Short Research Articles
Gradient in soil properties between the Tonle Sap riverbank to paddy fields. The specific properties of rural settlement zones.
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ABSTRACT 

	Aims: to assess whether rural settlement areas (RSA) function as transitional zones between the temporarily flooded forests and paddy fields.
Study design: Chhnuk trou commune, Kampong Chhnang province, Cambodia was selected. 
Place and Duration of Study: 101 samples were collected form the study area. Soil samples were selected with 4 types of land use (Riverbank, flooded forest, Rural settlement areas, and paddy fields). Soil samples were collected in all plots in the dry season at the same depth level (0-10cm).
Methodology: All the samples analyzed the soil physicochemical such as Bulk density, soil particle size, pH and Electrical conductivity (EC), soil organic matter and C stocks. The experiment was carried out in the soil laboratory at the Institute of Technology of Cambodia.
Results: The results revealed a fertility gradient from the riverbank to the paddy fields, with higher clay contend and carbon concentrations observed in riverbank and flooded forest. Interestingly, RSA exhibited distinct soil properties with localized enrichment in clay and carbon, most likely driven by anthropogenic factors such as waste accumulation and sediment redistribution.
Conclusion: These findings emphasize the unique pedological characteristics of RSA and underscore the importance of considering them in land-specific soil management strategies within floodplain landscapes.
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1. INTRODUCTION 


[bookmark: _Hlk211257950][bookmark: _Hlk211586820][bookmark: _Hlk211257466]Landscapes of the Tonle Sap region are intricately shaped by the seasonal dynamics of water, creating a unique and interconnected environment (Sithirith, 2011). The Tonle Sap River, a unique and dynamic water system in Cambodia, plays a vital role in environmental conservation and supports the livelihoods of millions of people (Sithirith, 2015). Renowned for its seasonal flow reversal, the river is essential in regulating flooding, purifying water, and supporting a rich biodiversity, including one of the world’s largest inland fisheries (Uk et al., 2018). Annually, nutrient-rich sediments carried by the river’s seasonal flow reversal enrich the surrounding floodplains, boosting soil fertility and supporting agriculture, particularly rice farming (Sok, 2023). In this environment, sediments deposited by the Tonle Sap River are crucial for the region's ecological health and the livelihoods of local communities (Kummu et al., 2008). Temporary flooded forests are usually found after the floodplains. Several studies showed that these unique ecosystems have a high clay and soil organic matter contents, nutrient status, and water-holding capacity (Zhao et al., 2005) due to their tendency to promote sediment deposition during flooding(Siev et al., 2018). Flooded forests also act as natural buffers between the riverbanks of the Tonle Sap and the low-density rural settlement areas (RSA), which are inhabited and cultivated by local populations, extending to the surrounding paddy fields (Nuorteva et al., 2010). RSA are home to both land-based and floating settlements. Inhabitants do not only live in homes built on stilts or floating platforms to adapt to seasonal flooding but also engage in diverse livelihood activities. Households often cultivate small vegetable gardens for daily food consumption, grow staple crops like rice, and raise livestock such as chickens, ducks, or pigs (Chea et al., 2024). Fishing is another essential activity, with many families relying on lake and river fisheries as their primary source of income and protein (Sok et al., 2019). Moreover, the use of local natural resources, such as water plants, firewood, and wild foods from flooded forests, is widespread and deeply integrated into their way of life (Sok et al., 2019). These communities, although self-sufficient, frequently struggle with inadequate infrastructure, environmental deterioration, such unpredictable drought or flooding (Chea et al., 2024). 
Located between flooded forests and paddy fields, the RSA zone is subject to human activities that are likely to confer distinct properties to its soils. Therefore, the aim of this article is to determine if RSA constitutes a transitional zone between the temporary flooded forests and paddy fields. Our hypothesis is that there is a fertility gradient from the riverbanks of the Tonle Sap to the paddy fields, with high levels of soil organic carbon and clay contents along the riverbanks and in the flooded forests, extending through the RSA zone to the rice fields, where the soils are the sandiest and poorest in soil organic carbon.


2. material and methods 

2.1. Study area


Soil sampling was realized in the Chhnuk Trou commune, Baribour district, Kampong Chhnang province, Cambodia in the tail of Tonle Sap Lake (12°30'13.7"N 104°27'16.0"E), (Fig. 1). The precipitation varies between 1,000 to 1,250 mm year-1, with a rainy season from May to October, followed by a dry season lasting from December to April (Uk et al., 2018).  During the rainy season, the Tonle Sap River reverses its flow, carrying water from the Mekong River into Tonle Sap Lake and flooding the surrounding riverbanks and floodplains. As a result, the lake’s surface area expands from about 2,500 km² in the dry season to nearly 10,000 km² in the wet season (Lamberts, 2001). In each land use, the soils were sampled randomly from top soil, 0-10 cm depth, during the dry season in January 2023 along a topographic gradient 0.17% slope from river bank to paddy fields: (i) the riverbanks (n = 39), (ii) the flooded forests (n = 30), (iii) the RSA (n = 19), and (iv) the paddy fields (n = 13).

[image: ]
Figure 1. Map of study site. Four red points on the map represent the locations of selected land uses:(1) river banks, (2) flooded forests, (3) rural settlements, and (4) paddy field.


2.2. Analyses


[bookmark: _Hlk208397014][bookmark: _Hlk205998602]Bulk density was determined by cylinder method and using 100 cm3 ring (FAO, 2023). The soil particle size distribution was measured after the destruction of organic matter by 30% hydrogen peroxide (H2O2) and dispersion with sodium hexametaphosphate (NaPO3)6. The proportion of sand (50-2,000 ) was obtained by wet sieving, while the proportions of silt (2-50 ) and clay (< 2 ) were obtained by using ASTM 152-H hydrometers (Gee et al., 2002). The soil pH and electrical conductivity (EC) were determined in a 1:2.5 (soil: water) suspension (Mathieu, C and Pieltain, 2003) with portable pH and EC devices . The Loss on Ignition method was employed to analyze the soil organic matter (SOM, in g kg-1) content, using a furnace set at 360°C for 2 hours (Gavlak et al., 2005). The coefficient of 1.72 was used to convert the amount of SOM to C content (Nelson et al., 1982). The C stocks (in Mg ha⁻¹) were calculated by multiplying the C content (in g kg⁻¹) by the bulk density (in g cm⁻³) and the soil depth (10 cm), then dividing the result by 1000 (Guo, L. B. and Gifford, 2002).	Comment by L Raymundo Reyes G: Include the graph of the obtained particle size distribution curve, including a sample of each soil type	Comment by L Raymundo Reyes G: indicate which ones and their precision	Comment by L Raymundo Reyes G: Include the pH and EC graph that includes a sample from each site	Comment by L Raymundo Reyes G: Include the SOM chart that includes a sample of each site	Comment by L Raymundo Reyes G: There could also be medical parameters such as nitrates and phosphorus



2.3 Statistical analyses

Data were tested for homogeneity of variance and normality using Levene and Shapiro-Wilk tests. Moreover, differences in soil properties were calculated using one-way analysis of variance (ANOVA) and least significant difference (LSD). Prior to analysis, the homogeneity of variances was inspected using Levene’s test, and data were log-transformed if needed. Pairwise comparisons were made with Kruskal-Wallis tests with a false discovery rate correction when ANOVA assumptions were not met.  Differences among treatments were declared significant at the P < 0.05 probability level. Principal Component Analysis (PCA) was also carried out from soil properties. All statistical analyses and visualizations were carried out with R version 4.1.1 (https://www.r-project.org/) and using “ade4”, “ggplot2” and “factoextra” packages.	Comment by L Raymundo Reyes G: indicate which parameters they used	Comment by L Raymundo Reyes G: The LSD determines which specific groups are statistically different from each other. Explain what difference you found when applying the Kruskal-Wallis tests, what improvement was obtained, since these are post hoc tests, is this last test necessary?
3. results and discussion

[bookmark: _Hlk211603856]This study confirms that land use significantly shapes soil properties in the floodplain, illustrating clear differences between habitats (Appling et al., 2014). Results from the PCA supports this pattern, showing that 74.9% of the variation in soil characteristics was explained by the first two dimensions (Fig. 2). These dimensions reflect the influence of both natural gradients and anthropogenic pressures: sand and pH aligned positively with the first axis, while clay and carbon stock aligned negatively, suggesting interlinked shifts in texture and fertility across land use types (Fig. 2). Indeed, the distribution of particle size and carbon content followed a gradient from the riverbank to the paddy fields (excluding the RSA), with higher concentrations of clay and carbon, and higher EC in the riverbank area, followed by the flooded forest, and lowest in the paddy fields (Table 1). This aligns with the dynamic hydrological nature of these landscapes and their role in buffering changes between upland and lowland areas (Siev et al., 2018).	Comment by L Raymundo Reyes G: Include a table with the variables used in the analysis, the univariate statistics, the variance-covariance matrix and correlation matrix, a table indicating the eigenvalues calculated for the covariance matrix, a table of eigenvalues with the percentage of variance explained for each component, and explain what these new components represent.	Comment by L Raymundo Reyes G: (indicate ph values for each zone)	Comment by L Raymundo Reyes G: (Indicate the carbon content value for each zone)	Comment by L Raymundo Reyes G: It would be convenient to include here a profile of the topographic relief from the highest part to the lowest part indicating the sampling points.
Obviously, proximity to the river could not be the only explanation, and the specific properties of the paddy fields could also be interpreted by agricultural intensification, which often leads to the depletion of fine particles and organic matter (Duman et al., 2023). Tillage, irrigation, and crop harvesting likely contribute to soil compaction and nutrient loss, as reflected in the relatively high bulk density values observed in these areas (Liu et al., 2021). While the pH of paddy soils was the highest among land uses in this study, it remained below the optimal range for rice cultivation (Delgoda et al., 2023)(Mandal et al., 2020), indicating possible acidification due to prolonged cultivation and chemical inputs. 
The soil characteristics in the RSA area diverged from the gradient pattern observed from the riverbank to the paddy fields, indicating localized specific soil composition and properties. Indeed, RSA displayed the highest clay content, carbon stock, and EC values, suggesting a localized enrichment of soil fertility. Due to the lack of permanent vegetation and the presence of infrastructure, the RSA area is expected to have a reduced capacity to trap sediments over time (Siev et al., 2018). Therefore, the similarity in clay and carbon content between RSA soils and those of the riverbank suggests that the RSA soils likely originate from riverbank sediment deposition and waste accumulation. Indeed, the practice of exploiting riverbank soils by farmers has long been documented, particularly because this media is known to enhance the fertility and nutrient levels of cultivated soils (Marcaida et al., 2020). Another contributing factor is that bringing in soil raises the elevation above seasonally flooded areas, such as forests and riverbanks, thereby providing protection for homes, crops, and livestock.
In terms of carbon dynamics, our finding confirms that the amendment of clay-enriched sediments enhances soil carbon stocks (Lal, 2004; Post, Wilfred and Kwon, 2000). While the carbon stock in the top 10 cm of paddy field soils was relatively low (0.36 Mg ha⁻¹), it increased significantly in the RSA area, reaching 0.68 Mg ha⁻¹. This value was comparable to those observed in the riverbank and flooded forest soils, with carbon stocks of 0.64 and 0.62 Mg ha⁻¹, respectively. Therefore, the primary transition in carbon stock occurred at the level of the paddy fields, whereas human activities in the RSA area did not lead to carbon depletion but rather acted as a temporary carbon sink. However, although rural settlements exhibited localized carbon hotspots, these may be vulnerable due to their dependence on sustained human activity. Consequently, the protection of these areas is essential for developing land-specific soil management strategies in this floodplain landscape.

[image: ]
Figure 2. Graphical display of the first two axes of the Principal Component Analysis (PCA) on the soil properties (pH, EC in µS cm-1, and percentages of carbon(C) , clay, silt, and sand) measured in soils from different land uses (paddy fields, rural settlement areas, flooded forests, and riverbanks) around of the Tonle Sap Lake.	Comment by L Raymundo Reyes G: Indicate with a label the main component 1, 2…








	[bookmark: _Hlk193277178][bookmark: _Hlk211604128][bookmark: _Hlk211604178]
	BD (g cm-3)
	pH
	EC (µS cm-1)
	C (%)
	Clay (%)
	Silt (%)
	Sand (%)

	Paddy field
	1.28a
	4.79 a
	196.75 a
	2.83 c
	45.37 c
	17.96
	36.03 a

	
	(0.28)
	(0.67)
	(195.92)
	(1.64)
	(28.01)
	(12.09)
	(29.30)

	Rural settlement areas
	0.91c
	4.30 c
	742.82 c
	7.49 a
	79.71a
	16.66
	3.26 c

	
	(0.25)
	(0.30)
	(533.51)
	1.08)
	(8.91)
	(9.18)
	(3.31)

	Flooded forest
	1.25ab
	4.71 ab
	367.10 ab
	4.96 bc
	52.69bc
	20.25
	26.57 ab

	
	(0.26)
	(0.50)
	(519.64)
	3.38)
	(26.81)
	(12.53)
	(22.89)

	Riverbank
	1.05bc
	4.37 bc
	639.40 bc
	6.13 ab
	63.37ab
	21.61
	14.37 bc

	
	(0.28)
	(0.47)
	(491.68)
	(2.52)
	(22.13)
	(11.67)
	(20.18)

	
	
	
	
	
	
	
	

	F-values
	7.15
	5.67
	4.06
	
	
	0.90
	

	Chi2
	
	
	
	21.96
	15.121
	
	13.62

	P-values
	< 0.001
	0.001
	0.009
	<0.001
	0.001
	0.443
	0.003


Table 1. Descriptive statistics and analysis of variance (ANOVA) of soil physicochemical properties in all land uses.
  











4. Conclusion

Land use strongly influences soil physicochemical properties in the Tonle Sap floodplain. Soil texture and carbon stock showed a clear gradient form riverbank to paddy fields, reflecting both natural hydrological and anthropogenic effects. Rural settlement soils deviated from this trend, indicating localized enrichment from sediment deposition and human activity.	Comment by L Raymundo Reyes G: What is the importance of climatic factors (altitude, temperature, and precipitation) in the gradient of soil properties (from flooded forests to rice paddies)?	Comment by L Raymundo Reyes G: What recommendations do you have regarding the results obtained?
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