


Role of Pteridophytes as Bioindicators of Environmental Conditions in Chhindwara District

Abstract
The Chhindwara district, situated in the ecologically significant Satpura Range of Madhya Pradesh, supports a rich diversity of pteridophytic flora that reflects the environmental conditions of the region. The present study investigates the role of pteridophytes as bioindicators of environmental health across different ecological zones of Chhindwara district. Extensive field surveys, species assessments, and physiological analyses were conducted in three distinct zones: Zone A (Patalkot region), Zone B (Mining belts and Pench Valley), and Zone C (Industrial and urban fringes). The study revealed a strong relationship between pteridophyte distribution and varying degrees of anthropogenic disturbance. In the mining-dominated areas of Zone B, Pteris vittata emerged as a dominant hyperaccumulator species with a Bioaccumulation Factor (BAF) greater than 1.5 for heavy metals such as arsenic and lead, indicating severe heavy metal contamination and leaching in the soil ecosystem. In Zone C, populations of Adiantum species exhibited visible physiological stress, including nearly 30% reduction in chlorophyll content and reduced stomatal density as adaptive responses to sulfur dioxide and particulate pollution. Conversely, the relatively undisturbed forest ecosystem of Patalkot in Zone A supported the occurrence of Cyathea spinulosa, a tree fern species identified as an obligate indicator of stable climax forest conditions and ecological integrity. Additionally, the increased abundance of aquatic pteridophytes such as Azolla pinnata in local water bodies indicated nutrient enrichment and eutrophication caused by agricultural runoff. The findings demonstrate that pteridophytes serve as efficient, cost-effective, and real-time biological indicators for assessing soil toxicity, air pollution, habitat degradation, and ecosystem stability. The study highlights their ecological significance in environmental monitoring and provides valuable insights for biodiversity conservation and sustainable environmental management in the Chhindwara district.
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1. Introduction
Pteridophytes, comprising ferns and fern allies, represent a significant evolutionary link between non-vascular bryophytes and seed-bearing plants (Husband et.al., 2013). Unlike higher plants, pteridophytes lack a complex vascular system and protective seed coats, making their lifecycle particularly the gametophytic stage extremely vulnerable to fluctuations in humidity, temperature, and chemical pollutants. This physiological sensitivity positions them as reliable ecological indicators (EIs) for monitoring ecosystem health. EIs are used for a variety of purposes, such as indicating biotic and abiotic conditions, identifying and tracking environmental changes (natural or man-made), identifying places that are better suited for agriculture or conservation, and forecasting the dispersal of other creatures. The indication's objective or purposes directly influence the choice of EIs. Numerous criteria were put out to reduce the likelihood of wasting time and resources researching taxa that are unlikely to be reliable indicators in order to choose appropriate and useful EIs (Moreno et.al., 2007).
Pteridophytes are vascular plants without seeds currently with about 12,000 known species. They are from two phylogenetically distinct groups: the lycophytes (less than 1500 species) and the ferns (some 10,500 species) (PPG I 2016). They are widely distributed, from the tundra to tropical forests, being more diverse in the equatorial region. While ferns and lycophytes are more common and abundant in wet woods, they can also be found in arid regions, where certain genera might have a high species diversity. Because their presence or absence affects microhabitat parameters including soil fertility and texture, ambient temperature and humidity, precipitation, and light intensity, pteridophytes are not randomly distributed locally (Landsman et.al., 2021). Because pteridophytes' distribution is closely linked to abiotic factors, this group has a lot of promise as EI. 
The Chhindwara district of Madhya Pradesh, located within the Satpura Range, possesses unique topographical features such as the Tamia Hills and the deep valleys of Patalkot, which create specialized micro-climatic conditions characterized by high humidity, dense shade, and moderate temperatures (Maharajan et.al., 1990). These environmental conditions support a rich diversity of pteridophytes, with nearly 30 recorded species reported from the region. However, the ecological integrity of the area is increasingly threatened by intensive coal mining activities in the Parasia and Junnardeo belts, along with rapid industrialization and urban expansion. These anthropogenic activities contribute significantly to environmental pollution through the release of heavy metals such as arsenic (As), lead (Pb), and cadmium (Cd) into the soil and water systems. Pteridophytes serve as effective bioindicators in this region through their sensitivity and accumulation capacities (Della et.al., 2019). Sensitive species such as Adiantum capillus-veneris and Cyathea gigantea (tree fern) function as sentinel species, showing rapid decline under conditions of air pollution, habitat disturbance, and fragmentation. In contrast, species like Pteris vittata act as hyperaccumulators, surviving in contaminated soils by absorbing and storing heavy metals in their fronds, thereby providing visible evidence of soil toxicity and environmental degradation (Bondada et.al., 2003). Due to their relatively simple vascular system and direct interaction with environmental conditions, pteridophytes respond quickly to ecological stress, making them highly reliable indicators of environmental change. Their distribution and physiological responses provide valuable insights into the impact of mining, industrial pollution, and habitat alteration on the ecosystems of Chhindwara district.
1.1 Common Pteridophytes of Chhindwara
Recent botanical surveys conducted in the Chhindwara district have documented a rich diversity of pteridophytic flora adapted to the humid and shaded micro-climatic conditions of the Satpura region (Prasad et.al., 1991). Among the commonly recorded species, Adiantum incisum is frequently found growing in moist wall crevices and shaded rocky habitats. Marsilea minuta occurs abundantly near wetlands, ponds, and slow-moving water bodies, indicating the availability of moist habitats. Pteris vittata, commonly known as the Chinese Brake Fern, is widely distributed in disturbed and mining-affected areas due to its remarkable tolerance to polluted soils (Owiny et.al., 2024). Cyathea spinulosa (Tree Fern) is mainly confined to pristine forest pockets and high-altitude humid regions, serving as an important indicator of stable forest ecosystems. In addition, Selaginella species are commonly observed in moisture-rich ravines and shaded forest floors, where they function as indicators of soil moisture and micro-habitat stability. The occurrence and distribution of these species reflect the ecological diversity and environmental conditions of the Chhindwara district (Kumar et.al., 2022).
1.2 Pteridophytes as Environmental Indicators
Pteridophytes play a significant role as environmental bioindicators because of their sensitivity to ecological disturbances and their rapid physiological responses to environmental stress (Sinha et.al., 2021). In the mining belts of Chhindwara, contamination of soil by heavy metals such as arsenic (As), lead (Pb), and cadmium (Cd) has become a major environmental concern. Pteris vittata is recognized as a hyperaccumulator of arsenic and often dominates contaminated soils where many other plant species fail to survive, thereby serving as an indicator of soil toxicity. Similarly, Azolla pinnata acts as a useful bioindicator of water quality because of its sensitivity to mercury contamination and industrial effluents (Kumar et.al., 2020). Pteridophytes also function as indicators of air quality, as they absorb atmospheric pollutants directly through their fronds and stomata. Species such as Adiantum exhibit visible symptoms like leaf necrosis, chlorosis, and reduced spore germination under exposure to sulfur dioxide emitted from coal-burning industries. Large-frond ferns additionally act as natural traps for particulate matter (PM10 and PM2.5), especially in mining and industrial regions. Furthermore, the presence of epiphytic and moisture-dependent ferns is considered an important indicator of forest integrity and climax vegetation. The disappearance of such species from the Satpura forest canopy indicates declining humidity levels, increasing temperatures, and habitat degradation caused by deforestation (Patra et.al., 2022). The distribution and physiological responses of pteridophytes provide a cost-effective and reliable biological framework for assessing environmental quality and ecological stress in the Chhindwara district.
2. Materials and Methods
To evaluate the role of pteridophytes as bioindicators of environmental conditions in the Chhindwara district, a systematic methodology integrating botanical surveys and environmental assessment was adopted (Dey et.al., 2024). The study was conducted across three ecologically distinct zones representing varying levels of anthropogenic disturbance. Zone A comprised the relatively pristine regions of Patalkot Valley and Tamia Hills, characterized by dense forest cover, high humidity, and minimal industrial interference, and was considered the control site. Zone B included the coal mining belts of Junnardeo and Parasia, where mining activities have resulted in acid mine drainage, soil degradation, and heavy metal contamination. Zone C consisted of urban and industrial areas surrounding Chhindwara city and nearby industrial estates, where atmospheric pollutants such as particulate matter and sulfur dioxide are comparatively higher due to vehicular emissions and industrial operations (Ramamurthy et.al., 2025). Field surveys were conducted during different seasons to record the occurrence and distribution of pteridophyte species in each zone. Fertile fronds bearing sori were collected from representative species for accurate taxonomic identification using standard floristic keys and taxonomic literature. Collected specimens were carefully preserved and documented for further laboratory analysis. Environmental parameters such as habitat condition, moisture status, and pollution exposure were also noted during sampling (Ansari et.al., 2014). The comparative assessment of species abundance, diversity, and physiological condition across the three zones was used to determine the sensitivity and accumulation potential of pteridophytes under varying environmental stress conditions.Environmental parameters were analyzed to establish the relationship between pteridophyte distribution and ecosystem health in different ecological zones of the Chhindwara district (Table 1).
Table:1 To correlate plant presence with environmental health, the following analyses are conducted:
	Parameter
	Analysis Method
	Bioindicator Species Focus

	Heavy Metals (Soil)
	Atomic Absorption Spectroscopy (AAS) for As, Pb, and Cd.
	Pteris vittata, Equisetum arvense

	Air Quality
	Monitoring PM10 and SO2 levels via portable air sensors.
	Adiantum species (checking for leaf necrosis)

	Water Quality
	Testing pH, Turbidity, and Nitrate levels in local streams.
	Marsilea minuta, Azolla pinnata

	Soil Moisture
	Gravimetric method to determine water-holding capacity.
	Selaginella species



3. Results and Discussion
The present investigation conducted across different ecological zones of the Chhindwara district revealed a significant relationship between pteridophyte diversity, species distribution, and prevailing environmental stress conditions (Table 2) (Morajkar et.al., 2021). Variations in species abundance, physiological condition, and habitat specificity clearly reflected the influence of mining activities, industrial pollution, urbanization, deforestation, and changing hydrological conditions on the pteridophytic flora of the Satpura region. The comparative assessment of Zone A (Patalkot and Tamia Hills), Zone B (Junnardeo and Parasia mining belts), and Zone C (urban-industrial fringes) demonstrated that pteridophytes can serve as highly sensitive and reliable bioindicators for monitoring environmental degradation and ecosystem stability.
3.1 Heavy Metal Accumulation and Mining Stress
The mining regions of Junnardeo and Parasia in Zone B exhibited severe environmental disturbances due to extensive coal extraction, mine overburden deposition, vehicular emissions, and industrial discharge associated with mining operations (Halder et.al., 2024). Soil analysis from these regions revealed elevated concentrations of heavy metals such as arsenic (As), lead (Pb), and cadmium (Cd), indicating severe contamination of the terrestrial ecosystem. These findings are consistent with previous studies conducted in coal mining regions of Central India, where mine drainage and fly ash deposition significantly altered soil chemistry and reduced vegetation diversity.
Interestingly, several pollution-sensitive angiosperm species were either absent or poorly represented in contaminated sites, whereas Pteris vittata was observed growing abundantly near abandoned and active mining locations. The species exhibited a Bioaccumulation Factor (BAF) greater than 1.5, confirming its strong hyperaccumulating ability for arsenic and lead (Huang et.al., 2020). Hyperaccumulator species possess specialized physiological and biochemical mechanisms that allow them to tolerate, absorb, translocate, and sequester toxic metals within their tissues without exhibiting severe toxicity symptoms. The dominance of Pteris vittata in mining zones suggests the presence of efficient detoxification mechanisms involving phytochelatins, vacuolar sequestration, and antioxidant enzyme systems that protect cellular structures from oxidative damage caused by heavy metals.
The extensive growth of Pteris vittata in contaminated soils serves as an important biological indicator of heavy metal pollution and groundwater contamination in the Pench Valley region (Matzen et.al., 2022). The species can therefore be effectively utilized for phyto-remediation programs aimed at reducing arsenic contamination from degraded mining soils. Similar findings have been reported from industrial and mining regions of China, Thailand, and India, where Pteris vittata has shown exceptional tolerance to arsenic-contaminated substrates. The observed decline in associated vegetation around mining sites further indicates the adverse ecological effects of heavy metal toxicity on plant community composition and soil microbial activity. Reduced vegetation cover in these areas may accelerate soil erosion, nutrient depletion, and habitat fragmentation, thereby intensifying ecological instability in the mining belts.
3.2 Air Pollution and Physiological Responses of Pteridophytes
In Zone C, which comprised industrial and urban areas surrounding Chhindwara city, pteridophyte species exhibited clear physiological and morphological responses to atmospheric pollution (Joshi et.al., 2020). Species such as Adiantum incisum and Adiantum capillus-veneris showed symptoms of chlorosis, necrosis, reduced frond expansion, and abnormal spore development in sites located near roadsides, industrial estates, and coal combustion units. Chlorophyll estimation revealed an approximate 30% reduction in total chlorophyll content in specimens collected from polluted industrial regions compared with those obtained from the relatively undisturbed Tamia Hills. This reduction in chlorophyll content indicates direct interference of atmospheric pollutants with photosynthetic pigments and chloroplast structure. Sulfur dioxide (SO₂), nitrogen oxides (NOx), and particulate matter generated from industrial activities are known to impair photosynthesis by causing membrane damage, oxidative stress, and reduced stomatal functioning in sensitive plant species. Microscopic analysis of frond epidermis in Adiantum species revealed reduced stomatal density and stomatal frequency in polluted sites (Shah et.al., 2019). Such modifications may represent adaptive mechanisms that minimize pollutant entry and reduce excessive water loss under stressful environmental conditions. Similar responses have been observed in fern species exposed to industrial emissions in urban ecosystems of Southeast Asia and Europe. Large-frond fern species were also found to accumulate visible dust particles and suspended particulate matter on their frond surfaces. The deposition of PM10 and PM2.5 particles on fronds reduces light penetration and affects gaseous exchange, thereby lowering photosynthetic efficiency and plant growth. The ability of pteridophytes to trap airborne pollutants highlights their usefulness as natural biomonitors of atmospheric contamination (Chaudhuri et.al., 2024). Since pteridophytes absorb moisture and nutrients directly through their fronds, they are highly vulnerable to changes in air chemistry and therefore provide rapid indications of environmental deterioration. The gradual disappearance of sensitive fern species from industrial and urban regions also reflects the increasing ecological pressure associated with urban expansion, vehicular pollution, and habitat disturbance in Chhindwara district. Such observations indicate that long-term industrialization may significantly alter local biodiversity and reduce ecological resilience in urban ecosystems (Mori et.al., 2025).
3.3 Forest Integrity, Humidity, and Habitat Stability
Zone A, comprising the Patalkot Valley and Tamia Hills, represented relatively undisturbed ecosystems characterized by dense forest canopy, high relative humidity, rich organic matter, and stable micro-climatic conditions (Mahat et.al., 1987). These habitats supported the highest diversity of pteridophytes recorded during the study. The tree fern Cyathea spinulosa was exclusively found in deep forest pockets of Patalkot where humidity levels remained consistently high throughout the year. The restricted occurrence of this species demonstrates its dependence on stable ecological conditions and intact forest canopies.Tree ferns are considered highly sensitive to habitat disturbances because of their requirement for moist environments, shaded conditions, and low temperature fluctuations. The complete absence of Cyathea spinulosa from mining and urban zones confirms its role as an obligate bioindicator of climax forest ecosystems. Even minor disturbances such as selective logging, road construction, tourism pressure, or canopy thinning may adversely affect its regeneration and survival (Royo et.al., 2016). Similar observations have been reported from tropical and subtropical forests where tree ferns decline rapidly in fragmented and disturbed habitats.
Species of Selaginella were highly abundant in moist ravines, rocky crevices, and shaded slopes where soil moisture remained consistently high. However, in areas affected by deforestation and soil desiccation, these species exhibited characteristic frond curling and resurrection behaviour. Such physiological responses reflect their remarkable adaptation to temporary drought conditions and indicate increasing moisture stress within disturbed forest ecosystems (Yadav et.al., 2024). The reduction in Selaginella abundance in fragmented habitats suggests declining soil moisture retention and changes in micro-climatic stability due to vegetation loss. Since these species respond rapidly to fluctuations in humidity and soil water availability, they can serve as useful indicators of habitat degradation and forest ecosystem instability.The disappearance of epiphytic and moisture-sensitive pteridophytes from forest canopies may therefore indicate declining relative humidity and rising temperatures associated with deforestation and climate change. These findings emphasize the ecological significance of pteridophytes in maintaining forest biodiversity and ecological balance within the Satpura landscape.
3.4 Aquatic Pteridophytes and Water Quality Assessment
Aquatic pteridophytes such as Azolla pinnata and Marsilea minuta were frequently observed in ponds, wetlands, and waterlogged habitats across agricultural and semi-urban regions of Chhindwara district. The rapid proliferation of Azolla pinnata in stagnant water bodies indicated nutrient enrichment and eutrophication caused primarily by phosphate-rich agricultural runoff and domestic waste discharge. Excessive nutrient loading stimulates abnormal growth of aquatic vegetation, leading to oxygen depletion and deterioration of water quality. Although Azolla pinnata contributes positively through biological nitrogen fixation and is widely utilized as a biofertilizer in rice cultivation, uncontrolled proliferation may create dense mats on water surfaces that reduce light penetration and dissolved oxygen levels. Such conditions can negatively affect aquatic biodiversity and disrupt ecological balance in lentic ecosystems. The occurrence of Marsilea minuta in nutrient-rich wetlands further supports the influence of changing water chemistry and anthropogenic disturbances on aquatic habitats.
The sensitivity of aquatic pteridophytes to pollutants, nutrient imbalance, and hydrological changes makes them useful indicators for monitoring freshwater ecosystem health (Ansari et.al., 2017). Their rapid response to environmental fluctuations provides an effective and low-cost approach for assessing water quality in rural and semi-urban landscapes. Similar studies have highlighted the role of Azolla and other aquatic ferns in biomonitoring eutrophication, heavy metal contamination, and wastewater pollution in tropical ecosystems. The findings of the present study clearly demonstrate that pteridophytes possess immense potential as ecological indicators of environmental quality in the Chhindwara district. Their distribution patterns, physiological responses, and adaptive characteristics provide valuable information regarding heavy metal contamination, atmospheric pollution, habitat fragmentation, deforestation, and aquatic ecosystem degradation. The study further emphasizes the importance of integrating pteridophytes into biodiversity conservation strategies, environmental monitoring programs, and ecological restoration initiatives for sustainable management of the Satpura region (Della et.al., 2019).
Table 2: Summary of Pteridophytes as Bioindicators in Chhindwara
	Species
	Primary Location
	Environmental Condition Indicated
	Impact Observed

	Pteris vittata
	Parasia/Junnardeo
	Heavy Metal Toxicity (As, Pb)
	Hyperaccumulation

	Adiantum spp.
	Chhindwara Urban
	High Air Pollution (SO2, Dust)
	Leaf Necrosis

	Cyathea spinulosa
	Patalkot Valley
	Pristine Micro-climate
	Limited Distribution

	Azolla pinnata
	Local Ponds
	Eutrophication/Water Pollution
	Rapid Bloom

	Marsilea minuta
	Wetlands
	Agricultural Runoff
	Biomass Increase



4. Conclusion
The study concludes that pteridophytes are not merely remnants of an ancient floral lineage but are active "ecological monitors" for the Chhindwara district. The Pteris dominated landscapes in mining zones and the Cyathea-dependent ecosystems in Patalkot provide a biological map of environmental health. Integrating pteridophytic surveys into regional environmental impact assessments (EIA) would provide the Madhya Pradesh Forest Department and Pollution Control Board with a reliable, low-cost diagnostic tool for conservation planning. The study suggests that the declining population of sensitive species like Cyathea in the Chhindwara district serves as an early warning for habitat fragmentation. Conversely, the proliferation of Pteris near mining sites confirms heavy metal leaching. Utilizing these plants as "living sensors" offers a cost-effective method for the Madhya Pradesh Pollution Control Board to monitor long-term ecological shifts. The study confirms that the pteridophyte community of Chhindwara is a living record of the district's environmental challenges. From the heavy metal "red flags" in mining zones to the "pristine markers" in Patalkot, these plants provide a spatial map of anthropogenic impact. Protecting the high-biodiversity "benchmark" areas like Tamia is essential, not just for conservation, but to maintain the genetic stock of these sensitive environmental indicators.
5. Recommendations
Based on the findings of the present study, several measures are recommended for effective environmental management and biodiversity conservation in the Chhindwara district. The hyperaccumulating ability of Pteris vittata observed in the mining belts of Parasia and Junnardeo indicates its strong potential for use in phyto-remediation programs. This species can be incorporated into land reclamation and mine restoration projects to naturally absorb and reduce heavy metal contamination from polluted soils. In addition, ecologically sensitive areas such as the Tamia Hills and Patalkot Valley should be designated as protected “Pteridophytic Sanctuaries” to conserve rare and sensitive fern diversity. Regular monitoring of species such as Cyathea spinulosa can function as an effective early warning system for detecting habitat degradation, forest fragmentation, and regional climate change. The involvement of local tribal communities residing in the Satpura region is also essential, as these communities possess traditional ethnobotanical knowledge related to pteridophytes. Their participation in community-based “Citizen Science” programs can help document changes in fern distribution and identify the decline of moisture-sensitive species at an early stage. Furthermore, the Madhya Pradesh Pollution Control Board should integrate biological indicators into routine environmental monitoring programs. Physiological responses observed in species such as Adiantum, including chlorosis, necrosis, and reduced stomatal density, can serve as valuable biological supplements to conventional electronic air quality monitoring systems in industrial and urban areas. These combined conservation and monitoring strategies would contribute significantly toward sustainable environmental management and ecological restoration in the Chhindwara district.
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