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AbstractArticle Info

AGRICULTURE AND
NATURAL RESOURCES

	 Ten areas of salt-affected soils in northeast Thailand were selected for studying soil properties 
and water-stable aggregates and their relationship. There were six saline sodic and four sodic soils 
with different salinity levels ranging from non-saline to very strongly saline (0.14–30.0 dS/m) and 
sodium adsorption ratios in the range of 4.52–94.54. There was a similar distribution trend in all 
10 salt-affected soils of water-stable aggregates in all six size classes: 2–8 mm (WSA1), 1–<2 mm  
(WSA2), 0.5–<1 mm (WSA3), 0.25–<0.5 mm (WSA4), 0.1–<0.25 mm (WSA5) and <0.1 mm 
(WSA6). WSA6 was distributed in the highest amount (7.98–81.01 g/100 g soil) and varied greatly 
within the soil profile compared to the other sizes. The different-sized aggregates in the saline 
sodic soils varied more than in the sodic soils. The sodic soils had a higher WSA6 content than 
the saline sodic soils (19.25–78.59 compared to 13.01–75.01 g/100 g soil) but the structure of the 
sodic soils was more stable than the saline sodic soils, particularly in the topsoil where there was 
a higher amount of WSA1 (0.06–69.35 compared to 0.40–20.06 g/100 g soil) and greater mean 
weight diameter (MWD; 0.23–0.58 compared to 0.07–0.30 mm). Organic matter contributed to the 
formation of WSA1 and a larger MWD, with correlation coefficients of 0.33 (p < 0.01) and 0.37  
(p < 0.01), respectively, while soil electrical conductivity (r = -0.28, p < 0.01) and sodium adsorption 
ratio (r = -0.28, p <0.01) decreased the stability of WSA1. The clay content and extractable calcium 
and magnesium contributed to the stability of WSA2–WSA6 and in WSA6 this increased with an 
increasing sodium adsorption ratio (r = 0.46, p < 0.01). The available potassium in the soils was 
positively correlated with WSA1 and WSA2 (r = 0.22, p > 0.01 and 0.33, p < 0.01, respectively). 
In addition, the cation exchange capacity had a positive correlation with WSA 3 (r = 0.32, p < 0.01) 
and a negative correlation with WSA5 (r = -0.45, p < 0.01).
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Introduction 

	 The size and stability of soil aggregates are indices of soil 
quality; large stable aggregates promote good soil physical properties,  

such as strong soil structure, loosened nature with high resilience 
against soil compaction, and high moisture and nutrient retainability, 
suitable for plant growth (Tisdall and Oades, 1982; Pulleman and 
Marinissen, 2004; Six et al., 2004). In addition, they also decrease 
soil loss against water erosion (Barthes and Roose, 2002; Ramos  
et al., 2003; Pinheiro et al., 2004), and the formation of surface crust  
(Li et al., 2005). Soil aggregation and aggregate stability are a result 
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of cementing agents in soils such as organic substances from activities  
of living organisms, including organic matter that adheres soil particles 
together, resulting in larger aggregates and greater stability (Tisdall, 
1996; Nimmo, 2005). However, the stability of soil aggregates lowers 
as the size increases, particularly in soils with low organic matter 
content (Caravaca et al., 2004). Silicate clay, iron and aluminium 
oxides, and cations such as calcium are the cementing agents in small 
aggregates (Amezketa, 1999; Igwe and Stahr, 2004; Bronick and Lal, 
2005) along with the soil pH, sodium content and sodium adsorption 
ratio (Kaewmano et al., 2009; Moghimi et al., 2012). In contrast, 
intensive cultivation and tillage tend to decrease soil organic matter 
content and adversely affect soil aggregate stability (Zheng et al., 
2018).
	 Salt-affected soils in Thailand cover 2.302 million ha, of which 
inland saline soils make up 1.904 million ha and the rest are in coastal 
areas. Inland soils that are slightly to moderately salt affected are 
generally used for rice cultivation or other cash crops (Arunin and 
Pongwichian, 2015). Salt-affected soils can be saline, sodic or saline 
sodic soils. Saline soils are soils that contain soluble salts expressed 
in terms of the electrical conductivity (ECe) of the saturated soil 
extract having a value higher than 2 dS/m at 25°C and sodic soils 
have a sodium adsorption ratio (SAR) of higher than 13 (Abrol et 
al., 1988) while saline sodic soil has both unfavourable properties 
(Weil and Brady, 2016). Soil salinity lowered the ability of a plant 
to take up water efficiently, particularly jasmine rice that is broadly 
planted (Clermont-Dauphin et al., 2010) and also this plant has 
been poisoned by various ions such as sodium and chlorine that are 
dissolved in substantial amounts (Dobermann and Fairhurst, 2000; 
Cha-um et al., 2010). Sodium plays a part as a dispersing agent of 
clay, leading to the soil structure becoming unstable and compacted 
with restriction of root elongation in the growing plant (Ghassemi  
et al., 1995; Munns, 2002). Poor soil structural properties and a low 
soil organic matter content are common in sodic soils because sodium 
acts as a highly dispersive agent that directly breaks up aggregates 
and indirectly affects aggregation; furthermore, exchangeable Na+ in 
the soil solution and at exchange sites contributes to repulsive charges 
that disperse clay particles (Bronick and Lal, 2005). This can result 
in low soil hydraulic conductivity, leading to a risk of soil erosion on 
slopes (Warrence et al., 2002). Kaewmano et al. (2009) in Thailand 
reported that the content of water-stable aggregates in salt-affected 
soils decreased with depth within the soil profile as did the clay and 
organic matter contents. However, some horizons in the lower part of 
the soil profile in some areas contained very low amounts of water-
stable aggregates due to the influence of sodium that increased with 
depth. This result agreed with Moghimi et al. (2012) in Iran who found 
that the stability of soil aggregates had a negative correlation with the 
sodium content, SAR and soil pH, whereas the contents of organic 
matter, nitrogen, phosphorus, potassium, calcium, clay and the cation 
exchange capacity (CEC) were properties that promoted the increase 
of soil water-stable aggregates. A literature review showed that studies 
were scarce on the relationship between water-stable aggregates and 
properties of salt-affected soils, particularly humid, tropical, inland, 

saline soils in Thailand. To gather more useful information and 
knowledge, this study was undertaken to investigate the relationship 
between soil properties and water-stable aggregate distribution as 
affected by soil salinity in humid, lowland, tropical soils in northeast 
Thailand.

Materials and Methods

Study area

	 The study areas were located in the Korat basin, northeast 
Thailand with an elevation range of 125–203 m above mean sea level 
and a tropical savanna climate where the average annual rainfall 
and temperature ranges were 1,054–1,204 mm/yr and 27.5–28.0°C, 
respectively. Ten representative soils were sampled from different 
areas of Nakhon Ratchasima and Roi Et provinces (Fig. 1). All soils 
were used for growing the jasmine rice variety KDML 105. Pedon 
analysis of soil pits at each site was done according to standard field 
study methods, including a detailed soil profile description and soil 
sampling from the genetic horizons (Soil Survey Division Staff, 
1993).

Laboratory analysis

	 Soil samples were air-dried and crushed to pass through a 2 mm 
sieve; the resultant particles were used for laboratory analyses. The 
general physical and chemical properties of the soils were analyzed 
based on standard procedures. The salinity level ranged from non to 
very strongly saline (0.14–30.0 dS/m) and the sodium adsorption ratio  
(SAR) was in the range of 4.52–94.54, while six soils were categorized 
as saline sodic soils (SS1, SS2, SS3, SS4, SS5, SS6) and the other 
four soils were sodic soils (Sod1, Sod2, Sod3, Sod4). All soils were 
classified as Typic Natraqualfs.
	 Aggregate stability was determined according to the wet-sieving 
method using a series of nested sieves as described by Elliott (1986). 
Samples (each 100 g) of uncrushed soil aggregates (<8.0 mm) 
were wet-sieved using a nest of six sieves with aperture sizes of  
2.0–<8.0 mm, 1.0–<2.0 mm, 0.5–<1.0 mm, 0.25–<0.50 mm, 0.10–
<0.25 mm and less than 0.10 mm. Wet-sieving was performed for 30 
min, at 40 rpm through a vertical distance of 40 mm; following wet-
sieving, the aggregate retained on each sieve was separately collected, 
oven-dried and weighed. The aggregate stability of each complete soil 
sample was expressed as the mean weight diameter (MWD) as shown 
in Equation 1:

	 MWD = 				                (1)

	 where Xi is the mean diameter of aggregate size fraction i (i =  
1 tonne), and Wi is the proportion of aggregate size fraction i to the 
total sample weight. Higher MWD values indicate a higher proportion 
of macroaggregate in the sample and, therefore, higher stability 
(Kemper and Rosenau, 1986).
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Fig. 1	 Soil sampling locations in northeast Thailand

	 The stability of each of the six aggregate size fractions (2.0–<8.0, 
1.0–<2.0, 0.5–<1.0, 0.25–<0.50, 0.10–<0.25, <0.10 mm) was 
determined by wet-sieving 100 g of uncrushed aggregate using 
the wet-sieving method as described earlier. Sand correction was 
performed in each aggregate-size class because this particle was  
not considered in those aggregates (Elliott et al., 1991). Therefore,  
the stability of the individual aggregate size fraction was expressed 
as the percentage of water-stable aggregates of size fraction i (ASi) 
using Equation 2:

	 ASi (%) = 			                  (2)

	 where Si is the correctional weight for sand particles larger than 
sieve size i.

Data analyses

	 The values of soil properties measured were subjected to linear 
correlation analyses with soil water stability indices using the 
STATISTICA Ver. 6.0 software package.

Results and Discussion

Soil property

	 All soils were deep, having poor drainage, and had an increase in 
sodium with increasing depth which coincided with the bridge grain 
structure and halite crystals in the soils. Most soils were dominated by 
sand particles rather than clay particles, having soil textural classes 
of sandy to clayey. Their properties varied considerably being very 

strongly acidic to very strongly alkaline regarding soil pH (4.5–10.6). 
Their fertility varied from low to high with the soils having organic 
matter in the range of 0.69–14.45 g/kg, available phosphorus  
and potassium in the ranges of 1.21–19.65 and 1.22–129.79  
mg/kg, respectively, and cation exchange capacity (CEC) in the  
range of 1.88–37.38 cmolc/kg (Table 1). 

Water stable aggregate and mean weight diameter

	 Stable aggregates in the soils studied were mostly smaller than 0.1 mm  
(WAS6) and in the range of 7.98–81.01 g/100 g soil (Figs. 2 and 3). 
This indicated that these soil aggregates had low stability due to the 
high sodium content in the soils, resulting in the structure of these soils 
being destroyed quite easily (Moghimi et al., 2012). The SS1 soil had 
the lowest aggregate stability because it comprised the highest amount 
(48.65–80.48 g/100 g soil) of <0.1 mm aggregate (WAS6). However, 
this quantity was nearly the same as that of the SS4 and SS5 soils. 
The SS2, SS6 and Sod3 soils also had similarly vulnerable structures 
whereas the Sod1 soil had the strongest structure which coincided 
with the soil having the greatest content of 2–8 mm aggregate size, 
especially in the topsoil layer (Figs. 2 and 3). The average mean of 
water-stable aggregate sizes varied in the range of 0.03–0.85 mm and 
the size decreased with increasing depth within the soil profile with 
the exception of the SS3 soil (Figs. 2 and 3). On average, the Sod4 and 
SS3 soils had the smallest sizes of water-stable aggregate (0.04–0.07 
and 0.04–0.011 mm, respectively). The topsoil layer clearly had  
a greater aggregate size due to the layer consisting of more organic 
matter content and also plant roots that can bind soil aggregates, 
contributing to the greater soil aggregate size (Vrdoljak and Sposito, 
2002).
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Table 1	 Physico-chemical properties of salt affected soils (average values of each genetic horizon)

Horizon Depth pH1/ OM2/ Available
CEC5/ BS6/ ECe7/ SAR8/ Particle size distribution9/

P3/ K4/ Sand Silt Clay
(cm) (H2O) (g/kg) (mg/kg) (cmol/kg) (%) (dS/m) (g/kg)

Sod1: Typic Natraqualf
Apg 0–38 5.8 8.95 2.00 49 16.5 43 2.35 12 322 295 384
Btng 38–200 7.3 3.53 1.73 84 15.3 57 2.77 39 351 226 423
Sod 2: Typic Natraqualf
Apg 0–25 5.8 14.50 6.60 23 10.1 45 3.00 23 650 170 180
Btng 25–200 7.1 3.36 1.83 52 17.2 63 1.93 14 334 288 378
Sod 3: Typic Natraqualf
Apg 0–20 8.6 3.40 2.80 3 4.9 40 2.40 27 747 145 108
Btng 20–200 9.6 1.99 2.05 7 9.1 57 1.05 30 686 129 185
Sod 4: Typic Natraqualf
Apg 0–20 4.9 14.10 13.30 15 5.1 11 0.90 8 511 385 104
Btng 20–200 6.6 2.29 2.03 21 15.4 55 0.25 12 366 235 399
SS 1: Typic Natraqualf
Apg 0–25 7.5 3.80 1.90 4 14.4 38 4.00 35 655 253 92
Btng 25–200 9.6 2.03 1.76 6 8.0 49 5.11 67 606 225 169
SS 2: Typic Natraqualf
Apg 0–20 10.6 2.40 6.40 12 6.4 67 7.40 89 764 132 104
Btng 20–200 10.2 1.60 2.09 13 8.8 68 2.64 54 717 113 170
SS 3: Typic Natraqualf
Apg 0–14 4.7 4.50 3.90 8 2.0 16 8.60 47 875 61 64
Btng 14–71 4.6 2.33 2.10 9 3.2 21 6.17 56 819 89 92
Bvng 71–160 4.8 1.90 1.73 14 5.2 41 5.10 71 705 68 228
SS 4: Typic Natraqualf
Apg 0–15 5.5 6.50 7.20 8 4.1 37 16.60 31 716 168 116
Btng 15–52 6.2 2.25 2.35 37 6.3 54 9.15 36 626 142 232
Btcng 52–98 6.4 1.90 1.70 43 6.8 50 11.40 43 706 79 216
Btng 98–170 6.4 1.23 1.63 27 4.0 45 11.07 44 712 72 216
Bvng 170–200 6.2 2.10 1.20 42 3.9 61 17.30 42 687 109 204
SS 5: Typic Natraqualf
Apg 0–48 6.1 3.45 11.40 11 6.7 41 19.80 46 763 114 124
Btng 25–48 6.8 2.10 3.20 13 9.9 45 9.10 57 663 149 188
Bvng 48–119 7.5 2.75 2.25 20 17.4 63 5.80 80 544 177 280
BCrtng 119–200 7.4 2.43 2.08 38 28.6 72 7.83 63 307 293 400
SS 6: Typic Natraquert
Apng 0–27 8.2 6.90 17.60 66 27.4 76 3.90 95 232 364 404
Bssng 27–200 7.8 3.61 8.79 65 28.9 74 11.29 58 187 373 439

OM = organic matter; CEC = cation exchange capacity; BS = base saturation percentage; ECe = electrical conductivity; SAR = sodium adsorption ratio.
1/1:1 soil/solution ratio in H2O (National Soil Survey Center, 2004); 2/ Wet digestion and Walkley-Black titration (Walkley and Black, 1934); 3/ Bray II extraction 
(Bray and Kurtz, 1945); 4/1 M NH4OAc at pH 7.0 extraction (Pratt, 1965); 5/ Cation exchange capacity, Saturating the exchange site and displacing by 1 M NH4OAc 
at pH 7.0 (Chapman, 1965); 7/, 8/saturation extract (Richard, 1954); 9/Pipette method (Gee and Bauder, 1986)
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Fig. 2	 Trend of aggregate size distribution and mean weight diameter (MWD) with depth of sodic soils (Sod1–Sod4), where WSA = water-stable aggregate

Fig. 3	 Trend of aggregate size distribution and mean weight diameter (MWD) with depth of saline sodic soils (SS1–SS6), where WSA = water-stable aggregate
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Aggregate size distribution in saline sodic and sodic soils

	 A comparison of the average content of different sizes of water-
stable aggregate in the topsoil (Apg/Apng) between saline sodic and 
sodic soils is presented in Fig. 4. The stability of aggregates in the 
saline sodic soils was poorer because they were composed of lower 
quantities of 2–8 mm water-stable aggregate (WSA1), owing to their 
greater sodium content, as the stability of soil aggregate diminished 
with increasing sodium (Moghimi et al., 2012). Sodium played  
a role in breaking down large aggregates into smaller aggregates;  
thus, these sodic soils contained mainly <2 mm aggregate size, 
particularly the 1–2 mm and <0.1 mm sizes. In addition, most of the 
sodic soils contained a greater content of organic matter that has been 
deemed to be a cementing agent of soil aggregates (Zhang et al., 1996), 
than the saline sodic soils. In addition, carbon also can bind small size 
aggregates (0.1–0.25 mm) to form larger aggregates (Bronick and Lal, 
2005; Six et al., 1999) indicating that the sodium found in substantial 
amounts in these soils, especially the sodic soils, was not sufficient 

to entirely break down large aggregates into smaller aggregates.  
As a result, these soils were still composed of large aggregates to  
some degree which was indicative of the soils still having good 
structure and the influence of these large soil water-stable aggregates 
meant that these soils had rather good physical properties suitable for 
plant growth (Tisdall and Oades, 1982; Pulleman and Marinissen, 
2004; Six et al., 2004) even though they were affected by sodium.  
The soils selected in the current study are particularly used for growing 
jasmine rice and in some dry years, there is insufficient water for 
growing rice and salinity becomes a more severe problem. However, 
the considerable amount of large-sized aggregates contributes to 
a good soil structure and also increases their ability to retain soil 
moisture slightly longer and in a greater quantity which in turn 
reduces the adverse effect of salts in the soils. Additionally, good 
structure assists the distribution of rice roots, so the plant can tolerate 
doughtiness slightly longer. The current results clearly indicate that 
the problem posed by sodic soils is lower than by saline sodic soils in 
the context of jasmine rice cultivation.

Fig. 4	 Average value of water-stable aggregate (WSA) and mean weight diameter (MWD) of topsoil horizon (Apg/Apng) of sodic soils (Sod, n= 4) and saline 
sodic soils (SS, n = 6), where vertical error bars indicate ± SD
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Soil properties in relation to water-stable aggregate

	 All six sizes of soil water-stable aggregates had both positive and 
negative linear correlations with most soil properties (Table 2). Large 
soil water-stable aggregates (2–8 mm; WSA1) positively correlated 
with organic matter content (r = 0.33, p < 0.01) as shown in Table 2  
and Fig. 5. This result was consistent with Emami et al. (2014), Igwe 
and Stahr (2004), Mamedov et al. (2007) and Ogunwole (2008) 
and was due to organic carbon binding small aggregates together to 
form larger aggregates, resulting in more water-stable aggregates of 
this size. Furthermore, soil microorganisms synthesized exudates to 
cement soil particles during which organic matter was decomposed, 
customizing larger and more stable aggregate formation (Zhang et al., 
1996). Nitrogen also had a positive correlation (r = 0.33, p < 0.01) with 
2–8 mm aggregates (Table 2) because soil nitrogen was derived from 
the decomposition of organic matter and plant residues (Kalembasa, 
2008; Weil and Brady, 2016), which are important food sources for 
soil microbes and the microbes subsequently produce exudates to bind 
soil particles together (Six et al., 2002). Fungal hyphae also play a part 
in binding soil particles together (Tisdall, 1996; Nimmo, 2002).
	 In contrast, 2–8 mm soil water-stable aggregates (WSA1) were 
negatively correlated with SAR (r = -0.25, p < 0.01; Table 2, Fig. 5), 
in agreement with the results of Moghimi et al. (2012). In the current 
study, <0.1 water-stable aggregates (WSA6) had a positive correlation 
with extractable sodium (r = 0.39, p < 0.01), electrical conductivity  
(r = 0.42, p < 0.01) and SAR (r = 0.46, p < 0.01) and a negative 
correlation with silt (r = -0.25, p < 0.05) and organic matter content  

Table 2	 Correlation coefficients (r) for linear relationship between soil property and water-stable aggregate
 Soil property WSA1 WSA 2 WSA3 WSA4 WSA5 WSA6 MWD
Sand (g/kg) -0.13 -0.37** -0.59** -0.05 0.57** 0.18 -0.23
Silt (g/kg) 0.11 0.21 0.36** 0.06 -0.48** -0.05 0.15
Clay (g/kg) 0.12 0.43** 0.65** 0.04 -0.54** -0.25* 0.25*
BD (Mg/m3) -0.19 -0.18 -0.34** -0.07 0.34** 0.18 -0.22*
Ksat (cm/hr) 0.04 -0.02 -0.09 -0.11 -0.01 0.05 0.03
FC (% by vol.) 0.23* 0.10 0.22* 0.12 -0.29** -0.13 0.23*
PWP (% by vol.) 0.20 0.10 0.23** 0.12 -0.30 -0.11 0.20
AWC (% by vol.) 0.25* 0.00 -0.16 0.02 0.13 -0.15 0.23*
pH (H2O) -0.02 -0.28** -0.08 0.43** 0.23* -0.08 -0.06
pH (KCl) -0.04 -0.31** -0.11 0.44** 0.26* -0.06 -0.09
OM (g/kg) 0.33** 0.16 0.22 0.07* -0.26* -0.23* 0.37**
Total N (g/kg) 0.33** 0.09 0.10 0.10 -0.19 -0.21 0.34**
Avai. K (Mg/kg) 0.03 0.22* 0.33** -0.19 -0.36** 0.00 0.08
Extr. Ca (cmolc/kg) 0.06 0.26* 0.43** -0.06 -0.51** -0.04 0.12
Extr. Mg (cmolc/kg) 0.05 0.36 0.46** -0.14 -0.50** -0.05 0.14
Extr. Na (cmolc/kg) -0.10 -0.36** 0.22* -0.18 0.01 0.39** -0.20
Extr. K (cmolc/kg) 0.03 0.22* 0.12 -0.19 -0.36** 0.00 0.08
CEC (cmolc/kg) 0.07 0.12 0.32** -0.03 -0.45** 0.02 0.10
ECe (dS m-1) -0.28** -0.15 -0.36** -0.39** 0.13 0.42** -0.33**
SAR -0.28** -0.40** -0.47** -0.13 0.17 0.46** -0.37**

BD = bulk density; Ksat = hydraulic conductivity; FC = field capacity; PWP = permanent wilting point; AWC = available water holding capacity; OM = organic 
matter; Avai. = avilable; Extr. = extractable; CEC = cation exchange capacity; ECe = electrical conductivity; SAR = sodium adsorption ratio; MWD = mean  
water-stable aggregate diameter (mm).
n=87, * significant at 95% level of confidence, ** significant at 99% level of confidence.
WSA1 = water-stable aggregate 2–8 mm; WSA2 = water-stable aggregate 1–<2 mm; WSA3 = water-stable aggregate 0.5–<1 mm; WSA4 = water-stable aggregate 
0.25–<0.5 mm; WSA5 water-stable aggregate 0.1–<0.25 mm; WSA6 = water-stable aggregate <0.1 mm; (mm)

(r = -0.23, p < 0.05). For SAR, the soils had a greater amount of sodium 
versus calcium and magnesium; hence sodium, a dispersing agent, 
greatly influenced the dispersion of small soil particles causing the 
breakdown of soil aggregates (Ghassemi et al., 1995; Kaewmano et 
al., 2009). Therefore, the greater the sodium content in the soil, the 
lower the stability of soil aggregates was observed, resulting in low 
amounts of large sized, water-stable aggregates. However, organic 
matter played less crucial part in small aggregates because it had a role 
in binding these small aggregates together to form medium and large 
aggregates (Nwadialo and Mbagwu, 1991; Amezketa, 1999; Bronick 
and Lal, 2005; Molina et al., 2010).
	 Soil water aggregates, 1–<2 mm size (WSA2) had a positive 
correlation with clay content (r = 0.43, p < 0.01), available potassium 
(r = 0.22, p < 0.05) and extractable calcium (r = 0.26, p < 0.05; Table 2)  
due to calcium and magnesium acting as a cementing agent to 
bridge organic matter and clay particles to become soil aggregates 
(Wuddivira and Camps‐Roach, 2006; Martinez-Trinidad et al., 2012). 
This cementing agent was found to adhere to small soil aggregates 
(Mbagwu and Bazzoffi, 1988; Mbagwu, 1989; Tisdall and Oades, 
1982). However, these cementing agents had a lesser role than the 
organic matter, especially in coarse-textured soils (Boix-Fayos et 
al., 2000; Six et al., 2004) which was consistent with Mbagwu and 
Bazzoffi (1988) who found that the role of organic carbon as a soil 
cementing agent lessened when there were greater amounts of other 
cementing agents such as silicate clay, iron and aluminum oxides 
and cations, such as calcium; therefore, the latter had more power in 
binding soil particles. This aggregate size (WSA2) was negatively 
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Fig. 5	 Linear relationship between water-stable aggregate (WSA) and organic matter (OM), salinity level (ECe) and sodium adsorption ratio (SAR) of salt affected 
soils (n=87), where ns = non-significant (p > 0.05); * = significant (p < 0.05); ** = highly significant (p < 0.01).
WSA1 = water-stable aggregate 2–8 mm; WSA2 = water-stable aggregate 1–<2 mm; WSA3 = water-stable aggregate 0.5–<1 mm; WSA4 = water-stable aggregate 
0.25–<0.5 mm; WSA5 water-stable aggregate 0.1–<0.25 mm and WSA6 = water-stable aggregate <0.1 mm; R2 = coefficient of determination
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correlated with the soil pH measured in water (r = -0.27, p <0.01) and 
in KCl (r = -0.31, p <0.01), extractable sodium (r = -0.36, p <0.01) and 
SAR (r = -0.40, p <0.01) (Table 2), agreeing with studies conducted by 
Kaewmano et al. (2009) and Moghimi et al. (2012) that reported the 
soil pH, sodium content and SAR influenced a decreased stability of 
soil aggregates and consequently, large aggregates were broken down 
into smaller aggregates.
	 Soil water-stable aggregates, 0.5–<1 mm (WSA3) had a positive 
correlation with available potassium (r = 0.33, p <0.01) and soil 
moisture content at permanent wilting point (r = 0.23, p <0.01;  
Table 2), illustrating that most soil potassium possibly accumulated  
in this aggregate size while the water stored in these aggregates  
(which contained mainly micropores) would be held too tightly with  
a high matrix potential; thus, this water might not be available to 
plants. Soil water-stable aggregates, 0.25–0.55 mm (WAS4) were 
positively correlated with the soil pH measured in water (r = 0.43, 
p <0.01) and in KCl (r = 0.44, p <0.01) and with the organic matter 
content (r = 0.07, p <0.05; Table 2), demonstrating that this aggregate 
size can be a sink of carbon as also reported by Zhang et al. (1996) and 
Adesodun et al. (2005) who concluded any soil aggregates with a size 
smaller than 0.25 mm had the highest amounts of organic carbon and 
nitrogen compared to other sizes.
	 The soil properties studied as affected by salinity differed quite 
variably but the soil water-stable aggregates found in all soils were 
mainly smaller than 0.1 mm (WSA6). The distribution of soil water-
stable aggregates in various sizes in sodic soils varied more than in 
the saline sodic soils. The structure of the sodic soils was more stable 
than that of the saline sodic soils which was consistent with the greater 
amount of 2–8 mm (WSA1) soil water-stable aggregates and the larger 
mean diameter of soil water-stable aggregates (MWD) in the former 
soils than in the latter soils.
	 Organic matter was the major factor that induced the formation 
of large aggregate (WSA1) in these salt-affected soils. Clay and 
extractable bases such as calcium, magnesium and potassium 
influenced water-stable aggregates formation in other sizes (WSA2–
WSA5) whereas sodium and the salinity level diminished the stability 
of soil aggregates except for sizes smaller than 0.1 mm (WAS6). 
This would adversely increase soil salinity to a level harmful for 
growing plants, in addition to soil compaction that could impede 
root elongation. Therefore, soil improvement must be addressed by 
the incorporation of rice husk, crop residues, or locally available 
agricultural wastes in order to increase the amount of larger soil water-
stable aggregates, and subsequently solve the problem for jasmine rice 
cultivation commonly grown in the study area. 

Conflict of Interest 

	 The authors declare that there are no conflicts of interest. 

Acknowledgments 

	 The authors acknowledge the Graduate School of Kasetsart 
University, Bangkok, Thailand for financial support.

References 

Abrol, I.P., Yadav, J.S.P., Massoud, F.I. 1988. Salt-affected soils and their 
management, FAO Soil Bulletin 39. Food and Agriculture Organization of 
the United Nations. Rome, Italy.

Adesodun, J.K., Mbagwu, J.S.C., Oti, N. 2005. Distribution of carbon, nitrogen 
and phosphorus in water-stable aggregates of an organic waste amended 
Ultisol in southern Nigeria. Bioresource. Technol. 96: 509–516.

Amezketa, E. 1999. Soil aggregate stability: A review. J. Sustain. Agr. 14: 
83–151.

Arunin, S., Pongwichian, P. 2015. Salt-affected soils and management in 
Thailand. Bulletin of the Society of Sea Water Science, Japan. 69: 319–325.

Barthes, B., Roose, E. 2002. Aggregate stability as an indicator of soil 
susceptibility to runoff and erosion: validation at several levels. Catena. 
47: 133–149.

Boix-Fayos, C., Calvo-Cases, A., Imeson, A.C., Soriano-Soto, M.D. 2001. 
Influence of soil properties on the aggregation of some Mediterranean soils 
and the use of aggregate size and stability as land degradation indicators. 
Catena. 44: 47–67.

Bray, R.A., Kurtz, L.T. 1945. Determination of total organic and available 
forms of phosphorus in soil. Soil Sci. 59: 39–46.

Bronick, C.J., Lal, R. 2005. Soil structure and management: A review. 
Geoderma. 124: 3–22. 

Caravaca, F., Lax, A., Albaladejo, J. 2004. Aggregate stability and carbon 
characteristics of particle-size fractions in cultivated and forested soils of 
semiarid Spain. Soil Tillage Res. 78: 83–90.

Chapman, H.D. 1965. Cation exchange capacity. In: Black, C.A. (Ed.). 
Method of Soil Analysis, Part II: Chemical and Microbiological Properties. 
American Society of Agronomy, Inc., Soil Science Society of America, Inc. 
Madison, WI, USA, pp. 891–901.

Cha-um, S., Yooyongwech, S., Supaibulwatana, K. 2010. Water deficit stress in 
the reproductive stage of four indica rice (Oryza sativa L.) genotypes. Pak. 
J. Bot. 42: 3387–3398.

Clermont-Dauphin, C., Suwannang, N., Grünberger, O., Hammecker, C., 
Maeght, J.L. 2010. Yield of rice under water and soil salinity risks in 
farmers’ fields in northeast Thailand. Field Crops Res. 118: 289–296. doi.
org/10.1016/j.fcr.2010.06.009

Dobermann, A. Fairhurst, T. 2000. Rice: Nutrient Disorders & Nutrient 
Management. International Rice Research Institute. Los Baños, Laguna, 
the Philippines.

Elliott, E.T. 1986. Aggregate structure and carbon, nitrogen, and phosphorus in 
native and cultivated soils. Soil Sci. Soc. Am. J. 50: 627–633.

Elliott, E.T., Palm, C.A., Ruess, D.A., Monz, C.A. 1991. Organic matter 
contained in soil aggregates from a tropical chronosequence: Correction 
for sand and light fraction. Agric. Ecosyst. Environ. 34: 443–451. doi.org/ 
10.1016/0167-8809(91)90127-J

Emami, H., Astaraei, A.R., Fotovat, A., Khotabaei, M. 2014. Effect of soil 
conditioners on cation ratio of soil structural stability, structural stability 
indicators in a sodic soil, and on dry weight of maize. Arid Land Res. 
Manag. 28: 325–339.

Gee, G.W., Bauder, J.W. 1986. Particle-sized analysis. In: Klute, A. (Ed.). 
Methods of Soil Analysis, Part 1: Physical and Mineralogical Methods. 
American Society of Agronomy-Soil Science Society of America. 
Madison, WI, USA, pp. 383–411.

Ghassemi, F., Jakeman, A.J., Nix, H.A. 1995. Salinisation of Land and Water 
Resources: Human Causes, Extent, Management and Case Studies. Centre 
for Resource and Environmental Studies. Wallingford, UK.

Igwe, C.A., Stahr, K. 2004. Water-stable aggregates of flooded Inceptisols from 
southeastern Nigeria in relation to mineralogy and chemical properties. 
Aust. J. Soil Res. 42: 171–179.



264 R. Kantrikrom et al. / Agr. Nat. Resour. 54 (2020) 255–264

Kaewmano, C., Kheoruenromne, I., Suddhiprakarn, A., Gilkes, R. 2009. 
Aggregate stability of salt-affected kaolinitic soils on the North-east 
Plateau, Thailand. Aust. J. Soil Res. 47: 697–706.

Kalembasa, D. 2008. Carbon and nitrogen in organic matter fraction of 
Histosols located in upper valley of Liwiec river (Poland). Roczniki 
Gleboznawcze (Poland). 59: 98–103.

Kemper, W.D., Rosenau, R.C. 1986. Aggregate stability and size distribution. 
In: Klute, A. (Ed.). Methods of Soil Analysis, Part I: Physical and 
Mineralogical Methods. Agronomy-Soil Science Society of America. 
Madison, WI, USA, pp. 425–442.

Li, Z.X., Cai, C.F., Shi, Z.H., Wang, T.W. 2005. Aggregate stability and its 
relationship with some chemical properties of red soils in subtropical 
China. Pedosphere. 15: 129–136.

Mamedov, Beckmann, A.I., Huang, S.C., Levy, G.J. 2007. Aggregate 
stability as affected by polyacrylamide molecular weight, soil texture, 
and water quality. Soil Sci. Soc. Am. J. 71: 1909–1918. doi.org/10.2136/
sssaj2007.0096

Martinez-Trinidad, S., Cotler, H., Cruz-Cárdenas, G. 2012. The aggregates 
stability indicator <ASItest> to evaluate soil spatiotemporal change in  
a tropical dry ecosystem. J. Soil Sci. Plant Nutr. 12: 363–377.

Mbagwu, J.S.C. 1989. Influence of cattle-feedlot manure on aggregate stability, 
plastic limit and water relations of three soils in North-Central Italy. 
Biological Waste. 28: 257–269. doi.org/10.1016/0269-7483(89)90109-2

Mbagwu, J.S.C., Bazzoffi, P. 1988. Stability of microaggregates as influenced 
by antecedent moisture content, organic waste amendment and wetting and 
drying cycles. Catena. 15: 565–576. doi.org/10.1016/0341-8162(88)90007-0

Moghimi, A.H., Hamdan, J., Shamshuddin, J., Samsuri, A.W., Abtahi, A. 2012. 
Mineralogy and aggregate stability of soil in the arid region of Southeastern 
Iran. African J. Agri. Res. 7: 1639–1649.

Molina, N.C., Caceres, M.R., Pietroboni, A.M. 2010. Factor affecting aggregate 
stability and water dispersible clay of recently cultivated semiarid soils of 
Argentina. Arid Land Res. Manag. 15: 77–87.

Munns, R. 2002. Comparative physiology of salt and water stress. Plant Cell 
Environ. 25: 239–250.

Nimmo, J.R. 2005. Aggregation: Physical aspects. Encyclopedia of Soils in 
the Environment 2005: 28–35. doi.org/10.1016/B0-12-348530-4/00532-4

National Soil Survey Center. 2004. Soil Survey Laboratory Methods Manual. 
Soil Survey Investigations Report No. 42, Version 4.0. USDA-NRCS. 
Lincoln, NE, USA.

Nwadialo, B.E., Mbagwu, J.S.C. 1991. An analysis of soil component 
active in microaggregate stability. Soil Technology. 4: 343–350. doi.org/ 
10.1016/0933-3630(91)90012-C

Ogunwole, J.O. 2008. Soil aggregate characteristics and organic carbon 
concentration after 45 annual applications of manure and inorganic 
fertilizer. Biol. Agric. Hortic. 25: 223–233.

Pinheiro, E.F.M., Pereira, M.G., Anjos, L.H.C. 2004. Aggregate distribution 
and soil organic matter under different tillage systems for vegetable crops 
in a Red Latosol from Brazil. Soil Till. Res. 77: 79–84. doi.org/10.1016/ 
j.still.2003.11.005

Pratt, P.E. 1965. Potassium. In: Black, C.A. (Ed.). Method of Soil Analysis, 
Part II: Chemical and Microbiological Properties. Agronomy-Soil Science 
Society of America. Madison, WI, USA, pp. 1023–1031.

Pulleman, M.M., Marinissen, J.C.Y. 2004. Physical protection of mineralizable 
C in aggregates from long-term pasture and arable soil. Geoderma. 120: 
273–282. doi.org/10.1016/j.geoderma.2003.09.009

Ramos, M.C., Nacci, S., Pla, I. 2003. Effect of raindrop impact and its 
relationship with aggregate stability to different disaggregation forces. 
Catena. 53: 365–376. doi.org/10.1016/S0341-8162(03)00086-9

Richard, L.A. 1954. Diagnosis and Improvement of Saline and Alkaline Soil. 
U.S. Department of Agriculture. Washington DC, USA.

Six, J., Elliott, T., Paustian, K. 1999. Aggregate and soil organic matter 
dynamics under conventional and no-tillage systems. Soil Sci. Soc. Am. J. 
63: 1350–1358.

Six, J., Feller, C., Denef, K., Ogle, S.M., Sa, D.M.J.C., Albrecht, A. 2002.  
Soil organic matter, biota and aggregation in temperate and tropical  
soils-effects of no-tillage. Agronomie. 22: 755–775.

Six, J., Bossuyt, H., Degryze, S., Denef, K. 2004. A history of research on 
the link between (micro) aggregates, soil biota, and soil organic matter 
dynamics. Soil Till. Res. 79: 7–31. doi.org/10.1016/j.still.2004.03.008

Soil Survey Division Staff. 1993. Soil Survey Manual. U.S. Government 
Printing Office. Washington DC, USA.

Tisdall, J.M., Oades, J.M. 1982. Organic matter and water-stable aggregates in 
soil. Eur. J. Soil Sci. 33: 141–163.

Tisdall, J.M. 1996. Formation of soil aggregates and accumulation of soil 
organic matter. In: Carter, M.R., Stewart, B.A. (Eds.). Structure and 
Organic Matter Storage in Agricultural Soils. CRC Press. Baton Rouge, 
FL, USA, pp. 57–96.

Vrdoljak, G., Sposito, G. 2002. Soil aggregate hierarchy in a Brazilian oxisol. 
Developments in Soil Science. 28: 197–217. doi.org/10.1016/S0166-2481(02) 
80054-X

Walkley, A., Black, I.A. 1934. An examination of Degtjareff Method  
for determining soil organic matter: a proposed modification of the  
chromic acid titration method. Soil Sci. 37: 29–38.

Warrence, N.J., Bauder, J.W., Pearson, K.E. 2002. Basics of Salinity  
and Sodicity Effects on Soil Physical Properties. Department of Land 
Resources and Environmental Sciences, Montana State University. 
Bozeman, MT, USA.

Weil, R.R., Brady, N.C. 2016. The Nature and Properties of Soils, 15th ed. 
Pearson Education. Columbus, OH, USA.

Wuddivira, M., Camps‐Roach, G. 2006. Effects of organic matter and calcium 
on soil structural stability. European J. Soil Sci. 58:722 – 727.

Zhang, M.K., He, Z.L., Chen, G.C., Huang, C.Y., Wilson, M.J. 1996. Formation 
and water stability of aggregates in red soils as affected by organic matter. 
Pedosphere. 6: 39–45.

Zheng, H., Liu, W., Zheng, J., Luo, Y., Li. R., Wang, H. 2018. Effect of  
long-term tillage on soil aggregates and aggregate-associated carbon  
in black soil of Northeast China. Plos One. 13: e0199523. doi.org/10.1371/
journal.pone.0199523


	Water stable aggregate distribution of lowland, humid, tropical,salt-affected soils
	Abstract
	Introduction
	Materials and Methods
	Study area
	Laboratory analysis
	Data analyses

	Results and Discussion
	Soil property
	Water stable aggregate and mean weight diameter
	Aggregate size distribution in saline sodic and sodic soils
	Soil properties in relation to water-stable aggregate

	Conflict of Interest
	Acknowledgments
	References




