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Abstract

:

Maintaining soil fertility and obtaining good crop yields in highly weathered tropical soils through organic practices–without chemical/synthetic inputs—requires a scientific approach and skillful managements, especially for phosphorus (P) nutrient. Our objective was to find a combination of lime and rock phosphate additions that made soil pH low enough so that rock phosphate would be adequately soluble, yet high enough so soil acidity is not harmful to most crops. Thus, a controlled (greenhouse) experiment was conducted to quantify soil properties, and soybean (Glycine max cv. Kahala) growth when rock phosphate, coral lime, and cowpea (Vigna unguiculata) green manure were applied as organic amendments to an acid, nutrient poor Oxisol of Hawaii. The treatments were a factorial combination of 3 application rates (0, 1, 2 g/kg) of coral lime (86% CaCO3 equivalent) from Western Samoa, 3 rates (0, 75, 150 mg/kg total P) of rock phosphate (10.6% total P, and 3.7% citrate extractable P) from central Florida, and 3 rates (0, 5, 10 g/kg) of a local cowpea green manure (2.7% N, 2.8% K). Each treatment was replicated 3 times, yielding a total of 81 pots of 2 kg soil each. Soybean seedlings were grown as a test crop. Our results showed that a combination of 1 g/kg (2 tons/ha) of lime and 75 mg/kg (150 kg P/ha) of rock phosphate provided enough P for soybean growth and simultaneously alleviated soil acidity problems (the green manure was to supply adequate N and K to the crop). Corresponding soil parameters were: soil pH = 5.2, exchangeable (KCl-extractable) Al = 3.6 mg/kg, Olsen (NaHCO3- extractable) P = 11 mg/kg, and soil-solution P of 0.05 mg/L. Our results lent support to the sustainable potential of organic farming.
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1. Introduction


Organic farming, with an emphasis on a holistic approach to agriculture, avoids the use of synthetic fertilizers and pesticides [1]. More specifically, the United State Department of Agriculture (USDA) also made the following recommendations: “The producer may manage crop nutrients and soil fertility by applying (1) A mined substance of low solubility; (2) Ash obtained from the burning of a plant or animal material, except burning as a means of disposal for crop residues produced on the operation; (3) Sewage sludge (biosolids) must not be used.” [1]. With no chemical inputs, organic farming must be skillfully managed. In fact, soil nutrient management poses a serious challenge to organic practices, especially if the farmed soil is acidic and phosphorus (P) deficient as is often the case of Oxisols [2,3].



Along with nitrogen (N) and potassium (K), P is a major (needed in large amounts) and essential nutrient to all crops [4]. More specifically, P is a component of genetic molecules (DNA, RNA) as well as adenosine triphosphate (ATP), which transfers energy during photosynthesis and respiration [2,3,5]. Phosphorus-deficient plants grow slowly, appear dark green or blue-green as a result of stunted growth with concentrated green pigment in leaves. In advanced stage of P deficiency, leaves often turn purple [2,6,7].



Although well-matured compost, green and animal manures are allowed in organic farming, their uses are often intended for supplying N rather than P for crops. That is because P concentrations in these materials are relatively low. For example, total P ranges: 0.04–2.3% in compost [8], 0.2–0.4% in green manure [9], and 0.4–2.1% in animal manure [9]. With relatively high total P concentration (10–18% [3]), rock phosphate could provide significant P to crops if its P releasing potential can be properly managed.



Chemical formula of rock phosphate is Ca10(OH)2(PO4)6 with some minor substitutions of OH− by fluoride (F−) or carbonate (CO32−). In the US, rock phosphate is often mined from sedimentary rocks in Florida and North Carolina [3,10]. Unlike chemical P fertilizers, such as ammonium phosphate (NH4H2PO4) or triple superphosphate (Ca(H2PO4)2·H2O), rock phosphate is sparingly soluble in water [3,11]. Thus its availability to crops is very low, unless the conditions are strongly acidic (pH < 5.0) as predicted by the following reaction.


Ca10(OH)2(PO4)6 + 14 H+ → 10 Ca2+ + 6 H2PO4− + 2H2O



(R1)







However, in acid soils the concentrations of aluminum (Al) and/or manganese (Mn) are so high that any P that is dissolved from the rock is precipitated (as shown below) before it can move far enough in the soil for plant roots to absorb it. Adsorption of P on solid Al and iron (Fe) oxides, which are abundant in Oxisols further reduces P availability.


Al3+ + H2PO4− + 2H2O → Al(OH)2H2PO4 (solid) + 2H+



(R2)







Moreover, Al3+ and H+ in acid soils can damage the root systems such that no uptake of water and nutrients, including P, would be feasible [12]. For this reason, mined lime stone (CaCO3), crushed coral lime, wood ash, or biochar is often applied to alleviate soil acidity, and improve crop growth [12].



Both P nutrient and soil acidity also markedly affect the growth of young legumes, especially their nodulation and N2 fixing capability [13]. For example, soybean plants need between 12 and 15 mg/kg P in soil as extracted by the Olsen method for adequate yield [14], and most legumes perform best at neutral pH [3].



Given such an apparent conundrum, our objective was to identify an optimal condition in which the soil pH is low enough so that rock phosphate would be adequately soluble, yet is high enough so that soil Al (and perhaps Mn or H) does not adversely affect soybean seedlings, which served as a test crop.




2. Materials and Methods


2.1. The Soil and Organic Amendments


A strongly acidic, Al toxic Oxisol (Humic Rhodic Kandiudox, Paaloa Series) from a former sugarcane plantation in Oahu, Hawaii, was used in this experiment. In the non-amended state, soil pH (1:1 in water) was 4.5, KCl-extractable Al = 0.85 cmolc/kg, NaHCO3-extractable (Olsen) P = 5.8 mg/kg, and total organic carbon = 3.02%. The soil had a silty clay texture with 14% sand, 42% silt, and 44% clay. The organic inputs consisted of rock phosphate from central Florida, coral lime from Western Samoa, and ground cowpea leaf to provide N and K and other micronutrients. Their nutrient composition is listed in Table 1. The organic amendments were mixed thoroughly with the finely ground (<5 mm diameter) soil, which was stored in plastic pots containing 2 kg of air-dried soil each.




2.2. The Experimental Design and Chemical Analysis of Plant Tissue


A factorial setup consisted of 3 levels of coral lime (0, 1, and 2 g/kg equivalent to 0, 2, and 4 tons/ha if 1 ha is assumed to weigh 2 × 106 kg), 3 levels of rock phosphate (0, 75, and 150 mg P/kg) and 3 levels of cowpea green manure (0, 5, and 10 g/kg). The pots were arranged in a randomized complete block (RCB) design with 3 replications.



The treated soil was moistened with deionized water to field water holding capacity (28%) and incubated in a greenhouse (at the Magoon facility, University of Hawaii) for two weeks. Thereafter, one 10-day old seedling of soybean cultivar Kahala was transferred to each pot and grew for one month. Dry matter weight and nutrient content of the above-ground plant tissue were measured as follows. Plant tissue was thoroughly washed first with tap water then with de-ionized water, and oven-dried at 70 °C for 3 days. Subsequently the dried materials were weighed and ground to pass a 0.5 mm sieve. The finely ground material (0.50 g) was ashed at 400 °C in a muffle furnace for 4 h. The ash was dissolved in 20 mL of 1 M HCl, filtered through a Whatman No. 42 paper, and stored for elemental analysis with an inductively coupled plasma spectrometer.




2.3. Soil-Solution Extraction


Soil samples were collected at transplanting and a centrifugation method was used to extract the soil solution [15,16]. Briefly, approximately 200 g of moist soil were placed into a modified Buchner funnel and centrifuged at 500× g for 30 min. The solution collected (approximately 10 mL) was stored at 4 °C for subsequent chemical analyses (Al, pH, P, etc.)




2.4. Chemical and Statistical Analyses


Soil pH was measured in water as follows. Twenty grams of soil were mixed with 20 mL of deionized water, stirred for 2 min, equilibrated for 30 min. Thereafter, pH of the slurry (and of the soil solution) was measured with a combination pH electrode and a digital pH meter.



KCl-extractable Al was obtained as follows. Five grams of soil were shaken in 25 mL of 1 M KCl for 30 min, then centrifuged at 12,000× g for 10 min. The extraction procedure was repeated once and the combined extract was brought to 50 mL with 1 M KCl. Soluble Al was determined by the eriochrome cyanine R colorimetric method [17].



Soil P was extracted with 0.5 M NaHCO3 solution as follows. One gram of soil was placed in a centrifuge tube with 20 mL of 0.5 M NaHCO3 solution. The tube was shaken for 30 min and centrifuged at 12,000× g for 10 min. Soluble P was measured by the molybdate-ascorbic acid method [18]. Soil-solution organic carbon was determined by the Mn(III)-pyrophosphate method [19].



For statistical analysis, Minitab v. 21 (Minitab LLC, State College, PA, USA) was used to detect treatment effects on soil properties and plant growth parameters via a 3-way factorial ANOVA. Fisher Least Significant Difference (LSD) test with the significant level set at 95% was performed on all 27 treatments (when there were significant interactions among the lime, rock phosphate, and green manure amendments). Pearson correlation was also performed on some parameters, such as Ca and P in plant tissue vs. those in soil solution. Sigmaplot v. 14.5 (Systat Software Inc., Chicago, IL, USA) was used to construct graphs and build regression equations.





3. Results and Discussion


3.1. Soil Properties as Affected by Organic Amendments


The changes in soil pH, KCl-extractable (thereafter referred to as exchangeable) Al, and NaHCO3-extractable (thereafter referred to as Olsen) P as affected by lime, rock phosphate and cowpea green manure is listed in Table 2. A 3-way factorial analysis of variance for many soil and plant measured parameters (dependent variables) against lime, rock phosphate, and green manure (independent variables) was presented in Table 3 to examine the effects of the three soil amendments and their interactions. Indeed, the interactions had highly significant effect, not only on pH, but also on exchangeable Al and extractable P as well.



Predictably, applications of coral lime raised soil pH from 4.46 (treatment 0-0-0) to 4.96 at 1 ton/ha (treatment 1-0-0) and to 5.41 at 2 tons/ha (treatment 2-0-0). Such soil pH increases can readily be explained by the following reactions.


CaCO3 + H2O → Ca2+ + CO2 + 2 OH−



(R3)






Al3+ + 3 OH− → Al(OH)3 (solid)



(R4)






and H+ + OH− → H2O (neutral)



(R5)







The excess OH− produced by lime dissolution caused soil pH to rise. More interestingly is the moderate rise in soil pH (by approximately 0.2–0.3 unit) by the additions of rock phosphate (Figure 1A) and cowpea green manure (Figure 1B). Such pH increases can be explained as follows.
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Figure 1. Soil pH as affected by lime and rock phosphate (A) with all green manure treatments combined, and by green manure and rock phosphate (B) in the no lime treatment. Error bars on top of larger bars are the standard deviation of the measured samples. 
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Ca10(OH)2(PO4)6 + 12 H2O → 10 Ca2+ + 6 H2PO4− + 12 OH−



(R6)







(R6 is another form of R1)



Thus, the dissolution of rock phosphate, although very limited, would consume H+ (see R1) or release OH− (see R6). Similarly, the addition and subsequent mineralization of cowpea green manure would yield first NH3 then NH4+ and OH− as illustrated for a simple amino acid (alanine) below.
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(R7)






NH3 + H2O → NH4+ + OH−



(R8)
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Table 2. Soil pH, KCl-extractable Al, and NaHCO3-extractable P in an acid Oxisol as affected by lime, rock phosphate and green manure amendments.
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	Treatment
	Soil pH
	KCl-Extractable
	NaHCO3-Extractable





	Lime-Rock P-Green Manure
	(1:1 in water)
	Al
	P



	
	
	←---------------mg/kg--
	-------------------→



	0-0-0
	4.46
	76.7
	5.84



	0-0-5
	4.52
	72.7
	6.47



	0-0-10
	4.63
	39.6
	8.84



	0-75-0
	4.48
	50.3
	14.86



	0-75-5
	4.61
	21.8
	15.28



	0-75-10
	4.86
	10.5
	16.94



	0-150-0
	4.53
	31.8
	18.75



	0-150-5
	4.71
	14.9
	17.18



	0-150-10
	4.93
	9.1
	18.07



	1-0-0
	4.96
	7.7
	9.47



	1-0-5
	5.04
	4.7
	9.32



	1-0-10
	5.19
	3.6
	8.90



	1-75-0
	5.08
	4.3
	11.30



	1-75-5
	5.16
	3.6
	11.05



	1-75-10
	5.44
	2.8
	11.62



	1-150-0
	5.13
	4.6
	14.11



	1-150-5
	5.31
	4.0
	9.08



	1-150-10
	5.27
	3.6
	9.16



	2-0-0
	5.41
	3.1
	4.92



	2-0-5
	5.54
	2.5
	6.98



	2-0-10
	5.71
	1.6
	7.21



	2-75-0
	5.53
	3.1
	6.51



	2-75-5
	5.63
	3.4
	6.79



	2-75-10
	5.81
	2.2
	6.28



	2-150-0
	5.52
	2.2
	7.48



	2-150-5
	5.75
	2.5
	8.24



	2-150-10
	5.90
	2.8
	7.77



	LSD(0.05) Ϯ
	0.04
	2.1
	2.14







Ϯ Least Significant Difference at 95% level, when all 27 treatments were considered as independent variables (due to strong interactions among lime, rock phosphate and green manure).











As R8 shows green manure mineralization would temporarily (a few weeks) raise soil pH until NH4+ is oxidized to nitrate (NO3−) with the help of nitrifying bacteria, then pH may drop.



The precipitation of Al(OH)3 as a results of Al3+ reacting with OH− (R4) caused a decrease in exchangeable Al (Table 2 and Figure 2). For example, Figure 2 shows that the coral lime lowered exchangeable Al from 56 mg/kg in the control (0 lime-0 Rock P-all 3 GM combined) to 5.3 and 2.4 mg/kg in the 1 g/kg and 2 g/kg lime treatments, respectively. The alleviating effects of rock phosphate on exchangeable Al was also significant: rock phosphate decreased exchangeable Al from 56 mg/kg (zero rock P) to 27.5 and 18.6 mg/kg at 75 and 150 mg/kg P additions, respectively (Figure 2).
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Table 3. 3-way factorial ANOVA and associated P-values (probability of significance) for selected measured parameters (dependent variables) of soil and plant as impacted by lime, rock phosphate (RP) and green manure (GM) amendments on an Oxisol of Hawaii.
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Source

	
DF

	
p-Value Ϯ






	

	

	
Extractable parameters

	
Soil solution parameters

	
Plant parameters




	

	

	
pH

	
Al

	
P

	
pH

	
P

	
Org. C

	
DW ¶

	
Al

	
Mn




	
Lime

	
2

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
0.061

	
0.208

	
<0.001

	
<0.001




	
RP ¶

	
2

	
<0.001

	
<0.001

	
<0.001

	
0.052

	
<0.001

	
0.072

	
<0.001

	
<0.001

	
<0.001




	
GM ¶

	
2

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
0.277

	
<0.001

	
<0.001




	
Lime*RP

	
4

	
<0.001

	
<0.001

	
<0.001

	
0.034

	
<0.001

	
0.034

	
0.008

	
<0.001

	
<0.001




	
Lime*GM

	
4

	
<0.001

	
<0.001

	
<0.001

	
<0.003

	
0.076

	
<0.001

	
0.332

	
<0.001

	
<0.001




	
RP*GM

	
4

	
<0.001

	
<0.001

	
<0.001

	
0.575

	
<0.001

	
0.006

	
0.147

	
<0.001

	
<0.001




	
Lime*RP*GM

	
8

	
<0.001

	
<0.001

	
<0.001

	
0.487

	
<0.001

	
0.009

	
0.236

	
<0.001

	
<0.001




	
Error

	
54

	
Ϯ If p-value < 0.05 then the effect is significant at 95% level.




	
Total

	
80

	
¶ RP = rock phosphate, GM = green manure, DW = dry weight.









Changes in Olsen-P as affected by lime and rock phosphate were more complex. The low rate of lime (1 g/kg) slightly increased soil Olsen-P, but the high rate (2 g/kg) did not in the zero rock phosphate treatments (Figure 3). When rock phosphate was added, lime reduced Olsen P (Figure 3). Perhaps, high Ca in the lime would react with HCO3− of the NaHCO3 solution, thereby diminishing its P extracting power. A suggested reaction is:


Ca2+ + 2 HCO3− → CaCO3 (solid) + H2O + CO2



(R9)







Predictably, rock phosphate increased Olsen P significantly in the treatments with no lime: Olsen P concentrations were 7.13 mg/kg (in the control: no lime, no rock phosphate, all 3 GM treatments), 15.69 and 18.0 mg/kg in the 75 and 150 mg P/kg, respectively (Figure 3). However, the higher rock phosphate rate (150 mg P/kg) only increased Olsen P moderately over the lower rock phosphate rate. That suggests that the P releasing capacity of rock phosphate might have approached a plateau not far beyond the 150 mg P/kg rate.




3.2. Effects of Organic Amendments on Soil-Solution Composition


Soil-solution composition as affected by green manure (GM), lime, and rock phosphate additions is listed in Table 4. Increases in dissolved organic carbon (DOC) in response to the cowpea GM were most noticeable. When all rock phosphate and lime treatments were analyzed in combination, DOC increased from 2.0 mmole/L in the zero GM to 3.5 and 5.6 mmole/L in the 5 and 10 g/kg GM, respectively (Figure 4).



Complex formation between soluble Al and DOC would likely be responsible for the gentile decline of soluble Al as a function of pH increase as shown in Figure 5. Although concentration of soluble Al (Y axis) in the soil solution did indeed decrease from 0.57 mg/L to <0.05 mg/L as soil solution pH (X axis) went up from approximately 4.5 to 5.8, respectively, due to lime and rock phosphate additions, the decline was only 0.43 fold (Y = −0.43 X + 2.57; R2 = 0.87) for each pH unit increase. The drop in Al concentration was not as steep as would have predicted from the solubility of such Al minerals as gibbsite [crystalline Al(OH)3] or even amorphous Al(OH)3 solid [9,10]. The results suggest that most soil-solution Al was in the organically complexed forms, which are often less dependent on pH and less toxic to living organisms than inorganic Al species [20,21].



Changes in soil-solution manganese (Mn) are also worth noting: soluble Mn concentration was lowered with pH but was elevated by DOC (Table 4). For example, in response to lime, Mn declined from 3.2 mg/L in the (0-0-10) treatment to 0.43 mg/L in the (2-0-10) treatment. On the other hand, Mn went up from 0.50 mg/L in the no-amendment control (0-0-0) to 1.78 and 3.20 mg/L in the (0-0-5) and (0-0-10) treatments with increasing GM additions. Linear regression of soluble Mn (Y) with respect to DOC and pH yields: (Y (mg/L) = 0.42 × DOC (mmole/L) – 0.64 × pH + 3.16; R2 = 0.65). The role of both DOC (source of electrons (e−)) and pH (source of H+) in the solid Mn dissolution can be expressed in the following reaction:


MnO2 (solid) + 4 H+ + 2 e− → Mn2+ + 2H2O



(R10)







Soil-solution P was also significantly changed with rock phosphate and lime additions (Table 4 and Figure 6). However, the change was not linear. Not unexpectedly, soluble P increased with rock phosphate rates: it was 0.010 mg/L in the no-amendment control (0-0-0), 0.022 mg/L in (0-75-0) and 0.035 mg/L in (0-150-0) treatments with 75 and 150 mg/kg rock phosphate additions. The first lime rate (1 g/kg) increased soluble P from 0.035 to 0.054 and 0.060 mg/L, but the higher lime rate (2 g/kg) did not increase P any further (Figure 6). These variable changes in soil-solution P were probably a result of complex interactions among many factors, including GM (organic P mineralization), rock phosphate dissolution, H+ neutralizing power of lime, as well as native soil P and its indigenous organic matter.




3.3. Soybean Responses to Organic Amendments


Dry matter of soybean shoot and its chemical composition are listed in Table 5. Statistical analysis indicated that rock phosphate and the interaction between rock phosphate and lime had significant effect on plant growth (Table 3). In general, plant tissue N and K seemed to be unaffected by the treatments, having a mean ± standard deviation of 2.11 % ± 0.20 for N and 2.39 % ± 0.20 for K. On the other hand, tissue P and Ca strongly reflected both rock phosphate and lime additions, and their variations were positively correlated with changes in soil-solution P and Ca (Table 6). Since the cowpea GM was used to provide N and K to soybean, and was not a focus of this experiment, all three GM rates were combined in examining the effects of lime and rock phosphate on soybean growth. When such combined data were statistically analyzed, it reveals that the best growths were obtained from treatments (A) (bar with letter A adjacent in Figure 7) no lime + 150 RP, (B) lime 1 + 150 RP, and (C) lime 1 + 75 RP (Figure 7). Over time, treatment (A) may have some potential problems with marginal Al and relatively high Mn in leaves (average: 31.7 mg Al/kg and 250 mg Mn/kg) compared to those in treatment (B) and particularly treatment (C), which averaged 21.6 mg Al/kg and 135 mg Mn/kg (Table 5). Furthermore, treatment (C) used only ½ rock phosphate as much as treatment (B). Based on such material and economic considerations, treatment (C), containing lime 1+ 75 mg P/kg rock phosphate, seems to be the most appropriate input. Soil parameters corresponding to treatment (C) were: soil pH (1:1 in water) = 5.2 (Figure 1A), exchangeable Al = 3.6 mg/kg (Figure 2), Olsen P = 11 mg/kg (Figure 3), and its corresponding soil-solution P of 0.054 mg/L (Figure 6). These critical P levels fall within the suggested ranges of 10–15 mg/kg (Olsen P) as reported by Deng et al. [22] for corn, 12–15 mg/kg (Olsen P) for soybean as recommended by the Minnesota University Extension [14], and 0.01–0.10 mg/L (soil-solution P) for many crops [2,23,24].





4. Conclusions


With the goal towards organic cropping, our experiment on an acid and nutrient-poor Oxisol of Hawaii was conducted with only soil organic amendments, and soybean seedlings served as a test crop. Our results showed that rock phosphate (10.6% total P and 3.7% citrate extractable P) applied at 75 mg/kg total P (equivalent to approximately 150 kg/ha) in combination with 1 g/kg (2 tons/ha) of a coral lime (with a local cowpea green manure supplying N and K nutrients) could alleviate acidity problems and provide adequate P to the plant growth, lending support to the sustainable potential of organic farming.
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Figure 2. Soil Al as affected by lime and rock phosphate. Error bars on top of larger bars are the standard deviation of the measured samples. 
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Figure 3. Soil P as affected by lime and rock phosphate. Error bars on top of larger bars are the standard deviation of the measured samples. 
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Figure 4. Dissolved organic carbon (DOC) as affected by the cowpea GM amendments to an acid Oxisol of Hawaii. Error bars on top of larger bars are standard deviation of the measured samples. 
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Figure 5. Soil-solution Al as a function of soil-solution pH in an acid Oxisol amended with cowpea green manure, lime, and rock phosphate. 
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Figure 6. Soil-solution P as affected by rock P and lime amendments to an acid Oxisol. Error bars on top of larger bars are standard deviation of the measured samples. 
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Figure 7. Shoot dry weight of soybean seedlings as affected by lime and rock P amendments. Error bars on top of larger bars are standard deviation of the measured samples. 
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Table 1. Total nutrient contents of cowpea green manure, rock phosphate, and coral lime used in the experiment.
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	Input Source
	N
	P
	K
	Ca
	Mg
	Na





	
	←---
	------
	-- % --
	----
	----
	----→



	Cowpea GM
	2.70
	0.14
	2.76
	1.6
	0.45
	0.03



	Florida rock phosphate Ϯ
	---
	10.64
	0.09
	31.7
	0.19
	0.43



	Samoa coral lime ¶
	---
	0.02
	0.02
	34.5
	1.47
	0.31







Ϯ Labile P, as extracted with neutral 2% ammonium citrate, was 3.7%. ¶ Calcium carbonate (CaCO3) equivalent was 86%. 
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Table 4. Soil-solution composition of an acid Oxisol as affected by lime, rock phosphate, and cowpea green manure.
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	Treatment
	pH
	Al
	P
	K
	Ca
	Mg
	Mn
	Organic Carbon
	EC





	L-RP-GM
	
	←-----
	---------
	-mg/L--
	--------
	--------
	----→
	mmole/L
	dS/m



	0-0-0
	4.51
	0.57
	0.010
	75.9
	14.9
	20.9
	0.50
	2.15
	1.14



	0-0-5
	5.11
	0.51
	0.010
	128.8
	30.3
	24.2
	1.78
	3.63
	1.20



	0-0-10
	5.39
	0.30
	0.011
	212.9
	65.9
	39.0
	3.20
	5.55
	1.77



	0-75-0
	4.75
	0.56
	0.022
	85.1
	32.0
	18.9
	0.25
	1.88
	1.17



	0-75-5
	4.98
	0.45
	0.032
	135.5
	51.4
	24.9
	1.35
	3.22
	1.31



	0-75-10
	5.57
	0.25
	0.033
	212.5
	75.7
	39.7
	2.22
	5.27
	1.79



	0-150-0
	5.00
	0.43
	0.035
	69.5
	49.6
	16.7
	0.30
	2.03
	1.07



	0-150-5
	5.16
	0.29
	0.035
	126.8
	63.2
	24.7
	1.85
	3.66
	1.35



	0-150-10
	5.63
	0.19
	0.041
	184.7
	76.7
	36.3
	3.22
	6.09
	1.64



	1-0-0
	5.58
	0.10
	0.022
	55.3
	61.1
	15.8
	0.50
	1.72
	1.08



	1-0-5
	5.73
	0.07
	0.032
	122.5
	88.3
	27.4
	0.95
	3.64
	1.50



	1-0-10
	5.78
	0.05
	0.045
	190.3
	142.2
	46.0
	1.72
	6.60
	2.05



	1-75-0
	5.64
	BD ¶
	0.063
	62.3
	69.0
	17.7
	0.22
	2.35
	1.18



	1-75-5
	5.70
	BD
	0.054
	120.4
	105.3
	30.0
	1.10
	4.02
	1.60



	1-75-10
	6.04
	BD
	0.045
	188.6
	152.7
	45.8
	1.52
	6.09
	2.04



	1-150-0
	5.91
	BD
	0.052
	64.2
	95.0
	21.7
	0.25
	1.99
	1.39



	1-150-5
	6.02
	BD
	0.064
	116.9
	104.3
	29.2
	0.95
	3.15
	1.58



	1-150-10
	6.01
	BD
	0.066
	187.5
	162.7
	48.3
	1.57
	5.77
	2.07



	2-0-0
	6.23
	BD
	0.032
	49.1
	102.8
	19.2
	0.12
	1.53
	1.25



	2-0-5
	6.29
	BD
	0.034
	127.0
	146.2
	33.1
	0.35
	3.34
	1.83



	2-0-10
	6.40
	BD
	0.043
	183.4
	171.0
	47.0
	0.43
	5.55
	2.15



	2-75-0
	6.10
	BD
	0.052
	58.1
	102.4
	18.9
	0.23
	1.46
	1.29



	2-75-5
	6.27
	BD
	0.044
	120.3
	139.9
	32.1
	0.70
	3.16
	1.76



	2-75-10
	6.59
	BD
	0.048
	182.9
	185.3
	48.6
	1.12
	5.22
	2.26



	2-150-0
	5.99
	BD
	0.046
	59.0
	109.5
	19.6
	0.40
	1.72
	1.57



	2-150-5
	6.08
	BD
	0.055
	121.7
	139.0
	35.1
	0.88
	4.24
	1.85



	2-150-10
	6.32
	BD
	0.062
	174.2
	174.5
	47.0
	0.93
	5.81
	2.19



	LSD(0.05) Ϯ
	0.22
	0.03
	0.005
	16.9
	19.4
	4.6
	0.33
	0.43
	0.12







¶ Below the Detection limit of 0.05 mg/L. Ϯ Least Significant Difference at 95% level, when all 27 treatments were considered as independent variables (due to strong interactions among lime, rock phosphate and green manure).













[image: Table] 





Table 5. Soybean dry matter and its chemical composition as affected by lime, rock phosphate, and cowpea green manure applications to an acid Oxisol of Hawaii.
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Treatment

	
Shoot

	
Chemical Composition of Shoot






	
L-RP-GM

	
Dry matter

	
N

	
P

	
K

	
Ca

	
Al

	
Mn




	

	
g/plant

	
←--------

	
------% ----

	
---------------

	
----------→

	
←- mg/kg

	
------→




	
0-0-0

	
1.55

	
2.26

	
0.06

	
2.81

	
0.28

	
86.6

	
363.3




	
0-0-5

	
2.08

	
2.47

	
0.06

	
2.43

	
0.47

	
66.5

	
547.7




	
0-0-10

	
2.06

	
2.40

	
0.08

	
2.74

	
0.76

	
53.2

	
458.4




	
0-75-0

	
2.36

	
1.99

	
0.12

	
2.35

	
0.65

	
47.3

	
341.6




	
0-75-5

	
2.36

	
2.09

	
0.14

	
2.32

	
0.96

	
45.3

	
281.2




	
0-75-10

	
2.50

	
1.92

	
0.17

	
2.67

	
1.07

	
46.3

	
302.9




	
0-150-0

	
3.08

	
2.44

	
0.16

	
2.41

	
0.96

	
35.1

	
222.5




	
0-150-5

	
2.74

	
1.95

	
0.17

	
2.45

	
1.11

	
31.4

	
253.8




	
0-150-10

	
2.41

	
2.13

	
0.24

	
2.51

	
1.24

	
28.6

	
275.3




	
1-0-0

	
2.22

	
1.88

	
0.06

	
2.41

	
1.03

	
27.7

	
149.9




	
1-0-5

	
2.08

	
2.06

	
0.08

	
2.35

	
1.07

	
26.3

	
148.6




	
1-0-10

	
2.17

	
2.06

	
0.08

	
2.55

	
1.27

	
26.7

	
212.6




	
1-75-0

	
2.49

	
1.95

	
0.16

	
2.22

	
1.15

	
25.1

	
119.6




	
1-75-5

	
2.51

	
2.20

	
0.22

	
2.49

	
1.26

	
20.8

	
128.4




	
1-75-10

	
2.72

	
1.95

	
0.24

	
2.39

	
1.34

	
18.9

	
157.7




	
1-150-0

	
2.59

	
1.99

	
0.16

	
2.09

	
1.27

	
20.0

	
116.5




	
1-150-5

	
2.65

	
2.00

	
0.26

	
2.25

	
1.28

	
21.6

	
128.0




	
1-150-10

	
2.56

	
2.00

	
0.25

	
2.39

	
1.34

	
18.9

	
157.7




	
2-0-0

	
2.52

	
1.82

	
0.06

	
2.00

	
1.13

	
18.3

	
75.7




	
2-0-5

	
2.46

	
2.37

	
0.08

	
2.24

	
1.35

	
17.2

	
88.8




	
2-0-10

	
1.73

	
2.44

	
0.12

	
2.41

	
1.54

	
16.8

	
121.2




	
2-75-0

	
2.08

	
2.06

	
0.16

	
2.08

	
1.40

	
15.3

	
82.0




	
2-75-5

	
2.12

	
2.06

	
0.16

	
2.41

	
1.37

	
15.1

	
117.7




	
2-75-10

	
2.72

	
1.81

	
0.18

	
2.45

	
1.35

	
13.8

	
106.7




	
2-150-0

	
2.33

	
2.20

	
0.16

	
1.98

	
1.39

	
11.2

	
80.7




	
2-150-5

	
2.41

	
2.40

	
0.17

	
2.19

	
1.50

	
10.1

	
110.2




	
2-150-10

	
2.16

	
2.40

	
0.16

	
2.32

	
1.52

	
9.09

	
115.7




	
LSD(0.05) Ϯ

	
0.25

	
0.12

	
0.03

	
0.21

	
0.14

	
5.7

	
42.0








Ϯ Least Significant Difference at 95% level, when all 27 treatments were treated as independent variables (due to strong interactions among lime, rock phosphate and green manure).
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Table 6. Pearson correlation coefficients of plant tissue Ca and P vs. soil-solution Ca and P.
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	Soil-Solution P
	Soil-Solution Ca





	Plant P
	0.72 **
	0.35 (NS)



	Plant Ca
	0.81 **
	0.85 **







** significant at 99% level, NS: non significant.
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