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Soil silicon and carbon under paddy in Mekong Delta

in the Mekong Delta is estimated to be nearly 20 million 
tonnes based on a harvest index of about 0.5 for modern 
high yielding rice varieties (General Statistical Office, 
Vietnam 2010). This resource is huge, even if some rice 
straw must be returned to paddy fields for sustainable rice 
production. When rice straw becomes a practical source 
for bio-fuel production, the Mekong Delta could supply 
huge amounts of this biomass resource for industry in 
the future. Thus, the best usage of rice straw should be 
explored. 

The continuous burning or removing of rice straw 
from the field may reduce the content of soil organic 
matter. Moreover, intensified land use combined with a 
reduced supply of nutrient-laden sediments caused by the 
improved control of floodwater from the Mekong River 
may exacerbate the decrease in soil fertility. Hence, there 
is a need to develop management practices that maintain 
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Abstract
We conducted a series of field experiments to study the effects of rice straw compost (RSC) and 
chemical fertilizer application on soil carbon and silicon under a double rice cropping system for 25 
crops successive in the Mekong Delta, Vietnam. The results showed that the continuous application 
of RSC (6 Mg ha－1 as fresh weight for each crop) caused a higher yield and more available silicon than 
treatment without RSC. Available silicon in the surface (0 - 10 cm from the ground surface) soil was 
36.3 to 38.7 mg Si kg－1 in treatment with RSC, while it was 24.2 to 30.0 mg Si kg－1 for treatment with-
out RSC. Regardless the amount of chemical fertilizer applied, the rice yields for treatment without 
RSC were lower than those for treatment with RSC and entailed less chemical fertilizer. Moreover, 
RSC application used in combination with moderate doses of chemical fertilizer increased total car-
bon in the soil at a rate of 356 to 401 kg C ha－1 year－1. Our results suggested that Si availability in 
paddy soil must be maintained or increased in order to maintain rice yield, for which the application 
of rice straw compost offers an option. Our results also showed that the application of RSC increased 
total-C in the soil, suggesting that paddy fields can be used effectively for carbon sequestration.
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Introduction

The Mekong Delta is the largest rice-producing 
region in Vietnam, contributing more than 20 million 
tonnes of rice annually (General Statistical Office, 
Vietnam 2010). The soil of the Mekong Delta contains a 
relatively high amount of organic matter in tropical Asia 
(Kyuma 1985, National Institute for Soils and Fertilizers 
& Department of Science, Technology and Product 
Quality 2002). Rice straw can be used for many purposes 
such as roughage and litter for animal husbandry and 
horticulture. However, only part of the rice straw is now 
being used for such purposes in the Mekong Delta. At 
present, many farmers in the Mekong Delta simply burn 
rice straw in the field or incorporate it into the field after 
harvest, while some rice straw is shipped for mushroom 
cultivation (Tran et al. 2014). Annual rice straw production 
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or enhance soil fertility for a longer term. For this reason, 
we have studied the effects of the continuous application 
of rice straw compost (RSC) on rice yield in alluvial soil 
in Vietnam’s Mekong Delta (Watanabe et al. 2009 , 2013), 
and our results showed that RSC application with reduced 
rates of chemical fertilizer application can maintain rice 
productivity for a longer term than under conventional 
fertilization practices. Furthermore, our results suggested 
that the continuous removal of rice straw may reduce 
silicon (Si) availability in the soil, and that the deficiency 
of Si appears faster than that of other nutrients (N, P, K, 
Ca, Mg, Fe, Zn, Mn, Cu) in the field, thereby decreasing 
rice productivity.

The objective of this study was to evaluate the 
effects of the continuous application of RSC on total 
carbon and available Si in the soil under the double rice 
cropping system in the Mekong Delta, Vietnam.

Materials and methods

1. Experimental design 
This experiment was conducted in an experimental 

field at the Cuu Long Delta Rice Research Institute 
(CLRRI), Thoilai district, Can Tho city, Vietnam 
(10°08’N, 105°35’E). The soil of the experimental filed 
is Typic Humaquept (U.S. Department of Agriculture 
and National Resources Conservation Service 2014). 
Table 1 lists certain soil properties for a comparison with 
other Asian paddy soils (Watanabe et al. 2009, 2013). 
Long-term studies on the effects of rice straw compost 
application were initiated in the wet season of 2000. Rice 
crop has traditionally been cultivated twice a year in the 
wet and dry seasons. The wet season crop was planted 
in April or May, followed by the dry season crop in 
November or December.

This experiment was conducted with the seven 

treatments described below arranged in a randomized 
block design with three replications from the 2009/2010 
dry season to the 2012/2013 dry season, as shown in 
Table 2. Through the experimental period, the variety 
OM4900 was directly seeded at the rate of 100 kg ha－1 
by using a row seeder. Each plot covered an area of 
30 m2 (5 × 6 m). The F100C− treatment was based on 
conventional farming practices in the Mekong Delta 
region. RSC prepared solely from rice straw harvested 
from the experimental field and phosphorus (P) fertilizer 
(single superphosphate) were applied on the surface of 
soil, and then mixed into the soil down to a depth of about 
10 cm by using spades before sowing. N fertilizer (urea) 
was split into three applications, with equivalent thirds 
broadcasted at 10, 20 and 30 days after sowing (DAS), 
respectively. The potassium (K) fertilizer (potassium 
chloride) was split into two applications: half of which 
was broadcasted at 10 DAS and the remainder at 30 DAS. 
F0C−, F0C+, F40C+, F60C+, and F100C− treatments 
were initiated in the wet season 2000. Before the 
2009/2010 dry season, the F40C− and F60C− treatment 
plots were fertilized with RSC (6 Mg ha－1) + NPK (16:6:6 
for the wet season, 20:6:6 for the dry season N:P2O5:K2O 
kg ha－1) and RSC (6 Mg ha－1) + NPK (64:24:24 for the 
wet season, 80:24:24 for the dry season N:P2O5:K2O kg 
ha－1), respectively. At harvest, the rice straw was cut at 
about 5 cm above ground level in all plots, removed from 
the field, heaped up and then treated with water. Every 
three to five days, the heap was tuned over and watered. 
The heap became RSC after two months. The average 
dry matter content of RSC was 197 g kg－1 (and ranged 
from 170 to 210, the same hereinafter). The average C, N, 
P, K and Si concentrations in dry matter were 315 g kg－1 
(304 to 332), 19.8 g kg－1 (17.2 to 23.0), 2.4 g kg－1 (2.3 to 
2.6), 10.1 g kg－1 (5.3 to 14.9) and 97.0 g kg－1 (96.9 to 97.0), 
respectively. Hence, 6 Mg ha－1 (wet weight basis) of RSC 

Table 1 Properties of surface soil (0 - 10 cm) of the experimental field1 and paddy soils in tropical Asia2

Soil of the
experimental field 1

Paddy soils in the
tropical Asia

pH (H2 0.63.5)O
Bulk density 0.96 3 no-data
Total-C (g kg -1) 35.1 14.1
Total-N (g kg -1) 3.3 1.3
Available-P (mg kg -1) 2404 385

1 : Measured in August 2000 except for bulk density. Watanabe et al. 2009, 2013
2 : Kyuma, 1985 (n=410)
3 : Measured  in March 2007.
4 : Measured by the Truog method.
5 : Measured by the Bray No. 2 method.
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per season was equivalent to 372 kg ha－1 as C, 23.5 kg ha－1 
as N, 6.6 kg ha－1 as P2O5 (2.9 kg ha－1 as P), 21.2 as K2O 
(17.6 kg ha－1 as K) and 120 kg ha－1 as Si, respectively.

2.  Measurement of grain yield, rice straw production, 
total carbon and available Si in the soil

We determined the grain yields and rice straw 
production at harvest for four crops from the 2012 wet 
season to the 2013/2014 dry season. Grain yield was 
based on a harvested area of 2.5 × 2 m in each replication. 
The rice straw was sampled from four sampling areas 
(each 0.5 × 0.5 m) within each plot (n = 3).

Available Si was determined for soil collected 
at 0 - 10 cm and 10 - 20 cm from the ground surface 
after harvest of the 2012/2013 dry season crop. The soil 
samples were air dried, passed through a sieve with a 
2-mm mesh, then incubated under a flooded condition 
at 40°C for one week. Water-soluble Si was determined 
using a colorimetric method (Takahashi 1986).

Surface soil (0 - 10 cm) samples from the experimental 
plots were periodically collected following initiation 
of the experiment in 2000. Total carbon (total-C) was 
determined by a NC analyzer (Sumigraph NC-220F; 
Sumika Chemical Analysis Service, Osaka, Japan). As 
the treatment was changed to F40C− and F60C− from 
the 2009/2010 dry season, both treatments were excluded 
from the analysis of total-C. 

Statistical analysis of the data was conducted using 
software (JMP 9.0.2, SAS Institute Inc.). Differences 
in rice yields and available Si in the soil among the 
treatments were assessed with Tukey’s test. Significance 

of the change in total carbon in the surface soil (0 - 10 
cm) was assessed by the t-test regarding whether the 
slopes of regression lines for total carbon concentrations 
during the years since the start of the experiment differed 
significantly from zero.

Results

The rice yields for the F40C+ and F60C+ treatments 
were significantly higher than those for the other 
treatments in the four cropping seasons, except for 
F60C− in the 2012/2013 dry season, as shown in Fig. 1. 
The average yields for the F40C+ treatment were 7.63, 
7.36, 4.60 and 4.65 Mg ha－1 for the 2011/2012 dry season, 
2012/2013 dry season, 2012 wet season, and 2013 wet 
season, respectively. The average yields for the F60C+ 
treatment were 7.48, 7.18, 4.74 and 4.76 Mg ha－1 for the 
2011/2012 dry season, 2012/2013 dry season, 2012 wet 
season, and 2013 wet season, respectively. The yields of 
the four crops under F0C+ treatment were significantly 
higher than under F0C− treatment. The average yields 
for the F0C+ treatment were 6.17, 5.83, 3.63 and 3.61 Mg 
ha－1 for the 2011/2012 dry season, 2012/2013 dry season, 
2012 wet season, and 2013 wet season, respectively. The 
average yields for the F0C- treatment were 5.36, 5.12, 
2.36 and 2.32 Mg ha－1 for the 2011/2012 dry season, 
2012/2013 dry season, 2012 wet season, and 2013 wet 
season, respectively. In addition, the yields for F0C+ 
were not significantly different from those for F40C−, 
F60C− and F100C− for the two wet seasons.

The average available Si concentrations in the 

Table 2 Rice straw compost and chemical fertilizer application rates (kg ha-1) since the wet season in 2000

Season
F0C-
F0C+

F40C- 2

F40C+
F60C- 2

F60C+
F100C-

Rice straw
compost (RSC) N

Chemical fertilizer 1

P 2O5 K2O
Dry
10
10
12
12
18
18
30

Wet
10
10
12
12
18
18
30

Dry
10
10
12
12
18
18
30

Wet
10
10
12
12
18
18
30

Dry
10
10
40
40
60
60

1001

Wet
10
10
32
32
48
48
80

Dry
1110
6000
1110
6000
1110
6000
1110

Wet
1110
6000
1110
6000
1110
6000
1110

1:  Chemical fertilizer application rate for each crop. N, P2O5 and K2O were applied as urea, single superphosphate, 
and potassium chloride, respectively. RSC and single superphosphate were applied before sowing. Urea was 
split into three applications and equivalent thirds broadcasted at 10, 20 and 30 days after sowing (DAS). Po-
tassium chloride was split into two applications and half was broadcasted 10 and 30 DAS. 

2:  Before the 2009/2010 dry season, the F40C− and F60C− treatment plots were fertilized with RSC (6 Mg ha-1) 
+ NPK (16:6:6 for the wet season, 20:6:6 for the dry season N:P2O5:K2O kg ha-1) and RSC (6 Mg ha-1) + NPK 
(64:24:24 for the wet season, 80:24:24 for the dry season N:P2O5:K2O kg ha-1), respectively. 
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surface (0 - 10 cm) layer of the plots with RSC (37.8, 
40.4 and 38.2 mg Si kg－1 for F0C+, F40CL and F60C+, 
respectively) were higher than those without RSC (25.2, 
28.5, 31.3 and 28.4 mg Si kg－1 for F0C-, F40C-, F60C- and 
F100C-, respectively), as shown in Fig. 2. The lowest and 
second lowest concentrations were observed in the F0C− 
and F100C− treatments, respectively, where RSC had not 
been applied since the wet season in 2000. No significant 
difference was found in available Si concentrations (25.0 
to 28.2 mg Si kg－1 in dry soil on average) among the 
treatments for sub-surface (10 - 20 cm) soil samples.

Fig. 3 shows changes in total-C in the surface (0 - 10 
cm) soil. Based on the slopes of regression lines, total-C in 
the surface layer was found to be significantly increased 
in the F40C+ and F60C+ treatments (0.42 g kg－1 year－1 
and 0.37 g kg－1 year－1, respectively), but significantly 
decreased in the F0C− treatment (0.17 g kg－1 year－1). No 
annual significant change in total-C was detected in the 
F0C+ and F100C− treatments.

Discussion

 Regardless the amount of chemical fertilizer 
application, the yield data indicated that as compared 
to conventional fertilization practices, the application 
of RSC along with a reduced amount of chemical 
fertilizer maintained higher rice yields (Fig. 1). This 
result is in agreement with that reported earlier 
(Watanabe et al. 2013). Our previous report (Watanabe 
et al. 2013) showed that the Si concentration of rice 
straw in the F100C− treatment was significantly lower 
than that in the F0C+, F40C+ and F60C+ treatments; 
and that the Si concentrations of rice straw in all the 
treatments averaged 42.9 g kg－1, lower than the proposed 
critical Si concentration of 50 g kg－1 (Dobermann and 
Fairhurst 2000, Barbosa-Filho et al. 2001) or the typical 
concentrations in rice straw collected in Japan (Fujii 
2002). Although there is room for discussion regarding 
whether a rice Si concentration of less than 50 g kg－1 was 
really critical, rice plants in the experimental field might 
suffer from Si deficiency. Our previous report (Watanabe 
et al. 2013) suggested that the deficiency of Si appears 

Fig. 1. Yields of four rice crops under different fertilizer management treatments. 
 Error bars are standard errors (n=3). Data with the same letter is not significantly different (Tukey p < 0.05). +RSC and 

−RSC indicate the application and non-application of rice straw compost, respectively.
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available Si in the paddy soil, which contributed to higher 
yields than those from plots that did not receive RSC. 
This conclusion does not exclude the possibility that 
other unidentified mechanisms are involved in increasing 
rice yields when using RSC.

Phytoliths have been proposed as a major source 
of Si available to plants (Ma & Takahashi 1989, 
Wickramasinghe & Rowell 2006). A long-term trial 
conducted at Rothamsted Experimental Station revealed 
that annual straw exports from wheat fields reduce the 
amount of phytolith input to the soil, which decreases the 
bio-available Si in the soil (Guntzer et al. 2012). Moreover, 
plant-available Si in the surface soil with continuous 
rice straw application was found to be 1.25 times higher 
than that without application in a long-term trial with 
rice conducted at four experimental stations located in 
northern Japan (Kobayashi 2006). Our results agree with 
those of the previous reports. However, whether RSC has 
any difference as a source of Si for paddy rice compared 
to fresh rice straw or rice straw ash remains unclear. The 
amount of Si removed as rice straw from our field was 
236 to 337 kg ha－1 for the dry seasons and 203 to 320 
kg ha－1 for the wet seasons, as shown in Table 3. These 
amounts were calculated from the Si concentrations of 
rice straw in our previous report (Watanabe et al. 2013) 
and in biomass (rice straw) production. Furthermore, 
some Si must be removed as grain, although we could not 
calculate the amount due to a lack of data regarding Si 
concentrations in the grain. However, only 120 kg ha－1 
of Si were returned to our experimental field as RSC. 
Phutela and Sahni (2013) showed that fungi promote 
the solubilization of Si components in rice straw, which 

faster than that of other nutrients (N, P, K, Ca, Mg, Fe, Zn, 
Mn, Cu) when rice straw is continuously removed from 
paddy fields in the Mekong Delta. Our data on available 
Si concentrations in the surface (0 - 10 cm) layer (Fig. 2) 
showed that the continuous application of RSC increased 
available Si in the paddy field. Therefore, we concluded 
that the continuous application of RSC maintained 

Fig. 3. Changes in total carbon (g kg-1) in the soil (0-10 cm) 
in the experimental paddy. 

 X-axis indicates the year after March 1, 2000 when the 
field experiment started.

 ① to ⑤ indicate regression lines for F0C−, F0C+, 
F40C+, F60C+ and F100C−, respectively (see Table 2). 
*, ** and *** indicate that the slope was significantly 
different from 0 (p < 0.05, 0.01 and 0.001, respectively).
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with reduced chemical fertilizer increased total-C in 
the soil. This suggests that paddy fields in the Mekong 
Delta could be used effectively for carbon sequestration. 
Cassman et al. (1998) reported that soil organic carbon 
increased in a tropical paddy soil despite the complete 
removal of all aboveground crop residues. Pampolino et 
al. (2008) reported that total organic C in the topsoil (0 - 
20 cm) increased after 17 to 21 years of continuous rice 
cultivation in four paddy fields in the Philippines, along 
with the removal of all aboveground plant biomass after 
every cropping.

As reported previously, we found that RSC application 
also decreased bulk density and soil penetration resistance 
(Watanabe et al. 2009). However, these results do not 
necessarily indicate the indispensability of RSC or the 
application of other organic matter for sustainable rice 
production. It may be possible to increase Si availability 
by using the ash of rice straw or rice husks, or siliceous 
fertilizer. Increasing organic C in the soil may not increase 
rice yield in the Mekong Delta, given its generally high 
concentration (Kyuma 1985, National Institute for Soils 
and Fertilizers & Department of Science, Technology 
and Product Quality 2002). The high organic C content 
suggests that soil physical properties in the region are 
favorable for rice production. As a next step, we should 
determine how much rice straw must be applied to 
maintain rice productivity.

In conclusion, our study showed that we need to 
maintain or increase Si availability in paddy soil to 
maintain rice yield, for which RSC application offers an 
option. Our results also showed that the application of 
RSC with reduced chemical fertilizer increased total-C 
in the soil, suggesting that we can effectively use paddy 
fields in the Mekong Delta for carbon sequestration.
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