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Epiphytic Vascular Cryptogams as Bioindicators of Atmospheric Heavy Metal Pollution in Eket Wetlands, Nigeria
Abstract
This study investigates the bioaccumulation of heavy metals in epiphytic vascular cryptogams as indicators of atmospheric pollution in Eket wetlands, Nigeria. The research assessed seasonal variations in heavy metal concentrations of Nephrolepis biserrata, Nephrolepis undulata, and Selaginella myosurus across different sites. Epiphytic plants were obtained from each site using systematic sampling method and analysed for heavy metals. Atmospheric heavy metal analysis revealed that Atabong recorded the highest concentrations of cadmium (0.94 ± 0.12 mg/kg wet season, 0.63 ± 0.00 mg/kg dry season), copper (3.62 ± 0.20 mg/kg wet season, 1.24 ± 0.03 mg/kg dry season), and chromium (5.83 ± 0.16 mg/kg wet season, 4.32 ± 0.58 mg/kg dry season), suggesting significant industrial and vehicular emissions. Lead concentrations peaked at Marina (2.72 ± 0.43 mg/kg dry season), indicating marine-based pollution sources. Heavy metal accumulation in ferns varied significantly across species and locations. N. biserrata exhibited the highest uptake of zinc (31.49 ± 2.27 mg/kg wet season at Atabong) and iron (19.40 ± 1.83 mg/kg wet season at Atabong). S. myosurus recorded the highest cadmium accumulation (4.51 ± 0.16 mg/kg dry season at Atabong), with a bioaccumulation factor of 7.16, highlighting its strong potential for biomonitoring cadmium contamination. The bioaccumulation factors for zinc, copper, and iron were highest in the wet season, suggesting increased metal mobility due to precipitation. Also, spatial analysis revealed that Atabong had the most severe contamination, with consistently elevated heavy metal concentrations across all measured parameters, while Ikot Udota and Etebi exhibited lower pollution levels. The results underscore the effectiveness of epiphytic ferns as bioindicators for monitoring atmospheric heavy metal pollution in wetland ecosystems. The study recommends integrating fern-based biomonitoring strategies into environmental policies and enforcing stricter pollution control measures to mitigate industrial emissions in Eket wetlands.
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1.0 Introduction
Wetlands are ecologicallly important in mitigating air pollution by acting as natural filters which trap pollutants and regulating composition of the atmosphere, serving as habitats for diverse flora and fauna, supporting climate regulation, and contributing to local economies through agriculture and fisheries (Liu et. al. 2018; Eneyew and Asefa, 2021). However, human activities including deforestation, industrialization and urban expansion have led to the degradation of wetlands, tumbling their ability to perform these essential ecological functions. Activities such as excessive land reclamation for urban development, runoff from agricultural units and industrial waste discharge, burning of fossil fuels also contribute to this anomaly. The introduction of pollutants, including heavy metals and hydrocarbons through several anthropogenic activities, severely affects the ecological balance of wetland environments (Eneyewa and Asefa, 2021). These activities not only impact water quality but also affect plant species that serve as ecological indicators of environmental health. 
Vascular epiphytic cryptogams have been widely recognized as effective bio-indicators of air pollution due to their physiological characteristics, which permits for absorption of airborne pollutants directly from the atmosphere. Unlike other plants, ferns and fern allies do not rely on soil as their primary source of nutrients and so this attribute presents them more readily susceptible to atmospheric contaminants. Their unique cuticular properties, high surface area and ability to accumulate pollutants qualify them in many cases as reliable monitors of environmental quality (Dhir, 2001; Di-Michelle and Philips 2002; Diaz et. al 2021). Previous studies have emphasized that vascular cryptogams exhibit numerical, morphological and physiological dynamism in response habitat changes and air pollution intensity (Di-Michelle and Philips 2002). Some of these environmental markers include their density, altered chlorophyll content, reduced growth, stomata variations and increased pollutant bioaccumulation (Di-Michelle and Philips 2002; Wietrzyk-Pełka  et. al 2021; Mbong, et. al. 2023, Bassey, et. al. 2023). Wetland ferns and fern allies play a vital ecological role in stabilizing wetland ecosystems, serving as sources of habitat diversification for microfauna, and contributing to biodiversity. Their ability to capture airborne pollutants makes them an excellent resource for environmental monitoring (Ancheta et al 2020). This study investigates the role of ferns as bioindicators of air pollution in the Eket wetlands, with an empirical focus on assessing pollutant accumulation in three epiphytic vascular cryptogam tissues, determining spatial pollution patterns, and evaluating the implications for ecosystem health. By analyzing the accumulation of heavy metals and PAHs in selected fern species, this study aims to establish the viability of ferns as natural air quality monitors and provide scientific insights for environmental management and pollution control.
2.0 Materials and Methods
2.1	Study Area 
Eket is situated at 4.64oN latitude, 7.92oE longitude and 153 meters elevation above the sea level. It is a small city in the Niger Delta Region of Nigeria having about 25,569 inhabitants. The average annual temperature in Eket is 26.7oC.  The average annual rainfall is 3119 mm. The seasonal variation in the rainfall patterns has effects on vegetation and it would be scientifically prudent to sample at different times of the year during both the dry and wet season. Occupations carried out in Eket include fishing, trading, hunting, wood-carving, craft creations and pottery (AKSG, 2017; Mbong et. al. 2023). Eket falls within the tropical rain forest zone characterized by a typical tropical humid climate with distinct dry (November-March) and wet (April-October) seasons. The dry season is characterized by prevalence of dry tropical continental winds from the Sahara Desert while the wet season is typified by moist tropical wind from the Atlantic Ocean. 
2.2 Ferns Identification and Sampling
Systematic sampling method was used to sample plants within the wetlands using a quadrat of 10 m x 10 m according to the methods of Ogbemudia et. al. (2013) Anwana et. al. (2020) and Mbong et. al. (2020). In each quadrat, ferns were identified to species level following the methods described by Bassey et. al. (2023) and Bassey, et al. (2024) Unknown specimens were collected for identification and confirmation from voucher specimens in the Herbarium of the Department of Botany and Ecological Studies, University of Uyo. 
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FIG 1. Map of Study Area showing Sampling locations
2.4	Plant Collection
The plants samples (Epiphytic ferns) were collected from different locations, labeled appropriately according to the location and temporarily stored in ziplock bags and then taken to laboratory as was described by Oboho et. al. (2022) and George et. al. (2023). Plant collection involved clipping of epiphytes at a height of 4 to 5m from the bark of wetland trees and palms. Three ferns (Nephrolepsis biseratta, Nephrolepsis undulata and Selaginella myosurus) common to the wetlands were obtained from these locations for further analysis.  
2.5 Preservation of Filters
After sampling, the filters were changed and individually placed into pre-cleaned aluminum foil for transport, storage and subsequent analysis. Reweighing of the filter paper (using ultra-microbalance) was carried out at the laboratory immediately on arrival. The exposed Whatman filters were cut into pieces by means of clean stainless steel scissors and transferred into a 250 ml beaker (Meshari, et. al. 2021). 
2.6 Digestion of Filters
To the beaker, 6 ml of concentrated nitric acid, 4 ml of hydrogen peroxide (30 %) and 50 ml of distilled water were added, and then covered with a watch glass. This was heated on a hot plate until most of the acid evaporated. Same procedure was repeated at least twice. This was repeated until the residue was barely dry and a white ash appeared. The residue was dissolved in 5 ml of concentrated nitric acid. The digest was filtered, with repeated small washings of nitric acid into a 25 ml volumetric flask and made up to mark with dilute nitric acid. A blank unexposed filter paper was similarly digested for blank correction (Ohnermus et. al. 2014).
      2.7 Digestion of plant samples Heavy metals Analysis
The Plant samples were oven dried at 100° C for 24 hours and blended to fineness for easy digestion with an electrical blender and then sieved through a 2 mm mesh sieve for easy digestion. 5 ml of 4:1 mixture of concentration HNO3:HClO4 was added to 1 g of weighed plant with an analytical weighing balance. It was heated at a temperature of 105° C for 1 hour to dryness. Then allowed to cool and made up to the mark of 50 ml volumetric flask with 1M HNO3. The solution was centrifuged using a (HARRIER 15/80 model centrifuge) for 30 min then transferred into sampling bottles for analysis according to the methods of Mbong, et.  al. (2013) and Ogbemudia et. al. (2016); all digested samples were analyzed using a Perk-Elmer Analyst Atomic Absorption Spectrophotometer (AAS)

    2.8  Determination of Bioaccumulation  Factor 
The bioaccumulation factor (BAF) of metals uptake from air to plants was estimated using the standard method which involved quantifying the concentration of metals in plant tissues and comparing it to the concentration in the environment (air). The bioaccumulation factor was calculated according to Constanza et al, (2012) using the formula:
BAF  

    2.9	Statistical Analysis
Data Obtained were analyzed using descriptive statistics and presented as tables. Significant differences in mean values of parameters within and between locations were identified using two-way analysis of variance according to the methods of Baban (2024). All statistical analysis where carried out using the SPSS software (version 28) (IBM  Corporation, 2021).
3. Results 
3.1 Variations in Atmospheric Heavy metals concentration in wetlands across seasons
In Table 1, cadmium (Cd) showed the highest concentration at Atabong (0.94 ± 0.12 mg/kg) and the least at Ikot Ibiok (0.23 ± 0.00 mg/kg) during the wet season. Copper (Cu) was most concentrated at Atabong (3.62 ± 0.20 mg/kg) and least at Ikot Ibiok (0.08 ± 0.03 mg/kg). Iron (Fe) had its peak at Marina (7.24 ± 1.28 mg/kg), with the lowest levels at Atabong (2.17 ± 2.38 mg/kg). Lead (Pb) was only detectable at Atabong (0.72 ± 1.90 mg/kg) and Marina (0.08 ± 0.01 mg/kg). Zinc (Zn) concentrations were highest at Marina (5.71 ± 0.10 mg/kg) and lowest at Ikot Udota (1.06 ± 0.02 mg/kg). Manganese (Mn) peaked at Atabong (1.41 ± 0.22 mg/kg) and was below detectable limits (BDL) at Ikot Udota and Etebi. Chromium (Cr) showed the highest levels at Atabong (5.83 ± 0.16 mg/kg). Concurrently in the dry season, cadmium (Cd) levels were highest at Atabong (0.63 ± 0.00 mg/kg) and lowest at Etebi (0.19 ± 0.00 mg/kg). Copper (Cu) was most concentrated at Atabong (1.24 ± 0.03 mg/kg) and least at Ikot Ibiok (0.08 ± 0.00 mg/kg). Iron (Fe) peaked at Marina (3.67 ± 0.02 mg/kg) and was lowest at Etebi (1.19 ± 0.07 mg/kg). Lead (Pb) was highest at Marina (2.72 ± 0.43 mg/kg) and BDL at Etebi. Zinc (Zn) was highest at Atabong (2.31 ± 0.20 mg/kg) and lowest at Etebi (0.08 ± 0.02 mg/kg). Manganese (Mn) was most concentrated at Etebi (0.71 ± 0.0 mg/kg), and lowest at Atabong (0.16 ± 0.01 mg/kg). Chromium (Cr) peaked at Marina (6.91 ± 0.02 mg/kg) (Table 2).
[bookmark: _GoBack]Table 1: Mean (±) Standard Error of Atmospheric Trace Metal Concentration (mg/kg) in Eket Wetlands (Wet Season).
	Metals
	Units
	Atabong
	Marina
	Ikot Ibiok
	Ikot udota
	Etebi
	WHO (2018)

	Cadmium
	mg/kg
	0.94 ± 0.12a
	0.76 ± 0.14b
	0.23 ± 0.00c
	0.36 ± 0.00c
	0.34 ± 0.06c
	0.05

	Copper 
	mg/kg
	3.62 ± 0.20a
	0.51 ± 0.30b
	0.08 ± 0.03c
	0.71 ± 0.06b
	0.51 ± 0.49b
	NA

	Iron
	mg/kg
	2.17 ± 0.238a
	7.240 ± 1.28b
	2.87 ± 0.42a
	5.63 ± 0.00b
	3.21 ± 0.74c
	NA

	Lead
	mg/kg
	0.72 ± 0.190a
	0.08 ± 0.01b
	BDL
	BDL
	BDL
	0.05

	Zinc
	mg/kg
	5.19 ± 1.68a
	5.71 ± 0.10a
	1.25 ± 0.10b
	1.06 ± 0.02b
	1.89 ± 0.04b
	NA

	Manganese
	mg/kg
	1.41 ± 0.22a
	0.86 ± 0.05b
	0.10 ± 0.07c
	BDL
	BDL
	1.5

	Chromium
	mg/kg
	5.83±0.16a
	4.89±0.13a
	1.26 ± 0.21b
	0.04 ± 0.00c
	0.09 ± 0.00c
	0.1


NA= Not available
Table 2: Mean (±) Standard Error of Atmospheric Trace Metal Concentration (mg/kg) in Eket Wetlands (Dry Season).
	Metals
	Units
	Atabong
	Marina
	 Ikot Ibiok
	Ikot Udota
	Etebi
	WHO (2018)

	Cadmium
	mg/kg
	0.63 ± 0.00a
	0.51 ± 0.04a
	0.31 ± 0.00b
	0.27 ± 0.13b
	0.19 ± 0.00c
	0.05

	Copper
	mg/kg
	1.24 ± 0.03a
	1.16 ± 0.00a
	0.08 ± 0.00b
	0.12 ± 0.01c
	0.47 ± 0.00d
	NA

	Iron
	mg/kg
	2.81 ± 0.02a
	3.67 ± 0.02a
	1.15 ± 0.02b
	2.51 ± 0.00a
	1.19 ± 0.07d
	NA

	Lead
	mg/kg
	1.32 ± 0.01a
	2.72 ± 0.43b
	0.04 ±0.01c
	0.14 ±0.06d
	BDL
	0.05

	Zinc
	mg/kg
	2.31 ± 0.20a
	1.28 ± 0.04b
	1.07 ± 0.05c
	1.21 ± 0.02b
	0.08 ± 0.02d
	NA

	Manganese
	mg/kg
	0.16± 0.01a
	0.28 ± 0.00b
	0.12 ± 0.043c
	0.14 ± 0.00a
	0.71 ± 0.0d
	1.5

	Chromium
	mg/kg
	4.32 ± 0.58a
	6.91 ± 0.02b
	0.67 ± 0.15c
	0.51 ± 0.21c
	BDL
	0.1


*NA= Not available
3.2	Variations in Plants Heavy metals concentration in wetlands across seasons 
In the wet season, N. biserrata showed the highest accumulation of zinc (Zn) at Atabong (31.49 ± 2.27 mg/kg) and the least in Ikot Udota (2.41 ± 0.22 mg/kg). Iron (Fe) was most concentrated at Atabong (19.40 ± 1.83 mg/kg), while the lowest level was at Ikot Ibiok (3.04 ± 0.87 mg/kg). Cadmium (Cd) and manganese (Mn) concentrations were highest at Atabong (0.70 ± 0.98 mg/kg and 2.62 ± 0.53 mg/kg, respectively) and least at Ikot Ibiok (0.18 ± 0.02 mg/kg and 0.50 ± 0.07 mg/kg, respectively). Lead (Pb) was only detectable at Atabong (0.56 ± 0.92 mg/kg) and Marina (0.05 ± 0.03 mg/kg), while chromium (Cr) peaked at Atabong (3.12 ± 0.24 mg/kg) (Table 3). Similarly, N. undulata accumulated the highest level of iron (Fe) at Atabong (10.83 ± 0.56 mg/kg), with the lowest concentration observed in Etebi (3.21 ± 0.83 mg/kg). Zinc (Zn) was significantly higher in Atabong (13.89 ± 3.27 mg/kg) and lowest in Etebi (1.23 ± 0.04 mg/kg). Cadmium (Cd) levels were generally low but peaked in Etebi (0.21 ± 0.02 mg/kg) and were least at Ikot Ibiok and Ikot Udota (0.05 ± 0.03 mg/kg and 0.06 ± 0.04 mg/kg, respectively). Copper (Cu) levels were highest at Atabong (2.67 ± 0.20 mg/kg) and lowest in Etebi (0.31 ± 0.14 mg/kg) (Table 4). In the same season, S. myosurus recorded the highest cadmium (Cd) concentration at Ikot Ibiok (0.41 ± 0.18 mg/kg) and the least at Etebi (0.11 ± 0.03 mg/kg). Copper (Cu) was most abundant in Atabong (2.71 ± 0.04 mg/kg) and lowest in Etebi (0.42 ± 0.08 mg/kg). Zinc (Zn) levels peaked at Atabong (4.72 ± 1.20 mg/kg) and were minimal at Ikot Udota (0.41 ± 0.23 mg/kg). Iron (Fe) concentrations were highest in Etebi (6.31 ± 0.22 mg/kg) and lowest in Ikot Ibiok (2.73 ± 0.12 mg/kg) (Table 5).
Table 3: Mean (± Standard Error) of Trace Metal Concentration (mg/kg) in the N. biseratta (Wet Season).
	Trace Metals
	Units
	Atabong
	Marina
	Ikot Ibiok
	Ikot udota
	 Etebi
	WHO (2018)

	Cadmium
	mg/kg
	0.70 ± 0.098a
	0.59 ± 0.093a
	0.18 ± 0.02b
	0.41 ± 0.02c
	0.34 ± 0.06c
	0.2

	Copper 
	mg/kg
	3.05 ± 0.23a
	0.81 ± 0.37b
	0.10 ± 0.03c
	0.52 ± 0.07b
	0.63 ± 0.07b
	10

	Iron
	mg/kg
	19.40 ± 1.83a
	9.80 ± 1.62b
	3.04 ± 0.87c
	11.91 ± 0.03b
	12.17 ± 0.57b
	NA

	Lead
	mg/kg
	0.56 ± 0.192a
	0.05 ± 0.03b
	BDL
	BDL
	BDL
	0.1

	Zinc
	mg/kg
	31.49 ± 2.27a
	9.39 ± 3.18b
	2.48 ± 0.19c
	2.12 ± 0.22c
	2.41 ± 0.22c
	50

	Manganese
	mg/kg
	2.62 ± 0.53a
	1.35 ± 0.29b
	0.50 ± 0.07c
	0.46 ± 0.03c
	0.44 ± 0.07c
	100

	Chromium
	mg/kg
	3.12±0.24a
	2.94± 0.68a
	0.17 ± 0.02b
	0.05 ± 0.02c
	0.06 ± 0.01c
	1.0


Note: Mean are products of triplicate determinations; WHO = World Health Organization; Nigerian Environmental Standards Regulatory Agency; NA= Not available.
In the dry season, N. biserrata had the highest accumulation of iron (Fe) at Ikot Udota (15.46 ± 0.01 mg/kg) and the least at Ikot Ibiok (9.86 ± 0.02 mg/kg). Zinc (Zn) peaked in Marina (11.93 ± 0.08 mg/kg) and was lowest in Ikot Udota (3.02 ± 0.01 mg/kg). Cadmium (Cd) levels were highest in Atabong (0.89 ± 0.03 mg/kg) and lowest in Etebi and Ikot Ibiok (0.23 ± 0.10 mg/kg and 0.23 ± 0.00 mg/kg, respectively). Copper (Cu) was most concentrated in Atabong (3.87 ± 0.01 mg/kg) and least in Ikot Ibiok (0.13 ± 0.00 mg/kg) (Table 6). Also, in same season, N. undulata showed maximum iron (Fe) levels in Atabong (6.42 ± 0.60 mg/kg) and minimum in Ikot Ibiok (2.28 ± 0.22 mg/kg). Zinc (Zn) was highest in Atabong (5.16 ± 2.04 mg/kg) and lowest in Ikot Udota (1.61 ± 0.12 mg/kg). Cadmium (Cd) reached its highest concentration in Atabong (1.61 ± 0.12 mg/kg) and lowest in Ikot Udota (0.04 ± 0.01 mg/kg).Copper (Cu) levels were highest in Atabong (1.73 ± 0.03 mg/kg) and lowest in Etebi (0.72 ± 0.20 mg/kg) (Table 7).
Table 4: Mean (± Standard Error) of Trace Metal Concentration (mg/kg) in the N. undulata obtained from Eket Wetlands (Wet Season).
	Trace Metals
	Units
	Atabong
	Marina
	Ikot ibiok
	Ikot Udota
	Etebi
	WHO (2018)

	Cadmium
	mg/kg
	0.10 ± 0.77a
	0.10 ± 0.03a
	0.05 ± 0.03b
	0.06 ± 0.04b
	0.21±0.02c
	0.2

	Copper 
	mg/kg
	2.67 ± 0.20a
	0.43 ± 0.24b
	0.19 ± 0.03c
	0.42 ± 0.09b
	0.31±0.14b
	10

	Iron
	mg/kg
	10.83 ± 0.56a
	9.07 ± 1.73a
	4.43 - ± 0.83b
	6.06 ± 1.18b
	3.21±0.83c
	NA

	Lead
	mg/kg
	0.08 ± 0.056a
	0.09 ± 0.01a
	BDL
	BDL
	BDL
	0.1

	Zinc
	mg/kg
	13.89 ± 3.27a
	3.70 ± 0.92b
	1.69 ± 0.24c
	0.21 ± 0.075d
	1.23±0.04d
	50

	Manganese
	mg/kg
	1.01 ± 0.51a
	0.37 ± 0.17b
	0.16 ± 0.07c
	0.04 ± 0.010d
	0.13±0.01c
	100

	Chromium
	mg/kg
	2.81±0.91a
	3.1±0.62a
	0.14 ± 0.01b 
	BDL
	BDL
	1.0


Note: Mean are products of triplicate determinations; WHO = World Health Organization; Nigerian Environmental Standards Regulatory Agency; NA= Not available.
Table 5: Mean (± Standard Error) of Trace Metal Concentration (mg/kg) in S. myosurus the obtained from Eket Wetlands (Wet Season).
	Trace Metals
	Units
	Atabong
	Marina
	Ikot ibiok
	Ikot Udota
	Etebi
	WHO (2018)

	Cadmium
	mg/kg
	0.34 ± 0.17a
	0.27 ± 0.12a
	0.41 ± 0.18a
	0.13 ± 0.01b
	0.11±0.03c
	0.2

	Copper 
	mg/kg
	2.71 ± 0.04a
	1.43 ± 0.24b
	0.28 ± 0.01c
	0.60 ± 0.30c
	0.42±0.08c
	10

	Iron
	mg/kg
	3.28 ± 0.26a
	4.37 ± 0.91a
	2.73 ± 0.12a
	5.56 ± 0.06b
	6.31±0.22b
	NA

	Lead
	mg/kg
	0.21 ± 0.05a
	0.14 ± 0.02b
	0.14 ± 0.02b
	BDL
	BDL
	0.1

	Zinc
	mg/kg
	4.72 ± 1.20a
	2.31 ± 0.15b
	1.06 ± 0.43c
	0.41 ± 0.23d
	0.67±0.14d
	50

	Manganese
	mg/kg
	1.82 ± 0.14a
	0.52 ± 0.09b
	0.11 ± 0.01c
	0.25 ± 0.12c
	0.33±0.08c
	100

	Chromium
	mg/kg
	4.46±0.37a
	5.17±1.26b
	0.04 ± 0.00c 
	0.02 ± 0.00d
	BDL
	1.0


Note: Mean are products of triplicate determinations; WHO = World Health Organization; Nigerian Environmental Standards Regulatory Agency; NA= Not available.
Table 6: Mean (±) Standard Error of Trace Metal Concentration (mg/kg) in N. biseratta the obtained from Eket Wetlands (Dry Season).
	Metals
	Units
	Atabong
	Marina
	Ikot Ibiok
	Ikot Udota
	Etebi
	WHO (2018)

	Cadmium
	mg/kg
	0.89 ± 0.03a
	0.75 ± 0.02a
	0.23 ± 0.00b
	0.43 ± 0.00c
	0.23 ± 0.10b
	0.2

	Copper
	mg/kg
	3.87 ± 0.01a
	1.03 ± 0.01b
	0.13 ± 0.00c
	0.80 ± 0.00b
	0.58 ± 0.40b
	10

	Iron
	mg/kg
	14.64 ± 0.05a
	12.45 ± 0.04b
	9.86 ± 0.02b
	15.46 ± 0.01a
	11.20 ± 0.00b
	NA

	Lead
	mg/kg
	1.71 ± 0.02a
	0.58 ± 0.01b
	0.04 ±0.01c
	BDL
	BDL
	0.1

	Zinc
	mg/kg
	9.96 ± 0.06a
	11.93 ± 0.08a
	3.15 ± 0.00b
	3.02 ± 0.01b
	3.06 ± 0.01b
	50

	Manganese
	mg/kg
	3.33 ± 0.01a
	1.71 ± 0.01b
	0.64 ± 0.00c
	0.40 ± 0.00c
	0.56 ± 0.20c
	100

	Chromium
	mg/kg
	3.96 ± 0.01a
	3.73 ± 0.02a
	0.22 ± 0.00b
	0.33 ± 0.00b
	0.06 ± 0.10b
	1.0


Note: BDL = Below Detectable Limit; Mean are products of triplicate determinations; NA= Not available.
In Table 8, S. myosurus accumulated the highest cadmium (Cd) levels at Atabong (4.51 ± 0.16 mg/kg) and the lowest at Ikot Udota (0.11 ± 0.01 mg/kg). Copper (Cu) was most abundant at Atabong (4.84 ± 0.04 mg/kg) and least at Ikot Ibiok (0.64 ± 0.04 mg/kg). Zinc (Zn) levels were highest in Atabong (14.45 ± 2.65 mg/kg) and lowest in Ikot Udota (4.51 ± 0.16 mg/kg). Iron (Fe) concentrations were highest in Etebi (26.88 ± 0.52 mg/kg) and lowest in Ikot Ibiok (6.38 ± 0.29 mg/kg).







Also, during the wet season, the bioaccumulation factor for cadmium (Cd) was highest for N. biseratta at Etebi (1.0) and lowest for S. myosurus at Marina (0.10638). Copper (Cu) showed the highest factor at Ikot Ibiok for S. myosurus (3.5). Iron (Fe) was most accumulated at Atabong for N. biseratta (8.92364). Lead (Pb) levels were highest at Marina for S. myosurus (1.75). Zinc (Zn) had the highest factor at Atabong for N. biseratta (6.06744). Manganese (Mn) was most accumulated at Ikot Ibiok for N. biseratta (5.0). Chromium (Cr) peaked at Marina for S. myosurus (1.05726) In the dry season, cadmium (Cd) bioaccumulation was highest for S. myosurus at Etebi (2.63158). Copper (Cu) peaked for S. myosurus at Ikot Udota (15.4167). Iron (Fe) was most accumulated by S. myosurus at Etebi (22.5882). Lead (Pb) showed the highest accumulation for S. myosurus at Ikot Ibiok (2.75). Zinc (Zn) had the highest factor at Etebi for S. myosurus (84.75). Manganese (Mn) was most accumulated at Atabong for S. myosurus (41.125). Chromium (Cr) showed the highest factor at Ikot Ibiok for S. myosurus (3.77612) (Table 9 and 10).
Table 7: Mean (±) Standard Error of Trace Metal Concentration (mg/kg) in N undulata the obtained from Eket Wetlands (Dry Season).
	Trace Metals
	Units
	Atabong
	Marina
	Ikot Ibiok
	Ikot Udota
	Etebi
	WHO (2018)

	Cadmium
	mg/kg
	1.61 ± 0.12a
	0.92 ± 0.12b
	0.13 ± 0.01c
	0.04 ± 0.01d
	0.18 ± 0.10c
	0.2

	Copper 
	mg/kg
	1.73± 0.03a
	0.82 ± 0.12b
	0.23 ± 0.03c
	0.66 ± 0.02d
	0.72 ± 0.20b
	10

	Iron
	mg/kg
	6.42 ± 0.60a
	5.20 ± 0.50a
	2.28 ± 0.22b
	3.14 ± 0.05c
	9.60 ± 0.40d
	NA

	Lead
	mg/kg
	1.08 ± 0.02a
	1.14 ± 0.00b
	0.04 ±0.00c
	0.07±0.01c
	0.05±0.01c
	0.1

	Zinc
	mg/kg
	5.16 ± 2.04a
	3.94 ± 0.14b
	2.74 ± 0.16b
	1.61 ± 0.12c
	2.42 ± 0.01c
	50

	Manganese
	mg/kg
	2.35 ± 0.15a
	1.45 ± 0.25b
	0.16 ± 0.02c
	0.08 ± 0.00d
	1.37 ± 0.20b
	100

	Chromium
	mg/kg
	1.98 ±0.28a
	1.23±0.03b
	1.26 ± 0.00b 
	0.14 ± 0.02c
	0.81 ± 0.21b
	1.0


Note: BDL = Below Detectable Limit; Mean are products of triplicate determinations; NA= Not available.

Table 8: Mean (±) Standard Error of Trace Metal Concentration (mg/kg) in S. myosurus the obtained from Eket Wetlands (Dry Season).
	Trace Metals
	Units
	Atabong
	Marina
	Ikot Ibiok
	Ikot Udota
	Etebi
	WHO (2018)

	Cadmium
	mg/kg
	4.51 ± 0.16a
	2.58 ± 0.16b
	0.36 ± 0.01c
	0.11 ± 0.01d
	0.50 ± 0.13c
	0.2

	Copper 
	mg/kg
	4.84 ± 0.04a
	2.30 ± 0.16b
	0.64 ± 0.04c
	1.85 ± 0.03b
	2.02 ± 0.26b
	10

	Iron
	mg/kg
	17.98 ± 0.78a
	14.56 ± 0.65b
	6.38 ± 0.29c
	8.79 ± 0.07d
	26.88 ± 0.52e
	NA

	Lead
	mg/kg
	3.02 ± 0.03a
	3.19 ± 0.00a
	0.11 ± 0.00b
	0.20 ± 0.01b
	0.14 ± 0.01b
	0.1

	Zinc
	mg/kg
	14.45 ± 2.65a
	11.03 ± 0.18b
	7.67 ± 0.21c
	4.51 ± 0.16d
	6.78 ± 0.01c
	50

	Manganese
	mg/kg
	6.58 ± 0.20b
	4.06 ± 0.33b
	0.45 ± 0.03c
	0.22 ± 0.00d
	3.84 ± 0.26e
	100

	Chromium
	mg/kg
	5.54 ± 0.36a
	3.44 ± 0.04b
	2.53 ± 0.00b
	0.39 ± 0.03c
	1.27 ± 0.27d
	1.0


Note: BDL = Below Detectable Limit; Mean are products of triplicate determinations; NA= Not available.








Table 9: Heavy metals Bioaccumulation Factor for Epiphytic ferns across three Wetlands (Wet Season)  
	
	Ataobong
	Marina
	Ikot Ibiok
	Ikot Udota
	Etebi

	
	NB
	NU
	SM
	NB
	NU
	SM
	NB
	NU
	SM
	NB
	NU
	SM
	NB
	NU
	SM

	Cd
	0.74468
	0.10638
	0.36170
	0.77632
	0.13158
	0.35526
	0.78261
	0.21739
	1.78261
	1.13889
	0.16667
	0.36111
	1
	0.61765
	0.323529

	Cu
	0.84254
	0.73757
	0.74862
	1.58824
	0.84314
	2.80392
	1.25
	2.375
	3.5
	0.73239
	0.59155
	0.84507
	1.235294
	0.60784
	0.823529

	Fe
	8.92364
	4.98160
	1.50874
	1.35359
	1.25276
	0.60359
	1.05923
	1.5435
	0.9512
	2.11545
	1.07637
	0.98757
	3.791277
	1
	1.965732

	Pb
	0.77778
	0.11111
	0.29167
	0.625
	1.125
	1.75
	0
	0
	       0
	0
	0
	0
	0
	0
	0

	Zn
	6.06744
	2.67630
	0.90944
	1.64448
	0.64799
	0.40455
	1.984
	1.352
	0.848
	2
	0.1981
	0.38679
	1.275132
	0.65079
	0.354497

	Mn
	1.85816
	0.71631
	1.2908
	1.56977
	0.43023
	0.60465
	5
	1.6
	1.1
	0
	0
	0
	0
	0
	0

	Cr
	0.53516
	0.48199
	0.76501
	0.60123
	0.63395
	1.05726
	0.13492
	0.00794
	0.03175
	1.25
	0
	0.5
	0.666667
	0.61765
	0


Key: NB = N. biseratta; NU = N. undulata; SM = S. myosurus 
Table 10: Heavy metals Bioaccumulation Factor for Epiphytic ferns across three Wetlands (Dry Season)  
	
	Ataobong
	Marina
	Ikot Ibiok
	Ikot Udota
	Etebi

	
	NB
	NU
	SM
	NB
	NU
	SM
	NB
	NU
	SM
	NB
	NU
	SM
	NB
	NU
	SM

	Cd
	1.41269
	2.5556
	7.1587
	1.47059
	1.80392
	5.0588
	0.7419
	0.41935
	1.1613
	1.5926
	0.14815
	0.4074
	1.21053
	0.94737
	2.63158

	Cu
	3.12097
	1.3952
	3.9032
	0.88793
	0.70689
	1.9828
	1.625
	2.875
	8
	6.6667
	5.5
	15.417
	1.23404
	1.53192
	4.29787

	Fe
	5.20996
	2.2847
	6.3986
	3.39237
	1.41689
	3.9673
	8.5739
	1.98261
	5.5478
	6.15936
	1.25099
	3.5019
	9.41177
	8.06722
	22.5882

	Pb
	1.29546
	0.8182
	2.2879
	0.21324
	0.41912
	1.1728
	1
	1
	2.75
	0
	0.5
	1.4286
	0
	0
	0

	Zn
	4.31169
	2.2338
	6.2554
	9.32031
	3.07813
	8.6172
	2.9439
	2.56075
	7.1682
	2.49587
	1.33058
	3.7273
	38.25
	30.25
	84.75

	Mn
	20.8125
	14.688
	41.125
	6.10714
	5.17857
	14.5
	5.3333
	1.33333
	3.75
	2.85714
	0.57143
	1.5714
	0.78873
	1.92957
	5.40845

	Cr
	0.91667
	0.4583
	1.2824
	0.53979
	0.17800
	0.4978
	0.3283
	1.88059
	3.7761
	0.64706
	0.27451
	0.7647
	0
	0
	0


Key: NB = N. biseratta; NU = N. undulata; SM = S. myosurus
Discussion
The current study clearly revealed significant variations in seasonal atmospheric heavy metal concentrations across the studied wetlands, strongly influenced by environmental and anthropogenic activities. Atabong wetland exhibited the higher levels of cadmium (Cd), copper (Cu), and chromium (Cr), suggesting that these is presence of high intensity of industrial activities and vehicular emissions within this location which significantly contribute to heavy metal dispersion (Yusuf, Audi & Waziri, 2018). Lead (Pb) was notably present at Atabong and Marina, which further reinforce the role of urban pollution sources. Iron (Fe) and zinc (Zn) surged at Marina, likely due to marine-associated pollution, including shipyard activities and oil exploration (Davis, et. al. 2001 and Hossain et.  al. 2023). This assertion is further buttressed from its proximity to Qua Iboe oil field recording intense industrial activities such as oil exploration and gas flaring by different Multinational Companies operating within the State (Etuk, et. al. 2023). The wet season generally showed higher heavy metal concentrations, this is likely due to increased atmospheric deposition from rainfall and pollutant washout from industrial emissions (Dan et. al 2018; Hossain et al. 2023; Etuk, et. al. 2023).
Also, the studied species demonstrated differential significant bioaccumulation of heavy metals, strengthening their role as reliable bioindicators of atmospheric pollution. Among the studied species, Nephrolepis biserrata exhibited the highest uptake of Zn and Fe, particularly at Atabong and Marina, with bioaccumulation factors (BAF) exceeding six in some locations. This aligns with studies highlighting the strong metal-accumulating ability of epiphytic ferns due to their high surface area and direct exposure to airborne pollutants (Manang and Ong, 2015; Ancheta, et al. 2020). Nephrolepis undulata and Selaginella myosurus also showed considerable heavy metal accumulation, although with site-specific variations. S. myasurus recorded the highest Cd accumulation in the dry season at Atabong, with a BAF of 7.16, underscoring its suitability for Cd biomonitoring in industrial regions. This is in tandem with the findings of Fajuke et al., (2018).  
The site-specific metals retention in plant tissues is well noticed. Although the spatial analysis indicated notable disparities in heavy metal accumulation across different locations, these patterns strongly correlated with pollution intensity. This is in tandem with the reports of Anwana et. al. (2018) who reported increased heavy metals accumulation in plants and soils of a landfill site.  Concurrently, Atabong recorded the highest heavy metal loads across both seasons for air and plant samples, suggesting persistent atmospheric contamination from industrial and vehicular sources (Fang et. al. 2019; Liu et. al. 2022). Marina followed closely, particularly for Pb and Fe, reflecting potential marine-associated pollution (Alharbi et al. 2024). Conversely, Ikot Udota and Etebi which are rural locations exhibited lower heavy metal concentrations, suggesting reduced industrial activity and anthropogenic influence. The high BCF values for Zn, Cu, and Fe in most locations, particularly in the wet season, suggest enhanced metal mobility due to precipitation (Ariseca et al. 2021 and Reyes-Marque et. al 2024). The consistently elevated Pb and Cd levels in Atabong necessitate urgent environmental monitoring and intervention due to their known toxicological effects on both biota and human populations (Yang et al 2022). The study underscores the importance of using ferns as natural biomonitors for air pollution assessment. The high bioaccumulation of heavy metals in fern tissues, particularly at Atabong and Marina, highlights ongoing industrial pollution risks in Eket wetlands. The differential uptake of metals among species provides insights into their specific pollution tolerance and bioindicator potential of these epiphytes (Dhir, 2018 Kumar et al. 2020; Diaz, 2021; Varela et al. 2023). 
Conclusion
This study demonstrates that epiphytic flora serve as effective indicators of atmospheric heavy metal contamination in Eket wetlands. Seasonal and spatial variations in metal accumulation patterns emphasize the need for continuous biomonitoring to track environmental changes and mitigate pollution risks. The observed bioaccumulation trends provide a baseline for future air quality assessments and support policy frameworks for pollution control in wetland regions. 
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