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CHAPTER 3

SULFUR COATED FERTILISER MATERIALS AND THEIR
EFFECTIVENESS AS SULFUR. SOURCES FOR RICE UNDER

FLOODED AND NON-FLOODED CONDITIONS

3.1 INTRODUCTION

Rice (Oryza sativa L.) is the most important food crop in the world, particularly in the Asian and

Indian subcontinent. According to IRRI's 1994 p rogram report (IRRI. 1995), of the total 81 million

hectares of irrigated rice, Asia alone has 75 million hectares and produces more than 70% of the

world's rice. The report also indicated that Asia nas almost 40 million hectares planted to rainfed

lowland rice which is mostly in the South and S3utheast Asia region. Rice grown in the upland

ecosystem makes up 19% of the total rice production.

The influence of P on S C oxidation was covered in Chapter 2 where various authors reported

increased S' oxidation rates, increased plant growth, increased fertiliser-S uptake and higher

percentage of plant S derived from fertiliser in lhe presence of P (Janzen and Bettany, 1987b;

Lawrence and Germida, 1988: Dana, 1992; Chinoim. 1994; Sholeh. 1995; Santoso et a/., 1995).

In rice. Dana (1992) attributed the differences between the TSP-S products he studied to the

method of bonding of the S coat to the TSP granules. Investigating the effects of different

manufacturing techniques on availability of SO 4 2- from mixtures of S c with TSP, Boswell et ai.

(1996) attributed the differences resulting from the different methods of preparing S c mixtures to

the particle size of the S c released when granules dispersed. The authors also showed that

irrespective of whether the sintering or blending method was used, mixtures that contained sulfur

particles of diameter <75 arm were more effective. It appears that whilst coating of 5' onto finished

fertiliser products such as TSP is a beneficial process, the important factors that tend to contribute

to the effectiveness of such a product are the right particle size of the S c and the preparation

method used in the coating process of such a product. However, it is desirable to use S coated

fertilisers that are easy to handle and at the same time possess the nutrient release patterns

synchronized to the demand of the crop.

This study was aimed at investigating the effectiveness of a range of S coated TSP fertiliser-

materials in rice under flooded and non-flooded conditions.
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3.2 MATERIALS AND METHODS

3.2.1 Experimental Design

The experiment was conducted from January to May, 1997 in a glasshouse at the Department of

Agronomy and Soil Science of the University of New England, Armidale, NSW, Australia. The

experiment consisted of a factorial combination of 6 sources of fertiliser S materials [Goldphos10

(GP10), UNE511, UNE1, TSP+S°f (fine), TSP-1S°m (medium) and TSP+S°c (coarse)], and a

Control, 2 water regimes (flooded and non-flooced) and 3 replications. These treatments were

arranged in a randomized complete block design (RCBD). Description of the coated TSP fertiliser

UNE1 is given by Dana (1992) and Dana et al. (1994a). UNE511 was made in the similar manner

as UNE1 but during the drying process, its coat was hardened by blowing an excessive amount of

warm air from a hair dryer. GP10 is a commercial S coated TSP (Goldphos10) which contains

18% P and 10% S. It is manufactured by Hi-Fert Pty Ltd, Australia.

3.2.2 Soil Sampling and Preparation

The surface layer (0-15 cm) of the soil was collected from a natural pasture site about 100 m from

the New England Highway at Uralla, NSW. The soil was then air-dried and processed through a

soil shredder to achieve a good mix. This alsc facilitated the removal of extraneous materials

such as stones and plant debris with ease. Prior to weighing and bagging, the soils were passed

through a 2 mm sieve to obtain a uniform soil particle size. This particular soil was used in

previous experiments and it is reported to be a Eulfur-deficient Aquic Haplustalf (Anderson, 1988;

Chaitep, 1990; Dana, 1992). The chemical characteristics of the soil used in the experiment are

presented in Table 3.1.

3.2.3 S Coated Fertiliser Preparations

To obtain the different particle sizes of 53-154 pm (fine), 154-263 pm (medium) and 263-328 pm

(coarse), 3° was sieved through the required sieve sizes by the wet-sieving method. In this

method, the S° material (100% S) was washed lightly with the running tap water through the above

sieve sized screens. The process began by washing the S° material through the coarser sized

sieve (328 pm) and those particles that did not pass through this particular sieve were discarded,

and particles that passed through were further washed using the second sieve (263 lim). Particles

that did not pass through this particular sieve ware retained (particle size between 263-328 pm),

while those that passed through were washed again using the third sieve (154 pm) so that the

particles which did not go through were retained as particle size between 154-263 pm. Finally, the

particles that went through the 154 pm sieve w3re again washed through the last sieve (53 pm
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sized sieve). As above, the particles that did not pass through were retained as the particle size

between 53-154 gm. The particles <53 gm were discarded. The three different particle size S°

materials were then thoroughly air-dried and stored in plastic jars which were used to coat the

triple superphosphate (TSP) granules.

Table 3.1 Chemical characteristics of the soil used in the study.

Soil characteristic	 Value

Colwell P	 17.0 gg/g soil

Organic P	 135.8 gg/g soil

Total P	 275.0 gg/g soil

Total S (KCl-40)	 91.4 gg/g soil

pH (1.5: 0.01 M CaCl2) 	 4.5

pH buffer capacity	 0.01 rnol/kg dry soil

Organic carbon	 0.87 %

ECEC	 32.0 mmol (p+)/kg

Exchangeable cations expressed as a % of ECEC

Ca	 69.9 %

Mg	 10.2 %

K	 4.9 %

Na	 5.4 %

Al	 9.5 %

(Sources: Anderson, 1988; Chaitep, 1990: Dana. 1992: Chinoim, 1994)

Before the TSP (20-23% P) granules were coated with S°, they were dry-sieved using 2 different

sized sieves (2.0 and 2.8 mm diameter) and following the similar procedure as in wet-sieving, the

TSP granules >2.8 mm were discarded and those that passed through were sieved through the 2.0

mm sized sieve. Granules <2.0 mm diameter were eliminated and granules between 2.0-2.8 mm

diameter were retained and used in the experiment. Likewise, GP1 0 was sieved using the same

sieve sizes and procedure as used for TSP.
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3.2.4 Coating of TSP Granules with Elemental Sulfur

To coat the TSP granules with the S C material, 20 g each of the three different S° particle sizes

were weighed. The 20 g S° material was then mixed thoroughly with 10 mL of calcium

lignosulfonate to make a paste. TSP granules of 2-2.8 mm diameter were then added to the S°

/calcium lignosulfonate mixture and mixed thoroughly with a glass rod. To obtain a good coated

material, the mixture was transferred to a rotating drum and a slightly warm air current blown over

the granules. The S coated materials, with the 3 different particle sizes, were then air-dried and

stored in three different plastic jars.

3.2.5 Analysis of the S Coated TSP Granules

To measure the S content of the coated materials, the Combined Phosphorus and Sulfur Digest

Method for Soils and Fertilisers by Till et al. (1984), was employed. The S and P rates used in the

experiment (10 kg S/ha and 46 kg P/ha, respect vely) were thus calculated based on the S and P

contents of the coated materials. as obtained from the analysis, and the surface area of the pots.

3.2.6 35S Labelling of the Soil Samples

Prior to potting. 42 lots of 1.85 kg of soil were weighed and put in clear plastic bags. 35S was then

used to labelled the soil samples. This was done by using a syringe to apply 5 mL of the

radioactive solution (K235SO4) to the soil surface in the bags (0.893 MBq/pot). Immediately after

the application of the radioactive solution. 50 mL of deionized water was added and mixed

thoroughly with the soil in the plastic bags. The labelled soil samples were then kept in the soil

storage room to incubate for 3 weeks. incubation allows the equilibration of 35S with the native

sulfate and rapidly turning over organic S in the soil (Dana, 1992). After the incubation period, the

sample in the plastic bag was placed inside a second plastic bag so that there were two plastic

bags/pot as inner linings. The pots used in the experiment were 183 cm 2 in surface area. The

pots were then transferred to the glasshouse, manually irrigated with deionized water to field

capacity and were ready for basal nutrients which were applied a day later.

3.2.7 Basal Nutrients and Treatment Applications

Only nitrogen and potassium were applied as basal nutrients and these were mixed thoroughly

with the soils. These were applied in solutions .at the rates of 100 kg N/ha and 10 kg K/ha, and

they were applied as Urea (400 mg urea/pot) &lc! KCI (35.2 mg KCl/pot), respectively. A day after

the basal applications, 6 two weeks old rice (var. IR30) seedlings which were grown in quartz sand

were transplanted per pot. The treatments were not immediately imposed because it took about a
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week for the seedlings to adjust so that during this period those rice seedlings that failed to

establish or died, were replaced. After a week, the six different S coated fertiliser materials and

water regimes (flooded and non-flooded) were i Tiposed. The S coated fertiliser materials were

applied by placing the granules uniformly on the soil surface. The flooded treatments were

imposed by adding deionized water to a level of about 4 cm above the soil surface and maintained

at that level until during the ripening period when watering was terminated. For the non-flooded

treatments, watering was maintained at or near field capacity by weighing until the ripening period

when watering ceased. N was applied again 30 and 45 days after transplanting (DAT) at 40 kg/ha.

Five weeks after the treatment applications, the rice plants showed K deficiency symptoms,

therefore, a further 20 kg K/ha as KCI (70.4 mg KCl/pot) was added. The rice plants recovered

dramatically after the K application. The application rates of P and S of the S coated fertiliser

materials are presented in Table 3.2.

Table 3.2 Application rates (mg/pot) of P and S of the S coated fertiliser materials

Coated
material

Q/0 P % S Coated
TSP mg/
pot for 10
kg S/ha

P added in	 Extra
coated TSP

(mg/pot)

P needed
to make 84.18

mg/pot for
46 kg P/ha

Uncoated
TSP to make

up P level
(mg/pot)

GP10 18.00 10.00 183.00 32.94 51.24 222.49

UNE511 17.43 9.68 189.00 32.94 51.24 222.50

UNE1 20.00 10.00 183.00 36.60 47.58 206.60

TSP + S° 20.68 10.31 177.49 36.70 47.48 206.17
(53-1541am)

TSP + S° 20.33 11.29 162.09 32.95 51.23 222.45
(154-263pm)

TSP + S° 20.25 11.57 158.17 32.02 52.23 226.44
(263-328µm)

3.2.8 Tiller Count and Leaf Sampling

Twenty days after transplanting (DAT), the first tiller count was made and at 27 DAT a second tiller

count was carried out and repeated at 2 weeks intervals. The first leaf sampling was made during

the second tiller count (27 DAT) with the subsequent tiller counts and leaf samplings carried out at

41 DAT, 55 DAT and 69 DAT. Hence, a total of 5 tiller counts and 4 leaf samplings was

conducted.
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To sample the leaves, the first step was to dry thy; digestion bottles (50 borosilicate screw-top)

without the caps, in an oven at 80° C for 24 hours. After cooling, the dry bottles were weighed and

then taken to the glasshouse. Sampling of the leaves for each treatment was done by clipping, at

the leaf base, the youngest fully expanded leaf from the top of the main tiller with a pair of

scissors. Since there were 6 rice plants/pot, leav es were sampled from the first three plants and,

at the next sampling, the samples were taken from the other three plants, alternating at the

subsequent samplings. Immediately after the haves were harvested, they were cut into small

pieces of about 5 mm in length and put in the appropriate digestion bottles. The bottles with the

fresh leaves samples were then taken back to the laboratory and their fresh weights taken. These

were then dried in the oven at 80° C for 48 hours. After cooling, the bottles with the dry samples

were weighed to determine the dry sample weight s for each treatment.

3.2.9 Panicle, Grain and Straw Harvest

At harvest, the number of productive panicles were counted and recorded. The grains were

harvested by stripping them from the panicles leaving the empty panicles intact with the rest of the

straw, and later sorted into filled and unfilled grains. The number of the filled and unfilled grains

were also counted and recorded. These were then dried at the oven at 80° C for 48 hours and

after cooling, their dry weights were recorded. The straw was harvested by cutting approximately

1 cm above the soil surface and dried at the oven at 80° C for 48 hours and weighed after cooling.

Each straw and filled grain sample was then ground to pass a 1 mm screen.

3.2.10 Laboratory Analyses

Laboratory analyses of the leaf samples for each harvest was performed by adding 2 mL of 7:3

(v/v) mixture of perchloric acid (HCIO 4) (70%) and hydrogen peroxide (H 202) (30%) to each bottle

and sealed tightly, following the procedures outlined by Anderson and Henderson (1986) for

Sealed Chamber Digest for P, S, K, Na, Mg, Ca and trace element determination. After a

predigestion period of 2 hours at room temperature, 1 mL of H 202 was added, sealed and left in

an oven at 80° C for 30 minutes. After cooling, a further 1 mL of H 202 was added and allowed to

digest for 1 hour. The digestion mixture was allowed to cool and then distilled water was added to

make up to volume. The digests were then filtered using a Whatman No.1 filter paper.

Total S in the leaves for each sampling times (27 DAT, 41 DAT, 55 DAT and 69 DAT) was

measured by the Inductively Coupled Plasma O3tical Emission Spectrometer (ICP-AES) and 35S

content was measured by Liquid Scintillation Counting (Till et al., 1984). The reverse dilution

technique of Shedley et al. (1979) was used to calculate the recovery cif fertiliser S by the rice

plants whereby the radioactivity data were converted to specific radioactivity ratio (SRR). SRR is
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the ratio of the treatment to the Control specific radioactivity (SR) and SR is the activity of 35S in

becquerel per gram of dry matter (Bq/g DM) expressed per unit of total S content of the plant

leaves (p.g/g). Therefore, the amounts of sulfur derived from the fertilisers were estimated as (1-

SRR) x 100%.

To analyze total N content in the straw and grain, a subsample for each treatment was weighed

(1.0 g and 3.0 g for straw and grain respectively), and using a Near Infrared Spectrophotometer

(NIRS), the N contents for the respective components were determined. For analysis of total S in

the straw and grain, a subsample of 0.2 g for each treatment and plant component was taken and

digested using the same procedure as outlined for leaf analyses, and measured by ICP

Spectrometry. 35S content was measured by Licpid Scintillation Counting and the recovery of the

fertiliser S by the rice plants was calculated using the reverse dilution technique (Shedley et al.,

1979). Testing of the granule strength of the diflerent S fertiliser sources used in the experiment

was conducted by Dr Terje Tande at Norsk Hydro Research Centre Porsgrunn, Norway.

3.2.11 Statistical Analysis of Data

The data collected for the different parameters measured were analyzed by the analysis of

variance (ANO\/A) using the NEVA Version 3.3 computer program (Burr, 1982). Mean separation

for each treatment was determined using the Duncan's Multiple Range Test (DMRT), where

treatment effects observed at a probability level of 5% or less are considered significant.

3.3 RESULTS

3.3.1 Yield Components

(I) Tiller numbers: There were significant differences in the number of tillers observed at

different counting times (Figure 3.1). At 20 DAT, the number of tillers produced in the non-flooded

treatment was significantly lower than that of the flooded treatment. The highest number of tillers

produced in the flooded treatment was observer at 27 DAT, although this was not significantly

different from that of the non-flooded treatment Frith the means of 3.8 and 4.0 tillers/plant for the

non-flooded and flooded treatments, respectively. The highest number of tillers produced in the

non-flooded treatment was observed at 55 DAT •Nith the mean of 4.6 tillers/plant. At 69 DAT, the

number of tillers under the flooded treatment declined dramatically as compared to the tiller

numbers in the non-flooded treatment. Figure 3.1 also shows that tiller numbers in the flooded

treatment were consistently lower after the second tiller count (27 DAT) compared to the non-

flooded treatment.
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The effects of the different S fertiliser sources on liller numbers were significant at 20 and 27 DAT

(Table 3.3). At 20 DAT, higher tiller numbers were observed in the TSP+S°f, TSP+S°m, TSP+S°c,

UNE1 and UNE511 S fertiliser sources which were similar. At 27 DAT. application of UNE511

resulted in a significantly lower number of tillers which was similar to that of the Control treatment.

No significant differences in tiller numbers were observed between the different S fertiliser sources

at 55 and 69 DAT.

5
a

El Non-flooded

Flooded

20 DAT
	

27 DAT
	

41 DAT
	

56 DAT
	

69 DAT
Time of tiller court'

Figure 3.1 Number of tillers (tiller/plant) counted at various times for the non-flooded and flooded
rice. Columns headed by the same letter do not dif Fer significantly at the 5% level by DMRT.

Table 3.3 Number of tillers (tiller/plant) counted at various times as influenced by the different S
fertiliser sources.

S firtiliser sources

Time of count Control GP10 UNE511 UNE1 TSP+ TSP+ TSP+
S°f S°m S°c

20 DAT 2.2 c 2.8 b 2.9 ab 3.0 ab 3.2 a 3.0 ab 3.0 ab

27 DAT 3.2 c 4.2 a 3.4 c 4.1 ab 3.9 ab 4.1 ab :3.8 ab

41 DAT 3.6 b 4.1 a 4.2 a 4.4 a 4.3 a 4.2 a 4.4 a

55 DAT 3.9 b 4.1 ab 4.1 ab 4.2 ab 4.4 a 4.2 ab 4.2 ab

69 DAT 3.8a 3.5a 3.8a 3.9a 4.0 a 3.8a 3.9a

Numbers fcllowed by the same letter in a row within each harvest time do not differ significantly at
the 5% level by DMRT.
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(ii) Number of filled and unfilled grains: The mean number of filled and unfilled grains

were significantly influenced by water regime (Fipre 3.2). The filled grain numbers in the flooded

(F) treatment were significantly higher than that et the non-flooded (NF) treatment with the means

of 578 grains/pot and 372 grains/pot, respectively (Figure 3.2 and Table 3.4). With respect to the

number of unfilled grains, the non-flooded treatment contributed significantly to the large number

of unfilled rice grains compared to the flooded tre fitment (Figure 3.2).

There was no significant water regime x S fertiliser source interaction on the number of filled

grains. However, the application of the different S fertiliser sources resulted in significant

differences in the mean number of filled grains (Table 3.4). The mean filled grain numbers in the

Control and GP10 treatments were similar but significantly lower as compared to the mean filled

grain numbers in the other S fertiliser sources. No significant differences in mean filled grain

numbers were recorded in the UNE1, TSP+S°f, TSP+S"m and TSP+S°c, and between UNE511,

UNE1 and TSP+S°f S fertiliser sources (Table 3.4). Application of the different S fertiliser sources

did not have any significant effects on the number of unfilled grains, and panicle numbers were

neither influenced by the imposition of the water regimes or application of the different S fertiliser

sources (data not presented).
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0	 	   

F
	

NF	 F	 NF
Water regime

Figure 3.2 Effects of water regimes on the number of filled and unfilled rice grains / pot.
Columns headed by different letters within the two respective grain categories (filled and unfilled)
differ significantly at the 5% level by DMRT.
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Table 3.4 Effects of the application of the different S fertiliser sources on the number of filled
grains of rice under flooded and non-flooded conditions.

Filled grain numbers (grain/pot)

S fertiliser source Flooded Non-flooded Mean

Control 387 203 295 c

GP10 443 254 348 c

UNE511 645 297 471 b

UNE1 623 442 532 ab

TSP+S°f 669 421 545 ab

TSP+S°m 645 478 561 a

TSP+S°c 636 514 575 a

Mean 578 a 372 b

Mean values followed by the same letters in a column or row are not significantly different at the
5% level by DMRT.

3.3.2 Yield Parameters

(i) Dry weight (DW) of straw: There was no significant water regime x S fertiliser source

interaction on straw DW. However, application of the different S fertiliser sources resulted in

significant differences in mean straw DW (Table 3.5). A higher mean straw DW was recorded in

the TSP+S°f treatment with a mean DW of -13.0 g/pot which was similar to that of UNE1,

TSP+S°m, TSP+S°c and UNE511 treatments. A pplication of GP10 resulted in a lower mean straw

DW (11.8 g/pot), but this did not differ significaltly from that of UNE5111, UNE1, TSP+S°m and

TSP+S°c. The lowest straw DW was recorded in the Control with a mean of 7.2 g/pot. There

were no significant differences in mean straw dry weights between the tvvo water regimes (Table

3.5).

(ii) Dry weight of filled and unfilled grains: Application of the different S fertiliser

sources did not influence the dry weights of unfilkid grains (data not presented). The water regime

x S fertiliser source interaction on filled grain yield was not significant. The mean dry weights of

filled grains were significantly influenced as a result of the application of the different S fertiliser

sources (Table 3.5). Higher mean dry weighis of filled grains were recorded in the coated

fertilisers TSP+S°m, TSP+S°c, TSP+S°f and U VE1 with the means of 10.4, 10.3, 10.1 and 9.9

g/pot, respectively (Table 3.5). Nonetheless, -he differences amongst these means were not

significant. No significant differences in mean DW of filled grains were recorded between the
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UNE511, UNE1 and TSP+S°f treatments. Applications of GP10 resulted in the lowest mean DW

of filled grains. There was no significant difference observed between the GP10 and the Control

treatment.

The imposition of the two water regimes resulted in significant differences in mean DW of filled

and unfilled grains (Table 3.5 and Figure 3.3). Flooding of the soils significantly increased the DW

of filled grains from a mean DW of 6.5 g/pot without flooding to a mean of 10.9 g/pot with flooding.

In the case of unfilled grains, there were significantly lower unfilled grain mean dry weights in the

flooded treatment (Figure 3.3).

Table 3.5 Dry weight (g/pot) of rice straw and grain, and total dry weight of tops as influenced by
the application of the different S fertiliser sources under flooded (F) and non-flooded (NF)
conditions.

S material

Straw dry weight
(g/pot)

F	 NF	 Mean

Filled grain dry weight
(g/pot)

F	 NF	 Mean

Total dry weight
(g/pot)

F	 NF	 Mean

Control 6.9 7.4 7.2 c 7.1 3.3 5.2 c 14.0 10.7 12.4 d

GP10 11.7 11.8 11.8 b 8.3 4.4 6.4 c 20.0 16.2 18.1 c

UNE511 12.6 12.3 12.5 ab 12.1 5.3 8.7b 24.7 17.6 21.2b

UNE1 13.4 12.2 12.8 ab 11.7 8.0 9.9 ab 25.1 20.2 22.7a

TSP+S°f 13.3 12.7 13.0 a 12.7 7.5 10.1 ab 26.0 20.2 23.1 a

TSP+S°m 12.8 11.7 12.3 ab 12.2 8.6 10.4 a 25.0 20.3 22.7 a

TSP+S°c 13.2 12.0 12.6 ab 12.0 8.7 10.3 a 25.2 20.7 22.9 a

Mean 11.9a 11.4a 10.9a 6.5b 22.9a 18.0 b

Mean values followed by the same letter in a column or row within each rice component are not
significantly different at the 5% level by DMRT.

(iii) Total dry weight of tops (straw+grain): Table 3.5 indicates that the lowest mean

total DW of tops was recorded in the Control treatment followed by GP10 which recorded a

significantly lower mean total DW of tops compared to the UNE511 S fertiliser source. The S

fertiliser sources UNE1, TSP+SI, TSP+S°m anc TSP+S°c recorded higher but similar mean total

DW of tops. Flooding of the soils significantly ircreased the mean total DW of tops from a mean

of 18.0 g/pot without flooding to a mean of 22.9 g/pot with flooding.
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Figure 3.3 Effects of water regime on the dry weight of filled and unfilled rice grains / pot.
Columns headed by different letters within the two respective grain categories (filled and unfilled)
differ significantly at the 5% level by DMRT.

3.3.3 S Concentration, S Content and the Recovery of Fertiliser S
in Leaves at each Leaf Harvest

(i) Sulfur concentration in leaves: Water regime had a significant effect on S

concentration in the rice leaves only at 27 and 41 DAT. The mean S concentration averaged over

fertilisers was 0.19 and 0.30% in the flooded and non-flooded treatments respectively at 27 DAT

and 0.15 and 0.17% at 41 DAT. Application of the different S fertiliser sources resulted in

significant differences in S concentration in the rice leaves (Table 3.6). At 27 DAT, a higher S

concentration in the leaves was observed in the TSP+S°f S fertiliser source which was similar to

that of TSP+S°m, TSP+S°c, UNE1 and GP10 Siertiliser sources. A similar trend was observed at

41, 55 and 69 DAT, however at these times GF 10 had consistently lower S concentration in the

leaves compared to most of the other S fertiliser sources. The Control treatment also had

consistently lower S concentration in the rice leaves when observed at the different times.
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Table 3.6 Effect of S fertiliser sources on S concentration (%) and S content (mg/pot) of rice
leaves at different leaf harvest times.

Leaf harvest
time

Control GP10

S fertiliser sources

UNE511	 UNE1 TSP+S°f TSP+S°m TSP+S°c

S concentration (%)

27 DAT 0.20 c 0.25 ab 0.24 b 0.26 ab 0.27 a 0.26 ab 0.27 a

41 DAT 0.13 d 0.14 cd 0.16 bc 0.19 a 0.19 a 0.17 ab 0.18 ab

55 DAT 0.12c 0.13c 0.16b 0.19a 0.16 abc 0.-17 ab 0.16 abc

69 DAT 0.10 c 0.12 bc 0.16 a 0.15 ab 0.13 abc 0.12 bc 0.13 abc

S content (mg/pot)

27 DAT 0.22 b 0.30 a 0.27 a 0.28 a 0.30 a 0.30 a 0.30 a

41 DAT 0.15 d 0.22 c 0.24 bc 0.29 a 0.29 a 0.27 ab 0.28 ab

55 DAT 0.18 c 0.21 c 0.30 b 0.37 a 0.31 ab 0.32 ab 0.33 ab

69 DAT 0.15 c 0.18 de 0.22 cd 0.25 bc 0.26 bc 0.29 ab 0.31 a

Values followed by the same letter in a row with n each harvest time do not differ significantly at
the 5% level by DMRT.

averaged over fertilisers was 0.25 and 0.30 mg/pot in the flooded and non-flooded treatments

respectively. Application of the different S fertiliser sources did not have any significant effects on

S content of leaves at 27 DAT. However, the Control treatment recorded a significantly lower S

content compared to the coated fertilisers (Table 3.6). A similar trend was observed at 41 DAT,

where the lowest S content of leaves was observed in the Control treatment which was

significantly lower than that of GP10 and UNEE511 S fertiliser sources. Lower and similar S

contents of leaves were recorded in the Control and GP10 treatments at 55 DAT. There were no

significant differences in the S content of leaves between the treatments UNE1, TSP+SI,

TSP+S°m and TSP+S°c, and between UNE511 and the three latter fertilisers. At 69 DAT, higher

but similar S contents of leaves were recorded in the TSP+S°m and TSP+S°c S fertiliser sources.

(iii) Recovery of fertiliser S in the leaves: Table 3.7 shows the data on the recovery

of fertiliser S measured at each leaf harvest undor flooded and non-flooded conditions. The Table
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indicates that at 27 DAT, flooding of the soils significantly increased the mean percentage

recovery of the fertilisers from a mean percentage recovery of 18% without flooding to a mean of

41% with flooding. Table 3.7 also shows that the application of the TSP+S°c S fertiliser source

resulted in a significantly higher recovery of the fertiliser S in the rice leaves at the first leaf

harvest (27 DAT) with a mean of 40%, although this was similar to that of the UNE1 (35%),

TSP+S°m (34%) and TSP+S°f (31%) S fertiliser sources. The lowest fertiliser S recovery in the

rice leaves was recorded in the UNE511 S fertiliser source.

Table 3.7 Percentage fertiliser S recovery (%) in rice leaves from the different S fertiliser sources
measured at each leaf harvest under flooded (F) and non-flooded (NF) conditions.

Water
regime

GP10 UNE511 UNE1

S fertiliser sources

TSP+S°f	 TSP+S°m TSP+S°c

F

NF

41

0

27

5

36

34

27 D,AT

50

11

39

28

52

27

Mean

41 a

18 b

Mean 21 be 16 c 35 ab 31 abc 34 ab 40 a

F

NF

34 abc

9 cci

38 ab

0 d

50 a

29 abc

41 DAT

43 ab

37 ab

19 bcd

29 abc

52 a

18 bcd

F

NF

25

0

30

7

56

32

55 DAT

51

26

46

19

52

28

Mean

43 a

19 b

Mean 13 b 19 b 44 a 39 a 33 a 40 a

F

NF

13

1

28

3

60

36

69 DAT

r-7
,_ 1

3.1

45

31

47

41

Mean

47 a

24b

Mean 7b 16b 48a 44a 38a 44a

Values followed by the same letter in a column o row within each harvest time are not significantly
different at the 5% level by DMRT.
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There was a significant interaction between water regime and S fertiliser source on the percentage

fertiliser S recovery in the rice leaves at 41 DAT. That is, in the presence of flood water, most of

the fertilisers significantly improved their performance as far as recovery of the fertiliser S is

concerned. This is evident in the case of UNE511 and TSP+S°c where flooding of the soils

resulted in significantly higher recovery of the respective fertilisers (Table 3.7). At 55 DAT the S

fertiliser sources UNE1 TSP+S°f, TSP+S°m and TSP+S°c recorded higher but similar mean

percentage of fertiliser S recoveries. Flooding of the soils also significantly increased the mean

fertiliser S recovery. A similar trend occurred at 69 DAT, where higher but similar mean fertiliser S

recoveries were observed in the S fertiliser:; UNE1 TSP+S°f, TSP+S°m and TSP+S°c.

Application of GP10 and UNE511 resulted in ,,ignificantly lower mean percentage fertiliser S

recovery at 69 DAT.

3.3.4 P Concentration and P Content of Leaves at each Leaf
Harvest

(i) Phosphorus concentration in rice leaves: Significant interactions between water

regime and S fertiliser source on P concentration in the rice leaves were observed at 27, 41 and

55 DAT. Table 3.8 shows that under flooded conditions, application of GP10 significantly

increased P concentration in the rice leaves at 27, 41 and 55 DAT. Generally, however, flooding

of the soils significantly influenced the performance of the different S fertiliser sources. At 69

DAT, most of the S fertiliser sources did not have any significant effect on mean P concentration

in the rice leaves but the effect of the water regime was significant.

(ii) Phosphorus content of rice leaves: A similar trend as in P concentration was

observed with respect to P content of leaves (Ta ple 3.9). There were no significant differences in

mean P content of leaves between the different S fertiliser sources at 27 DAT except GP10, which

recorded a significantly higher mean P content o.. leaves with a mean of 0.81 mg/pot. At 41 DAT,

a significant interaction between water regime and S fertiliser source on P content of leaves was

observed. However, as in the case of P concentration, the performances of the different S

fertiliser sources were greatly improved in the presence of flood water. The effects of the

application of the different S fertiliser sources on P content of rice leaves were not prominent at 55

and 69 DAT. However, water regime had a significant influence on P content of rice leaves at

these days. It is also interesting to note that consistently higher leaf P contents were observed in

the GP10 treatment at different leaf harvest times compared to the other S sources, although the

differences were not statistically different from some of the S fertiliser sources (Table 3.9).
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Table 3.8 Effect of the applications of the different S fertiliser sources on P concentration (%) in
the rice leaves at different harvest times under flooded and non-flooded conditions.

S fertiliser sources

Water
regime

Control GP10 UNE511 UNE1 TSP+
S°f

TSP+
S°m

TSP+
S°c

27 DAT

F 0.57 c 0.98 a 0.65 bc 0.64 Ix 0.66 bc 0.63 bc 0.75 b

NF 0.21 e 0.37 d 0.32 de 0.35 d 0.35 d 0.33 de 0.30 de

41 DAT

F 0.50 bc 0.67 a 0.54 b 0.47 c 0.50 bc 0.49 bc 0.49 bc

NF 0.18 e 0.25 d 0.23 de 0.21 de 0.25 d 0.22 de 0.19 de

55 DAT

F 0.42 b 0.53 a 0.40 bc 0.38 bc 0.40 bc 0.39 bc 0.37 c

NF 0.21 de 0.24 d 0.20 de 0.20 de 0.20 de 0.18 e 0.18 e

69 DAT
Mean

F 0.35 0.40 0.47 0.28 0.27 0.26 0.27 0.33 a

NF 0.18 0.18 0.17 0.14 0.15 0.15 0.14 0.16b

Mean 0.27 ab 0.29 ab 0.32 a 0.21	 ) 0.21 b 0.21 b 0.21 b

Values followed by the same letter in column or row within each harvest time are not significantly
different at the 5% level by DMRT.
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Table 3.9 Effect of the applications of the different S fertiliser sources on P content (mg/pot) of
rice leaves at each leaf harvest under flooded and non-flooded conditions.

Water
regime

Control GP10

S fertiliser sources

UNE511	 UNE1	 TSP+
S°f

TSP+
S°m

TSP+
S°c

27 DAT
Mean

F 0.64 1.20 0.85 0.83 0.82 0.87 0.85 0.87 a

NF 0.23 0.42 0.30 0.32 0.36 0.29 0.31 0.32 b

Mean 0.44 b 0.81 a 0.58 b 0.58 b 0.59 b 0.58 b 0.58 b

41 DAT

F 0.59 d 1.21 a 0.99 b 0.83 3 0.86 bc 0.84 bc 0.88 bc

NF 0.22 e 0.34 e 0.30 e 0.27 e 0.34 e 0.33 e 0.25 e

55 DAT
Mean

F 0.71 0.90 0.76 0.78 0.74 0.74 0.76 0.77 a

NF 0.29 0.40 0.37 0.36 0.38 0.34 0.35 0.36 b

Mean 0.50 bc 0.65 a 0.57 ab 0.57 ab 0.56 ab 0.54 ab 0.41 c

69 DAT
Mean

F 0.57 0.70 0.55 0.55 0.42 0.53 0.56 a

0.58

NF 0.23 0.30 0.29 0.30 0.34 0.28 0.29 0.29 b

Mean 0.41 ab 0.44 ab 0.50 a 0.43 ab 0.45 ab 0.35 b 0.41 ab

Values followed by the same letter in a column oi row within each harvest time are not significantly
different at the 5% level by DMRT.

3.3.5 S Concentration, S Content and Recovery of Fertiliser S in
the Straw and Grain components

(i) Sulfur concentration in the straw and grain: Application of the different S

fertiliser sources resulted in significant differences in mean S concentrations in the straw and grain

(Table 3.10). A significantly higher S concentral ion in the straw was observed in the UNE1 sulfur

source, with a mean straw S concentration of 0.071%, but, this did not differ significantly from that
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in the coated TSP materials with the fine and coarse S° particle sizes. The lowest mean straw S

concentrations were observed in the Control and GP10 fertiliser treatments. There was no

significant difference in mean straw S concentration between the GP10 and UNE511 S fertiliser

sources. The water regimes had a significant effect on mean S concentration in the straw (Table

3.10).

Table 3.10 Sulfur concentration (%) in rice straw and grain as influenced by the application of
different S fertiliser sources under flooded and non-flooded conditions.

S fertiliser
source F

Straw

NF

Sulfur concentration

Mean

(%)

Grain

F	 NF Mean

Control 0.043 0.046 0.045 e 0.070 0.073 0.072 d

GP10 0.051 0.047 0.049 de 0.070 0.077 0.073 d

UNE511 0.057 0.054 0.056 cd 0.087 0.070 0.078 cd

UNE1 0.076 0.065 0.071 a 0.103 0.103 0.103 a

TSP+S°f 0.069 0.059 0.064 ab 0.097 0.090 0.093 ab

TSP+S°m 0.058 0.057 0.058 bc 0.087 0.087 0.087 bc

TSP+S°c 0.073 0.062 0.068 a 0.100 0.090 0.095 ab

Mean 0.061 a 0.056 b 0.088 a 0.084 a

Mean values followed by the same letter in a column or row within a rice component are not
significantly different at the 5% level by DMRT.

In relation to sulfur concentration in the grain, it generally followed a similar trend as the S

concentration in the straw (Table 3.10). The nighest mean concentration of S in grains was

observed in the UNE1 fertiliser treatment, however, as in the case of straw, the mean S

concentration in this particular fertiliser treatment was similar to that of the TSP+S° materials with

the fine and coarse S° particle sizes. Table 3.10 also shows that the lowest mean grain S

concentrations were recorded in the Control, GF 10 and UNE511 fertiliser treatments, which were

statistically similar to each other. The water regimes did not influence the mean S concentration in

the grain (Table 3.10).

(ii) Sulfur content of straw and gran: Flooding of the soils resulted in significant

increases in the mean S content of straw and grain (Table 3.11). Application of the different S

fertiliser sources resulted in significant differences in the mean S contents of straw and grain, and
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the mean total S content. Higher mean S contents of straw were recorded in the fertilisers UNE1,

TSP+S°f and TSP+S°c, followed by TSP+S°m and UNE511, which were significantly lower as

compared to those of the aforementioned S fertiliser sources. The lowest mean S content of straw

was observed in the Control treatment, which was significantly lower than that of the GP10 S

fertiliser source.

Table 3.11 Effects of the application of the different S fertiliser sources on the S content (mg/pot)
of straw and grain, and total S content (straw+gra n) under flooded and non-flooded conditions.

S material F

Straw

NF Mean

Sulfur content (mg/pot)

Grain

F	 NF	 Mean F

Total

NF Mean

Control 3.01 3.41 3.21 d 5.00 2.45 3.72 c 8.01 5.86 6.93 e

GP10 6.04 5.60 5.82 c 5.73 3.32 4.52 c 11.77 8.92 10.35 d

UNE511 7.23 6.62 6.93 b 10.51 3.71 7.11 b 17.74 10.33 14.04 c

UNE1 10.25 7.87 9.06 a 12.13 8.20 10.16 a 22.38 16.07 19.22 a

TSP+S°f 9.18 7.44 8.31 a 12.29 6.66 9.48 a 21.47 14.10 17.79 a

TSP+S°m 7.40 6.61 7.00 b 10.57 7.43 9.00 a 17.97 14.04 16.00 b

TSP+S°c 9.70 7.40 8.55 a 12.02 7.82 9.92 a 21.72 15.22 18.47 a

Mean 7.54 a 6.42 b 9.75 a 5.66 b 17.29 a 12.08 b

Mean values followed by the same letter in a column or row within a rice component are not
significantly different at the 5% level by DMRT.

With regard to mean S content of grain, Table 3.11 indicates that a higher mean S contents of

grain were recorded in the S fertiliser sources 11NE1, TSP+S°f, TSP+S°m and TSP+S°c, which

were similar. The lowest mean S content of grain was observed in the Control and GP10

treatments, which were similar, but significantly lower than that of the UNE511 S fertiliser source.

(iii) Total sulfur content (sum of S content of straw + grain): When the S

content of straw and grain was summed, a higher mean total S content in the rice tops was

obtained in the UNE1 treatment, but, this did not differ significantly from that of TSP+S°f and

TSP+S°c S fertiliser sources (Table 3.11). UNE511 recorded a significantly lower mean total S

content in the rice tops, although this was significantly higher than that of the GP10 fertiliser

treatment. The lowest mean total S content in the rice tops was observed in the Control treatment.
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Generally, the mean total S content in the rice tops was significantly higher under flooded than

under non-flooded conditions (Table 3.11).

(iv) Fertiliser S recovery in the straw and grain: Table 3.12 shows the percentage of

fertiliser S recovered in the straw and grain. There was no significant water regime x S source

interaction on the recovery of fertiliser S in the straw and grain. In relation to the mean percentage

of fertiliser S recovery in the straw, Table 3.12 indicates that higher fertiliser S recovered in the

straw was recorded in the UNE1 S fertiliser with a mean of 38.6%, although this was not

significantly different from those of the TSP+S°f and TSP+S°c fertiliser treatments, but the two

latter fertilisers did not differ significantly from that of TSP+S°m. The mean percentages recovery

of fertiliser S in the straw were significantly low,:r in the UNE511 (13.7%) and GP10 (5.6%) S

fertiliser sources, which were similar.

The mean percentage recovery of fertiliser S in the grain (Table 3.12) shows a similar trend as has

occurred in the case of straw. That is, the application of UNE511 resulted in a lower grain S

derived from the respective fertiliser, followed by GP10 which recorded the lowest (4%) recovery.

Table 3.12 Effect of the application of the different S sources on recovery (%) of the fertiliser S in
rice straw and grain, and the total recovery of fert liser S in the tops under flooded and non-flooded
conditions.

S fertiliser F

Straw

NF Mean

Percentage S recovery (%)

Grain

F	 NF	 Mean F

Total

NF Mean

GP10 11.1 0 5.6c 8 0 4.0 d 19.1 0 9.6d

UNE511 27.4 0 13.7 c 37.8 12.3 25.1 c 65.2 12.3 38.8 c

UNE1 46.3 30.9 38.6 a 50.4 36.5 43.5 ab 96.7 67.4 82.1 a

TSP+S°f 44.7 18.8 31.7 ab 46.4 26.9 36.7 abc 91.1 45.7 68.4 ab

TSP+S°m 33.6 23.7 28.7 b 39.9 24.6 32.3 be 73.5 48.3 60.9 b

TSP+S°c 44.5 26.0 35.2 ab 62.2 32.7 47.5 a 106.7 58.7 82.7 a

Mean 34.6 a 16.7 b 40.8 a 22.2 b 75.4 a 38.7 b

Mean values followed by the same letter in a column or row within a rice component are not
significantly different at the 5% level by DMRT.

(v) Total fertiliser S recovery in the rice tops: The total fertiliser S recovery in the

rice tops is presented in Table 3.12. Higher but similar mean total fertiliser S recoveries were

obtained in the S fertiliser sources TSP+S°c, UNE1 and TSP+S°f with the means of 82.7%, 82.1%
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and 68.4%, respectively. There was no significant difference in the mean total fertiliser S recovery

between the TSP+S°f and TSP+S°m S sources. The lowest mean total recovery of fertiliser S in

the rice tops wets observed in the GP10 fertiliser treatment with a mean of 9.6% which was

significantly lower than that of the UNE511 (38.8%) treatment. Flooding of the soils significantly

increased the mean total recovery of fertiliser S from 38.7% without flooding to 75.4% with

flooding.

3.3.6 P Concentration and P Content of Straw and Grain

(i) Phosphorus concentrations in straw and grain: A significantly higher P

concentration in the straw was observed in the Control treatment with a mean of 0.26% which was

similar to that of GP10 (0.19%) and UNE511 (0.14%) S fertiliser sources (Table 3.13). No

significant differences were observed amongst tho other S fertiliser sources. Flooding of the soils

resulted in a significantly higher P concentration in the straw.

Application of GP10 resulted in a significantly higher P concentration in the grain which was similar

to that of the Control treatment (Table 3.13). The lowest P concentration in the grain was recorded

in the TSP+S°c fertiliser treatment but this was similar to that of the TSP+S°m S source. There

were no significant differences in P concentration between the fertilisers UNE1, TSP+S°f and

TSP+S°m, and between UNE511, UNE1 and TSP+S°f. Flooding of the soils significantly

increased P concentration in the grain.

Table 3.13 Phosphorus concentration (%) in the straw and grain as influenced by the application
of different S fertiliser sources under flooded and non-flooded conditions.

S material F
Straw

NF Mean

P concentration (%)

F
Grain

NF Mean

Control 0.19 0.09 0.26 a 0.31 0.28 0.30 a

GP10 0.26 0..11 0.19 ab 0.30 0.27 0.29 a

UNE511 0.19 0.37 O.' 4 ab 0.26 0.24 0.25 b

UNE1 0.18 0.06 0: 2 b 0.26 0.22 0.24 be

TSP+S°f 0.17 0.07 0: 2 b 0.26 0.22 0.24 be

TSP+S°m 0.18 0.06 0.12 b 0.25 0.21 0.23 cd

TSP+S° c 0.17 0.06 0.11 b 0.25 0.20 0.22 d

Mean 0.19 a 0.11 b 0.27 a 0.23 b

Mean values followed by the same letter in a column or row within a rice component are not
significantly different at the 5% level by DMRT.
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(ii) Phosphorus content of straw and grain: There was a significant interaction

between water regime and S fertiliser source on P content of straw. Phosphorus content of straw

was significantly higher in the GP10 fertiliser treatment in the presence of flood water with a straw

P content of 30.9 mg/pot (Table 3.14). In the absence of flood water, GP10 had a significantly

higher straw P content which was similar to that of UNE511 S fertiliser source. Generally,

however, all treatments had higher straw P conterts in the presence of flood water.

There was no significant difference between water regime and S fertiliser source on P content of

grain. Table 3.14 shows that both Control and GP10 recorded similar but significantly lower mean

P content of grain compared to the other S fertiliser sources. Flooding of the soils significantly

increased the mean P content of grain.

Table 3.14 P contents (mg/pot) of straw and grai 1, and total P content (straw+grain) as influenced
by the application of different S fertiliser sources under flooded and non-flooded conditions.

S fertiliser sources

Water Control GP10 UNE511	 UNE.1	 TSP+ TSP+ TSP+
regime S°f S°m S°c

P content of straw (mg/pot)

F 13.0 c 30.9 a 24.0 b	 24.5 b	 22.2 b 22.4 b 22.0 b

NF 6.6e 13.0c 11.1 cd	 7.4 de	 8.4 de 6.7 de 7.3 de

P content of grain (mg/pot)
Mean

F 22.0 24.5 31.1	 30.5	 32.6 30.1 29.6 28.6 a

NF 9.1 12.1 12.9	 17.1	 16.0 17.8 17.0 14.6 b

Mean 15.5 b 18.3 b 22.0 a	 23.8 a	 24.3 a 23.9 a 23.3 a

Total P content of rice tops (mg/pot)

F 35.0 b 55.4 a 55.1 a	 55.0 a	 54.8 a 52.5 a 51.6 a

NF 15.7 d 25.1 c 24.0 c	 24.5 c	 24.4 c 24.5 c 24.3 c

Values followed by the same letter in a column or row within a rice component are not significantly
different at the 5% level by DMRT.
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(iii) Total P content in the rice tops: There was a significant water regime x S source

interaction on the total P content of the rice tops. Table 3.14 shows that in the presence of flood

water, all of the treatments had higher but similar total P contents of rice tops. The Control

treatment, however, recorded the lowest total P content of rice tops in the presence of flood water.

It is interesting to note that under flooded concitions, the total P contents in the tops almost

doubled compared to the total P contents of rice tops amongst the different S fertiliser sources

under non-flooded conditions. That is, the presence of flood water had a significantly positive

influence on the performance of the different S fertilisers.

3.3.7 N Concentration and N Conl:ent of Straw and Grain

(i) Nitrogen concentration in straw and grain: Table 3.15 shows the N concentration

in the straw and grain components. Higher mean straw N concentrations were observed in the

Control and the S coated fertilisers UNE511 and GPI 0, which were statistically similar. The other

S fertiliser sources recorded significantly lower mean straw N concentrations and their mean

differences did not differ significantly. Water regime had a significant influence on the N

concentration in the straw where flooding of the soils resulted in a significantly lower mean N

concentration in the straw.

With regard to N concentration in the grain, Table 3.15 shows that a higher mean grain N

concentration was recorded in the Control treatment. The S fertiliser sources TSP+S°f, TSP+S°m

and TSP+S°c recorded similar but lower mean grain N concentration. Flooding of the soils

resulted in a lower mean N concentration in the wain.

(ii) Nitrogen content of straw and grain: Application of UNE511 resulted in a

significant increase in the N content of straw with the mean of 94.7 mg N/pot, but this did not differ

significantly from that of the GP10 (89.7 mg/pot) and UNE1 (85.1 mg/pot) fertiliser treatments

(Table 3.16). No significant differences in mean N content of straw were observed amongst the S

fertiliser sources; GP10, UNE1 and TSP+SI, and amongst UNE1, TSP+S°f, TSP+S°m and

TSP+S°c. Water regimes did not influence the mean N content of straw.

With respect to N content of grain, Table 3.16 snows that there were no significant differences in

mean N content of grain between the S fertil sers UNE1, UNE511, TSP+S°f, TSP+S°m and

TSP+S°c. Application of GP10 resulted in a lower mean grain N content (85.7 mg N/pot), which

was similar to the mean N content of grain in the Control treatment. Flooding of the soils

significantly increased the mean N content of grain (Table 3.16).
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Table 3.15 Effects of the application of the different S fertiliser sources on N concentration (%) in
the rice straw and grain under flooded and non-flooded conditions.

S fertiliser F

Straw

NF

N concentration

Mi.:an

(%)

F

Grain

NF Mean

Control 0.78 0.84 0.81 a 1.54 1.67 1.60 a

GP10 0.74 0.79 0.76 a 1.32 1.4:3 1.38 b

UNE511 0.72 0.80 0 76 a 1.23 1.37 1.30c

UNE1 0.66 0.66 0 66 b 1.08 1.21 1.14 d

TSP+S°f 0.62 0.66 0 64 b 1.02 1.14 1.08 de

TSP+S°m 0.60 0.67 0 64 b 0.99 1.07 1.03 e

TSP+S°c 0.58 0.67 0.63 b 0.95 1.14 1.04 e

Mean 0.67 b 0.73 a 1.16 b 1.29 a

Mean values followed by the same letter in a column or row within a rice component are not
significantly different at the 5% level by DMRT.

Table 3.16 Effects of the application of the different S fertiliser sources on the N content (mg/pot)
of rice straw and grain, and total N content in the rice tops under flooded and non-flooded
conditions.

S fertiliser F

Straw

NF Mean

N content (mg/pot)

Grain

F	 NF	 Mean F

Total

NF Mean

Control 53.6 61.6 57.6 d 109.0 55.1 82.0 b 162.6 116.7 139.7 d

GP10 85.9 93.4 89.7 ab 109.2 62.2 85.7 b 195.1 155.6 175.4 c

UNE511 90.8 98.5 94.7 a 149.4 72.5 111.0 a 240.2 171.0 205.6 a

UNE1 89.2 81.0 85.1 abc 126.6 96.1 111.4 a 215.8 177.1 196.5 ab

TSP+S°f 82.6 83.7 83.2 bc 130.0 83.6 106.8 a 212.6 167.3 190.0 abc

TSP+S°m 76.6 79.2 77.9 c 121.1 91.9 106.5 a 197.7 171.1 184.4 bc

TSP+S°c 76.3 80.9 78.6 c 113.7 98.9 106.3 a 190.0 179.8 184.9 bc

Mean 79.3 a 82.6 a 122.7 a 80.0 b 202.0 a 162.7 b

Mean values followed by the same letter in a column or row within a rice component are not
significantly different at the 5% level by DMRT.
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(iii) Total N content in rice tops: The results on the total N content in the rice tops are

presented in Table 3.16. The results show that the lowest mean total N content in the rice tops

was recorded in the Control treatment, which was significantly lower than that of the GP10 fertiliser

treatment. No significant differences in mean total N content in the rice tops were observed

between the S fertiliser sources GP10, TSP+S TSP+S°m and TSP+S°c, and between the

UNE511, UNE1 and TSP+S°f S fertiliser sources.

3.3.8 Granule strength and dispersion

There was no significant difference in granule strength between products although the range in

strength between individual particles varied considerably (Table 3.17).

Table 3.17 Granule strength of the different S fertiliser sources used in the study.

S fertiliser

Test No GP10 UNE511 UNE1 TSP+S°
(fine)

TSP+S°
(medium)

TSP+S°
(coarse)

1 6.6 9.9 10.4 3.9 6.5 4.7
2 6.2 9.4 11.1 6.6 6.1 6.7
3 7.9 10.6 12.5 5.6 7.2 4.7
4 6.6 8.6 8.9 6.4 6.1 4.9
5 6.6 9.6 9.7 5.7 8 4.5
6 5.3 7.2 6.2 5 6.3 5.5
7 4.7 4.8 7.7 6.1 4.8 4.9
8 5.9 6.9 5.3 6.6 7.2 6.2
9 5.9 7.7 9.9 7.1 6.1 4.3
10 4.8 5.4 6.6 5.8 4.7 4.6
11 5.3 6.3 8.5 7.6 7.8 5.6
12 4.7 5.7 6.9 6 7.6 6.2
13 5.9 5.6 6.5 5.6 4.6 5.8
14 5.9 6.4 8.4 6.2 6.2 7.4
15 4.8 4.6 7 4.1 6.9 6.6
16 5.3 6.4 6.8 5.1 7.2 6.2
17 4.7 6.4 7.6 5 5 4.8
18 5.9 6.3 9 7.2 4.8 4.7
19 5.9 5.7 7 5.9 5 6.8
20 4.8 5 9.7 5.5 6.7 4.9

Mean 5.7 6.9 8.3 5.9 6.2 5.5

Standard deviation 0.8 1.8 1.9 1.0 1.1 0.9

Maximum value 7.9 10.8 12.5 7.6 8.0 7.4

Minimum value 4.7 4.6 5.3 3.9 4.6 4.3

Number 20 20 20 20 20 20
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Figure 3.4a Dispersion of the coated fertilisers in distilled water at 0 hours.



Figure 3.4b Dispersion of the coated fertilisers in distilled water at 24 hours (1 day).
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Figure 3.4c Dispersion of the coated fertilisers in distilled water at 72 hours (3 days)
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Figure 3.4d Dispersion of the coated fertilisers in distilled water at 120 hours (5 days).
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Figures 3.4a, b, c and d indicate the dispersion of the different S fertilisers in distilled water

observed at different times. The photographs in Figure 3.4a indicate that when the respective S

fertiliser granules were placed in distilled water in a petri-dish, the S fertiliser sources UNE1,

TSP+S°f, TSP+S°m and TSP+S°c immediately began to disperse compared to the GP10 and

UNE511 S fertiliser sources. At 24 hours, UNE' disintegrated and dispersed rapidly followed by

the TSP+S° products with the fine, medium and coarse S° particle sizes (Figure 3.4b) At 72 hours

(3 days) UNE1 almost disintegrated completely (Figure 3.4c) and at 120 hours (5 days), the coat

materials of the fertilisers UNE1, TSP+S°f, TSP+S°m and TSP+S°c were almost completely

disintegrated and dispersed extensively (Figure 3.4d). However, the GP10 and UNE511 S

fertiliser sources failed to disintegrate and disperse significantly. That is, during these times the

coats of these fertilisers were still intact as shown by the photographs in Figures 3.4a, b, c and d.

These further confirmed the suggestion that these S fertilisers (GP10 and UNE511) released less

amount of S compared to the other S fertiliser sources.

3A DISCUSSION

3.4.1 Number of Tillers and Grains

The number of tillers is approximately constant for any one variety under comparable conditions,

however, tillering can be influenced by cultural conditions, plant spacings, amount of fertiliser

applied, weeds and water availability (Grist, 1986). According to Grist (1986), if tiller numbers are

few in number and produced within a short period of time, the ripening period of all is about equal.

However, if tillers are numerous or produced over a lengthy period of time, a variable number of

unproductive tillers can occur. Hence, a large number of tillers is not necessarily conducive to

higher grain yield, because it is possible that unequal ripening may result. In the current study,

tiller numbers in the flooded condition, increased rapidly from 3.1 tillers/plant at 20 DAT to almost

4 tillers/plant at 27 DAT (Figure 3.1). On the other hand, tiller numbers under non-flooding

increased slowly from 2.7 tillers/plant at 20 DAT to 4.6 tillers/plant at 55 DAT. De Datta et al.

(1970), indicated that tiller number increases as the depth of water decreases and as the soil dries,

but, when the soil drying reaches a relatively extrome level, the tiller number reduces sharply. In

the present study, flood water was maintained at depth of about 4 cm at all times whereas under

non-flooded conditions water was maintained at or near field capacity.
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The consistently lower tiller number under flooding after 27 DAT, may thus be due to the above.

However, despite the lower tiller numbers under the flooded conditions, the filled grain number

was significantly higher than under non-flooding (Figure 3.2). This implies that the rapid increase

in tiller numbers and the early attainment of maximum tillering under flooding, had a positive

influence on grain production. Furthermore, the higher number of unfilled grains under non-

flooding (Figure 3.2), appears to be the direct result of the slow increase and late attainment of

maximum tillering. This seems to be in conformity with Grist (1986), where he stated that tillers

produced over a longer period of time may result in the production of a variable number of

unproductive tillers or unequal grain ripening.

Applications of the different S fertiliser sources under flooding also appears to have contributed to

the rapid increase in tiller numbers, thus, higher grain number. Visual observation during the

course of the study, showed stunted growth and less tillers in the Control treatment, particularly in

the early growth stages (Table 3.3) which are symptoms of S deficiency (Yosida and Chaudhry,

1979; Blair et al., 1979b).

3.4.2 Straw and Grain Yields

Differences in straw yield were largely due to the application of the different S fertiliser sources.

Water regimes did not influence straw yield (Table 3.5). Application of GP10 had a significantly

lower mean straw yield, although this was similar to that of UNE511, UNE1, TSP+S°m and

TSP+S°c fertiliser treatments. Mean grain yields were also lower in the Control and GP10

treatments, followed by UNE511 which recorded a significantly higher grain yield than that of

GP10 and the Control treatments. Furthermore, grain yield was greatly increased under flooded

than under non-flooded conditions. The data 3n the total dry weight of tops show that the

application of GP10 resulted in a significantly lower mean total dry weight of tops followed by the

UNE511 S fertiliser source, which was significantly lower than that of the other S fertiliser sources

(Table 3.5). The Control treatment recorded the lowest total dry weight of tops. Similar results

were also found by Dana (1992), Dana et al. (1994a) and Blair et al. (1994), who found that the

application of GP10 (HF) resulted in significantly lower relative whole plant and grain yields.

Sulfur is required early in the growth of rice plants and if it is limiting during early growth, the final

yield will be reduced (Blair et al., 1979b). Dana ei al. (1994a) and Blair et a/. (1994), found that the

applications of UNE1 and UNE3 generally gave consistently higher yields irrespective of the water

regimes (flooded and non-flooded) employed. In the current study, no significant differences in

straw and grain yields amongst the S fertiliser sources UNE1, TSP+S°f, TSP+S°m and TSP+S°c
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were obtained. This means that the different S' particle sizes bound onto the surfaces of TSP

granules had a similar effect on the straw and grain yields.

Dana et al. (1994a), attributed the different responses principally to the different techniques

employed in the production of the products, resulting in different coat strengths. The authors

indicated that UNE1 was produced using a rotating drum-seed coating device by binding S°

(particle size <0.1 mm or <100 pm) onto the surface of 2-4 mm diameter TSP granules with

polyvinyl alcohol. UNE3 was made in a similar manner, but the binding agent used was calcium

lignosulfonate. In the present study, TSP+S°f, TSP+S°m and TSP+S°c were prepared in the

similar manner as UNE1 and UNE3, but, different S° particle sizes were used (fine = 53-154 pm;

medium = 154-263 pm and coarse = 263-328 pm). Calcium lignosulfonate was used to bind S°

particles onto the surfaces of TSP granules of 2-2.8 mm diameter. The information booklet (No.8)

on Goldphos by Hi-Fert Pty Ltd (undated), indicates that the Goldphos product (GP10) is made by

milling elemental S to an agronomically available size (<250 pm) and chemically bonding it onto

TSP granules. The lower straw and grain yields obtained in the Control treatment was largely due

to S deficiency. As already indicated above, the application of GP10 and UNE511 resulted in

lower mean total dry weight of tops (Table 3.5) and this seems to be related primarily to the way

these products were prepared and not necessarily due to the different S° particle sizes or coating

materials used. It is possible, therefore, to suggest that these products (GP10 and UNE511) were

prepared in such a way that impairment of water penetration into the granules was increased

thereby, inhibiting the dispersion of S° in the soil.

The imposition of the two water regimes did not influence straw yield but grain yield was

significantly influenced (Table 3.5). Grain yield under flooded conditions was significantly higher,

with a mean of 10.9 g/pot, than that under non-flooded conditions with a mean grain weight of 6.5

g/pot (Table 3.5 and Figure 3.3). This appears to be due mostly to the rapid increase in tiller

numbers and early attainment of maximum tillering under flooded conditions (Figure 3.1). Similar

results were also reported by Dana et al. (1994a) and Ismunadji (1985), who found higher grain

yields under flooded than under non-flooded conditions. However, these authors found higher

straw yields under non-flooded than under flooded conditions whereas in the current study, a non-

significant difference in straw yield between flooded and non-flooded conditions was observed.

Visual observations during the course of the experiment, showed that under non-flooded

conditions, the rice plants were generally shorter but had more tillers, particularly at the later

growth stages (41, 55 and 69 DAT) (Figure 3.1). On the other hand, under flooded conditions, the

plants were generally taller but had less tillers (Figure 3.1). The non-significant difference in straw

yield under these two water regimes may be due to the compensatory effect of higher tiller number

under non-flooded and taller plants under flooded conditions. That is, it may have been possible

for the generally shorter plants under the non-flooded condition to have lower straw yield if it were
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not for the higher tiller numbers. Similarly, it is possible to suggest that although the plants under

the flooded conditions had less tillers, which may contribute to lower straw yield, the fact that they

were generally taller may have compensated for any decrease in straw yield that may have

eventuated if the plants were shorter as under non-flooded conditions.

3.4.3 S Concentration, S Content and Recovery of Fertiliser S in
the Leaves, Straw and Grain

Sulfur concentrations in the leaves observed at each leaf harvest were consistently lower in the

Control and GP10 treatments, particularly after the first leaf harvest (27 DAT). S concentrations in

the leaves in the UNE511 treatment observed at each leaf harvest were significantly higher than

that of the Control and GP10 treatments, but generally lower than that of the other S sources at 41

and 55 DAT. AI 69 DAT, S concentration in the leaves in the UNE511 fertiliser was similar to that

of UNE1, TSP+S°f and TSP+S°c S fertiliser sources. The S content of leaves followed a similar

trend as the S concentration in the leaves. Sulfur concentrations and S content of leaves in the

Control and GP10 treatments tend to decline w th each leaf harvest, whereas with the other S

fertiliser sources, S concentration and S content of leaves were generally higher and constant at

each leaf harvest (Table 3.6). Similarly, the data on percentage fertiliser S recovery (Table 3.7),

indicate that the percentages fertiliser S recovered in the leaves from the GP10 and UNE511

fertilisers were significantly lower at each leaf harvest compared to the other S fertiliser sources.

The fact that higher S concentrations and S content of leaves were observed in the GP10 and

UNE511 fertilisers at the early growth stages (27 DAT), means that because the rice plants in the

early growth stages were relatively smaller, thy: amounts of S released from the GP10 and

UNE511 fertilisers were sufficient to be recovered in the leaves at higher amounts even though

they were releasing little S. However, as the rice plants mature the S released from these

particular fertilisers was distributed to other leaves or plant parts and because the fertilisers were

releasing little 5, less amount of fertiliser S was recovered in the leaves, hence, the generally

lower S concentrations and S content of leaves at the later growth stages (Table 3.6). On the

other hand, the other S sources were able to release higher amounts of S at a sustained level,

therefore, the S concentrations, S content of leaves (Table 3.6) and the percentage fertiliser S

recovered in the leaves from the respective S sources (UNE1, TSP+S°f, TSP+S°m and TSP+S°c)

were generally high at each leaf harvest (Table 3. 7).

The data on S concentrations in the straw and grain (Table 3.10) show that the applications of

UNE1, TSP+S°1, TSP+S°m and TSP+S°c fertilisers resulted in significantly higher but similar

mean straw and grain S concentrations compared to that of the Control, GP10 and UNE511

treatments. A similar trend was also observed in the case of the mean straw and grain S contents,
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and the mean total S content of the rice top:3 (Table 3.11). The lower straw and grain S

concentrations, and S contents in the GP10 and UNE511 fertilisers, may be attributed to lack of S

as a consequence of little S being released by these fertilisers. Table 3.12 indicates that the mean

percentage recovery of fertiliser S in the straw and grain, and the mean total S recovered in the

rice tops were significantly lower in the GP10 and UNE511 fertiliser treatments. These results

support the view that both GP10 and UNE511 released little S in comparison to the other S

fertiliser sources and confirmed the results by Dana et al. (1994b), who found that the release of

elemental S from UNE1 (polyvinyl alcohol) and UNE3 (Ca lignosulfonate) products were similar

and greater than the release from the HF (GP10) product. Blair et al. (1994), found a higher

amount of fertiliser S recovered in the organic S pool from HF (GP10), and the authors attributed

this to the slower S release from HF which resulted in the poor growth of pastures. Moreover, the

authors explained that immobilization of S which was released from this product was the main

reason for higher S transformation into the organi,3 S fraction.

Tables 3.10, 3.11 and 3.12 show that flooding of the soils significantly increased the straw S

concentration, straw and grain S contents and the percentage fertiliser S recovery, respectively.

This implies that oxidation of S° was greater under the flooded condition. However, this is in

contrast to studies which demonstrated that S° oxidation is favoured at field moisture capacity

(Janzen and Bettany, 1987c; Nevell and Wainright, 1987). Nevertheless, Dana et al. (1994a),

found that oxidation of S° was rapid under both flooded and non-flooded conditions. Within a

flooded soil, there are aerobic and anaerobic zones, therefore, oxidation and reduction reactions

can occur at the same time in the different parts of the flooded soil (Blair and Lefroy, 1987). Rice

plants generally occupy a large volume of the planted soil so that oxidized zones occur which

allow for the growth and metabolism of aerobic microorganisms (Freney et al., 1982). In the

present experiment, flooding of the soils enhanced most of the S fertilisers, particularly that of

UNE1, TSP+S°f, TSP+S°m and TSP+S°c, to disperse faster (Figures 3.4a,b,c and d) thus,

releasing most of their S° which were oxidized rapidly by the S oxidizing microorganisms.

Furthermore, the results on S concentrations in the straw and grain (Table 3.10) indicate that,

although flooding of the soils increased the straw S concentration, the grain S concentration was

not influenced. Generally, however, the S concentrations in the grains were higher than in the

straw amongst the different treatments. This observation supports the assertion that concentration

of S in rice grain is generally higher than in rice straw (Lefroy et al., 1992).

It was highlighted in Chapter 2, that the effectiveness of S° in providing S to crops depends on the

rate of oxidation. Many factors influence the oxidation of S° and these include soil temperature

(Parker and Prisk, 1953; Nor and Tabatabai, 1577; Janzen and Bettany, 1987b; Germida and

Janzen, 1993), soil moisture and aeration (Burns, 1968; Janzen and Bettany, 1987c; Germida and
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Janzen, 1993), soil pH (Nor and Tabatabai, 1977; McCready and Krouse, 1982); nutrient

availability (Burns, 1968; Lawrence and Germida, 1988), sulfur oxidizing microorganisms (Vitolins

and Swaby, 1969; Konopka et al., 1986) and particle size of the S° (Li and Caldwell, 1966; Weir,

1975; Koehler and Roberts, 1983; Janzen and Bettany, 1986; Germida and Janzen, 1993). In the

current study, no significant differences in straw and grain yields, S concentrations, S contents and

fertiliser S recovery in the straw and grain were observed between the different S° particle sizes

irrespective of the 2 water regimes used. This indicates that all of them were releasing

comparably enough sulfur. This is confirmed by the data on fertiliser S recovery in the leaves

(Table 3.7).

3.4.4 P Concentration and P Content of Leaves, Straw and Grain

The data on P concentration in the leaves (Table 3.8) show that leaf P concentrations observed at

each leaf harvest were consistently higher in the GP10 treatment under flooded conditions.

However, in the final leaf harvest (69 DAT), the Control and UNE511 treatments had similar leaf P

concentrations as that of the GP10 fertiliser. Generally, however, all treatments had higher leaf P

concentrations in the presence of flood water than in the absence of flood water (Table 3.8). A

similar trend was also observed for P content of leaves (Table 3.9). The data on P concentration

in the straw and grain (Table 3.13) indicate that the mean P concentration in the straw was

significantly higher in the Control which was similar to that of the GP10 and UNE511 fertiliser

treatments. A similar trend was observed for gra n P concentration. The results on P contents of

straw and grain (Table 3.14) show that the mean P content of straw was higher in the GP10

fertiliser treatment. Mean P contents of grain in the GP10 and Control treatments were

significantly lower, but the total P content of rice tops was significantly lower only in the Control

treatment. Flooding of the soils significantly increased the mean P contents of straw and grain.

This agrees with the generally held view that the P supplying capacity of soil increases following

submergence. De Datta (1970), indicated that tile P supplying capacity of flooded rice soils is

higher than that of upland soils. He further pointed out that flooded rice, in most cases, does not

show response to P addition even though upland crops grown on the same soils show a large

response. Chang and Chu (1959), found that flooding increased P content in rice by 3 times the

increase caused by the application of 44 kg/ha of fertiliser P. These increases in the availability of

the soil and fertiliser P under flooding can be attributed to the reduction of ferric phosphate to

ferrous phosphate and hydrolysis of Al phosphate (De Datta, 1970). Other mechanisms which

contribute to increase P availability in flooded so Is include dissolution of organic P in acid soils,

increased solubility of Ca phosphate in calcareou 3 soils and greater diffusion of P (Tisdale et al.,

1993).



3.4.5 N Concentration and N Content of Straw and Grain

The mean N concentrations in the straw were similar and greater in the Control, GP10 and

UNE511 treatments (Table 3.15). The mean N concentration in the grain was higher in the Control

treatment, followed by the GP10 which was higher than that of the UNE511 S fertiliser source.

The higher N concentrations in the straw and grain in the Control, GP10 and UNE511 treatments is

related to the relatively smaller plants in these treatments as a result of lower S supply (Table 3.5).

In glasshouse studies, Randall et al. (1981) fourd that N additions decreased wheat yields when

the supply of S was suboptimal but doubled yields at high S levels. In the present study, N was

applied at 100 kg N/ha at the commencement of the experiment and applied again at 30 and 45

DAT at 40 kg N/ha (total of 180 kg/ha). Despite the adequate supply of N, the mean total dry

weight of tops was lower in the Control, GP10 and UNE511 treatments. It is likely that because

the supply of S from these treatments was limited, additions of N did not increase the mean total

yield of rice tops compared to that of the UNE1, TSP+S°f, TSP+S°m and TSP+S°c S fertiliser

sources. Moreover, flooding of the soils resulted in lower mean straw and grain N concentrations

(Table 3.15). This may be due to the fact that flooding of the soils restricted nitrification (Mengel

and Kirkby, 1987). Ponnamperuma (1965) reported that submerged soils are particularly

susceptible to denitrification. Nitrogen concentration in the straw and grain was multiplied by the

dry weight of straw and grain, respectively, to give the N content per pot. The data on N contents

of straw and grain (Table 3.16) indicate significantly lower mean N contents of straw and grain in

the Control treatment. However, although N contents of straw was higher in the GP10 fertiliser,

the mean grain N content was lower. The data on mean total N content (Table 3.16) indicate that

UNE511, UNE1 and TSP+S°f recorded higher bu' similar mean total N content of rice tops.

It has been shown previously that the total dry weight of tops was lower in the Control, GP10 and

UNE511 treatments, in that order, (Table 3.5). Lower rice growth and yield are some of the

symptoms of S deficiency (Blair et al., 1979a). According to Ergle and Eaton (1951), in cotton, the

percentage of total N was always greater when the sulfate supply limited growth and they observed

that where there were lower S levels (both S0 12- and soluble organic S) in cotton leaves, an

accumulation of non-protein N occurred, particularly that of NH 2 and NO3- - N. The authors,

however, observed that the high accumulations o and soluble organic N found at low sulfate

levels gave way to an accumulation of protein N at the higher sulfate levels. A study on nitrogen-

sulfur relationships in wheat, corn and beans (Stewart and Porter, 1969), showed that when S

became limiting, the non protein N (nitrates, amides, and amino acids) increased. Also, studies on

alfalfa (Medicago sativa) by Rendig and McComb (1961), indicated that amides accumulated when

S was limiting. Similar results were reported icy Adams and Sheard (1966), who found large

accumulations of amide-N in both alfalfa and Nchardgrass (Dactylis glomerata) when S was

73
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limiting. Furthermore, in corn plants, Terman et al. (1973), observed that highest N/S ratios would

occur at the minimum S concentration when S was a limiting nutrient, and the lowest at the

minimum N concentration when N was a limiting nutrient. In the current study, N concentrations in

the straw and grain were high in the Control, GF)10 and UNE511 treatments (Table 3.15), which

recorded low mean straw and grain S concentrations and S contents, and mean total S content of

rice tops (Tables 3.10 and 3.11).

3.4.6 Comparison of the different S Coated Fertiliser Sources

In general, the results in the current study clearly demonstrated that amongst the S coated

fertiliser sources, UNE1 and the TSP+S° products with the fine, medium and coarse S° particle

sizes were more effective than the other sources. This was due primarily to the use of water-

soluble adhesives (polyvinyl alcohol and Ca lignosulfonate) to bind S° to the TSP granules.

However, it has also been observed that the way each individual product was prepared contributed

partly to its effectiveness. This is clearly shown in the case of UNE511, that although it has the

same coating material as UNE1, because it was subjected to excessively warm air and vigorous

rotation during its preparation, the coat was extra hard which tended to impede water penetration

into the granules and the consequent dispersion of S° into the soil. The application of GP10 also

generally resulted in poorer S response than LJNE1 and the TSP+S° products. It has been

highlighted previously that this particular product was prepared by milling S° to <250 vim and

chemically bonding it on the TSP granules. It is most probable that during this process the coat

strength could have been consolidated, which, resulted in the impairment of water penetration into

the granules thus preventing the dispersion of S° into the soil. Table 3.17 presents the results of

the granule strength of the different S fertiliser sources. The data show that although the mean

granule strength of UNE1 was higher than that of the other S sources, it was able to break up and

dispersed rapidly, which was similar to the TSP+8') products with the fine, medium and coarse S°

particle sizes as shown by the photographs in Figures 3.4a, b, c and d. On the other hand, both

GP10 and UNE511 had lower mean granule strengths than that of UNE1 but almost similar to that

of the TSP+S° products with the fine, medium and coarse S° particle sizes. Nevertheless, they

(GP10 and UNE511) were unable to disintegrate and disperse rapidly (Figures 3.4a, b, c and d).

This demonstrates that granule strength was not a major factor contributing to the impairment of

water penetration into the granules of these fertilisers. It seems probable that during the

production process, the water-soluble characteristics of the coat material of the GP10 and UNE511

fertilisers may have been altered and made impervious thereby impeding water penetration into

the granules.

The rate of nutrient release from slow release fertilisers has been described by a number of

researchers as being controlled by the slow diffusion of the nutrient ions through the membrane to

the soil (Lunt and Oertli, 1962; Ahmed et al., 1963; Lunt, 1971). Kochba et al. (1990), proposed
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that the mechanism responsible for nutrient re ease is the diffusion of water vapour into the

granule through the hydrophobic membrane (coat material) and the subsequent bursting or

expansion of the membrane, which leads to an accelerated outward flow of the saturated solution

from the coated granules. In addition, they proposed that timing of the nutrient release of the

individual granules was a random phenomenon similar to radioactive decay. This proposition

assumes that the release process follows first o-der kinetics. That is, the granule population is

considered to be uniform and that the likelihood of the bursting of any given granule is the same

throughout the release process. However, Kociba et al. (1994) reported that studies on slow

release rate and individual granules and population behaviour showed that individual granules

within a given population of a slow-release fertiliser have different release patterns. They found

that some granules released their nutrient content within a few days, whilst others released their

nutrient contents in a period of 100 days. Furtlermore, the authors observed that the release

process contains a delay mechanism that has a different duration for different individual granules

and that a "starter" fraction reacts soon after the exposure to water while others react later.

Studies on N release from polyolef in-coated urea (POCU) (Takahashi and Ono, 1996), indicated

that individual granules of POCU had different weights and N release rates. Also, they found that

an increase in individual weights of POCU resulted in a decrease in the N release and they

attributed this relationship to the coating thickness.

From the above discussions on nutrient release a! .; described by the various authors, it is apparent

that for a coated fertiliser to be more effective, the coating material must allow water to diffuse

through it into the granules and because individual granules within a population have a different

release pattern (Kochba et al., 1994), maximum penetration of water through the coat into most

granules should be facilitated, so that each individual granule may release its nutrient content

according to its release pattern or behavior. It is pertinent, therefore, that in the process of coating

fertiliser granules, the water-soluble nature or characteristics of the coat material should be

maintained so that water penetration into the granules, which is the beginning of the entire process

of fertiliser nutrient release, can not be impeded.

3.5 CONCLUSION

On the basis of these results, it is apparent that UNE1, TSP+S°f, TSP+S°m and TSP+S°c are

effective S fertiliser sources for rice under flooded and non-flooded conditions compared to GP10

and UNE511 S fertiliser sources. It is also evident that the use of water-soluble adhesives such as

polyvinyl alcohol and calcium lignosulfonate to bind S° particles on to TSP products contributed

significantly to the effectiveness of these products Moreover, the results indicated that the way a

product is prepared has a strong influence on its effectiveness. This was clearly exhibited by the
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UNE511 S fertiliser source, wherein although it hac the same coating material as UNE1, it failed to

perform comparably due to being subjected to excessively warm air and vigorous rotation during

its preparation. Therefore, it may be necessary tor any future study to investigate this aspect of

the coating process in an effort to clearly determir e a suitable temperature regime for the different

coating materials used.

Furthermore, the fact that some authors attributLid different responses to the coating thickness

needs to be further examined to ascertain whether the coat thickness, for example that of UNE1

(polyvinyl alcohol) or the TSP+S° products (Ca lignosulfonate), is directly responsible for the

effectiveness of the S fertiliser sources. The use of the different S° particle sizes did not have any

dramatic effect in the present study. It would be beneficial in the future to look at the use of

different sulfur particle sizes and rates so that not only an "agronomically acceptable" S° particle

size can be achiteved, but also the optimum rate at which this can be applied to obtain optimum

benefits as suitable S fertiliser sources for rice under flooded and non-flooded conditions.
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