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Soil organic carbon and microbial diversity depletion in Kayamkulam industrial zone, Kerala, relative to adjacent agricultural land providing protection
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ABSTRACT
The soil pollution resulting from industrial activities has emerged as a significant environmental challenge. In this study, conducted from December 2022 to May 2023, soil in the vicinity of the NTPC Kayamkulam industrial site, located in Alappuzha, Kerala, was evaluated to assess the impact of industrial activity on its physico-chemical and biological characteristics. Six sampling sites were selected across Arattupuzha, Chingoli, Cheppad, Karthikappally, and Muthukulam panchayats surrounding the industry, along with a nearby agricultural site as a reference. Soil samples were collected monthly from each site, and key parameters, including organic carbon, microbial diversity, temperature, pH, electrical conductivity, moisture content, water holding capacity, chlorine, and calcium carbonate, were analysed. The results indicated that soils in the industrial zone exhibited severe organic carbon depletion, with the lowest values recorded at sites 3 (0.30 ± 0.16%) and 6 (0.33 ± 0.13%) compared to the adjacent agricultural area (2.88 ± 0.49%). Microbial diversity showed a similar decline at industrial sites (130-200 × 10 cfu/ml) in contrast with the agricultural reference site (>320 × 10 cfu/ml). The soil pH was acidic; electrical conductivity, moisture content, and water-holding capacity were lower, whereas chlorine and calcium carbonate concentrations were higher near the industrial area. Organic carbon and microbial diversity exhibited significant positive correlations with water holding capacity, electrical conductivity, and pH (P<0.01). It can be concluded that industrial activities around the NTPC Kayamkulam have significantly deteriorated the soil quality in the vicinity, while the relatively better soil characteristics in nearby agricultural land highlight its protective role.
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1. INTRODUCTION
Soil organic carbon and microbial diversity represent fundamental indicators of soil health and ecosystem functioning, serving as critical components in global carbon cycling and agricultural sustainability (Lal, 2025). These components support agricultural productivity, carbon sequestration, and biodiversity. However, both soil and the environment are under tremendous pressure due to industrial expansion and the discharge of untreated effluents. Industrial activities significantly alter soil properties by releasing pollutants, heavy metals, and chemical residues. These changes can degrade soil quality, disrupt microbial ecosystems, and reduce agricultural productivity, posing serious environmental and health risks (Brown, 2022). Soil serves as a critical repository for contaminants resulting from industrial emissions and effluent discharges (Afrad et al., 2020). The rapid development of industries, often without adequate pollution control measures, has had an adverse impact on the local environment, particularly in urban areas (Chopra et al., 2009). Improper disposal of chemical waste from various industrial processes leads to severe soil contamination. As industrialisation increases, so does soil pollution, primarily through effluents containing toxic chemicals, mineral acids, bases, and hydrocarbons. These substances may persist in the soil due to their retention and adsorption onto soil particles, ultimately altering soil quality and profile.
The Rajiv Gandhi Combined Cycle Power Plant, also known as NTPC Kayamkulam, is one of Kerala's largest thermal power plants, located near the Kayamkulam estuary in Alappuzha District. The strategic location close to the coastal area facilitates effluent discharge, but poses significant pollution risks to the surrounding soil ecosystem through atmospheric emissions and wastewater contamination (Krishnan and Jaya, 2014). Numerous industrial units in Kerala are preferentially located in coastal zones, driven by the perception that coastal areas offer convenient sites for wastewater disposal (Soumya et al., 2022). Multiple reports document significant pollution in the Kayamkulam estuary, characterised by elevated physicochemical parameters, nutrient enrichment, reduced dissolved oxygen, and heavy metal contamination exceeding permissible limits (Dhanya et al., 2017; Soumya et al., 2022). However, studies specifically assessing soil quality degradation in the surrounding terrestrial areas remain scarce. This study investigates the impact of NTPC Kayamkulam industrial activities on surrounding soil quality, focusing on physico-chemical and biological parameters, including soil organic carbon and microbial diversity. Through a comprehensive analysis of key soil properties, the study aims to quantify the extent of environmental degradation and provide recommendations for sustainable land management strategies.

2. MATERIALS AND METHODS

2.1 Sampling Sites
The study was conducted from December 2022 to May 2023 to evaluate the physico-chemical characteristics of soil in the vicinity of the NTPC Kayamkulam power plant (9°14′20″N, 76°25′49″E), Alappuzha District, Kerala. Six sampling sites (Sites 1-6) from the industrial area surrounding NTPC Kayamkulam (9°14′20″N/ 76°25′49″E)﻿ were selected for soil sampling (Figure 1). An agricultural reference site located away from the power plant was also selected for sampling (Site-7). 
Site 1 was located in Ward 2 of Arattupuzha Panchayat, in close proximity to the power plant and approximately 200 m from the industrial complex. Site 2 was situated in Ward 10 of Chingoli Panchayat, a residential area about 2 km from the industrial site. Site 3 was located in Ward 2 of Arattupuzha Panchayat, about 3.8 km from NTPC Kayamkulam, near Vempuzha St. Thomas Church. Site 3 was adjacent to the Kayamkulam estuary, where industrial effluents are discharged. Site 4 was positioned in Ward 11 of Karthikappally Panchayat near SNDPHSS Mahadevikad, close to the Pulikkeezhu–Karthikappally canal and approximately 3.8 km north of the power plant. Site 5 was located in Ward 3 of Arattupuzha Panchayat, a waste‑burning site near Kayamkulam estuary, about 4 km south of NTPC Kayamkulam. Site 6 was located in Ward 14 of Muthukulam Panchayat, a relatively remote village area near the Muthukulam canal, approximately 5 km from the plant. A reference site (Site 7) was selected from Ward 13 of Cheppad Panchayat. Site 7 was an agricultural land with dense vegetation, located about 8 km from NTPC Kayamkulam. This was used as a comparative control to represent less-impacted soil conditions.
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Fig. 1. Location map of soil sampling sites surrounding NTPC Kayamkulam 

2.2 Collection of soil samples
Soil samples at 0-15 cm depth were collected monthly from the six industrial sites and the agricultural reference site. Samples were placed in labelled polythene bags and transported to the laboratory. Prior to analysis, the soil samples were dried and ground using a mortar and pestle, then sieved through a 0.2mm mesh sieve to obtain the fine earth fraction (<0.2 mm) for physico-chemical analyses.

2.3 Analysis of soil characteristics
Various physico-chemical and biological characteristics of soil- including organic carbon (OC), microbial diversity (MD), temperature, pH, electrical conductivity (EC), moisture content (MC), water holding capacity (WHC), chlorine (Cl) and calcium carbonate (CaCO3)- were analysed using standard methods (Trivedi and Goel, 1986). 

2.4 Statistical analysis
One-way ANOVA followed by Duncan’s multiple comparison of the means (p < 0.05) was applied to find out significant differences among sampling sites. Pearson's correlation analysis was performed to examine relationships among soil parameters. Multiple regression analyses between organic carbon and other soil parameters were also done. Statistical analysis of the data was performed using SPSS version 27.
3. RESULTS AND DISCUSSION
The physicochemical and biological properties of the soil surrounding NTPC Kayamkulam and nearby agricultural land are represented in Table 1 and Figures 1 and 2. Organic carbon, a vital indicator of soil health, varied significantly across the sites (P<0.05). Soils in the industrial zone had substantially lower OC levels. The lowest values were recorded at Sites 3 (0.30 ± 0.16%) and 6 (0.33 ± 0.13%) compared to the adjacent agricultural area (2.88 ± 0.49%). There was a greater reduction of 89% at Sites 3 and 6 and 37% at Site 5 compared to the agricultural reference area. This shows that the industrial impact on OC can extend up to 4-5 km from thermal emission sources. The lowest organic carbon levels observed at industrial sites may be attributed to industrial emissions, reduced plant debris, and impaired microbial activity. In a previous study conducted in the Korba industrial area, Chhattisgarh, organic carbon decreased with increasing distances from the thermal power plant emission source (Williams and Mishra, 2019). A higher organic carbon content enhances soil fertility by increasing water retention and infiltration, stabilising soil aggregates, and improving nutrient cycling (Stevenson, 2005). The present findings are consistent with recent research on the potential loss of topsoil organic carbon due to industrial complex development (Kim et al., 2025).


Fig. 1. Soil organic carbon content in Kayamkulam industrial area relative to nearby agricultural land
*Different lowercase letters above the bars indicate significant differences. Ind.- Industrial; Agr.- Agricultural

Significantly higher microbial diversity was noticed at the agricultural reference site (>320 × 10 cfu/ml) compared to the industrial sites (130 to 200 × 10 cfu/ml) (P<0.05). The study suggests that industrial activity harms the soil microbial diversity. According to Brown (2022), heavy metal contamination and increased soil acidity suppress microbial biomass, enzymatic activity, diversity, and disrupt nutrient cycling. Loss of microbial diversity at industrial sites results in weakened soil health, reduced resilience, and decreased soil fertility. The higher diversity at the agricultural site is mainly linked to greater organic carbon availability and minimal industrial influence. Recent work by Bertola et al. (2021) has shown that sustainable agricultural practices and reduced pollution can improve soil microbial abundance and ecosystem function.


Fig. 2. Soil microbial diversity in Kayamkulam industrial area relative to nearby agricultural land
*Different lowercase letters above the bars indicate significant differences. Ind.- Industrial; Agr.- Agricultural

Soil temperature in the vicinity of industries ranged between 28 and 33°C. Variations in the temperature may be due to differences in vegetation cover or industrial activity. Although the temperatures in the industrial area were within a normal range, Sites 1, 2, 3 and 5 differed slightly from the reference soil. Soil temperature is a critical parameter influencing nutrient availability, seed germination, and plant growth, and its fluctuations can impact soil biological activity (Edori and Iyama, 2017). The pH of soil near industrial areas ranged from 4.25 to 6.69, indicating acidic conditions, whereas the agricultural soil had a pH of 7.10 (Table 1). Although acidic soils can enhance the availability of certain micronutrients, such as Fe, Mn, Zn, and Cu (Deshmukh, 2012), the extreme acidity at Sites 1 and 5 can negatively affect soil health and plant growth. The electrical conductivity (EC) of soils near the industrial site ranged from 0.13 to 0.22 S/m, significantly lower than the agricultural site's value of 0.51 ± 0.03 S/m (Table 1). This decrease suggests altered ionic composition and potential nutrient imbalance. According to Thakur et al. (2019), EC can serve as a useful parameter for monitoring soluble nutrients and the mineralisation of organic material in soil. Edori and Iyama (2017) noted that high electrical conductivity values are associated with the presence of soluble salts in soils, suggesting that the reduced EC in this study may indicate a loss of essential nutrients.

The soil moisture content near the industrial area was significantly lower than at the agricultural site (P<0.05), suggesting that industrial effluents may have a detrimental impact on soil moisture. Miller and Turk (2002) reported that soils dominated by larger particles tend to exhibit lower moisture content. In contrast, the reference soil exhibited a higher moisture content (5.42±0.34), indicative of better physical condition and improved water storage capacity in the root zone. As reported by Sharma and Gautam (2024), moisture content plays a crucial role in nutrient absorption, suggesting that low moisture content near industrial areas indicates poor soil physical conditions and potentially reduced nutrient availability for plants. In the present study, water holding capacity varied among the sampling sites and was markedly lower than in the agricultural soil (Table 1). The water holding capacity of the soil samples was evaluated as a key indicator of the soil physical condition. The control site, representing agricultural land, recorded the highest value (12.03±0.92), suggesting better soil structure and porosity (P<0.05). This finding is consistent with previous studies, which suggest that water holding capacity is positively correlated with soil texture (Senjobi and Ogunkunle, 2011). The higher clay content at the control site may have contributed to its superior water holding capacity, highlighting the importance of soil texture in determining physical properties.  The lowest value was observed in sampling Site-1 (4±0.2), which was located near an industrial area. This shows that industrial activities can indirectly affect soil physical quality by altering soil texture, compaction, and the loss of organic matter, which diminishes the soil’s ability to store water. 

The chlorine content in soil near the industrial area ranged from 42.02±4.27 mg/L to 64.49±5.9 mg/L, significantly higher than the control site (45.8±3.67 mg/L) (Table 1). The highest chlorine level was recorded at sampling Site-1, near the effluent discharge point. This indicates a direct influence of industrial discharges on soil chemistry. Elevated chlorine levels can negatively impact plant growth by increasing soil water osmotic pressure, reducing water and mineral uptake (Delgado and Gomez, 2016). This can cause stress to plants, potentially affecting their development and productivity. The calcium content in soil near the industrial area ranged from 0.09 to 0.18 %. The highest value was observed at Site-3 and the lowest at the reference agricultural site (Table 1). These elevated levels might result from decreased water levels and increased evaporation rates, which concentrate soluble calcium in the upper soil layers. Krishnan and Jaya (2014) reported higher calcium concentrations in the adjacent Kayamkulam estuary, where industrial effluents significantly altered hydrochemical characteristics. 

Table 1. Physical and chemical properties of soil in the Kayamkulam industrial region and adjacent agricultural land
	Soil parameters
	
	Site-1 (Ind.)
	 Site-2 (Ind.)
	Site-3 (Ind.)
	Site-4 (Ind.)
	Site-5 (Ind.)
	Site-6 (Ind.)
	Site-7 (Agr.)

	
	
	
	
	
	
	
	
	

	Temperature
	Mean
	32.00ab
	31.00ab
	32.33a
	30.83b
	31.00ab
	30.67b
	30.83b

	(°C)
	SD
	0.63
	0.89
	0.52
	0.98
	0.89
	1.51
	1.72

	
	Min
	31.00
	30.00
	32.00
	30.00
	30.00
	28.00
	29.00

	
	Max
	33.00
	32.00
	33.00
	32.00
	32.00
	32.00
	33.00

	
	
	
	
	
	
	
	
	

	pH
	Mean
	4.25e
	5.13d
	6.48b
	5.47c
	6.69b
	4.40e
	7.10a

	(Negative 
	SD
	0.19
	0.15
	0.33
	0.31
	0.17
	0.15
	0.37

	log H+)
	Min
	4.03
	4.90
	6.02
	5.12
	6.40
	4.20
	6.50

	
	Max
	4.50
	5.30
	7.01
	5.91
	6.90
	4.60
	7.60

	
	
	
	
	
	
	
	
	

	Electrical
	Mean
	0.22b
	0.17cd
	0.13e
	0.14de
	0.13e
	0.18c
	0.51a

	conductivity
	SD
	0.02
	0.01
	0.03
	0.01
	0.03
	0.03
	0.03

	(S/m)
	Min
	0.18
	0.15
	0.09
	0.13
	0.11
	0.15
	0.47

	
	Max
	0.24
	0.19
	0.16
	0.16
	0.18
	0.23
	0.55

	
	
	
	
	
	
	
	
	

	Moisture
	Mean
	4.24b
	1.55e
	1.73e
	3.27c
	2.52d
	2.63d
	5.42a

	Content               
	SD
	0.20
	0.28
	0.12
	0.25
	0.17
	0.22
	0.34

	(%)
	Min
	4.02
	1.32
	1.56
	2.90
	2.35
	2.30
	4.90

	
	Max
	4.60
	2.10
	1.90
	3.60
	2.80
	2.90
	5.80

	
	
	
	
	
	
	
	
	

	Water
	Mean
	4.21e
	5.15c
	4.76cd
	5.21c
	5.88b
	4.39de
	12.03a

	holding 
	SD
	0.31
	0.28
	0.29
	0.22
	0.32
	0.18
	0.92

	capacity
	Min
	3.89
	4.89
	4.50
	4.90
	5.50
	4.17
	10.60

	(ml/g)
	Max
	4.78
	5.60
	5.30
	5.43
	6.30
	4.60
	13.40

	
	
	
	
	
	
	
	
	

	Chlorine
	Mean
	64.49a
	57.54b
	47.10cd
	42.02d
	51.87c
	45.80d
	29.49e

	(mg/l)
	SD
	5.90
	4.59
	5.17
	4.27
	4.66
	3.67
	2.18

	
	Min
	57.30
	50.30
	38.20
	35.50
	48.30
	39.20
	25.60

	
	Max
	75.04
	64.30
	54.20
	47.50
	60.70
	50.20
	32.20

	
	
	
	
	
	
	
	
	

	Calcium
	Mean
	0.13bc
	0.13bc
	0.18a
	0.15b
	0.11cd
	0.10d
	0.09d

	Carbonate
	SD
	0.02
	0.01
	0.03
	0.01
	0.01
	0.03
	0.02

	(%)
	Min
	0.12
	0.12
	0.13
	0.13
	0.09
	0.05
	0.08

	
	Max
	0.16
	0.14
	0.22
	0.16
	0.12
	0.13
	0.13

	
	
	
	
	
	
	
	
	


 *Means in the same row with different superscripts are statistically different. Ind.– Industrial; Agr. – Agricultural.
Pearson correlation coefficients showed strong relationships among soil parameters across the Kayamkulam industrial and agricultural zones (Table 2). Soil organic carbon and microbial diversity showed significant positive correlations with water holding capacity, electrical conductivity, and pH (P<0.01). Moisture content and WHC showed positive correlation with each other, and both were positively correlated with EC (P<0.01). Conversely, Cl showed significant negative correlations with WHC and MD, indicating chloride toxicity as a probable reason of soil quality degradation. When multiple regression of soil organic carbon on all parameters were considered, the amount of variability explained was 87.3% (R Square=0.873). When significant regression coefficients were taken into account, it was found that pH (P<0.01), WHC (P<0.01), and CaCO3 (P<0.01) together explain 84.8% (R Square=0.848) of the variability, indicating that these three are primary determinants of soil organic carbon.

Table 2. Correlation matrix between soil parameters of Kayamkulam (industrial zone and adjacent agricultural land)
	 
	Temp
	pH
	EC
	MC
	WHC
	Cl
	CaCO3
	OC
	MD

	Temp
	1.000
	 
	 
	 
	 
	 
	 
	 
	 

	pH
	-0.002
	1.000
	
	
	
	
	
	
	

	EC
	-0.093
	0.363*
	1.000
	
	
	
	
	
	

	MC
	-0.077
	0.141
	0.811**
	1.000
	
	
	
	
	

	WHC
	-0.178
	0.643**
	0.890**
	0.674**
	1.000
	
	
	
	

	Cl
	0.265
	-0.572**
	-0.557**
	-0.389*
	-0.688**
	1.000
	
	
	

	CaCO3
	0.304
	0.011
	-0.469**
	-0.401**
	-0.378*
	0.199
	1.000
	
	

	OC
	-0.180
	0.690**
	0.751**
	0.591**
	0.886**
	-0.551**
	-0.452**
	1.000
	

	MD
	-0.202
	0.492**
	0.780**
	0.672**
	0.834**
	-0.686**
	-0.475**
	0.763**
	1.000


                        **P<0.01, *P<0.05
Table 3. Multiple regression of organic carbon on soil parameters of Kayamkulam (industrial zone and adjacent agricultural land)
	R Square-
	0.873
	 
	 
	 
	 
	 
	 
	 

	Predictors- Temp, pH, EC, MC, WHC, Cl, CaCO3, MD 

	Dependent variable – Organic Carbon
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	 
	Temp
	pH
	EC
	MC
	WHC
	Cl
	CaCO3
	MD

	Significance
	0.608
	0.002**
	0.494
	0.183
	0.007**
	0.056
	0.012*
	0.721

	
	
	
	
	
	
	
	
	

	R Square-
	0.848
	
	
	
	
	
	
	

	Predictors – pH, WHC, CaCO3
	
	
	
	

	Dependent variable – Organic Carbon
	 
	 
	 
	 
	 


 **P<0.01, *P<0.05

4. CONCLUSION
The present investigation demonstrates that industrial activities around the NTPC Kayamkulam thermal power plant have significantly deteriorated soil quality, as evidenced by declines in soil organic carbon and microbial diversity. Soil in the industrial zone also exhibited lower moisture content, water-holding capacity, and electrical conductivity, and higher levels of chlorine, calcium carbonate, and acidity than nearby agricultural land. These physicochemical alterations indicate a serious impairment of the soil ecosystem's stability and emphasise the need for soil conservation practices in the region. The relatively stable soil properties in the nearby agricultural land suggest a protective role as an ecological buffer, preserving soil health in the vicinity of an industrial area. The study highlights the importance of adopting soil pollution control measures in the Kayamkulam industrial region and expanding agricultural buffer zones to mitigate further degradation of soil resources.
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