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Abstract
Soil quality in tropical agro-wetlands is strongly influenced by seasonal hydrology and geomorphological setting, yet altitude-controlled soil quality gradients remain poorly documented in Ramsar wetlands. This study evaluates seasonal and spatial variations in soil quality across Upper, Middle, and Lower Kuttanad, a unique below-mean-sea-level tropical agro-wetland in southwest India. Surface soil samples (0-15 cm) were collected during pre-monsoon, monsoon, and post-monsoon seasons and analysed for pH, electrical conductivity (EC), organic carbon, and available nitrogen, phosphorus, and potassium using standard laboratory methods. Statistical analyses included descriptive statistics, two-way ANOVA, Tukey HSD post-hoc tests, Pearson correlation analysis, and an integrated Soil Quality Index (SQI). Results revealed significant seasonal and altitude-based variability in all soil parameters (p < 0.05). Upper Kuttanad exhibited comparatively stable soil conditions with better post-monsoon nutrient recovery, indicating higher soil resilience. Middle Kuttanad showed persistent acidity and organic carbon enrichment under transitional hydrological conditions, while Lower Kuttanad, influenced by estuarine and tidal processes, displayed elevated EC, higher organic carbon accumulation, and marked nutrient instability. Tukey HSD analysis confirmed clear altitude-specific differentiation, and correlation analysis indicated strong coupling between nitrogen and potassium, whereas phosphorus exhibited site-specific behaviour. SQI values ranged from moderate to moderate-good, with lower scores in estuarine-influenced Lower Kuttanad. The present study establishes a distinct upper-middle-lower Kuttanad soil quality gradient, emphasizing the need for season-adaptive and zone-specific soil management strategies to sustain agricultural productivity and ecological integrity in tropical agro-wetlands. 	Comment by L Raymundo Reyes G: Include important results in quantitative terms
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1. INTRODUCTION
Wetlands are among the most productive ecosystems on Earth, playing a critical role in nutrient cycling, carbon sequestration, hydrological regulation, and food security, particularly in tropical agrarian landscapes (Mitsch & Gosselink, 2015; Reddy & DeLaune, 2008). Soil acts as the central regulator of these functions, mediating interactions between water, vegetation, and biogeochemical processes. In floodplain and estuarine wetlands, seasonal inundation induces rapid changes in redox potential, acidity, salinity, and nutrient availability, leading to pronounced temporal and spatial variability in soil quality (Ponnamperuma, 1972; Brady & Weil, 2017). Consequently, assessing soil quality using integrated physicochemical indicators has become a key requirement for understanding wetland sustainability and ecosystem resilience (Doran & Parkin, 1994; Oviedo Celis et al., 2024).
The Kuttanad Wetland, a tropical Ramsar site in southwest India, represents a unique below-mean-sea-level agro-wetland system characterized by intense monsoonal flooding, prolonged soil submergence, and strong hydrological connectivity with estuarine waters. These conditions exert significant control over soil acidity, organic carbon accumulation, and nutrient dynamics, particularly nitrogen, phosphorus, and potassium (Reddy & DeLaune, 2008; Mitsch & Gosselink, 2015; Alexander et al., 2010). Previous studies in tropical and estuarine wetlands have shown that sediment-water interactions and seasonal flooding strongly influence nutrient retention, salinity, and organic matter stabilization (Babu et al., 2000; Li et al., 2024). However, soil responses are often highly site-specific and governed by geomorphological position, making altitude-based zonation a critical but underexplored factor in wetland soil assessments.
Recent advances emphasize the need for seasonally explicit and multivariate approaches to soil quality assessment, integrating statistical analysis and composite indices to capture complex soil behaviorbehaviour under dynamic hydrological regimes (Nosrati, 2012; Selmy et al., 2021; Zhang et al., 2022). Soil Quality Indices (SQI), supported by robust laboratory methods and statistical tools, have proven effective in synthesizing multi-parameter datasets and identifying management-relevant gradients in wetland and agricultural systems (Doran & Parkin, 1994; Hale et al., 2018). Despite this progress, comprehensive studies linking seasonal variation, altitude-specific zonation, and soil quality indices remain limited for tropical Ramsar wetlands such as Kuttanad. In this context, the present study aims to evaluate seasonal and spatial variations in soil quality across Upper, Middle, and Lower Kuttanad using physicochemical indicators, multivariate statistics, and SQI approaches, thereby providing a scientifically robust basis for zone-specific soil and wetland management strategies under changing hydrological conditions.
2. MATERIALS AND METHODS	Comment by L Raymundo Reyes G: Separate discussion by topic
Study area
Include a description of the study area such as location (Fig. 1), (where the Kuttanad wetland is located?), dimensions of the area ofinterest including sampling sites, land use, soil type, climatological characteristics such as climate type, average annual precipitation, maximum temperature in the different seasons of the year (pre-monsoon, monsoon, and post-monsoon), etc.

Soil sampling and analysis
Soil samples were collected seasonally (pre-monsoon, monsoon, and post-monsoon) from three altitude-based Panchayats - Upper, Middle, and Lower Kuttanad - representing distinct hydrological zones of the Kuttanad Wetland. At each Panchayat, multiple representative sites were selected to capture spatial heterogeneity, and surface soil samples (0-15 cm) were collected using standard protocols. Samples were air-dried, gently crushed, and sieved through a 2-mm mesh prior to analysis. Soil pH and electrical conductivity were determined using a soil-water suspension following standard procedures recommended by APHA (2005). Organic carbon was estimated using the Walkley-Black wet oxidation method (Walkley & Black, 1934), while available nitrogen, phosphorus, and potassium were analysed using established soil chemical methods as outlined in standard soil analysis manuals (Brady & Weil, 2017).	Comment by L Raymundo Reyes G: Indicate how many samples were collected at each sampling site.
Indicate the sampling method (point or composite) and its procedure	Comment by L Raymundo Reyes G: Indicate the meaning of Panchayats, for better understanding.

Statistical analysis
Statistical analyses analysis were performed to evaluate both seasonal and altitude-based variations in soil quality. Descriptive statistics were used to summarize central tendencies and variability of soil parameters. Two-way analysis of variance (ANOVA) was applied to test the effects of season and Panchayat (altitude zone), as well as their interaction, on individual soil variables. Where significant differences were detected, Tukey’s HSD post-hoc test was employed to identify homogeneous groups among Panchayats. Pearson correlation analysis was conducted to examine interrelationships among major nutrients (N, P, and K). An integrated Soil Quality Index (SQI) was computed by normalizing individual parameters and aggregating them into a composite index to assess overall soil condition across zones, following multivariate and index-based approaches recommended in soil quality studies (Nosrati, 2012; Selmy et al., 2021; Zhang et al., 2022).	Comment by L Raymundo Reyes G: What statistics did they include and what computer program did they use?	Comment by L Raymundo Reyes G: zones by altitude	Comment by L Raymundo Reyes G: State the meaning of the acronym HDS	Comment by L Raymundo Reyes G: Include the formulas used for these indices

Multivariate analysis
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Figure 1. Study area map of the Kuttanad Wetland indicating sampling Panchayats	Comment by L Raymundo Reyes G: Indicate the location of the Kuttanad wetland, including a label.	Comment by L Raymundo Reyes G: Include a legend on the location map
3. RESULTS
3.1. Seasonal and Altitude-Based Variation in Soil Physicochemical Properties
The comparative seasonal analysis, considering different altitude of Kuttanad, clearly demonstrates that soil quality variations across the three Panchayats are strongly governed by their geomophysical position within the Kuttanad Wetland (Table 1). Ala Panchayat, situated in Upper Kuttanad, exhibits relatively stable soil conditions across seasons, with moderately acidic to near-neutral pH and better post-monsoon recovery of nutrients, particularly nitrogen and potassium. This reflects reduced tidal influence, effective sediment retention, and comparatively controlled flooding regimes. Edathuva Panchayat, located in Middle Kuttanad, shows pronounced seasonal fluctuations, especially in nutrient concentrations, while maintaining persistent soil acidity. These patterns indicate transitional hydrological conditions where monsoonal flooding and agricultural interventions jointly influence nutrient redistribution and soil chemical instability.
Table 1. Spatio-seasonal distribution of soil quality parameters in the Kuttanad Wetland	Comment by L Raymundo Reyes G: Indicate where sites 1, 2, 3 and 4 are located
It would be good to include in Table 1 the descriptive statistics of the parameters of the analyzed soils (e.g., Min, Max, Range, Skewness, Kurtosis, SD, Mean, CV%)
	Kainakari panchayat

	Parameters
	Seasons
	Site 1
	Site 2
	Site 3
	Site 4

	pH
	Pre-monsoon
	4.7
	4.8
	4.2
	3.6

	
	Monsoon
	6.3
	5.5
	5.4
	4.3

	
	Post-monsoon
	6.5
	5.8
	6.3
	5.8

	EC (mohs mS/m)
	Pre-monsoon
	0.42
	0.08
	0.42
	0.41

	
	Monsoon
	0.98
	0.59
	0.51
	0.05

	
	Post-monsoon
	0.93
	0.75
	0.91
	0.32

	Organic Carbon (%)	Comment by L Raymundo Reyes G: Abbreviate parameter names
	Pre-monsoon
	12.0
	1.5
	1.29
	0.95

	
	Monsoon
	2.3
	1.42
	2.0
	1.35

	
	Post-monsoon
	2.5
	2.57
	2.0
	2.39

	Nitrogen (Kg/ha.)
	Pre-monsoon
	432.09
	296.74
	319.61
	299.18

	
	Monsoon
	196.04
	158.13
	219.76
	121.14

	
	Post-monsoon
	219.31
	126.64
	216.94
	141.28

	Phosphorus (kg/ha.)
	Pre-monsoon
	12.0
	10.0
	8.0
	6.0

	
	Monsoon
	15.9
	2.0
	29.0
	12.0

	
	Post-monsoon
	12.2
	9.02
	11.7
	2.8

	Potassium (kg/ha.)
	Pre-monsoon
	310
	425
	221
	213

	
	Monsoon
	170
	332
	179
	221

	
	Post-monsoon
	276
	292
	196
	246

	Edathuva panchayat

	pH
	Pre-monsoon
	5.1
	5.9
	4.1
	4.8

	
	Monsoon
	3.9
	4.1
	4.2
	3.5

	
	Post-monsoon
	4.3
	4.3
	4.6
	4.7

	EC (mS/m)
	Pre-monsoon
	0.096
	0.166
	0.153
	0.236

	
	Monsoon
	0.09
	0.07
	0.13
	0.02

	
	Post-monsoon
	0.453
	0.077
	0.144
	0.140

	Organic Carbon (%)
	Pre-monsoon
	1.282
	2.013
	0.935
	4.719

	
	Monsoon
	1.99
	0.98
	1.80
	2.96

	
	Post-monsoon
	3.717
	2.478
	1.157
	3.067

	Nitrogen (Kg/ha.)
	Pre-monsoon
	366.91
	225.79
	183.45
	197.57

	
	Monsoon
	282.24
	235.20
	313.60
	470.40

	
	Post-monsoon
	158.23
	381.02
	225.79
	197.56

	Phosphorus (kg/ha.)
	Pre-monsoon
	81.69
	Nil
	303.42
	332.61

	
	Monsoon
	99.00
	59.79
	59.79
	39.86

	
	Post-monsoon
	Nil
	Nil
	18.60
	Nil

	Potassium (kg/ha.)
	Pre-monsoon
	138.56
	647.55
	251.13
	303.09

	
	Monsoon
	106
	213
	106
	157

	
	Post-monsoon
	269.69
	279.80
	117.99
	640.52

	Ala panchayat

	pH
	Pre-monsoon
	5.1
	4.8
	5.4
	4.9

	
	Monsoon
	5.3
	5.2
	4.9
	4.9

	
	Post-monsoon
	5.6
	5.5
	5.0
	6.0

	EC (mohs)
	Pre-monsoon
	0.048
	0.161
	0.080
	0.160

	
	Monsoon
	0.18
	0.09
	0.08
	0.50

	
	Post-monsoon
	0.143
	0.062
	0.080
	0.887

	Organic Carbon (%)
	Pre-monsoon
	0.956
	1.013
	0.095
	0.924

	
	Monsoon
	2.98
	1.11
	1.35
	1.70

	
	Post-monsoon
	0.803
	1.482
	0.548
	2.250

	Nitrogen (Kg/ha.)
	Pre-monsoon
	158.23
	381.02
	225.79
	197.56

	
	Monsoon
	423.36
	266.56
	313.60
	392.00

	
	Post-monsoon
	366.90
	432.36
	145.34
	282.24

	Phosphorus (kg/ha.)
	Pre-monsoon
	75.86
	75.86
	122.54
	nil

	
	Monsoon
	79.72
	19.93
	99.65
	39.86

	
	Post-monsoon
	117.35
	15.54
	17.43
	144.65

	Potassium (kg/ha.)
	Pre-monsoon
	125.56
	186.18
	298.76
	147.22

	
	Monsoon
	320
	225
	89
	720

	
	Post-monsoon
	724.80
	144.96
	249.46
	337.12



The Kainakari Panchayat, positioned in Lower Kuttanad and opening into the Vembanad Estuary, displays the highest degree of seasonal variability and soil stress. Strong pre-monsoon acidity, elevated electrical conductivity, and sharp post-monsoon nutrient depletion highlight the combined effects of tidal ingress, saline influence, prolonged inundation, and leaching. Although higher organic carbon levels suggest substantial organic matter accumulation, nutrient instability remains pronounced due to estuarine flushing. The analysis reveals a clear upper-middle-lower Kuttanad gradient, with Ala showing relative soil resilience, Edathuva reflecting transitional instability, and Kainakari exhibiting estuarine-controlled soil degradation. 	Comment by L Raymundo Reyes G: verify	Comment by L Raymundo Reyes G: It is unclear whether Kainakara, Ala, and Edathuva correspond to low, medium, and high topographic elevations, respectively, or whether the low, medium, and high gradients refer to the minimum, medium, and high values of the chemical concentration of the parameters?	Comment by L Raymundo Reyes G: Make a description of the nature of the parameters and their possible attribution from the descriptive statistics, e.g., acidic or alkaline pH conditions indicated by the range, average and coefficient of variation, as well as with the other parameters.
Include a table with the results of the Soil Quality Index (SQI) and its description.
Include a Pearson correlation matrix table with the results of the multivariate analysis and its description.

3.2. Comparative Seasonal Soil Quality Patterns across Kuttanad Panchayats
[image: ]
Figure 2. Radar plots illustrating seasonal variation of soil quality parameters across altitude zones
The radar charts in figure Figure 2, illustrate altitude-controlled seasonal variations in key soil quality parameters (pH, EC, Organic Carbon, and N-P-K). Upper Kuttanad (Ala) shows relatively balanced seasonal profiles with improved post-monsoon nutrient recovery, indicating greater soil resilience. Middle Kuttanad (Edathuva) exhibits pronounced seasonal alteration, particularly in nutrient availability, reflecting its transitional hydrological setting. Lower Kuttanad (Kainakari), influenced by estuarine and tidal processes, displays the widest seasonal spread, characterized by high organic carbon accumulation and unstable nutrient dynamics. This radar plots effectively highlight the upper-middle-lower Kuttanad gradient in seasonal soil quality behavior.	Comment by L Raymundo Reyes G: Move the paragraph below the title, before Figure 2. First, include the description of the Figure, and then place the Figure.
3.3. Descriptive Statistics of Soil Quality Parameters
Table 2. Altitude-wise descriptive statistics of soil physicochemical parameters	Comment by L Raymundo Reyes G: Please specify which descriptive statistic is being referred to. Average?
	Panchayats 
	pH
	EC (mS/m)
	Organic Carbon (%)
	Nitrogen (kg ha⁻¹)
	Phosphorus (kg ha⁻¹)
	Potassium (kg ha⁻¹)

	Ala 
	5.18
	0.19
	1.35
	292.8
	67.9
	305.5

	Edathuva 
	4.48
	0.16
	2.26
	259.1
	89.7
	271.8

	Kainakari 
	5.23
	0.55
	2.02
	244.5
	11.9
	262.6



The descriptive statistics reveal clear altitude-linked contrasts in soil quality across the Kuttanad wetland system (Table 2). Upper Kuttanad (Ala) exhibits moderately acidic soils with comparatively balanced nutrient status, particularly higher mean potassium and nitrogen, reflecting reduced tidal influence and better nutrient retention. Middle Kuttanad (Edathuva) is characterized by the lowest mean pH and the highest organic carbon and phosphorus contents, indicating persistent acidity and nutrient accumulation under transitional hydrological conditions. In contrast, Lower Kuttanad (Kainakari), influenced by the Vembanad estuarine system, shows elevated electrical conductivity and organic carbon but markedly lower phosphorus availability, highlighting estuarine flushing and nutrient instability. The descriptive statistics also substantiate a distinct upper to lower Kuttanad gradient in soil chemical characteristics driven by altitude, hydrology, and seasonal flooding regimes.	Comment by L Raymundo Reyes G: Indicate which descriptive statistic it is	Comment by L Raymundo Reyes G: Move the paragraph below the title, before Table 2. First, include the description of the Figure, and then place the Table 2.
3.4. Effects of Season and Altitude on Soil Quality: Two-Way ANOVA Results
Table 3. Two-way ANOVA showing seasonal and altitude effects on soil quality parameters
	Soil Parameter
	Source of Variation
	df
	F value
	p value
	Significance

	pH
	Season
	2
	9.84
	<0.01
	Significant

	
	Panchayat (Altitude)
	2
	12.63
	<0.001
	Highly significant

	
	Season × Panchayat
	4
	4.92
	<0.05
	Significant

	Electrical Conductivity
	Season
	2
	8.27
	<0.01
	Significant

	
	Panchayat
	2
	15.48
	<0.001
	Highly significant

	
	Season × Panchayat
	4
	5.11
	<0.05
	Significant

	Organic Carbon
	Season
	2
	11.06
	<0.001
	Highly significant

	
	Panchayat
	2
	7.95
	<0.01
	Significant

	
	Season × Panchayat
	4
	3.88
	<0.05
	Significant

	Nitrogen
	Season
	2
	14.72
	<0.001
	Highly significant

	
	Panchayat
	2
	6.41
	<0.01
	Significant

	
	Season × Panchayat
	4
	4.36
	<0.05
	Significant

	Phosphorus
	Season
	2
	10.58
	<0.01
	Significant

	
	Panchayat
	2
	18.29
	<0.001
	Highly significant

	
	Season × Panchayat
	4
	6.02
	<0.01
	Significant

	Potassium
	Season
	2
	13.35
	<0.001
	Highly significant

	
	Panchayat
	2
	9.12
	<0.01
	Significant

	
	Season × Panchayat
	4
	5.67
	<0.01
	Significant


Significance levels: p < 0.05 significant; p < 0.01 highly significant.
Two-way ANOVA revealed that both seasonal variation and altitude-based Panchayat location exert significant control over soil quality parameters in the Kuttanad wetland system (Table 3). Soil pH, electrical conductivity, organic carbon, and major nutrients (N, P, and K) showed statistically significant differences across seasons, highlighting the strong influence of monsoonal flooding and post-monsoon recovery processes. Panchayat-wise differences were highly significant for most parameters, reflecting altitude-controlled hydrological gradients from Upper to Lower Kuttanad. The significant Season v/s Panchayat interaction for all parameters indicates that seasonal responses varied with geomorphological position, with Lower Kuttanad showing stronger estuarine and tidal influence, Middle Kuttanad reflecting transitional instability, and Upper Kuttanad exhibiting relatively resilient soil behavior. 	Comment by L Raymundo Reyes G: Move the paragraph below the title, before Table 3. First, include the description of the Figure, and then place the Figure.
3.5. Post-hoc Differentiation of Soil Quality along the Altitudinal Gradient (Tukey HSD)
The conceptual model depicts Tukey HSD post-hoc differentiation of soil quality parameters across altitude-based zones of the Kuttanad wetland (Figure. 3). Middle Kuttanad is characterized by significantly lower soil pH and elevated organic carbon, reflecting persistent acidity and organic matter accumulation under transitional hydrological conditions. Lower Kuttanad shows significantly higher electrical conductivity due to strong estuarine and tidal influence from the Vembanad system. Nitrogen exhibits a decreasing trend from Upper to Lower Kuttanad, indicating progressive nutrient leaching and flushing. Phosphorus displays statistically distinct behavior across all altitude zones, while potassium is significantly higher in Upper Kuttanad, suggesting better nutrient retention under reduced tidal influence. The model highlights a clear altitude-controlled soil quality gradient governing seasonal bio-geochemical process in the Kuttanad wetland ecosystem.
[image: ]
Figure 3. Conceptual model of altitude-specific soil quality differentiation based on Tukey HSD analysis
3.6. Interrelationships among Soil Nutrients across Altitude Zones
Pearson correlation analysis of soil nutrients across the Kuttanad Panchayats reveals distinct inter-nutrient relationships along the altitudinal gradient (Figure. 4). Nitrogen shows a strong positive correlation with potassium, indicating coupled behavior likely driven by similar retention and leaching mechanisms under flooding and post-monsoon recovery. Phosphorus exhibits a moderate positive correlation with nitrogen but a weaker association with potassium, reflecting its more complex and site-specific geochemical controls, including sediment interaction and fixation under acidic conditions. The overall pattern suggests that nitrogen and potassium dynamics are more tightly regulated by hydrological processes, whereas phosphorus behaves more independently across Upper, Middle, and Lower Kuttanad. 
[image: ]
Figure 4. Pearson correlation heat map showing interrelationships among soil nutrients
3.6. Integrated Soil Quality Assessment Using Soil Quality Index (SQI)
Table 4. Composite soil quality assessment of Upper, Middle, and Lower Kuttanad using SQI
	Panchayats
	Normalized pH
	Normalized EC
	Normalized OC
	Normalized N
	Normalized P
	Normalized K
	Soil Quality Index (SQI)
	Soil Quality Class

	Ala 
	0.72
	0.68
	0.52
	0.75
	0.66
	0.78
	0.69
	Moderate-Good

	Edathuva
	0.55
	0.63
	0.81
	0.66
	0.82
	0.69
	0.69
	Moderate-Good

	Kainakari 
	0.70
	0.42
	0.74
	0.61
	0.34
	0.67
	0.58
	Moderate


SQI classification: >0.75 = Good; 0.50–0.75 = Moderate; <0.50 = Poor
The Soil Quality Index (SQI) integrates multiple physicochemical parameters to provide a holistic assessment of soil condition across the Kuttanad wetland Panchayats (Table 4). Upper Kuttanad (Ala) and Middle Kuttanad (Edathuva) exhibit comparable SQI values, reflecting moderate to good soil quality despite contrasting controlling factors like nutrient retention dominance in Upper Kuttanad and organic matter enrichment under persistent acidity in Middle Kuttanad. In contrast, Lower Kuttanad (Kainakari) records a comparatively lower SQI, primarily due to elevated electrical conductivity and reduced phosphorus availability associated with estuarine and tidal influence. The SQI results reinforce an altitude-controlled soil quality gradient within the Kuttanad wetland system and highlight the need for zone-specific soil management strategies, particularly nutrient stabilization and salinity mitigation in Lower Kuttanad.	Comment by L Raymundo Reyes G: Move the paragraph below the title, before Table 4. First, include the description of the Figure, and then place the Figure.
3.7. Limitations of the Study
Despite providing valuable insights into seasonal and altitude-driven soil quality gradients in the Kuttanad agro-wetland, the present study has certain limitations. The analysis is based on surface soil samples and does not account for vertical variations in soil properties that may influence nutrient dynamics under prolonged flooding. The study period captures seasonal variability but does not encompass interannual climatic fluctuations, which could further modify soil processes under extreme hydrological events. In addition, the Soil Quality Index and statistical interpretations are derived from a limited set of physicochemical parameters and do not incorporate biological indicators or microbial processes that play a critical role in wetland soil functioning. Future studies integrating depth-wise sampling, long-term monitoring, and biological indicators would provide a more comprehensive understanding of soil quality dynamics in this tropical agro-wetland system.
4. DISCUSSION
The results demonstrate that soil quality in the Kuttanad Wetland is fundamentally controlled by seasonal hydrology interacting with altitude-driven geomorphological gradients. Significant seasonal variation in pH, electrical conductivity, organic carbon, and nutrients reflects alternating flooded and drained conditions that govern redox reactions, ion mobility, and nutrient transformations in wetland soils (Ponnamperuma, 1972; Reddy & DeLaune, 2008; Mitsch & Gosselink, 2015). Persistently lower pH in Middle Kuttanad indicates prolonged submergence and organic matter decomposition under anaerobic conditions, whereas relatively stable pH in Upper Kuttanad reflects better drainage and reduced hydrological stress. These patterns are consistent with established principles of submerged soil chemistry and soil buffering behavior in tropical wetlands (Brady & Weil, 2017).
Electrical conductivity and nutrient dynamics further highlight the influence of altitude and hydrological connectivity. Significantly higher EC in Lower Kuttanad reflects estuarine and tidal influence, consistent with sediment–water exchange and ionic enrichment reported for tropical estuaries (Babu et al., 2000; Reddy & DeLaune, 2008). Organic carbon enrichment in Middle and Lower Kuttanad is attributed to reduced decomposition and enhanced sediment deposition during prolonged flooding, supporting recent findings on seasonal SOC accumulation in estuarine and Ramsar wetlands (Li et al., 2024; Kumar & Sharma, 2025). Nitrogen and potassium showed stronger coupling and higher retention in Upper Kuttanad, while phosphorus exhibited highly heterogeneous behavior across zones, reflecting its sensitivity to redox conditions and sediment binding processes (Babu et al., 2000). These trends align with classical wetland nutrient cycling frameworks and validate the reliability of the analytical protocols employed (APHA, 2005; Walkley & Black, 1934).
The integration of multivariate statistics and Soil Quality Index (SQI) analysis provides a holistic understanding of soil functioning across the wetland gradient. Comparable SQI values in Upper and Middle Kuttanad indicate moderate to good soil quality despite contrasting controlling factors, whereas lower SQI in Lower Kuttanad reflects salinity stress and nutrient instability. The effectiveness of SQI in synthesizing complex soil datasets is well documented (Doran & Parkin, 1994; Nosrati, 2012; Selmy et al., 2021; Zhang et al., 2022), though recent studies caution that SQI interpretation must remain process-oriented in dynamic ecosystems (Oviedo Celis et al., 2024). The findings clearly establish an upper-middle-lower Kuttanad soil quality gradient, emphasizing that season-adaptive and zone-specific soil management strategies are essential for sustaining wetland agriculture and ecological integrity under changing hydrological regimes (Hale et al., 2018; Mitsch & Gosselink, 2015).
5. CONCLUSION
The present study clearly demonstrates that soil quality in the Kuttanad Wetland is strongly governed by the interaction between seasonal hydrological regimes and altitude-controlled geomorphological gradients. Significant seasonal variation in soil pH, electrical conductivity, organic carbon, and nutrient availability reflects the influence of monsoonal flooding, prolonged submergence, and post-monsoon recovery processes. Integrated statistical analyses, including two-way ANOVA, Tukey HSD, correlation assessment, and Soil Quality Index evaluation, reveal a distinct gradient of Kuttanad soil quality, with Upper Kuttanad exhibiting relatively stable nutrient retention, Middle Kuttanad characterized by persistent acidity and organic carbon enrichment, and Lower Kuttanad showing estuarine-driven salinity stress and nutrient instability. Overall, the findings underscore the necessity of season-adaptive and zone-specific soil management strategies to sustain agricultural productivity and ecological integrity in this tropical Ramsar wetland, while also highlighting the value of integrated soil quality assessment frameworks for informed wetland conservation and land-use planning.	Comment by L Raymundo Reyes G: According to the Soil Quality Index (SQI), in which season does it reach its peak for the analyzed parameters?
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