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a b s t r a c t

Soil amendment with organic materials (crop residues animal manure, and green manure) reportedly has
positive effects on soil properties, from acidity to plant-nutrient availability. To examine that hypothesis,
an incubation study was conducted to assess the changes in some chemical properties of three different
tropical soils (Andisol, Ultisol, and Oxisol) amended with chicken manure and green manure (Leucaena
leucocephala) at the rate of 10 t ha�1. The results showed that organic amendments raised soil pH and
EC, regardless of the type of manure used. Manuring lowered the concentrations of Mehlich-3 extractable
Ca, P, Mn and Si in all soils and decreased the concentration of Mg in the Ultisol and Oxisol. However,
manure amendment led to increases in the concentrations of Mg and K in the Andisol. Organic amend-
ments caused a decrease in KCl extractable Al. Initial soluble C levels were highest in the Oxisol
(60 lmol g�1) and lowest in the Andisol (20 lmol g�1). The concentration of soluble C decreased exponen-
tially with duration of incubation. Three low molecular weight organic molecules (acetic acid, catechol
and oxalic acid) out of the eight tested were found in all manure-amended soils. This study quantified
the release of some Al chelating organic acids, the reduction of exchangeable Al, and the changes in major
plant-nutrients when organic materials were added to nutrient poor, tropical acid soils.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Major soils in the tropics and subtropics are Oxisols, Ultisols
and Andisols (Soil Survey Staff, 2006), and are often poor in
plant-nutrients. The addition of organic materials (crop residues,
animal manures, green manures) to these soils can have a direct ef-
fect on soil organic matter (SOM) content, can ameliorate Al toxic-
ity, and reduce soil acidity, mainly by complexation (Hue et al.,
1986; Hue, 1992; Wong and Swift, 2003). Other effects may in-
clude improving soil fertility, improving soil physical characteris-
tics, and augmenting microbial activities. A significant fraction
(10–40%) of the total Al in solution is reportedly bound to low
molecular weight organic acids (LMWOA), which implies that
these compounds are of great ecological importance (van Hees et
al., 2001). Levels of these LMWOA in soil solutions range from 1
to 1000 lM (Fox and Comerford, 1990) and more recently, van
Hees et al. (2002) suggested a concentration of <1–100 lM.
Although they generally comprise of only a small fraction of the to-
tal soil solution C, LMWOA have a disproportionate influence on
soil processes (mobilization of plant-nutrients, protection of plants
roots when exposed to rhizotoxic concentrations of Al3+ in acid
soils) because they are some of the most reactive forms of C in soils

(van Hees et al., 2001). However, this would depend on many fac-
tors including soil type, depth, vegetation, and microbial popula-
tion structure (van Hees et al., 2002). These compounds, for
example citric and oxalic acids, are believed to affect processes
such as mobilization of metal ions from litter, translocation of met-
als in soils, weathering of primary minerals, phosphate availability
and Al3� detoxification (Jones, 1998). The aim of this study was to
determine the effect of organic manures on concentration of solu-
ble C, selected organic acids, and plant-available nutrients applied
to three different tropical acid soils as a function of incubation
time.

2. Methods

2.1. Soils and organic amendments

Three acid soils were used: an Andisol, Kealakekua series (re-
ferred to as A), an Ultisol, Leilehua series (referred to as U) and
an Oxisol, Wahiawa series (referred to as O) (Hue et al., 2006).
The soils were air dried and ground to pass a 2 mm sieve. Selected
properties of the soils are given in Table 1. Chicken manure and
green manure (Leucaena leucocephala) were added to the soils at
0 and 10 t ha�1 on a dry matter basis. Table 2 presents some chem-
ical properties of the organic materials.
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The soils and amendments as well as the controls were filled in
500 ml pots, and incubated at room temperature (about 25 �C).
Water was periodically added to maintain the soil moisture
(�70% field capacity). Samples were taken for analyses after 2,
14, 28, 42 and 56 days of incubation. Soil pH and EC were mea-
sured in 1:1 soil–water suspension. Soil nutrients (Ca, K, Mg, Mn,
P, Si, and soluble C) were extracted by the Mehlich-3 method
(Mehlich, 1982). Aluminum was extracted with 1 M KCl. An induc-
tively coupled plasma spectrometer (ICP) was used to determine
the concentrations of these elements. Organic acids were deter-
mined following the methodology proposed by Blau and Halket
(1993) and modified by Szmigielska et al. (1996). Samples were
treated with pentafluorobenzyl bromide (PFBBr) as follows: 5 lmol
of organic acid were dissolved in 10 ml of deionized water. 1 ml
aliquot (0.5 lmol) of the organic acid solution was placed into a
100 ml refluxing flask with 20 ml of acetone, 25 mg (14.4 ll) of
PFBBr, and 20 mg of potassium bicarbonate. The mixture was
heated in a water bath at 56 �C and refluxed for about 3 h. After
refluxing, 50 ml of ether and 20 ml of ethyl acetate was added.
The resulting solution was briefly washed with 2 ml of ether-satu-
rated water. The solution was dried using sodium sulfate, and
evaporated using a rotary evaporator at 25 �C. The residue was dis-
solved in 10 ml of hexane containing 1% each of acetone and ether
and transferred into a vial for GC analysis. Gas chromatography
was selected for high resolution and specificity (relative to high
performance liquid chromatography) for low molecular weight or-
ganic acids separation (De Brujin et al., 1984; Szmigielska et al.,
1997). Quantitative determination of organic molecules was per-
formed on a Hewlett-Packard 5890A – GC equipped with a 63Ni

electron capture detector and an auto-sampler. The operating con-
ditions were: temperatures (injection ports 250 �C, detector
325 �C); detector make-up gas, N2, 20 mL/min; helium carrier gas
flow rate, 2.5 mL/min; temperature ramming programs, A: Initial,
100 �C, hold 0.5 min, programming rate A, 30 �C/min (100–
220 �C), and hold at 220 �C for 6 min; B: 10 �C/min (220–300 �C)
hold at 300 �C for 5 min; total running time, 23.83 min. The target
LMWOA was acetic, oxalic, malic, citric, succinic, gallic, tartaric
acid, and catechol.

2.2. Statistical analysis

All samples were analyzed in triplicate and standard errors
were determined. The student t-test was used to establish the sig-
nificance of differences between variables based on the analysis of
variance (ANOVA) at 0.05 probability level (P < 0.05).

3. Results and discussion

3.1. pH and EC

The addition of organic manure to the test soils raised soil pH
up to 5.7 (Table 3), except for the control of the Andisol, which
did not change The burst of microbial activities upon wetting the
soils (2 day incubation) could partially explain for this pH increase.
The pH increases were most pronounced 42 days after organic
additions. This pH increase can be explained by the release of
NH3 from organic N mineralization

Table 1
Selected chemical properties of the soils used in the incubation study*

Soil pH EC (d S m�1) Al (c molc kg�1) K (c molc kg�1) Ca (c molc kg�1) Mg (c molc kg�1) P (mg kg�1) Mn (mg kg�1) Zn (mg kg�1)

Andisol (A) 5.0 0.13 0.24 0.1 2.34 0.6 5.99 2.2 2.47
Ultisol (U) 4.9 0.08 1.45 0.3 2.02 1.1 7.76 23.1 4.52
Oxisol (O) 4.4 0.24 1.40 0.5 1.82 0.5 20.51 904.1 9.67

* pH and EC were measured in 1:1 water:soil slurry, Al was extracted with 1 M KCl; other nutrients with Mehlich-3 extractant.

Table 2
Some chemical properties of the organic amendments used in the experiment*

Organic material pH EC (d S m�1) Al (%) Ca (%) K (%) Mg (%) P (%) B (mg kg�1) Mn (mg kg�1) Mo (mg kg�1)

Chicken manure (C) 7.9 26.4 0.25 6.17 1.14 0.42 1.12 23.7 256.5 0.58
Leucaena (G) 5.7 3.4 0.01 0.64 0.44 0.16 0.05 31.2 22.2 0.11

* pH and EC were measured in 1:1 water:soil slurry; other nutrients were total concentrations after dry ashing process.

Table 3
Changes in pH and electrical conductivity (measured in 1:1 water:soil slurry) in the soils, amended and control

Soil sample* pH EC (d S m�1)
Time (days) Time (days)

2 14 28 42 56 2 14 28 42 56

A 5.0 ± 0.01 4.6 ± 0.17 5.1 ± 0.01 5.1 ± 0.04 5.0 ± 0.01 0.40 ± 0.01 0.47 ± 0.07 0.39 ± 0.05 0.39 ± 0.02 0.40 ± 0.02
AG 5.5 ± 0.5 5.2 ± 0.02 5.1 ± 0.01 5.5 ± 0.08 5.5 ± 0.04 0.42 ± 0.09 0.56 ± 0.01 0.43 ± 0.02 0.48 ± 0.03 0.47 ± 0.02
AC 6.1 ± 0.06 5.2 ± 0.43 5.4 ± 0.03 5.4 ± 0.03 5.7 ± 0.02 0.63 ± 0.01 0.81 ± 0.05 0.65 ± 0.04 0.66 ± 0.04 0.68 ± 0.01
U 6.0 ± 0.03 4.8 ± 0.11 5.1 ± 0.03 5.6 ± 0.04 5.5 ± 0.01 0.36 ± 0.03 0.42 ± 0.01 0.35 ± 0.0 0.37 ± 0.01 0.29 ± 0.01
UG 5.9 ± 0.1 4.7 ± 0.01 5.2 ± 0.02 5.4 ± 0.01 5.6 ± 0.04 0.53 ± 0.11 0.4 ± 0.10 0.46 ± 0.04 0.52 ± 0.01 0.30 ± 0.10
UC 6.0 ± 0.0 5.0 ± 0.04 5.4 ± 0.04 5.9 ± 0.4 5.7 ± 0.02 0.67 ± 0.03 0.77 ± 0.01 0.82 ± 0.12 0.92 ± 0.07 0.46 ± 0.06
O 5.1 ± 0.02 4.6 ± 0.02 5.2 ± 0.06 5.5 ± 0.08 5.5 ± 0.01 0.34 ± 0.02 0.39 ± 0.03 0.32 ± 0.02 0.38 ± 0.02 0.31 ± 0.02
OG 5.0 ± 0.39 4.6 ± 0.0 5.5 ± 0.04 5.4 ± 0.03 5.7 ± 0.02 0.51 ± 0.0 0.56 ± 0.08 0.41 ± 0.03 0.44 ± 0.06 0.31 ± 0.02
OC 6.2 ± 0.42 4.7 ± 0.01 5.5 ± 0.07 5.5 ± 0.0 5.6 ± 0.04 0.68 ± 0.02 0.69 ± 0.02 0.59 ± 0.04 0.69 ± 0.06 0.48 ± 0.03

Values correspond to the mean samples and the standard error.
* Andisol control, A; Andisol + green manure, AG; Andisol + chicken manure, AC; Ultisol control, U; Ultisol + green manure, UG; Ultisol + chicken manure, UC; Oxisol control,
O; Oxisol + green manure, OG; Oxisol + chicken manure, OC.
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R—CH—NH2—COOHþ 1=2O2 ) R—CO—COOHþ NH3

ðe:g:; CH3—CH—NH2—COOHðalanineÞ þ 1=2O2

) CH3—CO—COOHðpyruvic acidÞ þ NH3Þ
and NH3 þH2O) NHþ4 þ OH�

Increases in pH due to application of organic materials have been
reported previously (Liu and Hue, 2001; Larsen, 2002). In contrast,
Erdem and Sözüdoğru (2002), Martinez et al. (2002) found that
pH decreased with duration of incubation of amended and una-
mended soil samples, perhaps because NHþ4 produced by the organ-
ic decomposition had been oxidized to nitrate as follows

NHþ4 þ 2O2 ) NO�3 þ 2Hþ þ H2O

Both manures had similar effect on soil pH (Table 3).
The addition of organic materials to the Andisol increased soil

EC (Table 3). The results agree with those reported by Martinez
et al. (2002). On the other hand, the EC in the Oxisol and Ultisol in-
creased at the beginning of the incubation period (controls and
amended soils), and then decreased at the end of the incubation.
Such changes in EC could be explained by the mineralization (early
portion of the incubation period) of the organic materials, which
also had higher EC than the untreated soils and the re-adsorption
of nutrient cations and anions on the soil surface (late portion of
the incubation period) (Table 2).

3.2. Changes in nutrient status in manure amended soils

In the Andisol, organic amendment led to significant changes in
nutrient status (Table 4). Calcium and P concentrations seemed to
decrease with time, perhaps because this soil has very high sorp-
tion capacity due to large quantity of amorphous materials such
as allophane (USDA, 1976). Given such properties of the Andisol,
incorporation of Ca and P into the soil’s solid phase (e.g., chelation
of P with OH terminals of allophane, or even precipitation), render-
ing them non-extractable by the Mehlich-3 solution, is possible.
Potassium increased during the incubation period, and was partic-
ularly noticeable when chicken manure was added. Magnesium in-
creased with duration of incubation and was higher with chicken
manure treatment. Soil Al and Mn were low initially and dropped
with time, reaching 0.0 c molc kg�1 and 0.2 mg kg�1, respectively

(Table 1). In some studies, the level of available P increased when
the organic amendment used was sufficient to grow beans compa-
rable to those grown conventionally (Nguyen et al., 1995). Other
studies showed that extractable P and K either declined or re-
mained unchanged over one year with no significant differences
between conventional and organically managed soils (Deria et al.,
2003).

In the Oxisol, Ca concentration increased with the addition of
manures but decreased with duration of incubation (Table 5). In
the Ultisol, Ca concentration decreased with time (Table 6). Soil
Mg and K levels decreased with time for control and green manure,
and chicken manure increased K in the Ultisol. On the other hand,
in the Oxisol, Mg increased when chicken manure was added and
decreased with duration of incubation and with green manure, K
diminished with duration of incubation irrespective of treatment
perhaps because of adsorption to the nutrient poor soils. These re-
sults were not as clear-cut as those of Schoenholtz et al. (2000),
who reported a positive correlation between the application of or-
ganic manure to soil and available Ca, K, Mg and P.

The Ultisol (Leilehua series) is known for its high Al concentra-
tion. With the application of organic amendments and incubation
time, Al concentration was reduced. This finding was in agreement
with previous studies (Liu and Hue, 2001; Shen and Shen, 2001;
Pypers et al., 2005). The Oxisol (Wahiawa series) on the other hand,
is known for its high concentration of Mn, which diminished grad-
ually beginning at the time of incubation perhaps, because the soil
became more aerobic (less electrons available from the initial rapid
decomposition of the added organic materials). Under such condi-
tions, Mn2+ would be oxidized to MnO2. In contrast, Hue et al.
(2001) reported an increase in Mn toxicity to soybean (Glycine
max L.) seedlings with the addition of organic materials (bio-solids
and green manure) to an Oxisol, perhaps because of the much
higher rates of organic amendments they used.

3.3. Total soluble organic carbon and low molecular weight organic
molecules

The Oxisol had the highest soluble C (60 lmol g�1) and the And-
isol the lowest (20 lmol g�1) perhaps reflecting the much stronger

Table 4
Changes in selected chemical properties with the addition of chicken manure and
green manure to an Andisol (Kealakeua soil series)

Element Treatment* Time of incubation (days)

2 14 28 42 56

Andisol
Ca (c molc kg�1) Control – 1.85 b 1.45 b 1.74 ab 1.52 b

G 1.42 b 1.98 ab 1.42 b 1.65 b 1.56 b
C 3.72 a 2.15 a 2.02 a 2.33 a 2.17 a

K (c molc kg�1) Control – 0.41 c 0.32 c 0.41 c 0.24 c
G 0.65 b 0.88 b 0.63 b 0.71 b 0.64 b
C 1.08 a 1.45 a 1.16 a 1.21 a 1.24 a

Mg (c molc kg�1) Control – 1.34 b 0.94 b 1.09 b 1.02 c
G 1.06 b 1.50 a 1.02 ab 1.44 a 1.12 b
C 1.18 a 1.36 b 1.14 a 1.40 a 1.28 a

Al (cmolc kg�1) Control – 0.08 a 0.07 a 0.04 a 0 a
G 0.09 b 0.09 a 0.08 a 0.01 b 0 a
C 0.12 a 0.04 b 0.09 a 0.04 a 0 a

Mn (mg kg�1) Control – 0.25 a 0.15 b 0.25 a 0.2 a
G 0.40 a 0.30 a 0.30 b 0.25 a 0.2 a
C 0.21 b 0.25 a 0.15 b 0.20 a 0.1 a

P (mg kg�1) Control – 0.2 a 0.05 c 0.85 a 0 a
G 0.17 b 0.15 ab 0.15 a 0.8 a 0 a
C 0.29 a 0.05 b 0.10 b 0.8 a 0 a

Values correspond to the mean samples.
Significant differences between treatments at P < 0.05 level indicated by different
letters for each element.
* Control: nothing added; G: green manure; C: chicken manure.

Table 5
Changes in selected chemical properties with the addition of chicken manure and
green manure to an Oxisol (Wahiawa soil series)

Element Treatment* Time of incubation (days)

2 14 28 42 56

Oxisol
Ca (c molc kg�1) Control 0.8 b 0.5 b 0.3 c 0.5 b 0.3 b

G 0.9 b 0.8 ab 0.7 b 0.6 b 0.4 ab
C 1.7 a 1.1 a 0.9 a 1.1 a 0.6 a

K (c molc kg�1) Control 0.1 b 0.2 b 0.2 b 0.1 b 0.1 b
G 0.3 ab 0.3 b 0.3 b 0.2 b 0.2 b
C 0.5 a 0.6 a 0.5 a 0.5 a 0.4 a

Mg (c molc kg�1) Control 0.7 c 0.6 b 0.3 b 0.4 b 0.3 b
G 1.0 b 1.0 ab 0.6 ab 0.6 ab 0.3 b
C 1.4 a 1.2 a 0.8 a 1.1 a 0.6 a

Al (c molc kg�1) Control 0.08 b 0.06 a 0.15 a 0.0 a 0.0 a
G 0.2 a 0.06 a 0.15 a 0.0 a 0.0 a
C 0.07 b 0.07 a 0.15 a 0.0 a 0.0 a

Mn (mg kg�1) Control 11.3 c 16.7 c 10.9 b 11.3 b 7.6 ab
G 20.3 a 27.9 a 16.6 a 15.8 a 6.7 b
C 15.9 b 23.0 b 16.3 a 17.6 a 9.6 a

P (mg kg�1) Control 0.09 a 0.1 a 0.2 a 0.0 a 0.0 b
G 0.09 a 0.1 a 0.2 a 0.0 a 0.2 a
C 0.09 a 0.1 a 0.2 a 0.0 a 0.0 b

Values correspond to the mean samples.
Significant differences between treatments at P < 0.05 level indicated by different
letters for each element.
* Control: nothing added; GM: green manure; CK: chicken manure.
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sorption capacity, during the 2 day sampling period (Fig. 1). In gen-
eral, soluble organic C decreased exponentially with time. Such de-
creases could be explained by the oxidation of organic C to CO2 by
soil microorganism as time progressed.

We obtained acceptable separation of peaks of the organic mol-
ecules. Thus, they were readily identified on the basis of retention
times. Of the eight LWMOA analyzed in this study, acetic, oxalic,
and catechol were found in the soils during the incubation period.
Succinic, gallic and citric acids were detected at the beginning of
the incubation (after 2 weeks of incubation, not shown) while
malic and tartaric acids were not detected. Several studies have
shown good separation of organic acids by GC, for samples from
neutral to alkaline soils in temperate climate. For example, Szmi-
gielska et al. (1997) reported a separation of 16 LMWOA. In the
current study, acetic acid was not detected on the second day of
incubation, but subsequently; it was detected in all three soils/
treatments with the highest concentrations of organic materials
14 days after incubation (Fig. 2). The values observed were
25 lmol g�1 and 18 lmol g�1 in the Ultisol and Andisol, respec-
tively, when chicken manure was added. After 56 days of incuba-
tion, acetic acid decreased in all but one sample, having the same
pattern as soluble organic C. Oxalic acid concentrations varied with

Table 6
Changes in selected chemical properties with the addition of chicken manure and green manure to an Ultisol (Leilehua soil series)

Element Treatment* Time of incubation (days)

2 14 28 42 56

Ultisol
Ca (c molc kg�1) Control 0.89 a 0.55 b 0.31 c 0.29 a 0.27 b

G 0.90 a 0.67 ab 0.62 b 0.42 b 0.37 ab
C 0.78 b 0.96 a 0.98 a 1.27 a 0.57 a

K (c molc kg�1) Control 0.20 c 0.33 c 0.26 c 0.26 c 0.15 c
G 0.34 b 0.51 b 0.50 b 0.41 b 0.29 b
C 0.66 a 0.88 a 0.82 a 0.83 a 0.43 a

Mg (c molc kg�1) Control 0.62 b 0.58 c 0.32 c 0.27 c 0.17 b
G 0.70 ab 0.76 b 0.66 b 0.48 b 0.30 ab
C 1.16 a 1.16 a 0.98 a 1.11 a 0.42 a

Al (c molc kg�1) Control 0.15 b 0.16 a 0.20 b 0.24 a 0.28 a
G 0.22 a 0.15 a 0.35 a 0.18 a 0.18 b
C 0.12 b 0.14 a 0.20 b 0.03 b 0.17 b

Mn (mg kg�1) Control 0.20 b 0.55 a 0.15 b 0.1 b 0.1 a
G 0.34 b 0.35 b 0.25 a 0.2 a 0.1 a
C 0.50 a 0.35 b 0.20 ab 0.2 a 0.1 a

P (mg kg�1) Control 0.05 a 0.15 a 0.10 b 0.90 a 0.0 b
G 0.06 a 0.10 a 0.30 a 0.45 b 0.0 b
C 0.03 a 0.15 a 0.30 a 0.0 c 0.2 a

Values correspond to the mean samples.
Significant differences between treatments at P < 0.05 level indicated by different letters for each element.
* Control: nothing added; G: green manure; C: chicken manure.

Fig. 1. Changes in soluble organic C (lmol g�1 of soil) with incubation period for
three soils of Hawaii. (The values had been corrected for the C of the EDTA used in
the Mehlich-3 extractant).
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incubation time (Fig. 3). The lowest concentrations were noticed 2
and 28 days after incubation and the highest 42 days after incuba-
tion. At 56 days after incubation, the oxalic acid concentration
showed an average of 24 lmol g�1 for all soils/treatments, except
for the Oxisol, with chicken manure, which had a concentration
of 3.85 lmol g�1, close to the concentration of soluble organic C
at that time. Catechol levels also varied with the incubation time
(Fig. 4), but had much lower concentrations than the other two or-
ganic acids (the highest concentration was 0.45 lmol g�1). It
seemed probable that changes in microbial population and species
and their waste products had caused such variations in LMWOA
during incubation.

4. Conclusions

Soil organic amendments (chicken manure and green manure)
had beneficial effects on three tropical nutrient poor soils, increas-
ing pH and EC, correcting Al and Mn toxicity and augmenting some
nutrient concentrations, especially when chicken manure was
used. Gas chromatographic separations yielded good resolution
and detection limits for the identification of three low molecular
weight organic molecules in acid tropical soils, but more research
is needed for the identification of other organic acids in manure-
amended soils.
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