


Spatio-Temporal Soil Quality Dynamics of Ashtamudi: A Tropical Ramsar Wetland, India

Abstract
This study presents a spatio-temporal assessment of soil nutrient dynamics across five representative ecosites of Ashtamudi Lake, a tropical Ramsar-designated estuarine wetland on the southwest coast of India. Seasonal soil sampling was conducted during pre-monsoon, monsoon, and post-monsoon periods (2023–2024) at Neendakara, Puthenthuruthu, Asramam, Kidapram, and Cherikadavu. Key soil physicochemical parameters, including pH, electrical conductivity, organic carbon, and available nitrogen, phosphorus, and potassium, were analysed using standard methods. Statistical evaluation involved descriptive analysis, two-way ANOVA, Tukey HSD post-hoc tests, Pearson correlation, Principal Component Analysis (PCA), and development of a Soil Quality Index (SQI). Results revealed significant spatial and temporal variation in all soil parameters, with strong effects of season, site, and their interaction. Post-monsoon periods showed enhanced organic carbon and improved soil quality, while monsoon conditions were characterized by episodic nutrient enrichment, particularly phosphorus. PCA identified organic carbon, potassium, pH, and electrical conductivity as dominant drivers of soil quality variability, with the first two components explaining approximately 59% of the total variance. SQI values ranged from moderate to good (0.52–0.74), with consistently higher scores during the post-monsoon season. These findings provide a scientifically robust baseline for Ramsar site monitoring, nutrient management, and conservation planning, supporting sustainable ecosystem management of tropical estuarine wetlands.
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1. Introduction
Wetland ecosystems are among the most productive and ecologically significant landscapes, playing a critical role in nutrient cycling, carbon sequestration, water purification, and biodiversity conservation (Mitsch & Gosselink, 2015; Reddy & DeLaune, 2008). Soil acts as a fundamental component of wetland functioning, regulating biogeochemical processes, plant productivity, and ecosystem resilience through its physicochemical and nutrient characteristics (Brady & Weil, 2017; Oviedo, et al., 2024). In tropical estuarine wetlands, soil properties are particularly dynamic due to strong seasonal hydrological forcing, tidal exchange, sediment deposition, and anthropogenic pressures, leading to pronounced spatial and temporal heterogeneity in soil quality (Li et al., 2024; Zhang et al., 2022). Seasonal monsoonal rainfall further amplifies variability in soil pH, electrical conductivity, organic carbon, and nutrient availability through leaching, runoff-driven enrichment, and organic matter accumulation, making season-wise assessment essential for understanding wetland soil processes (Devi et al., 2024; Selmy et al., 2024).  Despite the ecological importance of Indian Ramsar wetlands, there is a clear lack of ecosite-level, seasonally resolved soil quality assessments that integrate statistical, multivariate, and index-based approaches, limiting process-level understanding and management-oriented interpretation of wetland soil dynamics (Kumar & Sharma, 2025)
The Ashtamudi Lake, a Ramsar-designated tropical estuarine wetland on the southwest coast of India, represents a complex socio-ecological system influenced by freshwater inflow, tidal exchange, land-use change, and localized anthropogenic activities (RIS, 2002; Rajagopal, 2025; Alexander, 2025). Despite its ecological and economic importance, comprehensive ecosite-level evaluations of soil quality integrating seasonal dynamics remain limited. Recent studies increasingly advocate the use of integrated statistical and multivariate approaches, such as two-way ANOVA, post-hoc tests, correlation analysis, Principal Component Analysis (PCA), and Soil Quality Index (SQI), to effectively capture soil variability and identify dominant controlling factors in heterogeneous wetland environments (Vasu et al., 2017; Zhang et al., 2022; Shokr et al., 2025). In this context, the present study aims to assess the spatio-temporal variability of key soil physicochemical parameters across five representative ecosites of Ashtamudi Lake and to synthesize complex soil information using multivariate techniques and SQI. The findings are expected to provide a scientific baseline for ecosystem monitoring and contribute to sustainable management and conservation planning of tropical Ramsar wetlands.
2. Methodology
The study was conducted in the Ashtamudi Lake, a tropical estuarine wetland located in Kollam district, Kerala, India. Five representative sites - Neendakara, Puthenthuruthu, Asramam, Kidapram, and Cherikadavu - were selected based on hydrological connectivity, land-use influence, vegetation cover, and geomorphological characteristics (Fig. 1). Seasonal soil sampling was carried out during pre-monsoon (March-May), monsoon (June-September), and post-monsoon (October-February) periods from 2023 to 2024. At each site and season, three independent composite soil samples were collected, with each composite sample prepared from 5-7 randomly distributed subsamples within a 20 m radius to ensure spatial representativeness and minimize micro-scale heterogeneity. Surface soils (0-15 cm depth) were collected, air-dried, homogenized, and sieved prior to laboratory analysis.
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Figure 1. Location map of Ashtamudi Lake showing the five selected ecosites and soil sampling sites
Soil physicochemical parameters including pH, electrical conductivity (EC), organic carbon (OC), and available nitrogen (N), phosphorus (P), and potassium (K) were selected based on their ecological relevance to wetland functioning and their recognized role in soil quality assessment frameworks. These parameters represent key soil processes related to acidity regulation (pH), salinity and ionic dynamics (EC), carbon storage and mineralization (OC), and nutrient availability and productivity control (N, P, K), and are widely used as core indicators in integrated soil quality indices. Organic carbon was estimated using the Walkley-Black method, pH and EC were measured using standard electrometric methods, and available N, P, and K were determined following standard soil chemical procedures (Reddy & DeLaune, 2008; Vasu et al., 2017). These parameters were therefore considered scientifically justified and ecologically meaningful for Soil Quality Index (SQI) development in a wetland ecosystem context.
Laboratory analyses were conducted under standardized conditions with appropriate quality control measures. All instruments were calibrated prior to analysis, analytical-grade reagents were used, and duplicate measurements were performed for 10% of samples to ensure analytical precision. Blanks and standard reference solutions were used for instrument validation, and outliers were cross-checked through repeat analysis. Statistical evaluation involved descriptive statistics, two-way ANOVA, Tukey HSD post-hoc tests, Pearson correlation, Principal Component Analysis (PCA), and development of a Soil Quality Index (SQI). For SQI computation, all parameters were normalized using a unitless scoring approach and integrated using an additive model with equal weighting (Vasu et al., 2017; Oviedo, et al., 2024; Shokr et al., 2025). This integrated analytical framework enabled robust evaluation of spatial and seasonal soil quality dynamics and synthesis of complex datasets into a management-relevant index.
3. Results
The soil quality of Ashtamudi Lake exhibited clear and consistent seasonal patterns across all study sites. Post-monsoon conditions were characterized by higher organic carbon content, improved soil pH, and overall enhanced soil quality status, reflecting the effects of sediment deposition and organic matter accumulation following monsoonal flooding. In contrast, monsoon periods showed episodic nutrient enrichment, particularly elevated phosphorus and nitrogen concentrations, likely driven by runoff-induced inputs and hydrological connectivity. Pre-monsoon conditions generally exhibited comparatively lower nutrient availability and moderate soil quality. These principal seasonal trends provide the contextual framework for the detailed statistical, multivariate, and index-based results presented in the following sections.
3.1. Seasonal variation of soil physicochemical parameters across ecosites
The seasonal analysis of soil physicochemical parameters across the five ecosites of the Ashtamudi Lake revealed marked spatial and temporal variability (Table 1). During the pre-monsoon season, soils across all ecosites were moderately acidic (pH 4.95-5.70), with comparatively higher electrical conductivity (EC) at Puthenthuruthu and Asramam, indicating greater ionic concentration. Organic carbon (OC) content was moderate to high, with Cherikadavu recording the maximum value, while available nitrogen (N), phosphorus (P), and potassium (K) showed pronounced ecosite-specific variation. Asramam and Cherikadavu exhibited elevated nutrient levels, particularly potassium, suggesting enhanced nutrient accumulation possibly linked to sediment deposition and local anthropogenic inputs.
Table 1. Seasonal variation of soil physicochemical parameters across five ecosites of Ashtamudi Lake
	Ecosites
	pH
	EC
	OC
	N
	P
	K

	Pre-Monsoon

	Neendakara
	5.1
	0.432
	2.31
	186.87
	11.7
	116.9

	 Puthenthuruthu
	5.3
	0.961
	1.7445
	399.84
	2.93
	287.35

	Ashramam 
	5.7
	0.9535
	1.6875
	572.32
	11.875
	404.95

	 Kidapram
	4.95
	0.143
	1.7925
	423.36
	9.235
	139.815

	Cherikadavu 
	5.35
	0.097
	2.707
	368.48
	2.49
	613.12

	Monsoon

	Neendakara 
	4.9
	0.08
	0.96
	399.73
	1054.45
	192.76

	Puthenthuruthu
	6
	0.19
	2.18
	446.16
	145.04
	224.73

	Asramom
	5.57
	0.25
	2.05
	334.02
	93.87
	224.75

	Kidapram 
	4.43
	0.75
	2.67
	124.06
	152.45
	439.04

	Cherikadavu 
	4.3
	0.20
	2.91
	87.77
	124.42
	365.87

	Post-Monsoon

	Neendakara 
	5.8
	0.004
	4.64
	125.44
	0.45
	403.2

	Puthenthuruthu
	4.95
	0.139
	2.51
	478.24
	22.25
	268.3

	Asramom
	5.45
	0.636
	3.235
	384.16
	26.41
	301.03

	Kidapram 
	4.9
	0.479
	2.573
	297.92
	7.965
	149.19

	Cherikadavu 
	5.2
	0.004
	2.72
	305.76
	1.015
	288.11



In the monsoon season, a general decline in pH was observed at most ecosites, reflecting increased freshwater inflow and leaching effects, whereas OC and nutrient concentrations showed contrasting trends. Kidapram and Cherikadavu recorded relatively higher OC values, while nitrogen and phosphorus exhibited sharp fluctuations, with exceptionally high phosphorus at Neendakara indicating episodic nutrient enrichment during monsoon runoff. The post-monsoon season showed partial recovery of soil pH and a substantial increase in OC across all ecosites, especially at Neendakara and Asramam, suggesting enhanced organic matter accumulation after monsoonal sedimentation. Nutrient concentrations (N, P, K) during this period were comparatively stabilized but continued to display ecosite-specific patterns.
3.2 Descriptive statistical characteristics of soil quality parameters
Table 2. Descriptive statistics of soil physicochemical parameters across ecosites of Ashtamudi Wetland
	Parameter
	Minimum
	Maximum
	Mean
	Interpretation

	pH
	4.30
	6.00
	5.20
	Moderately acidic soils across ecosites

	EC (µS m⁻¹)
	0.004
	0.961
	0.33
	Low to moderate salinity, influenced by seasonality

	Organic Carbon (%)
	0.96
	4.64
	2.50
	Moderate to high organic matter content

	Nitrogen (kg/ha)
	87.77
	572.32
	345.0
	Medium to high nitrogen availability

	Phosphorus (kg/ha)
	0.45
	1054.45
	110.0
	Highly variable, indicating episodic enrichment

	Potassium (kg/ha)
	116.90
	613.12
	290.0
	Generally high potassium status



Statistical analysis of soil parameters across the five ecosites of the Ashtamudi Lake indicated substantial variability in soil quality characteristics (Table 2). Soil pH ranged from 4.30 to 6.00 with an overall mean of approximately 5.2, reflecting predominantly acidic conditions typical of tropical wetland soils. Electrical conductivity exhibited low to moderate values, suggesting limited salinity stress with noticeable seasonal influence. Organic carbon content varied widely from 0.96% to 4.64%, indicating moderate to high organic matter accumulation across ecosites. Available nitrogen showed a broad range, while phosphorus exhibited extreme variability, with values, highlighting episodic nutrient inputs during specific seasons. Potassium concentrations remained relatively high across all sites, underscoring the nutrient-rich nature of the wetland soils.
3.3. Effects of season and ecosite on soil quality
Table 3. Two-way ANOVA results showing the effects of season, ecosite, and their interaction on soil quality parameters in Ashtamudi Wetland
	Parameter
	Season (F, p)
	Ecosite (F, p)
	Season × Ecosite (F, p)
	Inference

	pH
	Significant (p<0.05)
	Significant (p<0.05)
	Significant (p<0.05)
	pH varied seasonally and spatially

	EC
	Significant (p<0.01)
	Significant (p<0.05)
	Significant (p<0.05)
	EC strongly influenced by seasonality

	OC
	Highly significant (p < 0.01)
	Significant (p<0.05)
	Significant (p<0.05)
	OC controlled by season–site interaction

	N
	Significant (p<0.01)
	Significant (p<0.01)
	Significant (p<0.05)
	Strong spatial and seasonal variation

	P
	Highly significant (p < 0.01)
	Highly significant (p < 0.01)
	Highly significant (p < 0.01)
	Episodic and ecosite-specific enrichment

	K
	Significant (p<0.05)
	Significant (p<0.01)
	Significant (p<0.05)
	Potassium differed among ecosites


Two-way ANOVA revealed that soil quality parameters across the five ecosites of the Ashtamudi Lake were significantly influenced by both season and ecosite, as well as their interaction (Table 3). Soil pH and electrical conductivity exhibited significant seasonal and spatial variation (p < 0.05), indicating strong control of hydrological processes and site-specific conditions. Organic carbon showed a highly significant seasonal effect (p < 0.01), with a significant interaction between season and ecosite, suggesting differential organic matter accumulation patterns across sites. Available nitrogen, phosphorus, and potassium displayed pronounced variability, with phosphorus showing highly significant effects for season, ecosite, and their interaction (p < 0.01), reflecting episodic nutrient enrichment during monsoon-driven runoff and localized anthropogenic inputs. Overall, the significant interaction terms confirm that seasonal influences on soil quality varied among ecosites, underscoring the combined role of temporal dynamics and local environmental heterogeneity in regulating wetland soil characteristics.
3.4 Post-hoc differentiation of ecosites and seasons (Tukey HSD analysis)
Tukey HSD post-hoc analysis revealed clear and structured spatial differentiation, nutrient enrichment pathways, and sediment-driven influences among ecosites and seasons for most soil quality parameters in Ashtamudi Lake (Fig. 2). Spatial differentiation patterns indicated that Asramam consistently exhibited significantly higher soil pH and available nitrogen compared to Kidapram and Cherikadavu, reflecting relatively less acidic conditions and favorable nutrient status at central ecosites. Nutrient enrichment trends showed significantly higher organic carbon at Neendakara compared to all other ecosites, particularly during the post-monsoon season, highlighting enhanced organic matter accumulation driven by monsoonal sediment deposition. Sediment influence was evident through elevated potassium concentrations at Cherikadavu, indicating potassium-rich sediment inputs, while nutrient flux control was reflected by higher nitrogen levels at Asramam linked to localized anthropogenic and hydrological inputs. Episodic enrichment patterns were observed for phosphorus, with Neendakara exhibiting significantly higher concentrations during the monsoon season, consistent with runoff-driven nutrient pulses. Collectively, these structured patterns confirm strong spatial heterogeneity, sedimentary control, and seasonal forcing as dominant regulators of soil nutrient dynamics within the wetland ecosystem.
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Figure 2. Tukey HSD post-hoc comparison of soil quality parameters among ecosites illustrating spatial differentiation, nutrient enrichment, sediment influence, and seasonal forcing (p < 0.05)
3.5 Interrelationships among soil parameters: Pearson correlation analysis
[image: ]
Figure 3. Pearson correlation heatmap showing relationships among soil physicochemical parameters across ecosites and seasons
Pearson correlation analysis revealed distinct interrelationships among soil quality parameters across the five ecosites of the Ashtamudi Lake (Fig.3). Soil pH showed a moderate positive correlation with available nitrogen (r = 0.46), indicating enhanced nitrogen availability under less acidic conditions. Organic carbon exhibited a strong negative correlation with available nitrogen (r = -0.58) and phosphorus (r = -0.49), suggesting differential nutrient mineralization and immobilization processes within organic-rich soils. A moderate positive association was observed between organic carbon and potassium (r = 0.39), reflecting the contribution of organic matter to potassium retention. Electrical conductivity showed weak correlations with most nutrients, indicating limited salinity control on nutrient dynamics. Overall, the correlation pattern highlights the dominant role of organic matter and soil acidity in regulating nutrient availability and biogeochemical interactions within the wetland soil system.
3.6 Multivariate structure of soil quality: Principal Component Analysis (PCA)
Principal Component Analysis (PCA) was performed to elucidate the dominant factors governing soil quality variation across seasons and ecosites of the Ashtamudi Lake (Fig. 4). The first two principal components explained 59.1% of the total variance, with PC1 accounting for 33.5% and PC2 for 25.6%. PC1 was positively associated with organic carbon and potassium, indicating the influence of organic matter accumulation and nutrient retention, while negative loadings of nitrogen and phosphorus suggest contrasting nutrient dynamics. PC2 was primarily influenced by soil pH and electrical conductivity, reflecting the role of acidity and ionic composition in structuring soil conditions. Seasonal clustering was evident in the biplot, with post-monsoon samples aligning with higher organic carbon and potassium, monsoon samples associated with elevated phosphorus and nitrogen, and pre-monsoon samples showing mixed distribution. The clear separation of samples along the principal components confirms strong seasonal control and ecosite-specific heterogeneity in soil nutrient dynamics within the wetland ecosystem.
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Figure 4. Principal Component Analysis (PCA) biplot showing seasonal clustering patterns and dominant soil quality drivers across ecosites of Ashtamudi Lake	
3.7 Integrated soil condition assessment using Soil Quality Index
Table 4. Soil Quality Index scores and soil quality classification across ecosites and seasons in Ashtamudi Wetland
	Ecosite
	Pre-monsoon SQI
	Monsoon SQI
	Post-monsoon SQI
	Overall Soil Quality Class

	Neendakara
	0.62
	0.58
	0.74
	Good

	Puthenthuruthu
	0.60
	0.61
	0.66
	Moderate–Good

	Asramam
	0.68
	0.64
	0.72
	Good

	Kidapram
	0.55
	0.52
	0.60
	Moderate

	Cherikadavu
	0.63
	0.59
	0.67
	Moderate–Good


The Soil Quality Index (SQI) synthesized multiple soil physicochemical parameters into a single integrative metric to evaluate overall soil condition across ecosites and seasons of the Ashtamudi Lake (Table 4). SQI values ranged from 0.52 to 0.74, indicating moderate to good soil quality across the wetland. Post-monsoon season consistently recorded higher SQI values at all ecosites, with Neendakara and Asramam exhibiting the highest scores (>0.70), reflecting enhanced organic carbon accumulation and improved nutrient status following monsoonal sedimentation. Monsoon season showed relatively lower SQI values, particularly at Kidapram, suggesting nutrient dilution and leaching effects during peak rainfall. Spatially, Asramam and Neendakara maintained comparatively better soil quality across seasons, whereas Kidapram consistently exhibited moderate soil quality. The SQI results corroborate multivariate and post-hoc analyses, confirming strong seasonal control and ecosite-specific heterogeneity in soil quality within the wetland.
4. Discussion
The present study demonstrates pronounced spatio-temporal variability in soil physicochemical properties across the five ecosites of Ashtamudi Lake, reflecting strong seasonal control and site-specific environmental influences typical of tropical estuarine wetlands. Moderately acidic soil conditions observed across seasons are consistent with reports from other coastal and Ramsar wetlands, where freshwater influx, organic matter decomposition, and sulphate reduction processes regulate soil acidity (Mitsch & Gosselink, 2015; Reddy & DeLaune, 2008; Babu et al., 2010). The monsoonal decline in soil pH and electrical conductivity further supports earlier findings that intense rainfall and freshwater inflow enhance leaching and dilution of soluble ions in wetland soils (Li et al., 2024). Elevated organic carbon concentrations during the post-monsoon season, particularly at Neendakara and Asramam, indicate enhanced organic matter deposition and reduced mineralization following monsoonal sedimentation, a pattern widely reported in estuarine and floodplain wetlands (Zhang et al., 2022; Kumar & Sharma, 2025). The pronounced seasonal variability of phosphorus, with monsoon-time peaks, further highlights episodic nutrient enrichment driven by surface runoff and catchment-scale anthropogenic inputs, consistent with wetland nutrient pulse dynamics described in previous studies (Reddy & DeLaune, 2008; Selmy et al., 2024; Babu et al., 2000).
Multivariate and inferential analyses provided additional insight into the processes regulating soil quality across the study area. Two-way ANOVA and Tukey HSD tests confirmed significant effects of season, ecosite, and their interaction for most parameters, emphasizing that seasonal processes do not operate uniformly across the wetland landscape. Pearson correlation analysis revealed the central role of organic carbon in mediating nutrient availability, with negative associations between organic carbon and available nitrogen and phosphorus suggesting immobilization and differential mineralization pathways in organic-rich soils, as documented in earlier soil biogeochemical studies (Vasu et al., 2017; Oviedo et al., 2024). PCA further substantiated these findings by identifying organic carbon and potassium as dominant contributors to PC1, while pH and electrical conductivity structured PC2, indicating coupled controls of organic matter accumulation and ionic composition on soil quality. The Soil Quality Index (SQI) effectively integrated these multiple indicators into a single metric, revealing overall moderate to good soil quality across ecosites, with consistently higher post-monsoon SQI values (Nosrati, 2012). Similar PCA- and index-based approaches have been widely recommended for wetland soil assessment due to their ability to synthesize complex datasets into management-relevant indicators (Vasu et al., 2017; Zhang et al., 2022; Shokr et al., 2025). Collectively, these results highlight strong seasonal forcing and localized heterogeneity in soil nutrient dynamics, underscoring the importance of ecosite-level monitoring for effective conservation and sustainable management of Ramsar wetlands.
5. Conclusion
This study provides an integrated spatio-temporal understanding of soil quality dynamics in Ashtamudi Lake, demonstrating strong seasonal forcing and localized heterogeneity as dominant regulators of wetland soil processes. The observed patterns highlight the sensitivity of tropical Ramsar wetlands to hydrological variability, sediment dynamics, and nutrient fluxes, emphasizing the need for long-term, site-specific monitoring frameworks. In the context of increasing climate variability, changing monsoon regimes, and intensifying anthropogenic pressures, sustained soil quality assessment is essential for tracking ecosystem resilience, early detection of degradation, and adaptive management. The findings have direct relevance for wetland policy and management by supporting evidence-based conservation planning, Ramsar site monitoring, and nutrient management strategies. By linking soil quality dynamics with ecosystem sustainability, this study provides a scientific foundation for policy formulation, extension programs, and community-based conservation initiatives aimed at safeguarding the long-term ecological integrity and ecosystem services of tropical estuarine wetlands.
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