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Abstract

The accumulation of heavy metals in the environment is a significant
concern due to their potential toxicity and persistence. This study
investigates the levels of heavy metal contamination in the water, soil and
plants of the Edayar region in Ernakulam, Kerala, India. The region has
experienced industrialization and urbanization, leading to concerns about
heavy metal pollution. The study aims to assess the concentrations of
chromium (Cr), copper (Cu), arsenic (As), cadmium (Cd), lead (Pb), zinc (Zn),
iron (Fe), nickel (Ni) and cobalt (Co) in water, soil, aquatic and terrestrial
plants. Samples were collected from various locations within the Edayar
region, and Inductively Coupled Plasma Mass Spectrometry (ICP-MS) was
conducted to quantify heavy metal concentrations. The findings of this
study will contribute to the assessment of heavy metal pollution in the
Edayar region. Plants with a high diversity index were taken for analysis
from both aquatic and terrestrial habitats. Scoparia dulcis L. seems to
specialize in metal accumulation, possibly for protective purposes.
Synedrella nodiflora Gaertn demonstrates adaptability to metal-rich
environments through robust metal uptake and tolerance mechanisms.
Alternanthera philoxeroides (Mart.) Griseb, on the other hand, appears to
have developed mechanisms to manage heavy metal exposure. The results
indicate significant levels of heavy metal contamination across all samples,
with the highest concentrations detected in soil, followed by water and
plants. Chromium and lead levels in soil exceeded the permissible limits set
by international standards, posing potential risks to human health and the
ecosystem. The accumulation patterns in plants varied, with higher
bioaccumulation factors observed for zinc and copper, suggesting their
preferential uptake. This study highlights the urgent need for remediation
strategies and continuous monitoring to mitigate the impact of heavy metal
pollution in the Edayar region. The results will help in understanding the
environmental impact of human activities.
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Introduction

The accumulation of heavy metals in the environment is a growing concern
due to its detrimental impact on ecosystems and human health (1).
Anthropogenic activities, such as industrial discharges, agricultural practices,
and urbanization, release heavy metals like chromium (Cr), copper (Cu),
arsenic (As), cadmium (Cd), lead (Pb), zinc (Zn), iron (Fe), nickel (Ni) and
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cobalt (Co) into the environment. The Edayar region,
situated in Ernakulam, Kerala, India, has garnered attention
as a potential hotspot for heavy metal accumulation in
water, soil and plants. This region is characterized by
various industrial activities, including manufacturing units,
chemical plants and waste disposal sites, which may
contribute to environmental contamination (2). Heavy
metals, including chromium (Cr), copper (Cu), arsenic (As),
cadmium (Cd), lead (Pb), zinc (Zn), iron (Fe), nickel (Ni) and
cobalt (Co), are naturally occurring elements that can also
be released into the environment through human activities
such as industrial processes, mining, agriculture and
urbanization (3). These metals possess unique chemical
properties that make them persistent and potentially toxic
pollutants. The accumulation of heavy metals in the
environment is a complex process influenced by various
factors, including the intensity and nature of human
activities, the geological characteristics of the area and the
physicochemical properties of the ecosystem. The presence
of heavy metals can disrupt aquatic and terrestrial
ecosystems, resulting in the loss of biodiversity and
impaired ecological functions (4).

The Edayar region, located in Ernakulam, Kerala,
India, has become a focal point for studying heavy metal
contamination in water, soil and plants. The area has
experienced rapid industrialization and urbanization, which
has led to the release of heavy metals into the environment.
Industrial effluents, agricultural practices and urban runoff
are common sources of heavy metal pollution in this region.
Investigating the accumulation of heavy metals in water,
soil and plants in the Edayar region is essential for assessing
the environmental impact of human activities and guiding
potential remediation efforts. By determining the levels of
heavy metal contamination and understanding the
associated physicochemical parameters, it becomes
possible to evaluate the potential risks posed to human
health and the overall ecological balance in the area (5).

To address the challenges caused by heavy metal
accumulation, extensive research has been conducted
worldwide to understand the distribution, sources,
transport and fate of heavy metals in different
environmental compartments. These studies have provided
valuable insights into the pathways through which heavy
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metals enter the environment and have contributed to the
development of effective strategies for pollution control
and management. This study investigates the accumulation
of heavy metals, including chromium, copper, arsenic,
cadmium, lead, zinc, iron, nickel and cobalt, in the
environment. The aim is to assess the levels and spatial
distribution of these metals in water, soil and potentially
affected biota. Additionally, the study aims to identify
potential sources of heavy metal contamination and
evaluate their impact on the surrounding ecosystem. The
accumulation of heavy metals in the environment has
become a significant concern due to their potential toxicity
and persistence (6). Heavy metals, such as chromium (Cr),
copper (Cu), arsenic (As), cadmium (Cd), lead (Pb), zinc (Zn),
iron (Fe), nickel (Ni) and cobalt (Co), are naturally occurring
elements that can enter ecosystems through both natural
processes and human activities (7). These metals pose a
threat to ecosystems and human health as they can
accumulate in the environment and subsequently enter the
food chain. By examining the accumulation of heavy metals
in the environment, this research aims to enhance our
understanding of the ecological and health risks associated
with these contaminants.

Materials and Methods
Study area

The study was conducted in all 4 seasons in the Edayar
area of the Kadungalloor Grama Panchayat in Kerala,
India. Kerala has a wide range of weather conditions. It
spans the winter months of November through February,
the springtime of March through May, the southwest
monsoon of June through September and the northeast
monsoon of October through November.

The Paravur Taluk in the Ernakulam district is
where Kadungalloor Grama Panchayat is located. This
panchayat has around 21 wards. The Kadungalloor area is
where the Edayar industrial estates are situated. Ward
number 18 in Edayar is located at 10°04'54"N, 76°19'18"E,
respectively. There are 2054 people living in this area. Near
Eloor, along the Periyar River, is the industrial belt zone.
Hundreds of industries may be found in the Eloor-Edayar
region. In this area, there are about 400 industries.

C) ROAD

ELOOR

PERIYAR RIVER

Fig. 1. (a) Map of India showing the location of Kerala, (b) Map of Kerala showing Ernakulam and (c) Study site in Ernakulam region, Edayar and Periyar
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Collection of samples

Sample collection was done randomly from the area of
Edayar as shown in Fig. 1c. Eight samples of groundwater,
river water, aquatic soil and terrestrial soil were randomly
collected from the Edayar region, represented in Fig. 1.
Plant selection was done after performing diversity
indices. Simpson and Shannon indexes were performed
after the quadrat study of terrestrial and aquatic plants.
Three varieties of plants that were dominant during each
season were found after performing the diversity indices
study. The terrestrial plants identified were Scoparia
dulcis L., Synedrella nodiflora Gaertn, Cleome rutidosperma
DC.,, Cynodon dactylon (L.) Pers. and Sphagneticola
trilobata (L.) Pruski. The aquatic plants taken for the study
were Eicchornia crassipes (Mart.) Solms, Salvinia molesta
D.Mitch. and Pistia stratiotes L. S. dulcis is known for its
medicinal  properties, including anti-inflammatory,
analgesic and anti-diabetic effects. It is also used in
traditional medicine across various cultures (8). S.
nodiflora is often studied for its allelopathic properties,
which can influence the growth of surrounding plants. It is
also known for its use in folk medicine (9). C. rutidosperma
is often used in ethnobotanical studies due to its reported
anti-inflammatory and antimicrobial properties (10). C.
dactylon is a common weed, and extensive studies have
been done on its ecological impact, allelopathic effects
and use in traditional medicine (11). S. trilobata, known for
its ornamental value and medicinal properties, was also
studied for its invasive characteristics (12). E. crassipes is a
highly invasive species known for its rapid growth and
impact on aquatic ecosystems. It is also studied for its
phytoremediation (13). S. molesta is a significant invasive
aquatic plant that affects water quality and biodiversity.
Its rapid growth and control measures make it a key
subject of study (14). P. stratiotes is another invasive
aquatic plant known for its impact on water bodies. It is
also used in studies related to water purification and
phytoremediation (15). Terrestrial plants were rooted out
from the soil. They were carried in polythene bags.

Sample treatment

The microwave digestion technique was used to perform
ICP-MS analysis on soil and plants. Plants were separated
into shoots and roots and were oven-dried at 110°C. Soil
samples were also oven-dried at 110°C. 2 g of each sample
was acid-digested using nitric acid. Samples were kept on
a hot plate. After removing from the hot plate, the sample
was filtered in a 100 mL graduated cylinder up to 35 mL, so
that 35 mL of each sample was prepared. Water samples
were directly subjected to analysis (16). Three replicas for
river water, groundwater, aquatic soil, terrestrial soil,
aquatic plants and terrestrial plants were taken.

Sample analysis

Samples of plants, soil, and water were subjected to ICP-
MS for analyzing metals like Cr, Cu, As, Cd, Pb, Zn, Fe, Ni
and Co. The instrument setting and operational conditions
were done in accordance with the manufacturers’
specifications. The limit of detection was from 0 ppb to
1200 ppb. The method summary is briefed in Table 1.
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Table 1. Method summary for the ICP-MS analysis.

Dwell

Isotope  Mode T::;e CII:I:I;: ;l s Spacing  Resolution
52Cr STD 0.01 1 0.1 Normal
53Cr STD 0.01 1 0.1 Normal
56Fe STD 0.01 1 0.1 Normal
57Fe STD 0.01 1 0.1 Normal
58Ni STD 0.01 1 0.1 Normal
59Co STD 0.01 1 0.1 Normal
60Ni STD 0.01 1 0.1 Normal
63Cu STD 0.01 1 0.1 Normal
63Zn STD 0.01 1 0.1 Normal
65Cu STD 0.01 1 0.1 Normal
66Zn STD 0.01 1 0.1 Normal
T5As STD 0.01 1 0.1 Normal
111Cd STD 0.01 1 0.1 Normal
114Cd STD 0.01 1 0.1 Normal
206Pb STD 0.01 1 0.1 Normal
208Pb STD 0.01 1 0.1 Normal

No. of sweeps  Time per sweep (s) Time per main run(s)

10 0.16 1.6

Results and Discussion
River water samples

The concentrations of heavy metals in the river water
samples collected from the Edayar region of Kerala, India,
revealed important insights into the presence and
variability of these contaminants across different seasons
(Table 2). Chromium (Cr) concentrations exhibited
significant variation, with the highest levels recorded
during the winter season (16470.33t1.4 ppb) and
comparatively lower concentrations during the southwest
monsoon (11648.87+1.8 ppb), northeast monsoon
(11255.48+1.2 ppb) and summer (13126.76+1.2 ppb)
seasons. Iron (Fe) concentrations displayed substantial
differences across seasons, with the winter season
exhibiting the highest concentration (5429452.9+1.5 ppb).
The southwest monsoon (5737020.16+0.8 ppb), northeast
monsoon (5454525.7+1.3 ppb) and summer
(5277834.24+0.92 ppb) seasons also exhibited elevated
iron levels. Nickel (Ni) concentrations demonstrated
noticeable variation, with the winter season displaying the
highest levels (47896.57+1.1 ppb), while the summer
season recorded the lowest concentration (42657.36+1.4
ppb). The southwest monsoon (41469.61+1.25 ppb) and
northeast monsoon (45627.51+0.9 ppb) seasons showed
relatively lower nickel concentrations.

Cobalt (Co) concentrations exhibited minor
variations across seasons, with comparable levels during
the southwest monsoon (3308.28+0.8 ppb) and summer
(3685.76+1.5 ppb) seasons. The winter season had the
lowest concentration (3155.61+1.2 ppb) and the northeast
monsoon season also showed relatively low cobalt levels
(3253.58+1.26 ppb). Copper (Cu) concentrations vary
among seasons, with the highest levels observed during
the winter (5386.39+1.3 ppb) and summer (4408.14+1.57
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Table 2. Heavy metal concentration (parts per billion, ppb) in river water samples of Edayar, Kerala India.
SINo Heavy Metals Southwest Monsoon Northeast Monsoon Winter Season Summer Season

1 Cr (ppb) 11648.87+1.8 11255.48+1.2 16470.33+1.4 13126.76+1.2

2 Fe (ppb) 5737020.16x0.8 5454525.7+1.3 5429452.9 £1.5 5277834.24+0.92

3 Ni (ppb) 41469.61+1.25 45627.51+0.9 47896.57+1.1 42657.36+1.4

4 Co (ppb) 3308.28+0.8 3253.58+1.26 3155.61+1.2 3685.76+1.5

5 Cu (ppb) 4296.28+1.2 4205.66+1.31 5386.39+1.3 4408.14+1.57

6 As (ppb) 216.85+0.5 225.31+0.8 245.64+0.4 273.54+0.4

7 Cd (ppb) 1045.73+1.2 1247.99+0.83 1341.43£1.5 1544.64+0.8

8 Pb (ppb) 1510.92+1.2 144.24+0.91 1682.84+1.5 1270.78+1.25

9 Zn (ppb) 6371.33+£0.71 6150.76x0.9 6123.14+1.32 6207.93+0.9

ppb) seasons. The northeast monsoon season showed a
comparatively lower concentration (4205.66+1.31 ppb).
Arsenic (As) concentrations were relatively low across all
seasons, with the summer season exhibiting the highest
concentration (273.54+0.4 ppb). The northeast monsoon
(225.31+0.8 ppb) and winter monsoon (245.64+0.4 ppb)
seasons also showed detectable levels, while the
southwest monsoon season recorded the lowest
concentration (216.85+0.5 ppb).

Cadmium (Cd) concentrations vary significantly,
with the summer season displaying the highest
concentration (1544.64+0.8 ppb), followed by the winter
season (1341.43+1.5 ppb). The southwest monsoon and
northeast monsoon exhibited much lower concentrations
(1045.73+1.2 ppb and 1247.99+0.83 ppb, respectively).
Lead (Pb) concentrations vary substantially across
seasons, with the winter season recording the highest
levels (1682.84+1.5 ppb). The southwest monsoon
(1510.92+1.2 ppb) and summer (1270.78+1.25 ppb)
seasons exhibited comparably lower concentrations, while
the northeast monsoon season showed a moderate
concentration (144.24+0.9 ppb). Zinc (Zn) concentrations
showed variation among seasons, with the southwest
monsoon season exhibiting the highest concentration
(6371.33+£0.71ppb). The northeast monsoon (6150.76+0.9
ppb) and winter (6123.14+1.32 ppb) and summer seasons
(6207.93+0.9) also showed notable levels.

Chromium (Cr) concentrations

The recorded variations in chromium concentrations
across seasons suggest that the Edayar region experiences
significant fluctuations in Cr contamination. The highest
levels during winter might be attributed to factors such as
increased industrial activities and reduced dilution due to
lower water flow. Conversely, the lower levels during the
monsoon seasons could be attributed to enhanced rainfall
and higher water flow, leading to greater dilution and
potential flushing of contaminants (17). These results were
consistent with studies that highlight the influence of
climatic conditions on heavy metal transport and
distribution.

Iron (Fe) concentrations

Elevated iron concentrations throughout the seasons
indicated that this metal is likely derived from both natural
geological processes and anthropogenic sources. Iron can
be mobilized and transported by water. Groundwater
flowing through iron-rich soils and rocks can dissolve iron
and carry it to surface waters. Similarly, seasonal changes in
water flow, such as increased runoff during rainy seasons,
can lead to higher iron concentrations in rivers, lakes and
streams. Industries such as mining, steel manufacturing,
iron-containing fertilizers and pesticides and metalworking
release iron into the environment. These activities can lead
to elevated iron levels in nearby water bodies and soils
through direct discharge or atmospheric deposition.
Municipal and industrial wastewater can contain significant
amounts of iron. Inadequate treatment of wastewater
before discharge into natural water bodies can elevate iron
concentrations. The consistent presence of high iron levels
suggests the potential influence of industrial discharges or
agricultural runoff containing iron-rich sediments. The
variations in iron concentrations across seasons could also
be influenced by precipitation patterns, which affect runoff
and sediment transport (18, 19).

Nickel (Ni) concentrations

The variations in nickel concentrations across seasons may
be linked to the interplay of pollutant sources and
hydrological conditions. The elevated nickel levels during
winter might be attributed to the combined effects of
industrial emissions and reduced dilution. Conversely, the
lower levels during summer could be due to increased
dilution from higher water flow. The influence of
anthropogenic activities on nickel concentrations is in line
with studies that highlight the significance of human
activities on heavy metal pollution (20). Edayar is a region
with more than 400 industries. Industries involved in
electroplating, metal finishing, and manufacturing of nickel-
based products can release nickel into the environment
through wastewater and emissions. The production and
processing of stainless steel and other nickel-containing
alloys can be a significant source of nickel pollution.

https://plantsciencetoday.online
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Cobalt (Co) concentrations

The relatively minor variations in cobalt concentrations
across seasons could be indicative of stable sources
contributing to cobalt pollution in the region. The
consistent levels might be linked to common sources such
as industrial discharges, vehicle emissions and natural
weathering of cobalt-rich geological formations. The
influence of local sources is consistent with research
emphasizing the contribution of point sources to heavy
metal contamination (21).

Copper (Cu) concentrations

The higher copper concentrations during winter and
summer seasons could be associated with increased
human activities during these periods. Anthropogenic
sources like industrial processes and domestic runoff may
contribute to these elevated levels (22). The lower
concentrations during the monsoon seasons might be due
to enhanced dilution and reduced runoff from these
sources. Similar observations have been made in studies
highlighting the impact of human activities on heavy metal
concentrations in water bodies.

Arsenic (As) concentrations

The detectable levels of arsenic across all seasons suggest
the presence of this toxic element in the region. The
relatively higher concentrations during the summer
season could be linked to the influence of temperature
and precipitation on arsenic release from geological
formations. The fluctuations across seasons could also be
attributed to changes in water chemistry and redox
conditions (23).

Cadmium (Cd) concentrations

The substantial variations in cadmium concentrations
across seasons highlight the dynamic nature of this heavy
metal's contamination. The higher concentrations during
summer and winter could be due to increased human
activities, potentially releasing cadmium from industrial
processes and waste disposal (24).
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Lead (Pb) concentrations

The significant variations in lead concentrations across
seasons indicate the complex interplay of anthropogenic
and natural sources. The elevated levels during winter
might be linked to increased industrial activities and
atmospheric deposition (25). The lower concentrations
during monsoon seasons might be due to enhanced
dilution and reduced atmospheric inputs. Similar
observations have been reported in studies highlighting
the impact of atmospheric deposition on heavy metal
levels.

Zinc (Zn) concentrations

The variations in zinc concentrations across seasons could
be attributed to the influence of multiple sources,
including industrial discharges and urban runoff. The
highest concentration during the southwest monsoon
season might be due to enhanced runoff from impervious
surfaces, carrying zinc-rich sediments into the river. The
relatively consistent levels across other seasons could be
linked to the consistent release of zinc from various
sources (26).

Groundwater samples

According to the data in Table 3, the highest
concentrations of chromium were observed during the
southwest monsoon (5127.61+0.83ppb) and northeast
monsoon (4914.49+1.3 ppb), indicating a potential source
of contamination during these periods. The winter season
(4280.67+£0.94 ppb) and summer season (4188.24+1.76
ppb) showed lower concentrations. The northeast
monsoon exhibited the highest concentration of iron
(865724.09+0.87 ppb), followed by the winter season
(848220.97+0.67  ppb). The southeast monsoon
(829535.44+1.6 ppb) and summer season (808962.27+0.58
ppb) also displayed elevated iron levels. The northeast
monsoon has the highest nickel concentration
(8824.84t1.44 ppb), while the southeast monsoon
(8339.31+1.37 ppb) and summer season (7918.67+0.33
ppb) showed relatively notable concentrations. The winter

Table 3. Heavy metal concentration (parts per billion, ppb) in groundwater samples of Edayar, Kerala India.

SINo Heavy Metals Southwest Monsoon Northeast Monsoon Winter Season Summer Season
1 Cr (ppb) 5127.61+0.83 4914.49+1.3 4280.67+0.94 4188.24+1.76
2 Fe (ppb) 829535.44+1.6 865724.09+0.87 848220.97+0.67 808962.27+0.58
3 Ni (ppb) 8339.31+1.37 8824.84+1.44 7521.13+0.83 7918.67+0.33
4 Co (ppb) 1443.34+1.22 1247.03+0.75 1303.02+0.34 1737.46+1.66
5 Cu (ppb) 1974.13+0.8 1577.44+0.63 1820.92+1.53 1231.89+1.23
6 As (ppb) 54.83+1.26 49.31+0.95 42.16x0.77 56.20+0.82
7 Cd (ppb) 94.42+0.68 83.23+0.94 87.421+1.5 84.12+0.87
8 Pb (ppb) 492.42+1.27 480.72+1.64 360.95+0.94 324.19+0.86
9 Zn (ppb) 2152.36%1.17 2613.05+1.84 2830.34+1.25 2642.87+1.05
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season (7521.13+0.83 ppb) falls in between. Minor
variations in cobalt concentrations were observed among
the seasons. The summer season (1737.46+1.66 ppb)
showed slightly higher concentrations, followed by the
southwest monsoon (1443.34+1.22), while the northeast
monsoon  (1247.03+0.75 ppb) and winter season
1303.02+0.34 ppb) have lower levels. The southwest
monsoon displayed the highest copper concentration
(1974.13£0.8 ppb), followed by the winter Season
(1820.92+1.53 ppb). The northeast monsoon (1577.44+0.63
ppb) and summer season (1231.89+1.23 ppb) exhibited
comparatively lower concentrations. Arsenic
concentrations were relatively low across all seasons. The
summer season has the highest concentration (56.20+0.82
ppb), followed by the southwest monsoon (54.83+1.26
ppb) and northeast monsoon (49.31+0.95 ppb). The winter
season (42.16+0.77 ppb) showed the lowest concentration.
The southwest monsoon displayed the highest cadmium
concentration (94.42+0.68 ppb), followed by the winter
season (87.421+1.5 ppb). The northeast monsoon
(83.23+0.94 ppb) exhibited the lowest concentration, while
the summer season (84.12+0.87 ppb) falls in between. The
southwest showed the highest lead concentration
(492.42+1.27 ppb), followed by the northeast monsoon
(480.72+1.64 ppb). The winter season (360.95+0.94 ppb)
and summer season (324.19+0.86 ppb) exhibited relatively
lower concentrations. The winter season displayed the
highest zinc concentration (2830.34+1.25 ppb), followed
by the summer season (2642.87+1.05 ppb) and northeast
monsoon (2613.05+1.84 ppb) and southwest monsoon
(2152.36+1.1 ppb) exhibited relatively  lower
concentrations.

The elevated concentration of chromium during the
southwest and northeast monsoons suggests that
increased rainfall and subsequent leaching could mobilize
chromium from industrial sources and soil, resulting in
higher concentrations during the monsoon seasons (27).
The higher iron concentration during the northeast
monsoon and winter seasons enhances water flow during
these periods and increases the contact between
groundwater and iron-bearing minerals. The elevated
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nickel concentrations during the northeast monsoon
explain that nickel sources, including anthropogenic
activities and natural mineral dissolution, contribute to its
temporal variations in groundwater (28). The minor
variations in cobalt concentrations across seasons were
relatively stable, which suggests that while cobalt is less
sensitive to seasonal fluctuations, anthropogenic
influences can still play a role in its presence. The findings
of higher copper concentrations during the southwest
monsoon identify industrial discharges and urban runoff
as potential sources of copper contamination. The low
concentrations of arsenic across all seasons highlight the
relatively low levels of arsenic in the region, attributing
them to the geology and hydrogeochemical conditions of
the aquifers (29). The observations of higher cadmium
concentrations during the southwest monsoon were
influenced by increased surface runoff during the
monsoon. The high concentrations of zinc during the
winter season resonates with the research paper's findings
that zinc levels are influenced by factors such as mineral
dissolution and groundwater flow (30).

Aquatic soil samples

The highest concentration of chromium was observed
during the northeast monsoon (35153.93+0.94 ppb), while
the lowest concentration was recorded during the winter
season (29237.32+0.6 ppb) (Table 4). The southwest
monsoon (34889.29+1.06 ppb) and summer season
(30192.47+0.8 ppb) exhibited intermediate levels of
chromium. Iron concentrations showed variability across
seasons, with the highest levels during the southeast
monsoon (54105.02+1.2 ppb) and summer season
(53130.53+0.6 ppb). The northeast monsoon (51703.69+1
ppb) and winter season (50177.37+0.65 ppb) displayed
relatively lower concentrations of iron. Nickel
concentrations vary among seasons, with the highest
levels observed during the summer season (985.87+0.8
ppb). The northeast monsoon (950.19+1.3 ppb) and
southwest monsoon  (924.07+0.7 ppb) exhibited
intermediate concentrations, while the winter season
(841.04+1.3 ppb) showed a lower level of nickel. Cobalt
concentrations exhibited minor variations across seasons,

Table 4. Heavy metal concentration (parts per billion, ppb) in aquatic soil samples of Edayar, Kerala India.

SINo Heavy Metals Southwest Monsoon Northeast Monsoon Winter Season Summer Season
1 Cr (ppb) 34889.29+1.06 35153.93+£0.94 29237.32+0.6 30192.47+0.8

2 Fe (ppb) 54105.02+1.2 51703.69+1 50177.37+0.65 53130.53+0.6

3 Ni (ppb) 924.07+0.7 950.19+1.3 841.04+1.3 985.87+0.8

4 Co (ppb) 103.28+0.5 135.44+1 101.75+1 115.67+0.9

5 Cu (ppb) 2133.57+1.2 2172.73+0.8 2676.42+0.5 2213.07+1.5

6 As (ppb) 5.24+0.4 5.77+0.5 8.18+0.5 6.62+0.5

7 Cd (ppb) 7.62+0.5 6.42+0.8 6.06+0.8 7.54+0.5

8 Pb (ppb) 85.04+1.2 80.93£1.2 84.68+1.4 82.39£1.5

9 Zn (ppb) 37504.55+0.8 39289.16+1.2 39083.77+2 36635.56+2.5
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with slightly higher levels during the southwest monsoon
(103.281 ppb) and winter season (101.756 ppb). The
northeast monsoon (135.444 ppb) and summer season
(115.672 ppb) showed lower concentrations of cobalt.
Copper concentrations vary, with the highest levels
observed during the northeast monsoon (135.44+1 ppb)
and summer season (115.67+0.9 ppb). The southwest
monsoon (103.28+0.5 ppb) and winter season (101.75+1
ppb) showed relatively lower concentrations of copper.
Arsenic concentrations were relatively low across all
seasons, with the winter season exhibiting the highest
concentration (8.18+0.5 ppb). The summer season
(6.62+0.5 ppb), northeast monsoon (5.774 +0.5 ppb), and
southwest monsoon (5.24+0.4 ppb) showed lower levels of
arsenic. Cadmium concentrations vary, with the southwest
monsoon  (7.62£0.5 ppb) showing the highest
concentration. The winter season (6.06+0.8 ppb) and
northeast Monsoon (6.42+0.8 ppb) exhibited lower levels,
while the summer season (7.54+0.5 ppb) falls in between.
Lead concentrations also vary among seasons, with the
highest levels observed during the southwest monsoon
(85.04+1.2 ppb) and the winter season (84.68+1.4 ppb). The
northeast monsoon (80.93+1.2 ppb) and summer season
(82.39+1.5 ppb) showed lower concentrations of lead. Zinc
concentrations exhibited significant variation across
seasons, with the highest concentration observed during
the northeast monsoon (39289.16+1.2 ppb) followed by
the winter season (39083.77+2 ppb). The southwest
monsoon (37504.55+0.8 ppb) also showed a notable level
of zinc, followed by the summer season (36635.56+2.5
ppb).

The data indicates that the highest concentration of
chromium was observed during the northeast monsoon,
with the lowest during the summer season. This trend
could be associated with increased leaching and runoff
during the monsoon, leading to the mobilization of
chromium from soil and other sources. (31). Industries
such as leather tanning, electroplating, steel
manufacturing and textile production use chromium
compounds extensively. Effluents from these industries
can contain high levels of chromium, which can be washed
into water bodies during the monsoon. Urban areas
contribute to chromium pollution through runoff from
roads, buildings and industrial sites. Chromium from
vehicle emissions, construction materials, and other urban
sources can be mobilized during heavy rains. Variability in
iron concentrations across seasons was observed, with
elevated levels during the southeast monsoon and
summer season emphasizing the influence of seasonal
changes on iron mobilization from soil and its subsequent
impact on water quality. Increased precipitation during
these seasons could enhance iron leaching (32). The
highest nickel concentrations were observed during the
summer season, indicating a potential source of
contamination. This could be due to factors like increased
human activities during this time. Higher rates of waste
generation during the summer, including industrial,
municipal and agricultural waste, can lead to more
significant leaching of nickel from landfills and waste
storage areas. The use of nickel-containing agricultural
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inputs in nearby farmlands can lead to increased nickel
runoff during summer irrigation practices. Higher
temperatures during the summer can lead to increased
evaporation of water bodies, concentrating nickel and
other dissolved metals in the remaining water. Minor
variations in cobalt concentrations were observed among
the seasons that discuss cobalt's presence in soil due to
both natural geological sources and anthropogenic
activities. Copper concentrations display variation, with
elevated levels during the northeast monsoon and
summer season, which highlights the significance of land
use practices, agriculture and industrial activities (33).
Arsenic concentrations were relatively low across all
seasons, with the highest during the winter season. This
could be due to factors like soil characteristics and
geochemical interactions that influence arsenic mobility,
the presence of arsenic in soil and its potential
implications  for groundwater quality. Cadmium
concentrations vary, with the southwest monsoon
showing the highest concentration, emphasizing the need
for effective management strategies (34). Lead
concentrations vary among seasons, with the highest
levels during the southwest monsoon and winter seasons,
which discusses the role of urbanization and industrial
activities in contributing to lead contamination in soil (32).
Zinc concentrations exhibited significant variation across
seasons, with the highest during the northeast monsoon,
highlighting the potential sources of zinc contamination in
soil, including industrial activities and urban runoff (35).

Terrestrial soil samples

Chromium concentrations showed variation across seasons
as shown in Table 5, with the highest levels recorded during
the southwest monsoon (17769.16+1.2 ppb) and summer
season (17205.28+1.5 ppb). The northeast monsoon
(15025.46+0.8 ppb) and winter season (14450.48+1.5 ppb)
exhibited lower concentrations of chromium. Iron
concentrations display significant differences among
seasons. The highest concentration was observed during
the summer season (3825633.2+1.2 ppb), followed by the
northeast monsoon (3248803.08+0.8 ppb). The southwest
monsoon (3196436.88+1 ppb) and winter season
(3130443.91+1.5 ppb) also showed elevated iron levels.
Nickel concentrations showed variation, with the highest
levels observed during the summer season (27644.73t1
ppb) and winter season (27055.7+0.8 ppb). The southwest
monsoon (21248.52+0.5 ppb) and northeast monsoon
(22569.53+1 ppb) exhibited relatively lower concentrations.
Cobalt concentrations exhibited minor variations across
seasons. The winter season (2694.36+0.5 ppb) showed a
higher concentration, followed by southwest monsoon
(2593.36+0.5), summer season (2547.21+0.7) and northeast
monsoon (2180.76+0.5). Copper concentrations vary among
seasons, with the highest levels observed during the
northeast monsoon (2834.73t1.5 ppb) followed by the
southwest monsoon (2753.42+0.5 ppb), summer season
(2685.54+0.5 ppb) and winter season (2464.04+0.5 ppb).
Arsenic concentrations were relatively low across all
seasons, with the summer season (153.83+0.85 ppb)
exhibiting the highest concentration, followed by northeast
monsoon (137.2+0.5), winter season (122.7+1) and
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Table 5. Heavy metal concentration (parts per billion, ppb) in terrestrial soil samples of Edayar, Kerala India.
SINo Heavy Metals Southwest Monsoon Northeast Monsoon Winter Season Summer Season

1 Cr (ppb) 17769.16+1.2 15025.46+0.8 14450.48+1.5 17205.28+1.5

2 Fe (ppb) 3196436.88+1 3248803.08+0.8 3130443.91+1.5 3825633.2+1.2

3 Ni (ppb) 21248.52+0.5 22569.53+1 27055.7+0.8 27644.73+1

4 Co (ppb) 2593.36+0.5 2180.76+0.5 2694.36+0.5 2547.21+0.7

5 Cu (ppb) 2753.42+0.5 2834.73x1.5 2464.04+0.5 2685.54+0.5

6 As (ppb) 112.42+1.5 137.2+0.5 122.7+1 153.83+0.85

7 Cd (ppb) 234.76+0.75 287.34+0.8 281.09+0.5 282.02+0.84

8 Pb (ppb) 853.89+0.6 807.68+1.2 881.82+1.5 810.72+1

9 Zn (ppb) 9923.68+0.5 9812.82+0.5 9360.27+0.7 9261.91+0.85

southwest monsoon (112.42+1.5). Cadmium concentrations
vary, with the northeast monsoon (287.34+0.8 ppb)
exhibiting the highest concentration, followed by the
summer season (282.02+0.84 ppb), winter season
(281.09+0.5 ppb) and southeast monsoon (234.76+0.75
ppb). Lead concentrations vary among seasons, with the
winter season (881.82+1.5 ppb) exhibiting the highest levels,
followed by the southwest monsoon (853.89+0.6 ppb),
summer season (810.72+1 ppb) and northeast monsoon.
Zinc concentrations showed variation among seasons, with
the southwest monsoon (9923.68 ppb) exhibiting the
highest concentration. The northeast monsoon (9812.824
ppb) and winter season (6360.27 ppb) also showed notable
levels, while the summer season (261.91 ppb) recorded a
relatively lower concentration.

The observed variations in chromium concentrations
across seasons can be attributed to factors such as
precipitation and temperature changes (24). During the
southwest monsoon and summer seasons, higher
precipitation and warmer temperatures can enhance the
leaching and mobilization of chromium from soil and
sediment, leading to increased concentrations. This aligns
with studies that have shown elevated heavy metal
concentrations during wetter and warmer periods. The
significant differences in iron concentrations among
seasons suggest seasonal variations in the sources of iron
and its transport mechanisms. Seasonal weathering
processes, runoff and anthropogenic activities can influence
iron levels (36). The higher concentrations during the
summer season might be associated with increased soil
erosion and agricultural activities (37). This is in line with
research indicating that iron concentrations can be
influenced by both natural and human-induced processes.
The seasonal variability in nickel concentrations can be
attributed to sources such as industrial emissions, vehicular
traffic and atmospheric deposition. The higher levels during
the summer and winter seasons might be linked to
increased human activities and atmospheric transport.
Nickel's behaviour often reflects its association with
anthropogenic sources, as evidenced by previous studies
(38). The minor variations in cobalt concentrations across

seasons suggest a relatively stable behaviour. Cobalt's
mobility and distribution are influenced by factors such as
soil characteristics and redox conditions. The higher
concentration during the winter season might be attributed
to factors like increased energy consumption, which could
contribute to anthropogenic cobalt emissions (39). The
seasonal variations in copper concentrations can be
attributed to both natural sources and human activities.
Anthropogenic sources like industrial processes and
stormwater runoff can contribute to copper concentrations
in urban environments, as highlighted in previous studies.
The observed low concentrations of arsenic across all
seasons suggest relatively stable behaviour. Arsenic's
mobility is influenced by factors like pH, redox conditions
and sorption processes. The highest concentration during
the summer season might be related to changes in
environmental conditions affecting arsenic speciation and
transport (40). The highest cadmium concentrations during
the northeast monsoon might be influenced by atmospheric
deposition and regional sources. Cadmium's behaviour is
often linked to industrial activities and atmospheric
transport. The variation in concentrations across seasons
underscores the role of atmospheric pathways in cadmium
distribution. Lead concentrations showed distinct seasonal
variations, with the highest levels during the winter season.
This can be attributed to factors like increased energy
consumption, which can release lead-containing particles
from various sources (41). The significant variations in zinc
concentrations across seasons suggest a strong influence
on human activities. Higher concentrations during the
southwest monsoon align with increased runoff and
leaching from zinc-containing materials. Zinc's presence in
industrial emissions and urban runoff contributes to its
seasonally variable distribution.

Terrestrial plants in southwest monsoon

As shown in Table 6, Scoparia dulcis exhibited high
concentrations of chromium (31,498+0.5 ppb), iron
(348322.91+0.8 ppb) and nickel (3186.63+0.6 ppb) in its
shoot. Other heavy metals such as nickel, copper, arsenic,
cadmium, lead and zinc were also present but at lower
levels. The root showed relatively higher concentrations of
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Table 6. Heavy metal concentration (parts per billion, ppb) in the shoot and root of terrestrial plants during southwest monsoon of Edayar, Kerala

Plant Plant cr Fe . Co Cu As cd Pb Zn
S . N b
cason Species Part  (ppb)  (ppb) MIPPP) (pob)  (ppb)  (ppb)  (ppb)  (PPB)  (pph)
Shoot 31498. 348322. 3186.63 2238.41 2198.44 11.2+ 1881.44 173.85+ 21388.8%
) 22+0.5 912+0.8 +0.6 +1 +1 1 +0.5 0.5 1.5
Scoparia
dulcis L.
c Root 34295. 305691. 2885.94 2288.98 2605.68 11.1+ 2083.91 147.68+ 28767.42
S 21#15  48+0.4 +0.8 +0.6 +0.5 0.5 +0.67 0.4 +1.6
%)
c
2 Shoot ~ 43960. 013882 187618  2149.63 260568 1110 218391  147.68+ 27767.42
7 Synedrella 3713 9+0.5 +1.7 +1 +1.2 +1.3 +0.5 1.4 +0.5
E nodiflora
= Gaertn Root 54271. 147368. 14763+ 1851.02 1948.31 5.04+ 2665.7+ 121.74+  29372..0
S 48+0.5  55+1.4 0.86 +1 +0.93 0.2 0.47 0.58 9+0.52
Alternanth  shoot 77964 124435, 11336+ 277631 1997.36 1127 1663.28 15572+ 182097.8
era 8+1 2140.7 0.5 +0.21 +0.43 +1 +0.65 1.5 6+1.3
philoxeroid
es (Mart.) Root 9254.2 199832. 1853.93  2976.03 1165.16 9.12+ 1991.38 182.25+ 122259.6
Griseb 1+0.45  31%0.2 +1.4 +1.2 +0.6 1.4 +0.6 0.3 2+0.75

heavy metals compared to the shoot, including chromium
(34295.21+1.5 ppb), iron (305691.48+0.4 ppb) and copper
(2605.68+0.5 ppb). Other heavy metals were also detected
but at varying levels. Synedrella nodiflora exhibited
elevated concentrations of chromium (43960.37+1.3 ppb)
and copper (2605.68+1.2 ppb) in its shoot. Other heavy
metals such as iron, nickel, cobalt, arsenic, cadmium, lead
and zinc were present but at relatively lower levels. The
root contains higher concentrations of chromium
(54271.48+0.5 ppb) and iron (47368.55+1.4 ppb). Other
heavy metals were also detected but at varying levels.
Alternanthera philoxeroides showed relatively lower
concentrations of heavy metals in its shoot compared to
the other two plant species. It contained chromium
(7756.48+1 ppb), iron (124435.21+0.7 ppb), and copper
(1997.36+0.43 ppb). Other heavy metals were also present
but at lower levels. The root exhibited similar heavy metal
concentrations as the shoot, including chromium (9254.21
+0.45 ppb), iron (199832.31 +0.2 ppb) and copper
(2976.03+1.2 ppb). Other heavy metals were also detected
but at varying levels.

The provided dataset presents a comprehensive
analysis of heavy metal concentrations in the shoot and
root tissues of 3 terrestrial plant species during the
southwest monsoon season in Edayar, Kerala, India. The
results indicated that the accumulation patterns and
tolerance strategies toward various heavy metals between
these plants have been observed.

S. dulcis is characterized by its significant
accumulation of heavy metals in both shoot and root
tissues. Notably, the shoot of this species displays high
concentrations of chromium, iron and nickel. The
presence of such elevated levels of chromium and iron
suggests that S. dulcis has evolved efficient mechanisms
for the uptake and storage of heavy metals. This could
involve specialized transporters and chelating compounds
that aid in the absorption and retention of these metals
(42). The observation of higher metal concentrations in the
root compared to the shoot implies a possible preference
for sequestering heavy metals in the root system, thereby

safeguarding the aerial parts of the plant from potential
toxicity (43). S. nodiflora presents a distinct pattern of heavy
metal accumulation. Its shoot demonstrates considerable
amounts of chromium and copper. Particularly, the higher
concentrations of chromium in both shoot and root tissues
suggest the species' adaptation to environments rich in
heavy metals. This could involve genetic adaptations that
facilitate enhanced metal uptake and tolerance. The
relatively lower levels of other heavy metals like iron and
nickel could imply either a selective metal uptake strategy
or a finely tuned mechanism to maintain equilibrium
among different metal ions (44). A. philoxeroides, in
contrast, exhibited relatively lower heavy metal
concentrations, especially in the shoot, when compared to
the other species. Although chromium, iron, and copper
were present in both shoot and root tissues, their levels
are notably subdued. This hints at potential mechanisms
within A. philoxeroides that regulate heavy metal uptake
or effectively detoxify these metals (45). The consistency in
metal concentrations between shoot and root further
suggests a uniform distribution of heavy metals within the
plant. The presence of varying levels of arsenic, cadmium,
lead and zinc among these species contributes
significantly to the broader discussion on metal
accumulation and plant tolerance. These heavy metals are
often associated with environmental contamination and
pose substantial risks to plant health. The inter-species
differences in their accumulation could be attributed to
varying strategies related to metal uptake, transport and
detoxification.

Terrestrial plants in northeast monsoon

The results suggested that the terrestrial plants studied
during the northeast monsoon season (Table 7)
accumulate various heavy metals in their shoot and root
tissues. Chromium, iron and copper were consistently
present across the plant species analysed, with varying
concentrations. Other heavy metals also exhibited
detectable levels depending on the plant and plant part.
The presence of these heavy metals in plants raises
concerns about potential environmental contamination
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Table 7. Heavy metal concentration (parts per billion, ppb) in the shoot and root of terrestrial plants during northeast monsoon of Ed ayar, Kerala India.

Plant

Ni Co Cu As cd Pb

S Plant N [ b) F b z b
cason antName part ~ Cr(PPb) - Fe(Ppb)  (,oh)  (bob)  (ppb)  (ppb)  (ppb)  (ppb) 2" (PPb)
Shoot 102095+ 438812.73 14424 22403+ 27584 25.09 34352 7417+ 3645.79:
0.5 +1.4 +0.85 1.26 +0.61 +1.5  +0.53 0.5 1.5
Scoparia dulcis L.
Root ~ 1107.26: 44210463 1481.8 32546: 30175 3579 37371 1151+ 3678.98+
1 +1.56 +2.5 1.29 +0.5 +1.05 0.5 1.95 0.58
c Shoot ~ 1387.28+ 338795.48 13883 325.7+1 3402+ 3546 39217 92.87+ 3306.36%
8 2.5 +1.45 9+0.5 .34 1.43 +1.5 +1 1.7 0.76
a Synedrella
o nodiflora Gaertn
= Root ~ 1163.96: 33111800 1311.6 324.03+ 27584 34.09 41352 11417 464579+
2 0.42 8+0.5 5+2.1 1.41 +1.5 +0.49  +0.57  +0.25 0.83
2
5 145547+ 340835.88  1409.3 24589  26.54 342.65 87.65+ 3303.58+
= atternanthera MOt 23 1 9:05 39202 T7g0  Ta1 :074 05 18
phi[exero{des
(Mart.) Griseb Root 123874+ 23738265 1929.6 393.45: 27651 3493 42215 108.26 4454.88:
0.83 +0.53 9+0.5 1.2 +2.4 +0.57 1.3 +1.8 0.66

and the need for further assessment of their impacts on
ecosystem health and human well-being.

S. dulcis exhibited moderate concentrations of
chromium (1020.95+0.5 ppb), iron (438812.73+1.4 ppb)
and copper (275.84+0.61 ppb) in the shoot. Other heavy
metals such as nickel, cobalt, arsenic, cadmium, lead and
zinc were also present but at relatively lower levels. The
root showed similar concentrations of heavy metals
compared to the shoot, including chromium (1107.26+1
ppb), iron (42104.63+1.56 ppb) and copper (301.75+1.29
ppb). Other heavy metals were also detected but at
varying levels. S. nodiflora plant species exhibited higher
concentrations of heavy metals in the shoot, including
chromium (1387.28+2.5 ppb), iron (338795.48+1.45 ppb)
and copper (3306.36+0.76 ppb). Other heavy metals such
as nickel, cobalt, arsenic, cadmium, lead and copper were
also present but at relatively lower levels. The root
exhibited relatively lower concentrations of heavy metals
compared to the shoot, including chromium (1163.96+0.42
ppb), iron (331118.008+0.5 ppb) and zinc (4645.79+0.83
ppb). Other heavy metals were also detected but at
varying levels. A. philexeroides plant showed moderate
concentrations of heavy metals in the shoot, including
chromium (1455.47+2.3 ppb), iron (340835.88+1 ppb) and
zinc (3303.58+1.8 ppb). Other heavy metals such as nickel,
cobalt, arsenic, cadmium, lead and zinc were also present
but at relatively lower levels. The root exhibited higher
concentrations of heavy metals compared to the shoot,
including  chromium (1238.74+0.83 ppb), iron
(237382.65+0.53 ppb) and zinc (4454.88+0.66 ppb). Other
heavy metals were also detected but at varying levels.

In the case of S. dulcis, the shoot and root tissues
exhibited moderate concentrations of chromium, iron, and
copper. The observed presence of these heavy metals,
combined with the lower levels of other metals, suggests a
propensity for S. dulcis to accumulate these elements
from its surroundings (46). Although the absolute
concentrations may not raise immediate alarm, the
potential for prolonged exposure and accumulation of
these metals necessitates a thorough investigation into

the plant's role within the local ecosystem's metal
dynamics and the potential ramifications for ecosystem
health (47). Similarly, A. philoxeroides exhibited moderate
concentrations of heavy metals, notably chromium, iron
and zinc, in both shoot and root tissues. The consistency in
heavy metal concentrations between the two plant parts
might suggest a uniform distribution strategy within the
plant (48). The fact that A. philoxeroides appears to
accumulate these heavy metals without reaching alarming
levels could imply the effectiveness of detoxification
mechanisms or an inherent ability to regulate metal
uptake. The distinct accumulation patterns among these
species indicate variations in metal uptake, translocation
and tolerance mechanisms. This underscores the critical
importance of comprehending the intricate interactions
between plants and metals, especially in the context of
potential environmental contamination and its potential
repercussions.

Terrestrial plants in winter

Based on the provided data on heavy metal
concentrations (parts per billion, ppb) in the shoot and
root of terrestrial plants during the winter season in
Edayar, Kerala, India, represented in Table 8, the following
analysis can be made:

S. dulcis plant exhibited moderate concentrations of
chromium (3006.90+0.5 ppb), iron (696353.63+1.2 ppb)
and nickel (4515.66+1.7 ppb) in the shoot. Other heavy
metals such as copper, cobalt, arsenic, cadmium, lead and
zinc were also present but at relatively lower levels. The
root showed higher concentrations of heavy metals
compared to the shoot, including chromium (2118.91+0.85
ppb), iron (803766.99+1.5 ppb) and nickel (7181.05+1.32
ppb). Other heavy metals were also detected but at
varying levels. S. nodiflora plant species exhibited high
concentrations of heavy metals in the shoot, including
chromium (10332.2+1.3 ppb), iron (3612143.12+0.52 ppb)
and copper (3525.21+1.25 ppb). Other heavy metals such
as nickel, cobalt, arsenic, cadmium, lead and zinc were
also present but at varying levels. The root exhibited even
higher concentrations of heavy metals compared to the
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Table 8. Heavy metal concentration (parts per billion, ppb) in the shoot and root of terrestrial plants during winter season of Edayar, Kerala India.

. Plant Cr Ni Co Cu Cd Pb Zn
Season Plant Species Fe b As b
P Part  (ppb) (PPb)  (opb)  (ppb)  (ppb) (PPb)  (opb)  (ppb)  (ppb)
Shoot 3006.9+ 696353, 451566 21549+ 889.97+  129.8+  223.73+  236.68  4352.67
, , 0.5 63+1.2 +1.7 0.6 0.5 1.3 0.58 +0.42 +1.7
Scoparia dulcis
L.
Root 211891  803766.  7181.05 291.52+ 774.76+  150.3+  332.85: 423.82t 5249.14
+0.85 99+1.5 +1.32 1.72 2.1 1.83 0.47 0.72 +1.1
S Shoot 103322 3612143 316484  1773.83 352521 18596+ 20341+ 1917.23  7873.51
§ Synedrella +1.3 124052 8+0.7 +1.4 +1.25 0.74 0.28 +1.4 +1.73
n nodiflora
PEJ Gaertn Root  16597-6 5485676  49052.5 2158.28 511447 24594+  228.36x 212125 9556.55
= +0.58 A4+1.41  620.72 +0.5 +0.59 1.43 1.57 +1.18 +0.83
Shoot  16829.1 1445062 194214 32679+ 229149  146.08+ 16333+  325.7+ 108956
Alternanthera 4+0.63  .9+0.46 8+1.5 1.06 +1.28 1.5 0.58 0.51 6+0.73
philoxero{des
(Mart.) Griseb Root 201992 2311077 202772 41495r 23937+ 12628+ 177.83: 955.56: 115205
8+1.4  .41+1.73  0+0.62 0.59 0.26 0.51 0.5 1.3 6+1.07

shoot, including chromium (16597.6+0.58 ppb), iron
(5485676.4+1.41 ppb) and copper (5114.47+0.59 ppb).
Other heavy metals were also detected but at varying
levels. A. philoxeroides plant showed relatively lower
concentrations of heavy metals in the shoot, including
chromium (16829.14+0.63 ppb), iron (1445062.9+0.46 ppb),
and zinc (10895.66+0.73 ppb). Other heavy metals such as
nickel, cobalt, arsenic, cadmium, lead and zinc were also
present but at relatively lower levels. The root exhibited
higher concentrations of heavy metals compared to the
shoot, including chromium (20199.28+1.4 ppb), iron
(2311077.41+£1.73 ppb) and zinc (11520.56+1.07 ppb).
Other heavy metals were also detected but at varying
levels.

The analysis revealed the presence of various heavy
metals, including chromium, iron, nickel, copper, cobalt,
arsenic, cadmium, lead and zinc, with their concentrations
measured in parts per billion (ppb). These findings hold
significant implications for understanding the potential
risks of environmental contamination and its potential
consequences for both ecosystems and human health.

S. dulcis displayed moderate concentrations of
chromium, iron and nickel in its shoot, with higher levels
found in its root tissues. This accumulation pattern implies
the plant's ability to absorb and store these metals from
its environment (49). Such an adaptive mechanism could
involve the utilization of metal transporters and chelating
compounds, facilitating the efficient absorption and
management of heavy metals. The elevated
concentrations detected in the root tissues might indicate
a preference for metal storage, which could serve to shield
the above-ground parts of the plant from potential metal
toxicity (49). S. nodiflora demonstrated elevated
concentrations of heavy metals in its shoot, specifically
chromium, iron and copper. These high levels might
suggest an evolutionary response to a metal-rich
environment, potentially linked to genetic traits
enhancing the plant's metal uptake and accumulation
capabilities (50). The higher concentrations observed in
the root tissues in comparison to the shoot may suggest

effective mechanisms for metal translocation, aiding in
transporting absorbed metals to the root system (51).
However, the presence of various heavy metals in
detectable quantities raises the necessity for a more
comprehensive exploration of their potential ecological
implications. A. philoxeroides, in contrast, presents
relatively lower heavy metal concentrations in its shoot,
including chromium, iron and zinc. This could point
toward mechanisms that regulate metal uptake or
efficient detoxification processes within the plant (52). The
uniformity in heavy metal concentrations between the
shoot and root suggests a consistent strategy for metal
distribution, which might indicate a well-balanced
mechanism for metal regulation (52).

Terrestrial plants in summer

Based on the provided data on heavy metal
concentrations (parts per billion, ppb) in the shoot and
root of terrestrial plants during the summer season in
Edayar, Kerala, India, the following analysis can be made
(Table 9):

S dulcis plant exhibited relatively higher
concentrations of nickel (43223.28+1.07 ppb), iron
(460191.19+1.4 ppb) and copper (4774.76+0.29 ppb) in the
shoot. Other heavy metals such as chromium, cobalt,
arsenic, cadmium, lead and zinc were also present but at
relatively lower levels. The root showed higher
concentrations of heavy metals compared to the shoot,
including  chromium  (14966.73+0.47  ppb), iron
(5578948.14+1.23 ppb) and nickel (50883.36+0.82 ppb).
Other heavy metals were also detected but at varying
levels. Sphagneticola trilobata exhibited relatively low
concentrations of heavy metals in the shoot, including
chromium (513.48+1.58 ppb), iron (21302.11+0.79 ppb)
and cobalt (319.45+1.3 ppb). Other heavy metals such as
nickel, copper, arsenic, cadmium, lead and zinc were also
present but at relatively lower levels. The root showed
moderate concentrations of heavy metals, including
chromium (774.53+0.46 ppb), iron (291676.21+0.5 ppb)
and copper (948.71+1.92 ppb). Other heavy metals were
also detected but at varying levels. A. philexeroides
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Table 9. Heavy metal concentration (parts per billion, ppb) in the shoot and root of terrestrial plants during summer season of Edayar, Kerala India.

Plant Cr Fe

. . Cu As Pb
Seasons Plant Species Part (opb)  (ppb) Ni (ppb) Co (ppb) (ppb) (ppb) Cd (ppb) (ppb) Zn (ppb)
Shoot 11700. 460191 432232 214298+ 477476  250.31+ 132.85:0. 1423.82  1849.14:
46:0.5 .19+14  8+1.07 0.63 +0.29 0.58 72 +1.05 0.86
Scoparia dulcis
L.
Root  Toaos alet 508833 225195+ 552996 26544 14757:l. 2183.1:  2012.55¢
7 3 6082 0.72 +0.59 0.83 69 0.78 1.89
S 21302
2 Shoot 51348 11107 220008 319.45:1 72539+ 210.39+ 3152:0.6 110.27+  715.03:0.
5 ilobata (L.)
IS Pruski
IS Root 77453 291676 2491.86 390.43+0 948.71x 257.03+ 470.61+0. 17291+ 843.86+0.
3 +0.46 21305  £1.43 5 1.92 0.58 75 1.7 37
389693
Shoot 30381 Tgiio7 281678 547.35:0 32539+ 11139+ 2152:0.9 11027+ 715.03:l
Alternanthera +0.59 ' Z ' +0.73 .82 1.47 1.49 4 0.5 96
philexeroides
(Mart.) Griseb
Root ~ 468.18 411837 3418.8+ 783.49:0 41178+ 11511+ 470.61:l. 17291+  843.86:2.
+0.83  .42:05  0.83 49 0.73 0.5 14 0.74 6
exhibited relatively low concentrations of heavy metalsin  and root suggests a well-balanced strategy for metal

the shoot, including chromium (303.81+0.59 ppb), iron
(389693.81+0.74 ppb) and copper (325.39+1.47 ppb). Other
heavy metals such as nickel, cobalt, arsenic, cadmium,
lead and zinc were also present but at relatively lower
levels. The root showed moderate concentrations of heavy
metals, including chromium (468.18+0.83 ppb), iron
(411837.42+0.5 ppb) and copper (783.49+0.49 ppb). Other
heavy metals were also detected but at varying levels.
Chromium, iron and copper were consistently present
across the plant species analyzed, with varying
concentrations. A consistent trend was apparent across
the studied plant species. S. dulcis, for example,
showcased relatively high concentrations of nickel, iron
and copper in its shoot, with even higher levels detected in
its root tissues. This accumulation pattern suggests the
plant's proficiency in absorbing and storing these metals
from its surroundings (53). The mechanism behind this
capability may involve the utilization of metal transporters
and chelating compounds, enabling the plant to efficiently
uptake and manage heavy metals. The elevated
concentrations in the root tissues could imply a preference
for metal storage, possibly to shield the above-ground
parts of the plant from potential metal toxicity (53).

On the other hand, S. trilobata displayed
comparatively low concentrations of heavy metals in its
shoot, particularly for chromium, iron and cobalt. The
root, in contrast, exhibited moderate concentrations of
these metals. This distribution might suggest a regulated
mechanism for metal uptake and translocation within the
plant. Such a pattern could indicate the presence of metal
transporters that effectively regulate metal movement and
accumulation (54).

A, philoxeroides  similarly  presented low
concentrations of heavy metals in its shoot, including
chromium, iron and copper, with moderate levels
observed in the root. This could indicate the presence of
mechanisms that control metal uptake and accumulation,
or perhaps a more efficient detoxification system. The
uniformity in heavy metal concentrations between shoot

distribution within the plant (55).
Aquatic plants in all seasons

A comprehensive analysis of the data revealed distinct
trends and potential implications for the aquatic
ecosystem's health and human welfare. The heavy metal
concentrations showed variations across different seasons
and among different plant species (Table 10). This
suggests the influence of factors such as water quality,
nutrient availability and climatic conditions on metal
accumulation (56). For instance, the seasonal variation in
Eichhornia crassipes, especially in shoot concentrations,
could be attributed to changes in water chemistry and
growth dynamics in response to the varying
environmental conditions. Each aquatic plant species
exhibited distinct patterns of heavy metal accumulation.
Pistia stratiotes tends to accumulate higher levels of heavy
metals in both shoot and root tissues during the
southwest monsoon and winter seasons. E. crassipes, on
the other hand, displayed relatively lower concentrations,
while Salvinia molesta. falls in between the two. These
differences could be due to species-specific traits, growth
strategies and adaptations to the local environment (57).
Comparing metal concentrations between the shoot and
root parts of the same plant species revealed interesting
trends. For example, P. stratiotes and E. crassipes
exhibited higher metal concentrations in their root tissues
compared to the shoot, suggesting the potential role of
roots in metal uptake and accumulation. This distinction
in accumulation patterns could be indicative of root-
mediated mechanisms for metal tolerance and
detoxification (58). The elevated concentrations of heavy
metals in aquatic plants during all seasons, particularly in
the root tissues, raise concerns about the potential
ecological and human health implications. Heavy metals,
even at low concentrations, can accumulate over time,
leading to bioaccumulation in aquatic organisms and
potential entry into the food chain. This bioaccumulation
can have cascading effects on aquatic ecosystems and
ultimately impact human health through consumption of
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Table 10. Heavy metal concentration (parts per billion, ppb) in the shoot and root of aquatic plants during all the seasons of Edayar, Kerala India.

Plant Plant Ni Co Cu As cd Pb Zn
Seasons . Cr b Fe b
Species  Part (ppb) (PPP)  (opb)  (ppb)  (ppb)  (ppb)  (ppb)  (ppb)  (ppb)
Shoot 5993952+ 15817472+ 944660 109556 191131 1521+ 127652 86437+ 22596
0.5 15 3+0.6 +0.5 +0.62 12 +1.52 0.83  240.47
Pistia
stratiotes oot 5569421+ 260630.00+ 960421 193063 234494 1606+ 1830.04 111204  2699.4
L 0.35 0.74 13152 +0.5 +138 068  +0.35 0.5 1.5
Shoot  968549f 6097916+  2587.44 6355:0. 5102+ 937+ 32338 2671  832.85
1.05 2.8 +0.38 61 0.74 0.15 053 0.62  +1.46
Southwest  Eicchornia
Monsoon  crassipes
(Mart.) Root 1263654+ 6257738+ 260835 73584+ 27491+ 1068+ 41409t 28.46:0. 992.79
Solms 0.83 1.54 +0.25 1.78 0.72 0.27 0.62 29 £0.75
shoot 42012t 4551965: 447278 103911 14242+ 3633: 44259t 9.01:0.8 307.42
Salvinia 15 0.62 £0.27 0.5 0.5 0.5 1.48 2 0.3
molesta
D.Mitch. 4367.61+  546969.87+ 4499.54 1834.65 211.97+ 4885+ 492.42+ 677.2¢
Root 0.83 0.39 +0.37 +1 1 0.5 o5 2017l Ty
720790.72+ 582891 1103.78  479.66+ 70.40+ 3.3130. 20.74+0. 940.7+
Eicchornia ~ Shoot  244.32+1 0.36 0.9 0.2 1 0.38 30 64 1
North east  crassipes
monsoon  (Mart, 857493.43+ 623352 231028 731.32+ 9454+ 8.87+0. 31.15:¢1. 11317
Solms 43+ . . 32+ 54+ .87+0. A15+1. .
Root  382.97+1 15 15 +0.58 0.37 0.73 5 3 5+
243536.15+ 1970.81 72.63+2. 254.97+ 19.19+ 3.6+ 1721+  9284.2
Eicchornig  oneet  215.002:1 1.67 2.5 86 1.69 0.5 0.27 2.1 0.5
crassipes
(SM?rt') 387.51+ 3369236t 2344.35  99.82+ 5.64+ 13187,
o ms . - .0 . . - . L
Root i 03 s S asserl 27261 GY 196581 16:L6
Winter 2
Season
Shoot 2067347+ 3640518.84 322001 790.53: 3537.79 188.81 169.46: 160919 93035
pistia 1 +1.42 +1 0.47 069  +1.63 1 +1 141
stratiotes
L. Root 2909067+ 228035191 425787 98891+ 460685 21610 273.05: 212584 10014,
0.85 0.5 8+1 1 +1.94 173 1 +1.62 2+1
_ oot | 212366+  26560.94r 19632+ 1254+ 58432+ 432 32+ 6517+  3689.0
Eicchornia 1.53 0.5 0.73 0.5 14 0.3 0.01 157  9+164
crassipes
(Mart.)
Solme Root | 281842t 4980243+ 2564+ 3203+ 74140, 202:0 402t  8232:0. 46883
0.47 0.27 0.62 0.5 38 1 0.3 5 +2.48
11942+ 5853214+ 1042+ 2504+ 21532+ 181+0  3.87+ 1182.2
Satvinia Ot 0.4 24 1.83 0.5 1 2 02 83202 g5
Summer molesta
Season D.Mitch. 3831+  308.27+ 3.54+0 6.5l  82.05+  1806.4
Root  220.79+1 7280254+ 28403+ 03 o o o5 - o
shoot 12142+ 2543221+ 180.86+ 831  804xl7 037+ 321+ 6252+ 14023
Pistia 0.4 1.64 0.6 0.5 6 0.2 0.5 0.25 +1
stratiotes
L. Root 12242+ 1453832+ 8052+  97.52+  111.83+ 241+ 532+  78.81+  1688.9
0.63 2.04 0.53 0.81 0.46 0.2 0.2 092  3:1.83

contaminated aquatic organisms.
Plants and their heavy metal concentration

Seasonal analysis of the heavy metal concentration of
terrestrial and aquatic plants was carried out. Plants were
selected according to their dominance. Diversity indices
were carried out using PAST 4.03 software to identify the
dominant species in a particular season.

During southwest monsoon S. dulcis, S. nodiflora
and A. philoxeroides were found dominant at Edayar. The

concentration of each heavy metal was found using ICP-
MS analysis. In S. dulcis, iron, chromium and nickel
concentrations were found at maximum and arsenic,
cadmium and lead were at the minimum in their shoots. In
the roots of the plant, the heavy metal concentration was
more than that of the shoots. Iron, nickel, chromium and
copper concentrations were higher in the roots, with
arsenic and cadmium being the lowest. In S. nodiflora,
heavy metals such as chromium, iron, cobalt and copper
were found maximum in the shoots and arsenic, cadmium
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being the lowest. In the roots of the plant, except for
chromium, cadmium and zinc, the concentration of heavy
metals was less than that of shoots. In A. philoxeroides,
the heavy metal concentration in roots was higher than
that of the shoot except for nickel. Chromium, iron,
nickeland zinc concentrations were higher in both shoot
and root. Chromium, cobalt, copper and lead
concentrations were higher in the shoots and roots of S.
nodiflora. Iron and nickel concentrations were higher in S.
dulcis. Zinc concentrations were found more in the roots and
shoots of A. philoxeroides.

During the northeast monsoon, S. dulcis, S.
nodiflora and A. philoxeroides were found dominant. In S.
dulcis, chromium, iron and zinc were found in higher
concentrations and lead, arsenic and cadmium in lower
concentrations. Heavy metals were present more in the
roots than in the shoots. In S. nodiflora, iron and zinc were
found in more amounts, with arsenic, cadmium and lead
being the lowest. Cadmium and lead were more in the
roots than in the shoot. Other heavy metals such as
chromium, iron, nickel, cobalt, copper, arsenic and zinc
were found more in the shoots than in the roots. In A.
philoxeroides chromium and iron were found more in
amount. Iron and chromium were found more in the
shoots of the plant and other heavy metals such as nickel,
cobalt, copper, arsenic, cadmium and lead were found
more in the roots than in the shoot.

During the winter season, S. dulcis, S. nodiflora, A.
philoxeroides were found dominant. In S. dulcis, chromium,
iron, nickel, copper and zinc were found in higher
concentrations. Arsenic and cadmium were found in the
lowest concentration. All the heavy metals except
chromium, copper and zinc were found more in the shoot
than in the roots. In S. nodiflora, chromium, iron, nickel
and zinc were found in higher concentrations. Almost all
the heavy metals were found in higher amounts in the
shoots and roots of this plant. All the heavy metals were
found more in the roots than in the shoot region of the
plant.

During the summer season, S. dulcis, S. trilobata
and A. philoxeroides were found dominant. In S. dulcis,
chromium, iron, nickel, cobalt and copper were found in
more concentrations. Almost all the heavy metals were
found in more concentration in the plants during the
summer season than any other season. Arsenic was found
in higher concentrations during the summer season. In S.
trilobata, chromium, iron, nickel and cadmium were found
in higher concentrations, arsenic being the lowest. More
heavy metals were found in the root part than in the shoot
region. In A. philoxeroides, chromium, iron, nickel and
cadmium were found in higher concentrations than all
other heavy metals. All the heavy metals except copper
were found more in the roots than in the shoot region.

Aquatic macrophytes like P. stratiotes, E. crassipes
and S. molesta were reported from Edayar during all the
seasons. In the southwest monsoon, P. stratiotes showed
a high amount of chromium, iron, nickel and zinc. Arsenic
was reported less in P. stratiotes. All the heavy metals
except nickel and lead were found more in the shoot
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region than the root part. In E. crassipes, chromium, iron
and nickel were found in higher concentrations. Arsenic
and lead were found in low concentration. All the heavy
metals except iron were found more in the shoot region
than in the root. In S. molesta, chromium, iron and cobalt
were found in more amounts. Lead and arsenic were the
lowest. All the heavy metals except chromium, iron, and
cobalt were found more in the root region than the shoot
region.

During the northeast monsoon, E. crassipes were
only reported. Iron, nickel, cobalt and zinc were reported
to have higher concentrations. Arsenic and lead were the
lowest. All the heavy metals except cobalt, copper and zinc
were found more in the shoot than in the root region.
During the winter season, E. crassipes and P. stratiotes
were reported from the region. In E. crassipes, iron, nickel,
and zinc were found in higher amounts than other heavy
metals. Arsenic, cadmium and lead were found in lower
concentrations.

Conclusion

In  conclusion, the assessment of heavy metal
accumulation in water, soil and plants in the Edayar region
of Ernakulam, Kerala, identified significant levels of
chromium (Cr), copper (Cu), arsenic (As), cadmium (Cd),
lead (Pb), zinc (Zn), iron (Fe), nickel (Ni) and cobalt (Co).
Elevated levels of these metals pose environmental risks,
including bioaccumulation in aquatic organisms and
potential impacts on crop quality and human health.
Terrestrial plants such as Scoparia dulcis and
Alternanthera philoxeroides, along with the aquatic plant
Salvinia molesta, were found to be effective accumulators of
heavy metals. Addressing pollution sources like industrial
discharges and inadequate waste management is crucial
to prevent further contamination and protect
environmental health. Further research is needed to
investigate specific sources, pathways and health impacts
of heavy metal contamination in this region.
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