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ABSTRACT---A study was conducted to determine land quality in an acid sulfate soil area in Semerak, Malaysia by
studying the soil/water characteristics and their effects on rice growth. Various physico-chemical indicators were selected
to assess the quality of the land. A glasshouse experiment was later conducted to alleviate the infertility of the soil for rice
cultivation. The treatments were ground magnesium limestone (GML) at the rates of 0, 2 and 4 t/ha, with or without
organic fertilizer. Water quality in the paddy fields of the studied area was assessed in terms of its pH, EC, cations (Ca,
Mg and K), anions (F, CI, Br, NO, NO3, POy, and SO,) and heavy metal concentration (As, Cd, Cr, Cu, Mn, Pb, Zn, and
Fe). Results showed that applying GML in combination with organic fertilizer at the rate of 4 t/ha had far reaching
ameliorative effects on: 1) soil pH which increased from 3.75 to 5.45; and 2) exchangeable Ca which increased from 0.39
to 1.45 cmol/kg. This in the end had increased rice yield significantly. The original field water pH was very low, with
values mostly about 4, which was far below the critical pH for rice production of 6. Ca and Mg in the water ranged from
26.22 t048.71 and 13.75t017.82 mg/l, respectively. The concentration of Al in the water of the rice fields was 203.07-
465.76 uM, while that of Fe was 77.46 to 163.90 uM. The concentrations of these two metals were far above the critical
level of 15-20 puM. Sulfate concentration in the water was high, ranging from 283.80 to 629.80 mg/l. Heavy metals
detected in the water of the rice fields were Mn (0.198-0.906 mg/l), Zn (0.018-0.191 mg/l), As (0.001-0.077 mg/l) and Cu
(0.020-0.087 mg/l). This study clearly showed that the quality of the land in the area under study was low; hence, required
special agronomic intervention to sustain rice production. GML applied in combination with organic fertilizer at the
appropriate rate as proposed in this study is probably the best agronomic practice to alleviate the infertility of the acid
sulfate soils for sustainable rice production.
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1. INTRODUCTION

Throughout the history of mankind, various soil management practices have been adopted to increase food for
human consumption, but some were without due regard to environmental degradation. Soil degradation is one of the most
important indicators for assessing environmental quality. Poor land management practices, including unreasonable land use,
has caused deterioration of soil quality, resulting in soil structure degradation and organic matter loss which affect water, air
and nutrient fluxes as well as plant growth [1, 2]. In addition, changes in soil quality are not only associated with soil
management, but also related to changes in temperature and precipitation [3].

Soil quality is defined as the continued capacity of soil to function as a vital living system within an ecosystem and
land use boundaries, sustain biological productivity, promote the quality of air and water environment and to maintain plant,
animal and human health [4]. Soil quality cannot be assessed directly; however, soil properties that are sensitive to changes in
management can be used as indicators [5]. By choosing some soil physical and chemical indicators, soil quality can be
addressed. According [6]soil quality is a function of various factors, such as parent materials, physical properties, chemical
properties and topography. Soil physical properties strongly influence soil function that determines potential land uses [7, 8].
Total quality of agro-ecosystems significantly affects soil physical and chemical properties as well as biological soil
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processes [9]. According to [10], soil with good physical quality also has fluid transmission and storage characteristics that
permit correct proportions of water, dissolved nutrients and air for both maximum crop performance and minimum
environmental degradation.

For cultivating rice on acid sulfate soils, chemical soil indicators take more attention than physical soil indicators
because of the problems resulting from nutrients imbalance and high acidity. A high quality soil not only produces sufficient
food and fiber, but also plays an important role in stabilizing natural ecosystem that enhances water and air quality [11].
Good soil quality is characterized by its high productivity without significant soil or environmental degradation [12].A better
knowledge of soil quality is essential for designing farming systems, which can maintain or improve soil quality and/or crop
production [13, 14]. Soil fertility loss directly affects rice yield because of reduction in soil quality [15].On the other hand,
adding organic matter, careful management of fertilizers, pesticides and tillage will protect the soils and eventually improve
their quality.

One of the main problem for the acid sulfate soils is drainage discharged containing pyrite (FeS,) are a serious
environmental concern in many regions of the world, with pH often less than 4 and concentrations of iron and aluminum that
are high enough to cause serious downstream impacts on flora and fauna [16, 17]. The oxidation of pyrite and other iron-
bearing sulfide minerals and the subsequent release of sulfuric acid dissolve iron those are available for crop uptake [18, 19].
Furthermore, pyrite oxidation produces sulfuric acid, which then attacks clay minerals, resulting in the release of aluminum
and other acid-soluble metals. Drainage from acid sulfate soils has been associated with its effects on plant growth [20],
acidification of water bodies [21, 22, 23, 24,25] and mortality of fish [26].Many environmental problems are associated with
discharging of these acidic products into river or lakes having fish and marine creatures or plants that are not tolerant to
acidity. Hence, the decline in soil and water quality can have a risk on aquatic ecosystem, industrial, agricultural and human
health.

Acid sulfate soils occur naturally in the coastal regions of the world. As reported by [27], these soils are sporadically
distributed in the coastal plains of the west and east coast of Peninsular Malaysia (Malaysia), Bangkok Plains (Thailand,),
Mekong Delta (Vietnam) and Kalimantan (Indonesia). They are mainly cropped to rice with the yield far below their national
average. Pyrite in the soils is formed by bacterial sulfate-reduction, a process requiring anaerobic conditions, sulfate and
degradable organic matter [25]. Sulfur will be stored safely in these soils if it is not exposed to the air and oxidized. If it is
exposed to the air, pyrite reacts with oxygen and water, producing sulfuric acid and heavy metals that affect both soil and
water quality. Sulfuric acid will lower pH that decreases the availability of nutrients. In addition, the high acidity will
dissolve toxic aluminum and iron, making them more available to plants and aquatic in the vicinity of acid sulfate soils.

Crop yield is strongly affected by the quality of the land on which it grows [28]. Therefore, the quality of land in
acid sulfate areas has a close relation with rice cultivation. Rice is by nature known to have a slight tolerance towards acidity
[27]. However, if the pH is too low, rice growth is adversely affected. Another property of soil that affects rice growth is high
Al concentration in the water. [27] stated that Al concentration in the water of rice fields cropped to rice in Peninsular
Malaysia was > 800 UM, higher than the critical level of 15 uM [29, 30].

The chemical properties of the land that are adversely affecting rice growth should be modified accordingly to
sustain rice production. Some agronomic practices that use in ameliorating acid sulphate soil are application of GML or
basalt on the soils [30, 27]. Hence, the main purpose of this study were: 1) to determine the quality of soil in Malaysia
covered by acid sulfate soils cropped to rice; and 2) to alleviate the infertility of the soils in the area to sustain rice production
using ground magnesium with or without organic fertilizer.

2. MATERIALS AND METHODS

2.1. The study area

The study area was located at Semerak, Kelantan, Malaysia (N52.208, E102 28.501) (Figure 1, 2). The state of
Kelantan is located in the east coast of Peninsular Malaysia. The area under investigation has tropical wet climate, with
average temperature of 32 °C and the annual rainfall of 2290-2540 mm [31]. The climate of this region is influenced by the
South China Sea. Kelantan Plainsare portrayed by the presence of a blend of riverine and marine alluvial soils, framed as a
result of the ascent and descent in ocean level during the Quaternary [32].
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Figure 2: The sampling sites (marked by numbers) in Semerak, Kelantan, Malaysia

2.2. Sampling of Soil and Water

Soil samples were collected at the depth of 0-15 and 15-30 cm from twelve sites in the study area (Figure 2). The soils were
classified as acid sulfate soils due to their low pH of < 3.5 in the subsoil (tested in the field) as well as the presence of
yellowish jarosite mottles at depth (observed during the sampling time). All soil samples were transferred to the laboratory at
Universiti Putra Malaysia, Serdang, air-dried in the laboratory, sieved through 2 mm mesh and kept for physico-chemical
analyses.

Water samples, collected from the twelve sites in the study area, were kept in polythene containers (500 mL). In the
laboratory, 2 mL of concentrated HNO; were added to the samples to avoid any changes happening to the metals in the water,
like precipitation. Water samples were appropriately processed in the laboratory and kept in suitable containers before being
analyzed for various chemical parameters.
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2.3. Determination of the physical indicators

Soil texture was determined by the pipette method as described by [33].Bulk density was determined by cylindrical
core method [34]. Using bulk density values determined in this study, soil porosity and soil water contents were estimated.
Aggregate stability was determined by the wet sieving method of [35], while particle density was determined by the method
of [36].

2.4. Determination of the chemical indicators

Soil pH (water 1:2.5) and EC were determined using the method of [37]. The determination of cation exchange capacity
(CEC) was carried out by leaching with ammonium acetate 1M NH,OAc buffered at pH 7 [38]. The Ca, Mg and K in the
extracts (exchangeable values) were measured by atomic absorption spectrometry (AAS). Exchangeable Al was determined
by the method of [39] using 1 M KCI to extract the Al, which was later determined by AAS. The available P in the soil was
determined by the [40] method using auto analyzer (AA). The extractable Fe was measured by double acid method. In this
method, Fe was extracted using 0.05 M HCI in 0.0125 M H,SO,. Five g of air-dried soil was mixed with 25 mL extracting
solution, shaken for 15 minutes and centrifuged at 180 rpm. The supernatant was then filtered through filter paper (Whatman
no 42) and the Fe was determined by Perkin Elmer Analyst 400 atomic absorption spectrometry (AAS). Total C, S and N
were determined by using CNS TruMac Analyzer.

2.5. Analysis of water from rice fields

Water samples from the rice fields were kept in clean polyethylene bottles based on the advice of [41].Water samples were
analyzed for some chemical parameters, such as pH, electrical conductivity (EC), which were measured by pH meter and EC
meter, respectively. The pH probe was calibrated using a standard buffer solution of pH 4, 7 and 10, while the EC meter was
calibrated with 0.001M KClI to give a value of 14.7 pS/m at 25°C. Perkin Elmer Analyst 400 atomic absorption spectrometry
(AAS) was used to determine the cations (Ca, Mg, K and Na). Inorganic anions (F, Cl, SO, PO, NO,, NO3, and Br) were
analysed by ion chromatography APHA 4110B Metrohm 882 compact IC plus. Heavy metals (Fe, Zn, As, Cd, Cr, Cu, Mn
and Pb) were measured using Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES), Perkin Elmer Optima
ICP.

2.6. Pot experiment in glasshouse

A glasshouse experiment was conducted using soil from acid sulphate soil and the rice variety MR 219 was used to test the
effects of GML and/or organic fertilizer application on its growth. Organic fertilizer used was JITU™, a sugar cane-based
organic fertilizer, at the rate 0.25 t/ha. This organic fertilizer was composed of complete and balanced nutrients needed by
rice; such as N (5.03%), P (0.25%) and K (0.35%): hence, was expected to enhance the growth of rice. In addition, it
contained beneficial microbes that helped stimulate the growth of root hairs for maximal nutrients adsorption (as claimed by
the manufacturer). Factorial Completely Randomized Design (CRD) experiment with three replications and one factor was
conducted; ground magnesium limestone (GML) and organic fertilizer were used. The treatments are shown in the Table 1.
Soils were analyzed before and 40 days after sowing (DAS) to see the effects of treatments on soil indicators. Rice yield was
recorded at harvest, which was after 120 days.

Table 1: Experimental treatments in the glasshouse.

Symbol Treatment
T1 Control
T2 2t GML/ha
T3 4t GML/ha
T4 2t GML/ha + organic fertilizer
T5 4 t GML/ha + organic fertilizer

2.7. Statistical analysis
Data available from this study were analyzed by ANOVA for analysis of variances and Tukey test for mean comparison
using SAS version 9.3 (SAS Institute, Inc., Cary, N.C., USA).
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3. RESULTS AND DISCUSSION
3.1. Soil Quality
Good soil quality means that the particular soil is able to supply enough essential nutrients needed for the healthy growth of
crops. For such a good soil, nutrients are sufficiently available and ready to be used by the plants, and at the same time they
are not expected to be leached into the groundwater or have toxic materials that affect living creatures in the soil.

3.1.1 Physical indicators

The physical state of a soil has a direct influence on the quality of the environment and on crop production [42]. Further, the
balance of air and water required to enhance soil quality is maintained by a well-aggregated soil (existing in good physical
condition) [43]. Physical soil quality indicators include soil temperature, water holding capacity, soil texture, topsoil depth,
porosity, bulk density and aggregate stability. Results from this study showed that the texture of the soil ranged from silty
clay loam to clay loam (Table 2), which was considered a good texture for rice growth as it has the capacity to retain water.
Rice is usually grown on soils of widely varying particle-size classes, mostly of medium (fine loamy) to fine (fine clayey)
particle-size distribution in their surface horizon.

Table 2: Topsoil particle-size distribution of the acid sulfate soils in Semerak, Malaysia.

Samples % Clay % Silt % Sand Texture
1 25.96 47.42 17.93 Loam
2 23.35 57.57 19.01 Loam
3 36.72 58.97 4.27 Silty clay loam
4 30.25 63.57 6.16 Silty clay loam
5 29.30 65.97 4.70 Silty clay loam
6 34.39 59.35 6.22 Silty clay loam
7 37.18 50.29 12.46 Silty clay loam
8 25.11 45.19 28.16 Loam
9 29.39 49.60 20.96 Silty clay loam
10 31.51 56.86 8.59 Silty clay loam
11 29.72 63.91 6.48 Silty clay loam
12 29.41 64.24 6.31 Silty clay loam

The bulk density of the soils under investigation was found to be at the good level, which means they could provide structural
support for water and solute movement as well as aeration (Table 3).

Table 3: Selected physical properties of the topsoil of the acid sulfate soils Kg. Golok, Kemasin-Semerak, Kelantan,
Peninsular Malaysia.

Sites Bulk density (g/cm®) article density (g/cm®)  Porosity
1 1.20 2.35 0.50
2 1.20 2.45 0.52
3 1.10 2.36 0.54
4 1.10 2.44 0.55
5 1.30 2.64 0.51
6 1.10 2.55 0.57
7 1.00 2.56 0.58
8 1.40 2.40 0.42
9 1.30 2.50 0.48
10 1.40 2.30 0.40
11 1.00 2.45 0.60
12 1.20 2.60 0.54
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3.1.2. Chemical indicators
3.1.2.1. Soil pH

Soil pH in the current study was mostly < 4 (Table 4), indicating the presence of high amount of acidity. This pH level
was far below the critical pH for rice production of 6 as determined by [29, 30] When pH is less than 5, Al in the water will
be hydrolyzed to produce more acidity, causing stress to the growing rice plants in the field [27]. Adjusting soil pH to the
appropriate level for sustainable crop cultivation is a very important step in soil management. One of the concepts of soil
quality is achieving a desired purpose; thus, maintaining soil pH at an acceptable level for healthy rice growth is a key aspect
of soil quality. Removing excess hydrogen ions in the soil should be done to manage soil quality issue relating to soil acidity.

Table 4: Changes in the chemical properties of the soils with depth (0-15) cm'and (15-30) cm.

Exchangeable cations (cmol/kg) o %
g m i 5 g g
<) © Q — g & 8
= = ° o =) @ = =
@ = I ) 3 T Z wn
(%] (@] = o @D — ~
3 3 = _ S X
~ Ca Mg K Al = 3 = <

« o

T2
1 0-15 553 039 220 141 0.8 3.06 13.14 183 0.19 0.12

15-30 414 012 086 1.09 0.28 3.28 10.71 190 0.07 0.07
0-15 4.71 0.20 119 109 0.16 3.55 7.03 200 0.15 0.08

2 15-30 35 011 049 057 010 3.81 10.07 208 0.11 0.09
3 0-15 3.72 009 060 056 0.20 415 1142 212 0.27 0.12
15-30 3.62 0.10 028 029 017 477 1285 240 0.19 0.13
0-15 3.61 010 034 035 015 3.68 1157 172 0.22 0.15
4 15-30 3.55 010 010 036 0.16 410 1371 189 0.08 0.07
5 0-15 424 010 133 122 022 294 1135 170 0.07 0.09
15-30 5.99 011 295 167 012 250 10.42 183 0.12 0.08
0-15 4.23 0.13 1.32 134 011 3.87 13.14 264 0.17 0.18
6
15-30 374 012 094 101 0.16 433 1221 301 0.06 0.11
7 0-15 4.36 0.10 1.09 106 0.20 3.28 9.21 283 0.20 0.12
15-30 3.85 0.10 062 0.61 0.06 3.38 8.57 314 0.09 0.08
8 0-15 4.14 010 089 096 0.16 3.78 9.35 158 0.18 0.12
15-30 354 010 063 069 0.16 4.14 8.57 172 0.10 0.09
9 0-15 4.58 0.10 113 121 012 3.98 8.78 203 0.42 0.08
15-30 4.00 010 073 100 0.14 4.26 7.57 232 0.47 0.11
10 0-15 3.53 010 075 074 0.19 2.04 9.71 302 0.57 0.13
15-30 341 010 020 044 021 2.32 9.42 335 0.40 0.07
1 0-15 5.95 015 085 091 022 245 1392 208 0.57 0.22
15-30 4.07 013 012 046 0.07 3.11 9.92 240 0.40 0.11
12 0-15 3.89 014 284 158 0.15 3.45 9.21 134 0.51 0.10

15-30 3.53 0.10 116 043 0.07 3.87 9.71 153 0.39 0.05

Soil chemical, biological and physical properties are affected by pH. Nutrients availability, elemental toxicity and
microbial activities have a very close relationship with soil pH which, in turn, affects rice growth. Soil pH regulates the
solubility of nutrients and elements. Therefore, it controls the availability of nutrients for plant uptake. At low pH level, the
solubility of some elements, like Al and Fe, increases and change to toxic level [27]. On the other hand, the availability of
some essential nutrients, like Ca, Mg and K, will decrease, creating unfavorable conditions for plant to habitat as shown in
Table 4. In addition, at low pH level commonly seen in the study area, phosphorous is expected to be precipitated as
insoluble Al-Fe-phosphate that reduces the availability of P for rice growth [44]. This phenomenon occurs frequently in acid
sulfate soils which naturally contain high concentration of Al and/or Fe.
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Biological properties are also affected by low pH, by regulating the biochemical transformations of minerals and
organic materials in the soils. At very low pH, because of low microbial activity, the process of organic matter mineralization
is de-accelerated. Nitrification and nitrogen fixation are also inhibited bylow pH. Physically, as soil pH affects cations
availability, the aggregate stability will be affected because cations like Ca are used as bridges between organic colloids and
clays.

3.1.2.2. Exchangeable Aluminum

Exchangeable Al in the soils was high, ranging from 2.33 to 4.89 cmol/kg (Table 4). The surface of rice root is negatively-
charged, so the positively-charged Al ion is naturally attracted to it [29, 27]. At low pH of <5, Al dissolves readily, causing
toxicity to rice plants [45]. Hence, the presence of high Al concentration in the soils under study could severely affects the
morphology of rice roots that resulted in the decrease of root surface area, which in the end caused Ca and Mg deficiencies
[46].

The release of Al in various forms from clay minerals in the soils of our study was largely pH dependent, of which
the dominant forms were AI** and AIOH? [47]. Hence, we believed that growing rice in the acid sulfate soils of the current
study would strongly be affected by aluminum toxicity. If the roots of rice had absorbed the toxic Al, it would accumulate in
them and eventually damaged their normal function. If this happened, water could not be taken up sufficiently, resulting in
less nutrient uptake to support normal rice growth. As Figure 3 shows, Al in soil was negatively correlated with soil pH,
meaning that when soil pH was lowered, Al concentration was linearly increased and the R was 0.77.
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Figure 3: Relationship between exchangeable Al and soil pH

3.1.2.3. Extractable Iron

Iron toxicity is a complex nutrient disorder. There are many reasons for the incident of Fe toxicity in rice; one of them is
deficiency of Ca, Mg, K, P and Zn [44].Various studies conducted in Asia and Africa indicated that iron deficiency had a
direct effect on rice grown in acid sulfate soils. [48] made an analysis of soil data in relation to Fe toxicity in Asian soils and
suggested that Fe toxicity was common in the young acid sulfate soils (Sulfaquepts), but was rare in the older, more deeply
developed acid sulfate soils (SulficTropaquepts) which do not produce high levels of Fe?* upon submergence.

For the soils under study, Fe concentration ranged from 168 to 310 mg/kg (Table 4). According to Nhung et al.[49] Fe
concentration above 500 mg/kg was considered toxic to rice growing in the soils. The red color of the water in the paddy
fields of the Kelantan Plains is indicative of the presence of excessive amounts of Fe [50]. Iron is commonly associated with
acid sulfate soil conditions [25]. Soil-leaching studies had shown that Fe was leached in order of magnitude higher than other
metals present within the soil, except Al [51]. The concentration of Fe was closely related with pH as in Figure 4, the R was
0.71.
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3.1.2.4. Nutrients Deficiency

The adverse effects of soil health and soil quality arise from nutrient imbalance in soil, excessive fertilization, soil pollution
and soil loss processes [52, 53]. Managing soil quality through nutrient management is an important function of chemical soil
quality to supply sufficient nutrients for crop growth. Calcium is important in soil conditioning and plant nutrition. In the sail,
it has an important role in determining soil physical and chemical characteristics, which is soil pH and structures. Soils
having sufficient Ca have good structures, good drainage and are friable. Therefore, by adding lime as ground magnesium
limestone (GML) to acid sulfate soil, Ca concentration will be increased [50].

For the current study, the untreated topsoil exchangeable Ca was less than 2 cmol/kg soil (Table 4), which is the required
level for the healthy rice growth [54].In general, Mg acts like Ca in the soils; both stay in soil solution and exchange
complexes. Mg is closely related with soil pH, as soil pH increases Mg also increases. Exchangeable Mg in the soil was about
1 cmol/k g (Table 4), which is the required level for rice production as found by [55].. We believed that GML application at
the appropriate rate would be able to alleviate Ca and Mg deficiency in the soils. The presence of extra Ca and Mg in the soils
can partly contribute to the alleviation of Al toxicity as had been shown by [56].

3.2. Water Quality
3.2.1. Cations

It is no doubt that the quality of the water used for agriculture is very important for the healthy growth of crops. Features such
as salts, pH and alkalinity determine the suitability of the water for crop production. Quality and quantity of water has very
close relation to plants as each plant has a specific need for water. This is because water is used to transport dissolved sugar
and other nutrients through the plant. Therefore, without proper balance of water, the plant not only is undernourished, but
also is physically weak and cannot support its normal growth. Furthermore, water quality determines the stability of soil
structures; clay particles will be separated by the presence of moisture and exchangeable sodium, and this will reduce water
movement and aeration in the soil.

For the soils under study, due to high acidity and the presence of high amounts of Al and/or Fe, discharge from them
to the water bodies nearby would undergo many changes that deteriorated its quality. Based on the data available from this
study, many water properties were strongly affected as shown in Table 5. It was observed that water pH ranged from 3.14 to
4.14, which was a common phenomenon for areas occupied by acid sulfate soils in Malaysia [27]. According to Department
of Environment [57], this range is classified under class V for Malaysian rivers. This low pH might have environmental
problems, for example, metals and structures made of cement will slowly be dissolved.

Table 5: Chemical properties of water in the rice fields.

Samples pH EC Cations Al (UM)  Fe (UM)
(dS/m) (mg/l)
Ca Mg K Na

1 3.53 0.54 30.62 13.92 1.50 13.06 203.07 104.00
2 3.14 0.57 33.35 14.51 2.52 13.45 398.46 98.64
3 4.01 0.58 33.69 16.27 2.50 13.35 433.46 130,00
4 3.54 0.65 28.35 14.44 9.10 13.86 383.07 85.43
5 4.12 0.85 43.21 17.69 4.05 15.18 448.07 137.65
6 3.92 1.28 48.71 14.67 8.67 15.65 443.84 99.43
7 3.81 0.59 39.49 15.95 3.31 13.64 420.00 87.10
8 3.95 0.61 26.22 13.75 5.14 12.97 465.76 81.97
9 4.14 0.56 27.87 13.98 4.10 13.28 324.61 163.90
10 3.59 0.76 41.67 17.82 3.00 14.21 206.92 77.46
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The EC of the water was low; hence, it was not expected to be harmful to crops growing in the soils under
investigation. The EC of these samples were found to be within the recommended level found by [57]. Calcium concentration
in the water ranged from 26.22 to 48.71 mg/l, which was high. This was probably because some of it might have come from
lime application when the farmer owning the land grew rice. Acid sulfate soils need to be adequately limed at regular interval
S0 as to increase soil pH with concomitant precipitation of Al and/or Fe [27].Likewise, magnesium concentration was high,
ranging from 13.75 to 17.82 mg/I. This is consistent with the belief that the paddy fields were limed before the water for the
study was sampled. The lime used in Malaysia is ground magnesium limestone which contains high amount of Ca and Mg. In
this water, potassium concentration ranged from 1.50 to 9.10 mg/l, while that of Na was from 13.06-15.65 mg/I. These values
were normal for water of the paddy fields in acid sulfate soils of the Kelantan Plains [50].

The concentration of aluminum in the water varied, ranging from 203.07 to 465.76 uM. This level is considered very high by
any standard, way above the critical level for rice growth of 15 uM [29, 30], which was consistent with the finding of[58].
Iron concentration ranged from 77.46 to 163.90 uM, which was also far too high for the healthy growth of rice [59].

3.2.2. Major Anions

The discussion on water quality with regard to anion concentrations was based on the level proposed by [57]. As shown in
Table 6, fluoride concentration in the water ranged from 0.31 to 0.83 mg/l, which would not pose harmful effect on both soils
and crops in the area under study. This level of F was considered acceptable for water in the country. Chloride concentration
was 20.10-47.42 mg/l, which was regarded as low. According to [57], 80 mg/l is usable for agriculture. High quantity of
chloride will restrict plant growth. In the soils under study, its concentration was also low.

Usually, nitrite concentration in water is very low (0.05-0.13 mg/l) compared to that of nitrate (1.01-3.90 mg/I) because in
oxygenated water it is easily converted to nitrate. According to [57], the acceptable level was 1 and 7 mg /I for nitrite and
nitrate, respectively. Phosphate concentration was about 0.1 mg/l, indicating the maximum acceptable level to avoid
accelerated eutrophication; above 0.2 mg/l is not normal for Malaysians rivers according to [57]; this range would lead to
accelerated growth and many consequent problems. Bromide concentration was very low, ranging from 0.04 to 0.15 mg/l. As
expected, the concentration of sulfate was very high, ranging from 283.80 to 629.69 mg/l. [60] stated that the concentration
of SO, would be double as a result of pyrite (FeS,) oxidation as shown by the following reaction:

FeS, +15 / 40, +7 | 2H,0— Fe (OH); 250,72 +4H*

Table 6: Important anions in the water from the rice fields.

Samples F Cl NO, Br NO; PO, SO,
(mg/L)
1 0.56 20.10 ND ND 1.17 0.19 283.80
2 0.54 23.33 ND ND 1.01 0.10 353.42
3 0.35 22.60 0.12 0.04 3.84 0.12 432.30
4 0.42 30.77 0.11 0.15 247 ND 420.88
5 0.31 47.42 0.11 ND 247 0.11 625.80
6 0.83 35.33 ND ND 1.09 0.27 629.69
7 0.52 22.89 0.11 0.11 2.39 0.09 420.45
8 0.43 20.60 0.13 0.13 1.21 ND 326.69
9 0.40 21.47 0.13 0.13 2.88 0.15 335.59
10 0.36 25.62 0.05 0.05 3.90 ND 583.08

ND = Not detected

3.2.3. Heavy Metals

It is believed that metals leached from sulfidic soils can greatly contribute to metal accumulation in the water bodies in the
surrounding area [61]. These metals may subsequently have negative effects on the ecosystem by causing adverse impacts on
organisms [62]. Heavy metals are natural trace components of the aquatic environment, but their levels can be increased by
industrial wastes, geochemical structure, agricultural and mining activities [63].
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In the current study, the concentration of heavy metals in the water of the rice fields was, in most cases, not in the range that
affects soil quality or plant growth (Table 7). It was found that the arsenic concentration ranged from 0.012 to 0.077 mg/I;
this range was not too high that pose a threat to marine organisms. Arsenic has been observed to become more mobile in acid
sulfate soils during rewetting phase [64] with its mobility increased by high carbonate concentrations/alkalinity [65]. We
found that cadmium concentration ranged from 0.001 to 0.003 mg/l, which was lower than the accepted concentration of 0.01
mg/l according to [57].Chromium concentration in the water ranged from 0.001 to 0.005 mg/l; it is only toxic to organisms if
the concentration is 2000 to 105,000 mg/l. Mercury is lethal to human life. Fortunately, its concentration in the water of this
study (0.020 - 0.087 mg/l) was below the critical level of 0.1 - 2.0 mg/I according to [57].

Table 7: Heavy metals in the surface water of the rice field

Samples As Cd Cr Cu Mn Pb Zn
(mg/l)
1 0.012 0.002 0.001 0.081 0.495 0.012 0.128
2 0.019 ND 0.003 0.059 0.528 0.020 0.139
3 0.015 ND 0.003 0.039 0.577 0.028 0.051
4 0.013 0.001 0.003 0.087 0.541 0.021 0.191
5 0.028 ND 0.003 0.045 0.906 0.030 0.050
6 0.012 0.003 0.004 0.049 0.643 0.010 0.119
7 0.016 0.001 0.002 0.041 0.568 0.017 0.063
8 0.077 0.001 0.003 0.051 0.515 0.020 0.105
9 0.015 0.002 0.002 0.053 0.460 0.031 0.146
10 0.020 0.002 0.005 0.020 0.198 0.022 0.018

ND = Not detected

Manganese concentration ranged from 0.198 to 0.906 mg/l, which was a little higher than the recommended level for
crop growth. In the absence of dissolved ferrous iron or through the action of oxidizing bacteria, Mn may be precipitated at a
lower pH [66]. Lead concentration ranged from 0.010 to 0.031 mg/l; the recommended field water is 0.1 mg/l according to
[57] Zinc concentration was found to be0.018-0.146 mg/l, which was considered not harmful to the organisms living in the
water.

3.3. Effects of Soil Amendments on soil properties and plant growth

3.3.1.Changes in soil chemical properties

GML application gave ameliorative effects on soil properties as shown in Table 8. It was shown that applying GML
improved soil quality via alleviating soil acidity, eliminating Al and/or Fe toxicity, enhancing nutrients availability, which
was consistent with the study of [67]. Applying GML alone or in combination with organic fertilizer significantly increased
soil pH that precipitated Al as Al-hydroxides [27]. In the treatment where GML was applied at 4 t ha™ in combination with
organic fertilizer, soil acidity was almost neutralized. Applying GML together with organic fertilizer would speed up the
reduction of Fe®" to Fe*" [68], and the latter was precipitated as inert Fe-hydroxides when pH increased [69]. It means that the
exposure of the rice roots to the toxic Fe®* was shorter than it otherwise was. This finding is in agreement with the study of
Tran and Vo (2004) who found that adding organic fertilizer in flooded acid sulfate soils reduced Fe toxicity significantly.
Figure 4 shows that extractable Fe decreased as soil pH increased, shown by the equation
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Figure 4: Relationship between extractable Fe and soil pH

The application of GML was not only able to increase pH that removed Al from the solution, but also supplied adequate
amounts of Ca, Mg (Table 8), which were very important for the healthy growth of rice [50, 70]. There was positive
relationship between soil pH and exchangeable Ca(Figure 5). The Ca, to some extent, had the ability to reduce the toxic
effect of Al [71, 56]. In addition, it was shown by [56] that the presence of extra Mg could also contribute to the alleviation
of Al toxicity.

The available P in the soil increased as the rate of GML combined with organic fertilizer increased. According to
[55] rice needed between 7 and 20 mg kg™ of P for its healthy growth (Table 8). Lime application can stimulate microbial
activity that release P into soils [72].Therefore, by combining GML with organic fertilizer containing beneficial microbes as
had been done in this study, soil quality had improved somewhat that was translated into improved rice growth and
eventually its yield.

Table 8: Chemical properties of the soil at harvest.

Exchangeable cations
(cmol /kg) Fe P
(mg/kg) (mg/kg)

Treatments pH
Ca Mg

K Al
T1 3.79°¢ 0.97° 0.71°% 0.14° 2.22% 284.85? 3.18°
T2 5.33° 1152 0.56 2 0.19® 2492 120.17° 2.852
T3 5.86 ® 1.93% 0.74% 0.15° 1.83° 159.00° 2.64°
T4 5.86 ® 1652 0.61°2 0.21%® 2.07%® 148.33° 2202
T5 6.36 % 1532 0.50? 0.502 1.87° 121.33° 3.36°

Means followed by the same letter within a column are not significantly different at P<0.05

3.3.2. Effects of amendments on rice yield

In Malaysia, applying GML into acid sulfate soils is a standard practice for rice production [50,27]. Usually one month after
application, GML reacts with the soil and subsequently improves its quality. Increase in pH by liming improves nutrients
solubility which become more available to rice. It was found that the yield of rice was low in the control treatment due to soil
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acidity, where soil pH was less than 4 (Table 9). This study showed that rice yield was positively correlated with soil pH
(Figure 5) with R value 0.922.

Table 9: Effects of amendments on rice growth and yield

Treatments Panicle number Panicle length Yield
(cm) (g grain weight/pot)
T1 4 14.00° 10.37°°
T2 5 16.50° 13.20°
T3 5 18.50° 14.13°
T4 5 19.10° 13.75°
T5 5 21.10° 16.20°

Means with the same letter are not significantly different at P < 0.05

One of the biggest benefits of adding lime is to optimize soil and crop productivity and growth. The roots of rice
plants usually grow healthier if the soil is supplied with adequate lime because they are exposed to less amount of toxic
aluminum; hence, the growths of their roots are enhanced. At the rate of 4 t/ha of GML in combination with organic fertilizer,
plant height, filled panicles and the grain yield were significantly higher than that of the control treatment (Table 9), which
was similar with the finding of [73].

The highest panicle numbers (5), panicle length (21 c¢cm) and weight of 1000 grains were found in the GML
combined with organic fertilizer treatment. [74] stated that rice yield increased from 2 to 4.5 t/ha/season after annual GML
application of 2 t/ha. The increase in yield using this agronomic practice was confirmed by the study of [75].

4. CONCLUSIONS

This study had shown the effects of soil and water quality on rice grown on an acid sulfate soils in Malaysia. It was
found that without applying lime and organic fertilizer, rice grew poorly, producing low yield. This was because soil pH was
low and the concentration of Al and/or Fe in the water was way above the critical level for rice production. The infertility of
the soils can be alleviated satisfactorily by applying GML at the appropriate rate in combination with organic fertilizer. Under
natural conditions, it was found the concentration of heavy metals and toxic anions in the water of the acid sulfate soils under
investigation were below the level considered harmful to either human being or plants in its vicinity. This study found that
acid sulfate soils in Malaysia can sustain rice production if the agronomic practiced proposed in this study is adopted.
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