

Five kilogramme composite soil samples for both 

extremely and strongly acid soils were measured and put in 

nine litre plastic pots. The different lime levels were measured 

and incorporated into the soil samples by thoroughly mixing 

and incubating at field capacity for a period of 21 days. Water 

was added every 2 days to compensate for evaporative losses 

and the soils were remixed thoroughly. After incubation, soils 

from each liming level were air-dried, sieved and returned to 

the plastic pots. Various P levels were then added and the soils 

re- incubated at the same conditions for 14 days after which 

they were air dried and used for plant growth studies. 

A plant growth study was conducted in a greenhouse. 

Lime-P treated soils (4 kg) were mixed with Calcium 

Ammonium Nitrate (CAN) at the rate of 50 kg N ha
-1

 then 

placed in plastic containers with the container lids placed 

underneath to obtain any leachate. Each treatment was 

replicated three times. The potted soils were moistened to field 

capacity with water and three maize seeds planted in each pot. 

Nduma maize variety was used. After 14 days, the plants were 

thinned to one plant per pot. 

2.2. Laboratory Analysis 

Soil physiochemical analysis and P adsorption were 

determined before application of treatments. Soil pH, 

exchangeable aluminum, CEC, and particle size distribution 
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were analyzed as described by [26]. Extractable P was 

determined by dry ashing techniques as described by [27] 

while phosphorus sorption capacities of the soils were 

evaluated as described by [28] and the P adsorbed data for the 

two soils fitted into the linearized form of the Langmuir 

equation. The lime requirements of the soils were calculated 

using the equation of [29]. The equation aims at reducing the % 

Al saturation to a level that is commensurate with crop Al 

tolerance, and is given as: Lime required (CaCO3 equiv.) tones 

ha
-1

 = 1.8[Al - RAS (Al + Ca + Mg) /100] where Al = cmol 

kg
-1

 soil in the original exchange complex, RAS = Required 

percentage Al saturation, Ca = cmol kg
-1

 soil in the original 

exchange complex, Mg = cmol kg
-1

 soil in the original 

exchange complex. A RAS value of 20% was used. Soil 

characterization data in Table 2 below was used for lime 

requirement determinations. 

2.3. Crop Growth Data Collection 

Crop growth data collected included: plant height, number 

of leaves, and dry matter yield. Maize height and number of 

leaves were measured weekly from crop emergence until 35 

days after emergence. Thirty five days after germination, the 

maize plants were cut and the above ground parts weighed, 

then oven dried at 70
0
C up to constant weights. Soil from each 

pot was also thoroughly mixed and subsamples taken to the 

soil science laboratory at the University of Nairobi for 

physical and chemical analysis. 

2.4. Statistical Analysis 

Data obtained were subjected to Analysis of Variance 

(ANOVA) using the GenStat statistical package [30] and 

treatment effects were tested for significance using the F-test 

at 5% level of significance. Means were ranked using 

Duncan’s New Multiple Range Test. Dependency tests were 

also conducted to find out if there was a relationship between 

the various variables used. 

3. Results 

3.1. Initial Soil Physical and Chemical Characteristics 

The tested soils were acidic with pH <5.5 (Table 2). 

Exchangeable Aluminium levels for both soils were > 2 cmol kg
-1 

and % Aluminium saturation > 20%. Extractable was low while 

CEC was <15 cmol kg
-1
 soil. The tested soils had clay texture. 

Table 2. Physiochemical properties of the two soils before pot experiment. 

 
Extremely acidic Strongly acidic 

pH 4.48 4.59 

Exch. Al (cmol kg-1) 3.85 3.90 

OC (%) 1.75 1.83 

P (mg kg-1) 10.50 13.50 

CEC 10.82 11.68 

Al Saturation (%) 55.82 49.66 

%Clay 56.32 50.00 

% Silt 21.00 17.00 

% Sand 22.68 33.00 

Textural class Clay Clay 

3.2. The Effect of Lime-Al-P Interaction on Growth of Maize 

The effect of lime-Al-P interaction on maize height varied 

with levels of P and lime used (Table 3). Lime rates resulting 

into 100% reduction in AL
3+

 in the soils were observed to 

significantly (P≤ 0.05) promote the highest maize plant 

heights in both extremely and strongly acidic soils. 

Table 3. Effect of lime-Al-P interactions on maize height (cm) in acid soils of the Kenya Highlands (averaged over 5 sampling period). 

 

Phosphorus levels applied (mg P kg-1) 

Extremely acidic soils Strongly acidic soils 

Lime to give 0 0.15 0.3 0.59 0 0.13 0.26 0.51 

0% reduction in Al3+ 91.7a 108.0a 113.0a 116.0a 89.7a 102.0a 108.7a 103.8a 

30% reduction in Al3+ 97.8a 118.3a 123.5a 132.2b 97.0a 110.0b 114.6a 121.4b 

70% reduction in Al3+ 103.7a 138.3b 136.0b 132.2b 102.3a 118.0b 121.0b 122.0b 

100% reduction in Al3+ 115.6b 152.9c 207.2c 158.2c 112.9b 129.7c 131.3c 132.0c 

% CV 3.2 3.2 3.2 3.2 2.0 2.0 2.0 2.0 

Values followed by the same letter(s) on the same column are not significantly different at P ≤ 0.05. 

Phosphorus use was observed to significantly (P≤ 0.05) increase the number of leaves per maize plant in the acid soils (Table 

4). Use of 0.3 mg P kg
-1

 gave the highest number of leaves in extremely acidic soils while 0.26 mg P kg
-1

 gave the highest plant 

height in strongly acidic soils. 

Table 4. Effect of lime-Al-P interactions on number of leaves per maize plant in acid soils of the Kenya Highlands (averaged over 5 sampling period). 

 

Phosphorus levels applied (mg P kg-1) 

Extremely acidic soils Strongly acidic soils 

Lime to give 0 0.15 0.3 0.59 0 0.13 0.26 0.51 

0% reduction in Al3+ 21.0a 26.7b 29.3c 26.3b 20.7a 21.3a 26.3b 23.7c 

30% reduction in Al3+ 22.0a 27.7b 30.3c 27.7b 21.3a 24.0b 27.0c 24.3b 

70% reduction in Al3+ 22.7a 27.7b 31.0c 27.7b 21.7a 24.0b 28.7c 24.3b 

100% reduction in Al3+ 23.0a 27.7b 31.0c 28.7b 22.7a 27.3a 31.7b 27.0b 

% CV 3.7 3.7 3.7 3.7 4.7 4.7 4.7 4.7 

Values followed by the same letter(s) within a row are not significantly different at P ≤0.05. 
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Average height of maize plants growing under different lime rates in the extremely acidic soils was not significantly different 

until the 4
th

 week after germination (Figure 1). On the other side, the heights of the maize plants in strongly acidic soils were 

significantly different from the 3
rd

 week after emergence (Figure 2). 

 

Figure 1. Effects of liming on heights of maize plants planted in extremely acidic soils (LSD bars inserted). 

 

Figure 2. Effects of liming on heights of maize plants planted in strongly acidic soils (LSD bars inserted). 

Average numbers of leaves from maize plants grown under different lime rates in extremely acidic soils were significantly 

different from the 4
th

 week after emergence (Figure 3). On the contrally, number of leaves from plants grown in strongly acidic 

soils were significantly different from 2
nd

 week after emergence (Figure 4). 
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Figure 3. Effects of liming on number of leaves from maize planted in extremely acidic soils (LSD bars inserted). 

 

Figure 4. Effects of liming on maize plant leaves in strongly acidic soils (LSD bars inserted). 

Maize leaf area index was significantly different from 3
rd

 week after emergence under different lime rates in extremely acid 

soils (Figure 5). Similar trends were observed in strogly acid soils (Figure 6). 
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Figure 5. Effects of liming on leaf area index of maize planted in extremely acidic soils (LSD bars inserted). 

 

Figure 6. Effects of liming on leaf area index of maize planted in strongly acidic soils (LSD bars inserted). 

Phosphorus concentrations in plant tissues 35 days after emergence were observed to increase significantly with lime-Al-P 

interactions (Table 5). The P concentration increase was significantly dictated by reduction of Al concentrations in the soil in the 

order: 0 % reduction of Al
3+

 = 30 % reduction of Al
3+

 < 70 % reduction of Al
3+

 ≤ 100 % reduction of Al
3+

 in extremely acidic soils 

and, 0 % reduction of Al
3+

 = 30 % reduction of Al
3+

 < 70 % reduction of Al
3+

 = 100 % reduction of Al
3+

 in strongly acidic soils. 
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Table 5. Effects of lime-Al-P interactions on P concentration (%) in maize tissues 35 days after emergence. 

 

Phosphorus levels applied (mg P kg-1) 

Extremely acidic soils Strongly acidic soils 

Lime to give 0.00 0.15 0.3 0.59 0.00 0.13 0.26 0.51 

0% reduction in Al3+ 0.17a 0.26a 0.29a 0.31a 0.16a 0.23a 0.28a 0.30a 

30% reduction in Al3+ 0.20b 0.27a 0.30a 0.31a 0.19a 0.23a 0.30a 0.32a 

70% reduction in Al3+ 0.30c 0.35b 0.45b 0.47b 0.37b 0.40b 0.45b 0.49b 

100% reduction in Al3+ 0.37d 0.43c 0.51c 0.53c 0.34b 0.41b 0.47b 0.49b 

% CV 3.50 3.50 3.50 3.50 2.90 2.90 2.90 2.90 

Values followed by the same letter(s) on the same column are not significantly different at P ≤ 0.05. 

Lime-Al-P interactions significantly increased maize dry matter yield (Table 6). 

It was observed that liming to achieve 100% reduction in Al
3+

 significantly (P ≤ 0.05) produced the highest dry matter yields in 

extremely acidic soils. 

Table 6. Effect of lime-Al-P interactions on maize dry matter (tonnes ha-1) 35 days after emergence. 

 

Phosphorus levels applied (mg P kg-1) 

Extremely acidic soils Strongly acidic soils 

Lime to give 0 0.15 0.3 0.59 0 0.13 0.26 0.51 

0% reduction in Al3+ 6.3a 29.7b 49.7c 39.4d 11.0a 23.0b 43.3c 32.2b 

30% reduction in Al3+ 7.4a 31.2b 54.1c 49.8c 13.6a 29.1b 48.2c 40.5e 

70% reduction in Al3+ 15.0b 32.6b 54.7c 54.4c 14.5a 33.4c 58.8d 42.3e 

100% reduction in Al3+ 21.8c 39.1c 73.3d 59.0e 17.8a 41.1c 59.3d 44.1e 

% CV 2.7 2.7 2.7 2.7 4.8 4.8 4.8 4.8 

Values followed by the same letter(s) on the same column are not significantly different at P ≤ 0.05. 

4. Discussion 

4.1. Chemical and Physical Characteristic of the Soils 

As per the rating suggested by [31], the soils had low levels 

of CEC (<15 cmol kg
-1

), Ca (<4.0 cmol kg
-1

) and P (<10 

bicarbonate extractable P) and high levels of exchangeable 

aluminium (>2.0 cmolkg
-1

) and Al saturation (>20%) 

implying that they were of low fertility status. The high levels 

of Al and Al saturation are considered to be toxic to maize 

plants [26, 32]. According to [9], the soils were strongly to 

extremely acidic with pH of 4.48-4.58. Such acid soils with 

high Al
3+

 ions, low bases and CEC are characteristic of highly 

weathered soils, which have lost most of the basic cations 

through the process of leaching [32]. As a result, their high 

levels of Fe and Al sesquioxides may lead to high P fixation, 

resulting in low available P [32, 33, 34, 35]. Additionally, the 

acidity could be attributed to the mineralogy of the parent 

materials [35] because most of these soils are developed from 

non calcareous parent materials such as syenites, phololites, 

trachytes and nepholites which are acidic in nature [36]. 

4.2. The Effect of Lime-Al-P Interactions on Growth of 

Maize 

The significant (P≤ 0.05) increase in maize growth after 

lime application can be attributed to reduced aluminium 

toxicity which inhibit root growth by reducing cell elongation 

and cell division hence reduced main axis and lateral root 

formation [6]. The reduction of Al toxicity by liming occurs 

through precipitation of soluble and exchangeable Al as 

hydroxyl- Al species; the positively charged monomeric 

AlOH2
+
 and Al (OH) 2

+
 species may polymerize to form both 

large and small positively charged polynuclear complexes 

which become sorbed to clay mineral and organic matter 

surfaces around the root zone [37] hence improved ability of 

the plants to explore the soil volume for nutrients and water 

The significant (P≤ 0.05) increase of P concentrations in 

plant tissues after lime application can be attributed to reduced 

adsorption-precipitation reaction between Al and P at the root 

surface and in the root free space or ‘ P spring effect’ of lime 

[11, 13]. According to [13], liming may increase plant uptake 

in soils high in exchangeable and soluble Al by decreasing Al, 

rather than by increasing P availability per se. This may be due 

to reduced interference of root cell-plasma membrane by Al, 

hence improved root growth, allowing a greater volume of soil 

to be explored [7, 8]. Once P is taken up by plants, it plays a 

great role in energy transfer processes including, 

photosynthesis which leads to biomass accumulation [2, 38]. 

The positive relation between shoot P and biomass have been 

reported among sesbania seedlings in Kenyan acid soils [39]. 

5. Conclusions 

Lime-Al-P interactions significantly increased P- uptake, 

maize growth and dry matter yield. Application of lime that 

leads to 100% reduction in concentration of Al ions in the soil 

(7.4 tones ha
-1

 for extremely acid soils and 4.5 tones ha
-1

 for 

strongly acid soils) significantly reduced the Al ions in the 

soils compared to other liming amounts. Combined 

application of 7.4 tonnes ha
-1

 lime with either 0.59 mg P kg
-1

 

or 0.3 mg P kg
-1

 in extremely acidic soils, and 4.5 tonnes ha
-1

 

with either 0.51 mg P kg
-1

 or 0.26 mg P kg
-1

 in strongly acidic 

soils did not however, significantly vary in their effect on 
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improving plant height, P uptake and dry matter yield. Further 

studies are therefore, required to ascertain long term, optimal 

lime-Al-P interactions under field conditions. 
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