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ABSTRACT

This study assessed the concentrations and ecological risks of heavy metal contamination
in mangrove swamp sediments across four communities in Nembe LGA, Bayelsa State:
Sounikiri, Ikrikokiri, Odekiri and Obiama. Obiama sampling point served as the
geochemical background due to its relatively undisturbed ecosystem. Sediment samples
were collected using standard methods at two depths (0—10 cm and 10-20 cm), except
at the geochemical background location (Obiama), where samples were taken at a depth
of 0—20 cm. The concentrations of cadmium (Cd), chromium (Cr), copper (Cu),
manganese (Mn), lead (Pb), and zinc (Zn) were determined using standard procedures.
Statistical analyses were conducted to assess significance at p<0.05. Environmental
impacts were evaluated using key ecological indices including Geoaccumulation Index
(Igeo), Contamination Factor (CF), Degree of Contamination (Cd), Ecological Risk Factor
(Er), and Potential Ecological Risk Index (PERI). Results revealed that Cd concentrations
(3.89 - 7.48 mg/kg) exceeded the DPR permissible limit (0.8 mg/kg), categorizing it as a
high-risk contaminant. Cr level (8.54-10.84 mg/kg) remained within the DPR limit (100
mg/kg). Mn concentrations (34.61 -78.51 mg/kg) were below the threshold (500 mg/kg)
but varied significantly across sites. Pb concentrations (10.90-13.76 mg/kg) were within
the DPR limit (85 mg/kg), whereas Zn levels in Odekiri (156.20 mg/kg) exceeded the
permissible threshold of 140 mg/kg. Cu concentrations (40.50-55.68 mg/kg) also
surpassed the DPR limit (36 mg/kg), indicating significant contamination. Er indicated that
Cd posed the highest risk (Er = 186), followed by Cu, which also presented a considerable
risk. PERI values classified Sounikiri and Ikrikokiri as moderate risk areas, while Odekiri
exhibited considerable ecological risk (PERI = 309.82). The findings reveal significant
heavy metal contamination in the region, highlighting the need for mitigation measures to
protect the mangrove ecosystem.

INTRODUCTION

Mangrove forests are among the most
productive ecosystems found in tropical regions of the
world (Marchand et al., 2011; Rasika et al., 2018). They
are unique estuarine ecosystems considered as zone of
transition between freshwater and marine habitats (Feller
etal., 2010; Udechukwu et al., 2015). As a major provider
of food for several faunae, they host complex food webs.
While providing plethora ecological functions, mangrove
habitats are exploited by coastal development,
unsustainable fishing and agriculture practices
(Macfarlane et al., 2007). And because they trap
suspended particles and organic materials, they are
exposed to a variety of contaminants and anthropogenic
agents which impact sedimentation process. Heavy
metals are significant contaminants in mangrove swamp
forest, whereas anthropogenic waste and industrial
discharges are major contributors (Rasika et al., 2018;
Marchand et al., 2011).

In soils, heavy metals have been considered as
powerful tracers for monitoring impact of anthropogenic
activity (Siti et al., 2014). According to Bi et al. (2017);
Chakraborty et al. (2015) and Jafarabadi et al. (2017)
heavy metals incorporated into organic matter in swamps
have been identified as secondary causes of aquatic
biological systems pollution. Due to their non-
biodegradable nature; they gradually bio-accumulate in
systems (Okocha and Adedeji, 2012), and may be
reabsorb into the water body. Mangroves are particularly

vulnerable to heavy metal (Puthusseri et al. 2021),
according to Zhu et al. (2006); Chakraborty et al. (2014);
Liu et al. (2017) the level of bioavailability, and
distribution of metals in mangrove swamps are
influenced by chemical parameters including weathering
and sediment composition. Also, physical parameters
may influence heavy metals accumulation in mangrove
swamp (Maslennikova et al., 2012). but, excessive heavy
metals in plants alter normal metabolic pathways, and
may fast reach lethal levels quickly (Turer et al., 2003).
As such, heavy metal accumulation in aquatic
environments is a growing cause for concern due to its
toxicity to living organisms (MacFarlane and Burchett,
2000).

Nembe mangrove forest provides numerous
ecological services, and covers a significant portion of
Bayelsa state land mass. The region is known for its
contribution to the Nigeria economy, yet the risk of
anthropogenic activities is of major concern in
communities in the region. Despite the region’s
ecological significance, there is a lack of comprehensive
studies assessing the concentration of heavy metals in
the region’s mangrove swamp forest. Thus,
concentrations of heavy metals in the mangrove swamp
sediment were investigated in this study, and various
ecological indices were employed to gauge and
guantified the impact of heavy metals contamination in
the enclave.
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MATERIALS AND METHODS
The Study Area

This research was conducted between January
15 and March 28, 2023, at four distinct locations within
the mangrove forest swamp of Nembe Local
Government Area (LGA): Sounikiri (Lat. 4.61'N, Long.
6.25'E), Ikrikokiri (Lat. 4.43'N, Long. 6.53'E), Odekiri (Lat.
4.67'N, Long. 6.53'E), and Obiama (Lat. 4.59'N, Long.
6.35'E). Obiama sampling point served as the
geochemical background’ site due to its relatively
undisturbed ecosystem. Nembe LGA is characterized by
a tropical climate with high humidity and temperatures
throughout the year, and the annual rainfall ranges from
3,500 to 4,500 mm along the coastal front.
Geographically, the LGA functions as an ecotone,
featuring a complex network of estuaries, creeks, tides,
and mangrove trees that contribute to its unique
biodiversity.
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Fig. 1: Map of Nembe in Bayelsa State showing the
study area

Sample Collection and Laboratory Analysis

Sediment samples were collected from three designated
points within a 100 m x 100 m plot at two depths: 0-10
cm and 10-20 cm. However, at the geochemical
background location (Obiama community), samples
were collected at a single depth of 0—20 cm. A cylindrical
corer sampler with a 5 cm inner diameter was used to
extract sediment cores from the swamp. The sampling
process involved inserting a cylindrical corer into the
sediment to a depth of 20 cm at each sampling point.
Upon extraction, the core samples were sliced into two
segments (0-10 cm and 10-20 cm), except for the

geochemical background location. Each segment was
then transferred into labelled black polythene bags to
prevent degradation and ensure proper identification.
The samples were subsequently transported to the
laboratory for further analysis. This structured approach
ensures that the collected data is both reliable and
representative of sediment characteristics in the study
area.

Sample Analysis

The sediment samples were dried in a Supertek forced
air oven at 400°C until a constant weight was achieved.
Subsequently, the samples were pulverized using a
mechanical grinder. A total of 0.5 g of each pulverized
sediment sample was weighed into glass beakers,
followed by the addition of 10 mL of nitric acid (HNO3)
and 5 mL of hydrochloric acid (HCI). All chemicals and
reagents used were of analytical grade. The combination
of concentrated HNO; and HCI was employed due to
their effectiveness in breaking down various matrices,
maximizing metal recovery and ensuring thorough
digestion of sediment samples. The samples were then
placed in a microwave digestion system at a constant
temperature of 200°C for 30 minutes. After digestion and
cooling, the resulting solution was filtered through
Whatman filter paper using gravity filtration methods;
distilled water was added to dilute the filtrate to a final
volume of 50 mL using volumetric flasks. The
concentrations of the metals, cadmium (Cd), chromium
(Cr), copper (Cu), manganese (Mn), lead (Pb), and zinc
(Zn) in the samples were determined using a Thermo
Scientific ICE 3500 atomic absorption spectrometer
(AAS) utilizing air and acetylene gas for flame
atomization mode.

The data obtained were subjected to descriptive
statistics, such as ANOVA, meantSD, and LSD was
used to determine significance at p<0.05.

Risk Assessment of Sediment Contamination

The concentration of the heavy metals in the sediments
were determined using the following the ecological
assessment indices: The Geoaccumulation Index (lgeo)
was used to evaluate the degree of heavy metal pollution
in sediments (Barbieri, 2016). It aids in identifying areas
with significant heavy metal pollution by comparing
concentration values of contaminated site with
uncontaminated site (pre-industrial concentration), and
provide insights into the potential environmental impact
of heavy metals on ecosystems (Looi et al., 2019; Walla
and Anmar-Dherar, 2015). Originally defined by Muller
(1979), the lgeo focuses on metal concentrations in the
2-micron fraction and employs global standard shale

values. The formula used is: Igeo = logZ% (Muller
(1979), where Cn represents the concentration of the
metal in sediment (mg/kg) and Bn denotes the

background concentration (pre-industrial level). In this
study, Obiama community was selected as the reference
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site for determining background concentrations based on
a local geological survey (Table 1). The results are
classified into seven categories (Table 2) based on
calculated Igeo values, facilitating monitoring of metal
contamination over time (Abdullah et al., 2020).

The Contamination factor (CF) is a metric used in these
studies to evaluate heavy metal levels in sediment. It is
defined as the ratio of the contaminant concentration in
sample to its background concentration, calculated as

— _(Csample .
Cf = Chackground (Hakanson, 1980). Where, Csample = is

the concentration of metal in sediment, and Cbackground iS
the background concentration from a reference site
(Hakanson, 1980) (Table 1). CF values are categorized
into four levels (Table 2) for monitoring contamination at
specific points in time (Al-Dahar et al., 2023).

Table 1. Concentrations of Heavy Metals in
Mangrove Sediments from Obiama Community
(Geochemical Background Values, Mg/Kg)

Heavy metal Value
Cd 1.20
Cr 5.01
Cu 2.84
Mn 4.08
Pb 2.70
Zn 55.00

To measure overall heavy metal contamination in
sediments, the Degree of Contamination (Cd) is

utilized. It is calculated using: Cd = %Z(Cf)i, (Kowalska

et al., 2018). Where Cfi is the contamination factor for
each heavy metal, and n is the number of metals
analysed. Cd values are classified into four levels (Table
2) for monitoring contamination over time (Khemmoudj et
al., 2017).

Table 2: Ecological Indices for Heavy Metal Assessment in the Mangrove Swamp Sediment

Index Class Value Degree quality Reference

*lgeo Igeo<0 Uncontaminated
0O<Igeo <1 Uncontaminated to moderately contaminated Barbieri, 2016
1<Igeo <2 Moderately contaminated Looi et al. (2019);
2<Igeo <3 Moderately to heavily contaminated Walla and Anmar (2015)
3<lIgeo <4 Heavily contaminated Abdullah et al. (2020)
4<1geo <5 Heavily to extremely contaminated

Igeo=5 Extremely contaminated

**Cf Cf<1 Low contamination Hakanson (1980);
1=Cf<3 Moderate contamination Al-Dahar et al. (2023)
3=Cf<6 Considerable
Cf>6 Very high contamination

TEr Er<40 Low risk
40<Er<80 Moderate risk Agyeman et al. (2021)
80<Er<160 Considerable risk
160<Er<320 High risk
Er=320 Very high risk

1Cd Cd<38 Low degree of contamination Hakanson (1980);
8<Cd<16 Moderate degree of contamination Khemmoudj et al. (2017)
16<Cd <32 Considerable degree of contamination
Cd =32 A very high degree of contamination

OPERI PERI <150 Low risk
150<PERI<300 Moderate risk Hakanson (1980);
300=PERI<600 Considerable risk Al-Shami et al. (2019).
PERIZ600 Very high risk

O0Tr Heavy Metal Toxic Response Factor (Tr)
Lead (Pb) 5
Copper (Cu) 5
Cadmium (Cd) 30 Xu et al. (2008);
Zinc (Zn) 1 Liu et al. (2021)
Chromium (Cr) 1
Manganese (Mn) 1

*Geo-accumulation index, **Contamination factor,
TIPotential Ecological Risk Index, [1[]Toxic response factor
TEcological risk index factor TTDegree of contamination




Ihimikaiye and Ojo / Greener Journal of Biological Sciences 55

The Ecological Risk Index Factor (Er) assesses
potential risks posed by heavy metals in the
environment. It is calculated as follows: Er =Tr X Cf.
where, Er is the ecological risk factor for a specific heavy
metal, Tris the toxic response factor reflecting the
toxicity and potential harm of each metal, while Cf is the

. . C l
contamination factor, calculated as Cf = Cbaiig%,

Csampe measured concentration of the metal in the
sample sediment, and Cbackground iS the background
concentration of the metal from the reference site. The
classification of Er values follow guidelines provided by
Xu et al. (2008), Agyeman et al. (2021), and Liu et al.
(2021), with categories detailed in Table 2. The Potential
Ecological Risk Index (PERI) evaluates overall
ecological risk from multiple contaminants (heavy
metals) in sediments. It is derived from summing
individual ecological risk factors:  PERI =Y. (Er) =
2.(Tr » Cf). The categorization of potential ecological
risk follows Hakanson (1980) and Al-Shami et al. (2019),
providing a comprehensive assessment of ecological
risks associated with heavy metal contamination.

RESULTS AND DISCUSSION
RESULTS

Table 3 shows heavy metals (Cadmium (Cd), Chromium
(Cr), Manganese (Mn), Lead (Pb), Zinc (Zn), and Copper
(Cu)) concentrations at varying depths (0-10 cm and 10-
20 cm) across three mangrove swamp communities:
Odekiri, Sounikiri, and Ikirikokiri. The concentrations are
expressed as mean values (X + SD) in mg/kg, with
statistical comparisons made to assess the significance
of differences observed among the communities.
Cadmium (Cd) concentrations ranged from 3.89 +
0.56mg/kg to 7.48 + 0.31mg/kg. The highest level was
observed in Odekiri at (0-10cm) depth, with values of
7.48 £ 0.31mg/kg. This concentration was significantly
higher (p < 0.05) compared to those in Sounikiri and
Ikrikokiri. Notably, all recorded Cd concentrations
exceeded the DPR’s permissible limit of 0.8 mg/kg
(Table 4).

Table 3: Values of heavy metal concentration Accessed in three Sampling Sites

Metal/Depth (S; inék[;r; (Sieglg) (I;((”:Oskg; LSD p-value
Cd (0-10cm) 6.01 + 0.80(c) 7.48 £ 0.31(a) 4.08 £ 0.42 (b) 1.12 <0.05
(10-20cm)  5.62 + 0.42(b) 5.93 £ 1.38(a) 3.89 £ 0.56(c) 1.25 <0.05
Cr (0-10cm) 10.8410.90 (a) 9.8410.49 (b) 8.54+1.27 (c) 1.19 <0.05
(10—20cm) 10.6210.40 (a) 9.59+0.56 (b) 8.66+0.73 (c) 0.98 <0.05
Mn (0-10cm) 34.61+£5.82 (c) 78.51+5.29 (a) 63.59+1.95 (b) 7.88 <0.05
(10-20cm)  34.8414.51(c) 78.44+6.06 (a) 63.33+2.47 (b) 8.12 <0.05
Pb (0-10cm) 13.2310.84 (a) 13.5410.81 (a) 10.90+1.22 (b) 1.52 <0.05
(10—20cm) 13.07+1.62 (a) 13.76+0.50 10.96+0.44 (b) 1.68 <0.05
Zn (0-10cm) 134.74+17.63 (b) 149.97+23.38 (a)  129.03+23.89(b) 22.81 <0.05
(10-20 cm) 131.50+15.98 (b) 156.20+17.17 (a)  130.87+20.63 (b)  20.45 <0.05
Cu (0-10cm) 50.4848.03 (b) 42.5142.22 (c) 55.68+3.93 (a) 9.12 <0.05
(10-20cm)  47.6248.82 (b) 40.50+1.50 (c) 54.37%4.80 (a) 9.75 <0.05

Note: Means with same superscript in the same row are not different

Chromium (Cr) levels show variability across the three
communities, with concentrations ranging from 8.54 +
1.27 mg/kg in Ikrikokiri (10—20 cm) to 10.84 + 0.90 mg/kg
in Sounikiri (0—10 cm). The results reveal that Sounikiri
consistently exhibited the highest Cr concentrations, and
were significantly different (p < 0.05) from those in the
other communities. However, all Cr values remained
within the DPR’s permissible limit of 100 mg/kg. The
concentration of manganese (Mn) ranged from 34.61 £
5.82 mg/kg in Sounikiri (0—10 cm) to 78.51 + 5.29 mg/kg
in Odekiri (0—10 cm). Odekiri recorded significantly
higher Mn levels (p < 0.05) compared to Sounikiri and
Ikrikokiri. yet all Mn levels were well within the
permissible limit of 500 mg/kg as reported in the
literature. Also, the value of Lead (Pb) varied between
10.90 + 1.22 mg/kg in Ikrikokiri (10-20 cm) and 13.76 +
0.50 mg/kg in Odekiri at a depth of 10—-20 cm. The Pb

levels in Odekiri were significantly higher (p < 0.05) than
those in Ikrikokiri and Sounikiri, but all recorded values
remained within the DPR recommended limit of 85
mg/kg.

Table 4: Department of Petroleum Resources
permissible limit for heavy metals (mg/kg) in Soil
/sediment

Cd 0.8

Cr 100

Cu 36

Mn *500 (Not specified)
Pb 85

Zn 100

Source: DPR (2002)
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The value of Zn present in Table 3 showed a range from
129.03 + 23.89 mg/kg in Ikirikokiri to 156.20 + 17.17
mg/kg in Odekiri at a depth of 10-20 cm. The values for
Zn in Odekiri were significantly higher (p < 0.05)
compared to those in Sounikiri and Ikirikokiri, which had
comparable levels. While Zn concentrations in Ikrikokiri
and Sounikiri were within the DPR’s limit of 140 mg/kg,
those recorded in Odekiri's exceeded the permissible

threshold of DPR (table 4). Also, Copper concentrations
ranged from 40.50 £ 1.50 mg/kg in Odekiri to 55.68 *
3.93 mag/kg in Ikirikokiri, with Ikirikokiri consistently
showing higher levels than the other communities (p <
0.01). importantly, all Cu values surpassed the DPR
acceptable limit of 36 mg/kg.

Table 5: Contamination Factor (Cf) and Ecological Risk (Er) of Heavy Metals in the Mangrove Swamp

sediments
Metal (Mg/Kg) Sounikiri Odekiri Ikrikokiri

Cf Er Cf Er Cf Er
Cd 5.01 150.3 6.20 186.0 3.4 102.0
Cr 2.16 4.32 1.94 1.94 1.71 3.42
Mn 8.48 8.48 19.2 19.2 15.6 15.6
Pb 4.9 24.5 5.02 25.1 4.04 20.2
Zn 2.44 2.44 2.73 2.73 2.35 2.35
Cu 17.78 88.7 14.97 74.85 23.13 115.65
*PERI values 278.74 309.82 259.22
**Cd 40.77 50.06 50.23

*Potential ecological risk index, **Degree of contamination

Table 5 summarizes the results for the Contamination
Factor (Cf), Ecological Risk (Er), Degree of
Contamination (Cd), and the Potential Ecological Risk
Index (PERI) for heavy metals in the samples collected
from the three locations in Nenbe LGA. The Cf analysis
reveals contamination across all study sites, albeit at
varying levels. Chromium (Cr) and Zinc (Zn) exhibited
moderate contamination levels (1 < Cf < 3) as presented
in Table 2. In contrast, the highest Cf values were
recorded for Copper (Cu) and Manganese (Mn).
Specifically, Cu levels ranged from 23.13mg/kg in
Ikrikokiri to 17.78mg/kg in Sounikiri and 14.97mg/kg in
Odekiri, while Mn levels varied from 8.48mg/kg in
Sounikiri to 15.6mg/kg in Ikrikokiri and 19.2mg/kg in
Odekiri.

Ecological risk (Er) values for the heavy metals
are detailed in Table 5. Cr, Mn, Lead (Pb), and Zn
exhibited Er values below 40, classifying them as low-

risk. However, Cu levels at Odekiri (40 < Er < 80) were
categorized as moderate risk. More concerning was the
Er values for Cu and Cadmium (Cd) at Sounikiri and
Ikrikokiri communities, which fell within the range 80 < Er
< 160, indicating considerable risk. Cd recorded the
highest Er value of 186 mg/kg, classifying it as high risk
(160 < Er < 320). The Degree of Contamination (Cd)
values (40.77mg/kg, 50.06mg/kg, and 50.23mg/kg for
Sounikiri, Odekiri, and Ikrikokiri respectively) are
provided in Table 5. These values, exceeding Cd = 32
threshold, indicate a very high degree of contamination.
The PERI values also varied across locations:
278.74mg/kg for Sounikiri and 239.22mg/kg for Ikrikokiri
fall within the range of moderate risk (150 < PERI < 300),
while the PERI value for Odekiri (309.82mg/kg) indicates
considerable risk as it falls within the range of (300 <
PERI < 600).

Table 6: Geo-accumulation Index (lgeo) for the Heavy Metals in Mangrove Swamp Sediments

Metal (Mg/Kg) Sounikiri Odekiri IkrikoKiri
Cd 2.61 2.99 2.64
Cr 0.53 0.39 0.19
Mn 25 3.68 3.38
Pb 1.71 1.74 1.43
Zn 0.7 0.68 0.65
Cu 3.57 3.32 3.95

The Geo-accumulation Index (Igeo) values for heavy
metals across the three sampling communities are
presented in Table 6. Cr and Zn had Igeo values below
1.0, categorizing them as uncontaminated to moderately
contaminated (0 < Igeo < 1). Pb had Igeo values between
1 and 2, indicating moderate contamination. In contrast,

Cd at all sampling points and Mn at Sounikiri (2.5 mg/kg)
fell within the range of 2 < Igeo < 3, indicating moderate
to heavy contamination. Whereas, Cu displayed the
highest Igeo values, ranging from 3.32mg/kg in Odekiri
to 3.57mg/kg in Sounikiri and 3.95mg/kg in Ikrikokiri,
classifying it as heavily contaminated (3 < Igeo < 4).
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DISCUSSION

This study reveals significant variations in the
concentrations of heavy metals across the mangrove
swamp communities (Odekiri, Sounikiri, and Ikirikokiri) at
both sampling depths (0—10 cm and 10-20 cm). The
findings reveal that Cadmium (Cd), Copper (Cu), and
Zinc (Zn) exceeded the permissible limits set by the
Department of Petroleum Resources (DPR, 2002),
indicating substantial environmental contamination.
These results align with previous studies (Akagbue et al.,
2011; Omoogun et al., 2021; Ikezam et al., 2021), which
attributed ecological risks in the region primarily to
anthropogenic activities such as artisanal oil refining,
industrial discharges, and oil exploration.

Cadmium (Cd) concentrations across all
locations significantly exceeded the DPR threshold of 0.8
mg/kg, with Odekiri recording the highest concentration
(7.48 £ 0.31 mg/kg). Additionally, Zinc (Zn) levels in the
communities (156.20 + 17.17 mg/kg) surpassed the DPR
standard of 140 mg/kg, indicating severe contamination.
Among the three locations, Odekiri exhibited the highest
degradation, a trend consistent with its Potential
Ecological Risk Index (PERI) score of 309.82 mg/kg,
categorizing it as a site of considerable ecological risk
(300 = PERI < 600). In contrast, Sounikiri and Ikirikokiri
fell within the moderate-risk category. The high
Ecological Risk (Er) value for Cd (186 mg/kg) and Cu,
which falls within the high-risk (160 < Er < 320) and
considerable-risk (80 < Er < 160) categories, suggests
significant industrial and anthropogenic inputs. These
findings are corroborated by recent studies in the Niger
Delta, which have also reported elevated Cd levels linked
to industrial activities and urban runoff (Kieri et al., 2021;
Ehiemere et al., 2022; Chris and Anyanwu, 2022, 2023).
Similarly, Okwakpam et al. (2024) reported comparable
contamination patterns in Degema, Rivers State, where
artisanal refining activities resulted in high ecological
risks for Cu and Cd, further affecting mangrove
ecosystems. Chromium (Cr) concentrations varied
across the locations but remained below the DPR
threshold of 100 mg/kg, with Sounikiri exhibiting the
highest levels (10.84 + 0.90 mg/kg). This spatial variation
likely reflects localized industrial inputs, long-distance
transport, or natural geochemical processes. Huang et
al. (2019) noted that Chromium, particularly in its
hexavalent form (Cr VI), has high mobility in aquatic
environments, allowing for long-distance transport and
potential ecological impacts (Choppala et al., 2013).

Manganese (Mn) exhibited low ecological risk
(Er < 40), while Lead (Pb) remained within regulatory
limits (85 mg/kg). However, the high Mn concentrations
may impact sediment microbial communities, and Pb's
moderate contamination levels (Igeo values: 1-2)
warrant continuous monitoring due to bioaccumulation
concerns. Copper (Cu) consistently exceeded the DPR
limit of 36 mg/kg across all locations, with Ikirikokri
recording the highest concentration (55.68 + 3.93
mg/kg). The elevated Cu levels, alongside its heavy

contamination classification (Cf > 6) and Igeo values (3
< lgeo < 4), indicate significant anthropogenic inputs,
particularly from artisanal refining, industrial effluents,
and agrochemical applications. These results are
consistent with findings from Nnawugwu and Hiroaki
(2018) on heavy metal contamination in Niger Delta
mangrove sediments. Mahamoud-Ahmed et al. (2018)
further noted that excessive Cu concentrations can
disrupt sediment microbial communities, which are
crucial for organic matter decomposition and nutrient
cycling.

The Contamination Factor (Cf) and Degree of
Contamination (Cd) analyses indicate a concerning
contamination profile, particularly for Cu and Cd. The Cf
analysis reveals varying contamination levels, with Cu
and Mn exhibiting the highest values across all sites,
reinforcing the significant anthropogenic influence on
metal distribution. These findings align with research
from other regions, where Cu contamination has been
attributed to artisanal refining and mining activities
(Ikezam et al., 2021; Saha et al., 2022). The ecological
risk assessment suggests that while Cr, Mn, Pb, and Zn
pose low risks, Cu at Odekiri falls within the moderate-
risk category, emphasizing the need for remediation
measures. However, the Degree of Contamination (Cd)
values of all the metals analyzed exceed the
contamination threshold, indicating a high level of
pollution at all sites. This is particularly concerning given
the well-documented adverse effects of all the metals on
biodiversity and ecosystem health (Chris and Anyanwu,
2022).

Geo-accumulation Index (Igeo) results further
confirm the severity of contamination, with Cu and Cd
exceeding their respective background values,
classifying all locations as moderately to heavily
contaminated. The high heavy metal concentrations
raise serious concerns regarding potential ecological
damage to mangrove biodiversity and ecosystem
functions. High metal concentrations disrupt sediment
chemistry, impair microbial activity, and bioaccumulate in
aquatic organisms, posing risks to biodiversity and
ecological balance (Maiti and Chowdhury, 2013; Anouti,
2014; MacFarlane and Burchett, 2002). The broader
contamination trends observed in this study align with
global patterns, where rapid urbanization and
industrialization contribute significantly to heavy metal
accumulation in coastal ecosystems (Nwankwoala et al.,
2020). The contamination profile of these mangrove
swamps stresses the need for urgent intervention and
targeted environmental management strategies to
mitigate ongoing degradation. Protecting these
ecosystems from further contamination is crucial for
maintaining their ecological integrity and ensuring long-
term sustainability.
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