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Despite wide studies of biomonitoring aquatic environment through dynamics of
host–parasite interaction, bio-indicators to track the influence and accumulation of
heavy metals on fish are still few. The present study sheds light on the relation
between fish parasites and heavy metals as it threatens fish’s health and, as a
consequence, that of humans after fish consumption. Samples of Nile tilapia
(Oreochromis niloticus) were collected in Burullus Lake, a wild fish source, and from a
private fish farm in Kafr El-Sheikh Governorate, in Egypt. They were exposed to various
pollutants associated with anthropogenic activities to determine the levels of accumulation
of Fe, Zn, and Cu, along with the top three most toxic metals (As, Cd, and Pb) in water and
fish tissues of gills, intestine, liver, and muscles in both wild and farmed O. niloticus. The
results showed the order of abundance: Fe < Zn < Pb < Cu < As < Cd. In waters of both
farmed and wild fish, there was a significant negative relation between parasite prevalence
and heavy metals, including Zn, Pb, and As. Also, there was a significant positive relation
between parasite prevalence with Cu while no significant relation was found with Fe and
Cd. Heavy metal content was significantly higher (p > 0.05) in non-infected than infected
farmed and wild O. niloticus. In addition, a significantly decreased concentration (p > 0.05)
of essential heavy metal was recorded in wild fish compared to farmed specimens, while
non-essential heavy metal was significantly higher (p > 0.05) in wild compared to farmed
fish. Bioaccumulation factors (BAF) of different organs of O. niloticus were ranked in
ascending order: Liver > Gills > Intestine > Muscles. In general, the risk assessment
showed safe human consumption of farmed and wild fish under the reported
environmental conditions in this study. Moreover, the parasite’s presence can be
adopted as a surrogate indicator to estimate the potential impact of heavy metal
pollution and accumulation.
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INTRODUCTION

Aquaculture has grown to become a major source of low-cost
protein in many countries globally, and production has doubled
in the last 10 years, especially in Egypt, where aquaculture
accounts for more than 80% of Egypt’s total fish production
(GAFRD, 2019; David et al., 2021). In poor countries, fish
provides up to approximately 30% of the total animal protein
consumed per capita (Wang et al., 2015). Nile tilapia,
Oreochromis niloticus, is considered the most important and
well-known farmed fish in Egypt and Africa (Authman et al.,
2012; Abdel-hakim et al., 2016). It has grown more than twenty-
fold in the last 20 years (Henriksson et al., 2017).

Due to their environmental persistence and incapacity to
dissolve, metals are considered a particular cause of concern
across the world (Abah et al., 2016; Jiang et al., 2018).
Contaminants are accumulated in aquatic species, such as fish,
either directly from contaminated water or indirectly through the
food chain (Abah et al., 2016; Ahmed et al., 2020). Some heavy
metals are important for fish metabolism within accepted ranges,
but when their quantities exceed these ranges, they become
extremely hazardous (Keke et al., 2015; Padrilah et al., 2018).
Fish uptake the heavy metals directly from the water via their skin
and gills, as well as through the consumption of contaminated
food (Hassan et al., 2018). As such, the concentration of metal in a
fish tissue depends on its amount in the water and its prey (Mousa
et al., 2015). With the capability of metals to bioaccumulate
within the fish organs, these may constitute a health risk for
consumers (Tytła, 2019). It is vital to estimate the risks of metals
on human health as a result of targeted fish intake (Salam et al.,
2019).

Concentrations of heavy metals do not have to reach high
levels in the organism’s body to be dangerous, since even if
accumulated in low quantities in the body tissues, they can exceed
the allowed limits (Sardar et al., 2013). As a result, the
consequences of heavy metals’ negative effects on fish can be
exploited in biomonitoring freshwater environments. In parallel,
the quality of fish living in environments subject to agricultural
drainage and the fresh water of the Nile should be examined to
assess their acceptability and safety for human consumption.

Metals, such as Cu, Mn, Zn, and Fe, are classified as essential
for enzyme functioning and play vital roles in a variety of
biological mechanisms. Nonetheless, when an organism
assimilates them in high quantities over long periods, they can
become poisonous. In parallel, Cr, Pb, and Cd are categorized as
non-essential metals as they have no biological significance for
living creatures. Furthermore, even in small amounts, they are
hazardous (Ju et al., 2017; Mehana et al., 2020).

Fish consumption is a small part of the overall human diet,
whereas the risk range provided by the US Environmental
Protection Agency (EPA) is for the total dietary intake of
metals. However, the metal accumulation risk through fish
consumption should not be ignored. Furthermore, given
harmful metals’ non-biodegradability and probable
accumulation in fish tissues, metal supplementation in fish
feed should be reduced, and fish should be monitored

regularly to help reduce the risk of non-essential metal
poisoning for consumers (Resma et al., 2020).

Analyses of fish-parasite-metals interactions have been
proposed as an efficient monitoring method for assessing the
health of the environmental fish ecosystem, with parasites
indicating the presence of various contaminants in aquatic
habitats, including toxic metals and sewage pollutants
(Mehana et al., 2020).

Indeed, fish parasites help their hosts survive in heavy metal-
polluted environments by collecting larger quantities of heavy
metals and therefore acting as metal sinks (Eissa et al., 2012).

This study intended to explore the following:

(1) The metal content in water, gills, intestines, livers, and edible
tissues of both farmed and wild Oreochromis niloticus;

(2) The potential human health risks associated with the
consumption of both farmed and wild fish with the use of
combined indices;

(3) The role and relationships between heavy metal
accumulation and fish parasite infestation in monitoring
ecosystem pollutions.

Moreover, by examining the possible relationship between
parasites and heavy metals as bio-monitors of pollution, the
current study fills a significant gap in the ecotoxicology field.

MATERIAL AND METHODS

Collection of Fish and Water Samples
Water samples were taken from two different locations. The first
location was Burullus Lake (lake origin), while the second was a
private fish farm in the governorate of Kafr El-Sheikh in Egypt
(Farmed origin) (Figure 1). A total of 538 Nile Tilapia specimens,
O. niloticus, were taken, 324 males and 214 females, with a
standard length of 17.48 ± 6.87 cm and an average weight of
236.26 ± 14.35 g. Fish were taken simultaneously with the water
samples from the same location and transported to the Marine
Biology Department of the Faculty of Science at Al-Azhar
University in Egypt.

Physico-Chemical Parameters
Physico-chemical parameters (pH, turbidity, TDS, ammonia,
NO2, NO3, total alkalinity, total hardness, total phosphate,
H2S, and dissolved oxygen) were measured in the water of
Burullus Lake and the private fish farm according to
procedures outlined by the American Public Health
Association (APHA, 2005). The pH levels were determined
using a digital pH meter. Total dissolved solids were calculated
using a digital TDS meter (TDS). Ammonia (NH3), nitrite (NO2),
nitrate (NO3), and total phosphate levels were measured using
colorimetric methods. Water alkalinity was precisely evaluated
following sample collection using phenolphthalein and methyl
orange as indicators. The Winkler method was used to analyze
dissolved oxygen and titration methods were utilized to
estimate H2S.
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Length-Weight Relationship
After collection, the standard length of each fish was measured to
the nearest millimeter. The body weight was also determined to
the nearest 0.1 g. The Length-weight relationship was determined
by using power equation or its logarithmic modification
according to the following method:

LogW � Log a ± b Log L

(Lagler, 1956).where W is the weight of the fish in grams; L is
the standard length in centimeter; and a and b are constants,
whose values are estimated by the least square method.

By grouping the fish in 10 mm length groups, the empirical
and calculated weights were determined.

Parasitological Assessments
Specimens were examined in the laboratory. The gills, intestines,
muscles, and liver were isolated. After incisions on the ventral
side, the excised organs were initially checked externally for
parasites with a magnifying glass. The alimentary tracts were
then isolated under a stereomicroscope in 0.09% sterile saline
for parasite extraction (Marcogliese and Pietrock, 2011).
According to Sohn’s (2009) procedures, 1 g of each tissue
was placed between two glass slides and investigated for the
detection of encysted metacercariae using a binocular dissecting
microscope. Distinct parasites were carefully removed, and
morphological features were utilized to differentiate them at
the species level. Their proportions were documented, as well as
whether they appeared alone or in clusters. They were not
tarnished when they were photographed (Elsheikha and
Elshazly, 2008; El-Shahawy et al., 2017). However, the
approaches described in Yamaguti (1963), Cheng (1973), and
Radwan (2022) were used to identify helminths. Cestodes,
nematodes, and trematodes were relaxed in warm water for

6 h before being fixed in 5% formalin and transferred to 70%
ethanol (Oros et al., 2010).

According to Radwan et al. (2021) and El-Shahawy et al.
(2017), the specimens were stained with acetic acid alum carmine
in 70% acid ethanol, dehydrated in ascending concentrations of
ethanol, cleaned with clove oil, and permanently mounted in
Canada balsam for microscopic examination. Parasites
prevalence (PP) and intensity (IN) in fish were estimated
according to the following formula:

FPP(%) � (No.HI/No.HE) × 100

where FPP (%) denotes fish PP; No. HI represents the number of
individuals of a host species infected with a particular parasite
species; and No. HE indicates the number of hosts investigated.

IN � TNPS/NIHS

where IN is the intensity; TNPS is the total number of parasite
individuals in a sample of host species; and NIHS is the number of
infected hosts in the sample.

Heavy Metals Analysis
Sample Digestion
The studied organs (intestine, gills, liver, and muscles) of infected
and non-infected fish were selected for heavy metals analysis after
parasitological inspection. The organs (0.5 g each) were treated
with 5 ml of concentrated nitric acid, warmed on the hot plate at
100°C for 10 h, cooled at room temperature, and thoroughly
digested. The digested sample was transferred to a volumetric
flask, and the volume was diluted to a final volume of 50 ml with
deionized water. Heavy metals in water samples were determined
using an acid digestion technique for total metals. The digested
solution was poured into a volumetric flask and then diluted to a
final volume of 100 ml with deionized water. After that, the

FIGURE 1 | Map showing the Burullus Lake and the Private Fish Farm location.
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diluted solution of organs and water samples were tested (AOAC,
2012).

ICP Analysis
Heavy metal (zinc Zn, cadmium Cd, copper Cu, iron Fe, lead Pb,
and arsenic As) levels were measured in diluted solutions of
tissues and water samples. The heavy metals levels in the serial
dilutions (water and fish samples, n = 5) were determined using
an inductively coupled plasma optical emission
spectrophotometer (ICP-OES, Model 4300 DV, Perkin Elmer,
Shelton, CT, United States). To estimate the ppm of each analysis
in the digested solution, samples were treated with a multi-
element standard solution containing 1 μg/L of each metal
used for calibration curve calculation. The Quality Control
sample was analyzed every ten samples to ensure that the
calibration accuracy and instrument drift were both within
acceptable limits (within 20% of the known QC values
acceptable). In each analytical batch, blank samples were run
in duplicate in random order and utilized to calculate the
technique detection limit. The heavy metals levels in the water
samples were measured in mg/L and the fish samples in mg/kg on
a wet weight basis (Abbas et al., 2021).

Bioaccumulation Factor Calculation
The BAF is the ratio between heavy metals deposited in fish
tissues and in the water. It was calculated using the following
equation:

BAF � C − fish/C − water

(Adolfsson-Erici et al., 2012).where BAF is the
bioaccumulation factor, C-fish is the heavy metal levels in fish
organs (ppm), and C-water is the heavy metal levels in
water (ppm).

Human Risk Assessment Calculation
To assess the human risk of heavy metals absorption through the
ingestion of the analyzed fish, the approach provided by the US
Environmental Protection Agency was adopted (USEPA 2018).
The average daily dosage (EDI; an average daily intake of a given
chemical over a lifetime) determined the degree of exposure
produced by oral human ingestion of certain heavy metals
found in fish tissues. The average daily dose (ADD) was
calculated using the following equation, which is given as
mg−1 kg−1 day−1.

EDI � (CF × IR × ER × EP /BW × AT) × 10−3

(Mwakalapa et al., 2019).where CF is the average heavy metals
concentration in fish muscle—mg/kg wet wt.; IR refers to the
daily intake (DI) of fish consumed (kg/day), which in this study
was considered to be 7.9 g/day for children (age 6–11 years old)
and 20.1 g/day for adults; ER is the exposure rate (365 days/year);
EP is the exposure period over a lifetime (suspected to be 70 years
old); BW is the body weight, which for adults was considered to
be 70 kg (Mannzhi et al., 2021) and for children 6–11 years old
52.5 kg body weight which refers to the 95th percentile (USEPA,
2008); AT is the average lifetime (70 years × 365 days/year).

The target hazard quotient (THQ), a non-cancer indicator of
unfavorable health consequences due to the ingestion of
particular heavy metals contaminants in fish samples, was
used to quantify human risk. THQ was computed using the
equation below, which was derived from the proportion of ADD
to ORD (oral reference dose of heavy metals).

THQ � EDI/ORD

(USEPA, 2018). where ORD refers to the oral reference doses
of heavy metals (mg/kg/days) for an adult person weighing 70 kg,
it’s recommended as an upper limit of heavy metals oral
consumption. ORDs for Cu, Pb, Zn, Cd, As, and Fe are 0.04,
0.00357, 0.3, 0.001, 0.0003, and 0.7 mg/kg/day, respectively
(USEPA, 2018). When the target hazard quotient (THQ) falls
below 1.0, it indicates that unfavorable health effects on people
are improbable. If the calculated THQ is greater than 1.0, people
should expect unfavorable health consequences.

The hazard index (HI) is a scientific formula that measures the
effect of non-carcinogenic hazards by the sum of THQ values of
the metals under investigation as follows:

HI � THQ(Cd) + THQ(Pb) + THQ(Fe) + THQ(Cu)
+ THQ(As) + THQ(Zn)

(USEPA, 2011). When the HI value is higher than 10, the
exposed persons have a higher non-carcinogenic risk.

Data Analysis
The normal distribution and homogeneity of variance were
demonstrated using Levene’s test. The statistical analysis was
performed using IBM, SPSS Statistical Program, Version 22; SPSS
Inc., IL, United States. The one-way ANOVA was applied and
when significant differences were found, multivariate, post hoc
Tukey evaluations were utilized to quantify the statistical
difference between the heavy metals’ levels in various fish
organs for each metal. The correlations between physico-
chemical parameters and heavy metal levels in farmed and
wild fish were investigated using Pearson’s correlation
coefficient. The T-test was used to compare infected and non-
infected fish, and the statistical significance was established at
p < 0.05.

RESULTS

Water Quality
Data indicated that fish farm waters had significantly higher levels
of ammonia (mg/L), pH, turbidity (%), nitrogen dioxide (mg/L),
TDS (mg/L), nitrate (mg/L), total alkalinity (mg/L), total
hardness (mg/L), phosphate (mg/L), and hydrogen sulfide
(mg/L) compared to the water of Burullus Lake. The only
exception to this pattern was the dissolved oxygen (mg/L). On
the contrary, Fe, Zn, Pb, Cu, and As levels in Burullus Lake waters
were much lower than in fish farm waters. Concentrations of
heavy metals in Burullus Lake and fish farm water were reported
in this order: Fe, Zn, Pb, Cu, As, and Cd (Table 1, 2).

Frontiers in Environmental Science | www.frontiersin.org June 2022 | Volume 10 | Article 8900394

Radwan et al. Water Quality-Fish Parasites Relationship

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Length-Weight Relationship of Uninfected
and Infected Fish
Figure 2A–D shows the length-weight relationship of O.
niloticus fish and its relationship with parasite infection. The
wild and farmed infected and non-infected O. niloticus
specimens exhibited b values ranging from 2.56 to 2.92.
The value of “b” was less than 3 in the infected and non-
infected fish of both wild and farmed fish, indicating a
negative allometric growth pattern for fish regardless of
their infection status. Nearly, all species’ length and
weight had a strong and very significant correlation
(r > 0.96).

Parasitological Outcomes
The parasitic infection rate was 71.34% in farmed fish, while in
wild fish it was 61.16%. Furthermore, farmed fish infection was
lower in the liver (11.78%), increased gradually in the gills
(14.65%), and intestine (16.88%), and reached a higher rate
(28.03%) in muscle tissue. The parasitic infection in different
organs in lake fish fluctuated between (9.82%) in the liver and
(21.43%) in muscles. Farmed fish organs were more susceptible to
infection than lake fish. Moreover, organs were ordered as
muscles, gills, liver, and intestine according to the ratio of
infection (Table 3).

Table 4 showed that the prevalence of protozoa was higher in
farmed O. niloticus fish (14.01%) in comparison to lake fish
(7.59%). Trematodes have fluctuated between 31.53% in farmed
fish and 31.70% in lake fish. The prevalence of cestodes was 4.14%
in farmed fish and 4.91% in lake fish, respectively. Furthermore,
the highest prevalence of Acanthocephala was found in lake fish,
while the lowest rate was found in farmed fish, at 21.66% and
16.96%, respectively.

A total of 13 parasites, were isolated from the examined fish.
Platyhelminthes, two trematodes (Cichlidogyrus tilapiae,
Enterogyrus cichlidarum), one cestode (Procercoid and
plerocercoid stage of Polyonchobothrium clarias), two
nematodes (Procamallanus sp and Paracamallanus sp), one
acanthocephala (Acanthosentis tilapiae), were found, as well as
seven species of encysted metacercariae Centrocestusn
formosanus, Heterphyes sp., Pygidiopsis genata, Diplostomum
tilapiae, Cyanodiplostomum sp., Opisthorchis sp.,
Prohemistomum sp., (Table 5 and Figure 3A–O).

TABLE 1 | Water quality parameters and heavy metal concentrations of the water collected from fish farm and Burullus Lake. At p < 0.05, results from the same row with
different alphabetic letters are statistically different.

Fish farm Lake burullus Drinking water Aquatic life WHO (2011)

EWQS WHO CCME

Water quality parameters

PH 8.37 ± 0.39a 7.17 ± 0.95b 6.5–8.5 6.5–8.5 6.5–9
Turbidity (%) 84.33 ± 5.25a 68.67 ± 0.58b 1000
TDS (mg/L) 836.00 ± 19.80a 772.00 ± 34.39b

Ammonia (mg/L) 1.28 ± 0.09a 0.80 ± 0.13 b

NO2 (mg/L) 0.41 ± 0.03a 0.31 ± 0.02 b 1
NO3 (mg/L) 0.81 ± 0.01a 0.57 ± 0.06 b 50
Total alkalinity (mg/L) 207.33 ± 2.87a 186.33 ± 4.93b

Total hardness (mg/L) 235.33 ± 1.70a 203.67 ± 5.51b 500 500
Phosphate (mg/L) 0.35 ± 0.05a 0.21 ± 0.02 b

H2S (mg/L) 0.93 ± 0.04a 0.75 ± 0.05 b

Dissolved Oxygen (mg/L) 7.67 ± 0.38b 8.44 ± 0.81a 5.5–9.5

Heavy metal concentrations

Fe (PPm) 0.865 ± 0.061a 0.561 ± 0.072b 1
Zn (PPm) 0.6907 ± 0.060a 0.481 ± 0.036b 1
Pb (PPm) 0.088 ± 0.008a 0.067 ± 0.008b 0.05
Cu (PPm) 0.072 ± 0.015a 0.056 ± 0.010b 1
AS (PPm) 0.050 ± 0.004a 0.046 ± 0.007b 0.05
Cd (PPm) 0.004 ± 0.001 0.004 ± 0.001 0.01

a, bResults at p < 0.05, results from the same row with different alphabets small letters are statistically different.

TABLE 2 |Comparison between HMs levels of (μg/L = ppb) in Burullus Lake water
of the present study with the previous studies.

References HM levels values (μg/L) in water

Cu Zn Fe AS Cd Pb

Shakweer and Radwan (2004) 8.48 11.07 1031 55 6.5 5
Radwan (2005) 12.43 15.68 1920 -- 5.3 7.3
Saeed and Shaker (2008) 35 50 425 -- -- 65
Masoud et al. (2011) 3.3 30.75 1737 14 4.6 4.13
Basiony (2014) 23.42 64.15 1550 12.07
El-Alfy (2015) 7.28 2.92 14.64 37 12.3 8.88
El-Batrawy et al. (2018) 2.05 10.5 29.38 -- -- 5.98
Present study
Burullus Lake 56 481 561 46 4 67
Fish Farm 72 691 865 50 4 88
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Pearson Correlation Coefficients
Table 6 showed the Pearson correlation between parasite prevalence,
physico-chemical parameters, and water heavy metals. There was a
positive correlation between parasite prevalence and turbidity,
nitrogen dioxide, nitrate, total alkalinity, and phosphate (r = 0.75,
0.69, 0.65, and 0.67; p < 0.05). The parasite prevalence of farmed and

lake fish was correlated negatively with pH and dissolved oxygen (r =
−0.51 and −49 previously and −0.66 and −0.58 later; p < 0.05). In
both fish farm and Burullus Lake waters, there was a significant
negative correlation between parasite prevalence (PP) and water
heavy metals, including PP-Zn, PP-Pb, and PP-As. However, there
was a significant positive correlation between PP andCu. There is no
significant link between PP-Fe and PP-Cd.

Level of Heavy Metals in Fish Organs
Non-essential heavy metal concentrations, As, Cd, and Pb, were
significantly higher in both non-infected lake and farmed fish
compared to the infected specimens (p < 0.05), while the
concentrations of the essential metals Fe, Zn, and Cu were
significantly lower in non-infected fish than in infected specimens.
However, for both infected andnon-infected fish, therewas a substantial
(p < 0.05) increase in non-essential heavy metals in lake fish compared
to farmed fish. Similarly, for both infected and non-infected groups,
organs of lake and farmedNile tilapia had the same sequence of essential
and non-essential metals: Fe > Zn > Pb > Cu > As > Cd (Table 7).

Table 8 revealed that the Pearson correlation had a strong positive
correlation (p< 0.05) for Fe-Zn, Fe-Pb, Fe-Cu, Zn-Pb, Zn-Cu, and Pb-
Cu. However, As and Cd showed no significant correlation with the
remaining examined elements in infected and non-infected groups of
farmed fish. In contrast, in lake fish, there was a substantial positive
correlation (p < 0.05) between Fe-Zn, Fe-Pb, and Zn-Pb, as well as a
non-significant correlation between the other analyzed metals.

Bioaccumulation Factors of HeavyMetals in
Fish Organs
BAF of heavy metals in organs of lake and farmed Nile Tilapia are
shown in Figures 4, 5. BAF was evaluated fromwater to fish and in

FIGURE 2 | Length-weight relationship of lake and farmed Nile Tilapia, O. niloticus. (A): Non-infected farmed fish (B): Infected farmed fish; (C): Non-infected lake
fish (D): Infected lake fish.

TABLE 3 | Number of infected specimens of O. niloticus considering the different
analyzed organs and their percentage on the total number of fish examined.

Organs Farmed fish
examined (314)

Lake fish examined (224)

No. of infected PP (%) No. of infected PP (%)

Gill 46 14.65 28 12.5
Muscles 88 28.03 48 21.43
Intestine 53 16.88 39 17.41
Liver 37 11.78 22 9.82
Total infected 224 71.34 137 61.16

TABLE 4 | Prevalence of different parasites species (PP) among the examined fish
O. niloticus, collected from Fish Farm and Burullus Lake.

Organs Farmed fish Lake fish

No. of infected PP (%) No. of infected PP (%)

Nematoda 44 14.01 17 7.59
Trematodes 99 31.53 71 31.70
Cestoda 13 4.14 11 4.91
Acanthocephala 68 21.66 38 16.96
Total infected 224 71.34 137 61.16

PP, parasites Prevalence.
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various organs of lake and farmed fish with increasing order of
metal ions according to BAF Liver > BAF Gills > BAF Intestine >
BAFMuscles. However, BAF in infected organs of lake and farmed
fish was lower when compared to non-infected fish. In the infected
and non-infected organs of lake fish, the highest accumulation
factor was detected for Cd, while the lowest factor was observed for
Cu. On the other hand, the intestine, liver, and gills of farmed fish

organs accumulated themajority of Cd from the water, whereas Zn
had the lowest accumulation factor. Fe was accumulated in the
muscles to the maximum extent in farmed fish.

Human Health Assessment
Table 9 reports the estimated daily intake (EDI, mg/kg/day) and
target hazard quotients (THQ) for trace metals in the muscles of

TABLE 5 | Parasites species isolated from farmed and wild fish, O. niloticus.

Phylum Family Species Farmed fish Wild fish

Trematoda Dactylogyridae Cichlidogyrus tilapiae a b

Ancyrocephalidae Enterogyrus cichlidarum c c

Heterophyidae Centrocestus formosanus a b

Heterphyes sp a c

Pygidiopsis genata c b

Diplostomatidae Diplostomum tilapiae a b

Cyanodiplostomatide Cyanodiplostomum sp a b

Opisthorchiidae Opisthorchis sp a c

Cyathocotylidae Prohemistomum sp a b

Cestoda Ptychobothriidae Procercoid and pleurocercoid stage of Polyonchobothrium clarias c b

Nematoda Camallanidae Procamallanus sp c b

Paracamallanus sp c

Acanthocephalan Quadrogyridae Acanthosentis tilapiae a b

aMax. mean for intensity of infection.
bMin,
cmedium

FIGURE 3 | Encysted metacercariae (EMC) of identified infected fishes (Scale bar = 50 µm). (A): Centrocestus formosanus. (B): Diplostomum tilapiae stained with
acetic acid alum carmine. (C): Opisthorchis sp. (D): Cyanodiplostomum sp. (E): Prohemistomum sp. stained with acetic acid alum carmine (F): Pygidiopsis genata
stainedwith acetic acid alum carmine (G):Heterphyes sp. stained with acetic acid alum carmine (H–O). Helminth parasites identified in infected fish (Scale bar = 0.5 mm).
(H): Cichlidogyrus tilapiae. (I): Enterogyrus cichlidarum, stained with acetic acid alum carmine (J): Acanthosentis tilapiae. (K): anterior part of A. tilapiae. (L):
Procamallanus sp. (M): Paracamallanus sp. (N,O): Procercoid and pleurocercoid stage of Polyonchobothrium clarias.
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lake and farmed fish. Children’s EDI in farmed O. niloticus
muscles varied from 5 × 10−6 to 2 × 10−3 mg/kg/day, while
adults’ EDI ranged from 9 × 10−6 to 3 × 10−3 mg/kg/day. In
lake fish, however, EDI varied from 8 × 10−5 to 1 × 10−2 mg/kg/
day for children, and from 4 × 10−5 to 3 × 10−2 mg/kg/day for
adults. Furthermore, the THQ in this investigation was all lower
than 1, indicating that eating lake and farmed fish had no negative
health consequences for both age groups. Figure 6 shows the
hazard index (HI) for heavy metals in the muscles of lake and
farmed fish. The HI values determined for this study were all
lower than 1, indicating that lake and farmed fish intake is safe. In
both groups examined, lake fish had higher HI values than farmed
fish. For both children and adults, it was greater in lake fish than
in farmed fish. Furthermore, for both children and adults, it was
greater in non-infected muscles than in infected muscles.

DISCUSSION

Water Quality and Fish Parasites
Relationship
Water quality is an essential factor in the growth of healthy fish.
Therefore, the risk of infections is linked to the water’s sanitary
conditions as well as to the overall fish health (Ojwala et al., 2018).
The values of pH in this study were neutral, even though the
optimal pH range for freshwater fish was between 6.5 and 7.0.
Also, a pH range of 6.1–8.0 was deemed adequate for fish
reproduction and survival (Makori et al., 2017). According to
the results from Soltan et al. (2016), reduced water transparency
can be linked to a higher abundance of phytoplankton, but in

lakes, it is possible that it can be due to untreated wastewater
(Negm et al., 2017). Total ammonia was also found to be higher in
fish farms than in lakes, which might be due to large fish stocks,
fish excretion, and the breakdown of extra un-consumed diet, all
of which are ammonia sources in ponds. These findings
corroborate previous research (Konsowa, 2007; Radwan et al.,
2021; Radwan, 2022).

The elevated level of dissolved oxygen concentration (DO)
detected in the farm water might be related to the abundance and
distribution of phytoplankton, which promotes photosynthesis,
resulting in the creation of a huge quantity of DO (El-Nemaki
et al., 2008). This is consistent with other observations by Soltan
et al. (2016). On the other hand, a depletion in DO concentrations
might be owing to a higher usage rate caused by biological
processes and high temperature (Radwan, 2005; Goheret al.,
2015; El Sayed et al., 2020). Dissolved oxygen and pH, on the
other hand, displayed a strong negative relation with the Parasites
Prevalence (PP) in lake and farmed Nile Tilapia. This observation
agrees with Zargar et al. (2012) and Radwan et al. (2021) who
observed strong negative relationships between parasite presence
frequency and pH and DO concentrations. Meanwhile, these
findings contradict the findings of Sosanya (2002) who found a
positive relationship between water contaminants and parasite
prevalence rates. Furthermore, H2S is very hazardous to fish.
Boyd (1985) indicated a safe H2S concentration for freshwater
fish of 0.002 mg/L. The correlation coefficient of physico-
chemical elements with parasite prevalence in this study
implies that the measured factors have an influence on the PP
(Wali et al., 2016; Qayoom and Shah, 2017; Radwan et al., 2021).
Turbidity, total alkalinity, NO2, NO3, and phosphate were shown
to be substantially related to PP (Abba et al., 2018; Ojwala et al.,
2018).

Length-Weight Relationship
The present study showed that the values of “b” of infected fishes
were significantly lower than “3” which indicates a negative
allometric growth, i.e., the fish grows but it is slender (Bagenal
and Tesch, 1978). Negative allometric growth is an indication of
slow growth, which might be due to the non-availability of food
or weakened immune status (Veeramani et al., 2010; Ndeda et al.,
2013). On the other hand, the variation of growth patterns may be
due to ecological parameters through periods of study, which
include several biotic and abiotic interactions contingent on
seasonality (Ngodhe and Owuor-JB, 2019). In contrast,
parasites are also known to act as stressors on their hosts and
then cause altered growth in their hosts (Froese, 2006; Kahraman
et al., 2014).

Parasitological Outcomes
Parasite prevalence (PP) was found to be higher in farmed fish
than in lake Nile Tilapia in the current investigation. This may be
attributed to stoking density of fish at farms and feeding habits,
which depend mainly on artificial feed and other natural aquatic
pollutants (Enyidi and Eneje, 2015). Parasites prevalence may
also be related to increased fish numbers in culture systems and
variations in physico-chemical variables related to a larger density
of fish in the cultivated site than in the lake (Violante-González

TABLE 6 | Pearson correlation coefficients between water quality and water-
heavy metals with parasites prevalence of O. niloticus, collected from Fish
Farm and Burullus Lake.

Parasites prevalence Fish farm Burullus lake

Water quality

pH −0.59a −0.49
Turbidity (%) 0.75 0.77
TDS (mg/L) −0.33 −0.42
Ammonia (mg/L) −0.48 −0.43
NO2 (mg/L) 0.58 0.89
NO3 (mg/L) 0.69 0.94
Total alkalinity (mg/L) 0.65 0.55
Total hardness (mg/L) −0.65 −0.56
Phosphate (mg/L) 0.67 0.65
H2S (mg/L) −0.34 −0.22
Dissolved Oxygen (mg/L) −0.66 −0.58

Water heavy metals

Fe (ppm) 0.20 0.14
Zn (ppm) −0.96 −0.97
Pb (ppm) −0.69 −0.58
Cu (ppm) 0.89 0.84
AS (ppm) −0.56 −0.59
Cd (ppm) −0.19 −0.28

aCorrelation is significant at the 0.05 level (2-tailed).
bCorrelation is significant at the 0.01 level (2-tailed).
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et al., 2009; Ibrahim and Soliman, 2010). This research also
revealed that trematodes have been the most common source
of parasite infection in fish populations. This finding might be
due to fish skin that may be more sensitive to infective parasite
stages penetration and the detritus and benthic invertebrates
consumed by this fish at different periods. Nile Tilapia is
considered an intermediate host which is suitable for many
parasite phases when favorable physico-chemical properties are
present (El-Shahawy et al., 2017; Shehata et al., 2018; Radwan,
2022).

Assay of Heavy Meals in Water and Fish
Tissues
Heavy metals concentrations are essential indicators of fish health
and the aquatic environment (Padrilah et al., 2018). Heavy metals
estimated levels (Fe, Zn, Pb, Cu, and As) in the water of Burullus

Lake and fish farm were within the standard allowed values except
for Pb, which exceeded the maximum permitted levels (WHO,
2011), as a result of contamination by industrial effluents and
municipal sewage concentrations that might be blamed (Chen
et al., 2010; Nafea and Zyada, 2015). Moreover, HM levels in the
current study’s findings (Burullus Lake and Farmed fish waters) are
still within the range of prior examinations, except for Zn, Cu, and
Pb, which were greater in both analyzed locations than in past
studies (Younes and Nafea, 2012; Ghabour et al., 2013; El-Batrawy
et al., 2018; Melegy et al., 2019). The following is the order of the
metals: Fe < Zn < Pb < Cu < As < Cd as reported in other studies
(Darwish, 2016; El Morshedy, 2017; El-Batrawy et al., 2018).

Metal levels (Fe, Zn, Cu, As, Cd, and Pb) in the non-infected
lake and farmed Nile Tilapia were significantly higher than in the
infected fish. This may be due to parasites accumulating high
levels of metal in their tissues, thereby acting as metal sinks for
their fish host and helping in their survival in the presence of

TABLE 7 | Heavy metal concentrations in different organs of lake and farmedO. niloticus. Different superscript letters in the same column and metal are significantly different
(T-test, p < 0.05). While results from the same row and origin with different alphabetic letters are statistically different (ANOVA, p < 0.05).

Hm Fish
status

Fish origin

Farmed fish Lake fish

Liver Gills Intestine Muscles Liver Gills Intestine Muscles

Essential heavy metals

Cu
Non-
infected
fish

0.98 ± 0.01 aA 0.81 ± 0.17 bA 0.68 ± 0.06 cA 0.38 ± 0.15 dA 0.41 ± 0.05 aA 0.40 ± 0.01 bA 0.23 ± 0.07 cA 0.17 ± 0.01 dA

Infected
fish

0.92 ± 0.11 aB 0.77 ± 0.12 bB 0.63 ± 0.09 cB 0.29 ± 0.22 dB 0.35 ± 0.03 aB 0.34 ± 0.04 bB 0.19 ± 0.03 cB 0.12 ± 0.01 dB

Zn
Non-
infected
fish

5.52 ± 0.24 aA 4.50 ± 0.62 bA 3.62 ± 0.06 cA 3.41 ± 0.91 dA 4.75 ± 0.85 aA 3.73 ± 0.47 bA 2.89 ± 0.15 cA 2.67 ± 0.28 dA

Infected
fish

5.30 ± 0.30 aB 4.34 ± 0.99 bB 3.49 ± 0.41 cB 3.29 ± 0.77 dB 4.66 ± 0.83 aB 3.57 ± 0.20 bB 2.75 ± 0.40 cB 2.55 ± 0.31 dB

Fe
Non-
infected
fish

29.10 ± 2.18 aA 22.73 ± 1.33 bA 17.41 ± 2.07 cA 11.28 ± 1.08 dA 27.49 ± 2.32 aA 21.52 ± 2.50 bA 15.19 ± 1.96 cA 9.03 ± 0.96 dA

Infected
fish

28.21 ± 1.15 aB 21.77 ± 1.57 bB 17.10 ± 0.57 cB 9.89 ± 0.49 dB 26.60 ± 1.00 aB 20.79 ± 0.75 bB 15.06 ± 0.69 cB 7.64 ± 0.58 dB

Non-essential heavy metals

Pb
Non-
infected
fish

3.58 ± 0.35 aA 2.76 ± 0.32 bA 1.55 ± 0.15 cA 0.24 ± 0.17 dA 4.37 ± 0.35 aA 3.48 ± 0.32 bA 2.36 ± 0.15 cA 0.62 ± 0.05 dA

Infected
fish

3.36 ± 0.32 aB 2.58 ± 0.05 bB 1.33 ± 0.19 cB 0.20 ± 0.20 dB 3.48 ± 0.35 aB 2.72 ± 0.05 bB 2.07 ± 0.04 cB 0.55 ± 0.06 dB

As
Non-
infected
fish

0.58 ± 0.06 aA 0.45 ± 0.05 bA 0.43 ± 0.10 cA 0.23 ± 0.10 dA 1.02 ± 0.05 aA 0.86 ± 0.20 bA 0.84 ± 0.05 cA 0.73 ± 0.06 dA

Infected
fish

0.52 ± 0.04 aB 0.44 ± 0.05 bB 0.39 ± 0.04 cB 0.15 ± 0.07 dB 1.01 ± 0.10 aB 0.81 ± 0.14 bB 0.79 ± 0.06 cB 0.61 ± 0.07 dB

Cd
Non-
infected
fish

0.41 ± 0.05 aA 0.36 ± 0.06 bA 0.21 ± 0.03 cA 0.04 ± 0.01 dA 0.81 ± 0.06 aA 0.65 ± 0.05 bA 0.49 ± 0.10 cA 0.20 ± 0.05 dA

Infected
fish

0.39 ± 0.06 aB 0.30 ± 0.06 bB 0.18 ± 0.03 cB 0.03 ± 0.01 dB 0.77 ± 0.04 aB 0.64 ± 0.12 bB 0.44 ± 0.06 cB 0.17 ± 0.05 dB

a, bResults at p < 0.05, results from the same row with different alphabets small letters are statistically different.
Different superscript capital letters in the same column and metal are significantly different Q29 (T-test, p < 0.05). While results from the same row and origin with different alphabetic small
letters are statistically different (ANOVA, p < 0.05).
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toxins. These observations agree with Sures (2007), Azmat et al.
(2008), and Eissa et al. (2012). Furthermore, infected fish had
decreased concentration of some heavy metals, which included
Cu, Fe, Pb, and Zn, according to some studies (Oyoo-Okoth et al.,
2010; Dural et al., 2011). This result is supported by Shahat et al.

(2011) who observed that parasitic-infected organs had lower
amounts of Cu, Cd, and Pb than non-infected fish. Similarly,
gastrointestinal parasitic worms appeared capable to decrease
levels of heavy metals in fish muscle by accumulating them (Al-
Hasawi, 2019; Mehana et al., 2020).

FIGURE 4 | Bioaccumulation factor of heavy metals in different organs of lake Nile Tilapia, O. niloticus.

TABLE 8 | Pearson correlations between heavy metal concentrations of lake and farmed in O. niloticus.

Farmed fish Lake fish

Fe Zn Pb Cu As Cd Fe Zn Pb Cu As Cd

Non- Infected fish

Fe 1 1
Zn 0.82a 1 0.80a 1
Pb 0.86a 0.78a 1 0.83a 0.77a 1
Cu 0.87a 0.82a 0.86a 1 0.53 0.38 0.52 1
As 0.53 0.22 0.54 0.51 1 0.37 0.18 0.44 0.13 1
Cd 0.36 0.21 0.42 0.43 0.47 1 0.63b 0.65b 0.67b 0.62b 0.77b 1

Infected fish

Fe 1 1
Zn 0.74a 1 0.85a 1
Pb 0.97a 0.75a 1 0.97a 0.82a 1
Cu 0.85a 0.73a 0.88a 1 0.50 0.47 0.38 1
As 0.38 0.23 0.46 0.37 1 0.34 0.28 0.36 0.29 1
Cd 0.35 0.08 0.32 0.43 0.32 1 0.84a 0.78a 0.86a 0.62b 0.62b 1
Prevalence −0.97b −0.93b −0.97b −0.61 −0.63 −0.52 −0.92b −0.94b −0.95b −0.59 −0.56 −0.57

aCorrelation is significant at the 0.01 level (2-tailed)

bCorrelation is significant at the 0.05 level (2-tailed)
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Cu, Zn, and Pb concentrations were found to be higher in
Burullus Lake compared to previous studies, while Cd and Fe
were decreased (Shakweer and Radwan, 2004; Radwan 2005;
Saeed and Shaker, 2008; Masoud et al., 2011; Basiony, 2014;
El-Alfy, 2015; El-Batrawy et al., 2018). However, in the fish farm,
Cu, Zn, As and Pb concentrations were higher compared to the
previous studies (Radwan 2005; Masoud et al., 2011; Basiony,
2014; El-Alfy, 2015; El-Batrawy et al., 2018), while Cd and Fe
concentrations were lower compared to previous studies
(Shakweer and Radwan, 2004; Saeed and Shaker, 2008).

The level of heavymetals concentration in fish tissues is influenced
by various factors such as water quality, fish species, and maturity
stage (Łuczy´nska and Paszczyk, 2019). The non-essential heavy
metals such as As, Cd, and Pb were much higher than the levels
recommended by USEPA (2010) and FAO (2016), which may be
caused by the increase in human activities in the lake or fish farms.
On the other hand, Yildiz, (2008), Fallah et al. (2011), Kim et al.
(2018), and Simukoko et al. (2022) reported that a diet that contains
animal protein ingredients has a much higher level of heavy metals,
especially of the essential heavy metals such as Zn, Fe, and Cu.

TABLE 9 | Estimated daily intake (EDI, mg/kg/day) and target hazard quotients (THQ) for HMs in muscles of farmed and lake O. niloticus.

HRA-heavy
metals

Fish origin

Farmed fish Lake fish

EDI THQ EDI (mg/kg/day) THQ

Children Adults Children Adults Children Adults Children Adults HM PTDI

Non-infected fish

Cu 6 × 10−5 1 × 10−4 3 × 10−5 5 × 10−5 1.4 × 10−2 2.7 × 10−2 6.4 × 10−3 1.2 × 10−2 35
Zn 5 × 10−4 1 × 10−3 4 × 10−4 8 × 10−4 2 × 10−3 3 × 10−3 1.3 × 10−3 2.6 × 10−3 70
Fe 2 × 10−3 3 × 10−3 1.4 × 10−3 3 × 10−3 2 × 10−3 5 × 10−3 1.9 × 10−3 3.7 × 10−3 50
As 4 × 10−5 7 × 10−5 9 × 10−5 2 × 10−4 1 × 10−2 2 × 10−2 2.67 × 10−2 5.09 × 10−2 0.14
Cd 3 × 10−5 7 × 10−5 1 × 10−4 2 × 10−4 1 × 10−4 2 × 10−4 4 × 10−4 7 × 10−4 0.07
Pb 6 × 10−6 1 × 10−5 3 × 10−5 6 × 10−5 6 × 10−3 1.1 × 10−2 3.02 × 10−2 5.74 × 10−2 0.25

Infected fish HM ORDs

Cu 4 × 10−5 8 × 10−5 2 × 10−5 3 × 10−5 1.1 × 10−2 2.1 × 10−2 4.5 × 10−3 8.6 × 10−3 0.04
Zn 5 × 10−4 9 × 10−4 4 × 10−4 7 × 10−4 2 × 10−3 3 × 10−3 1.3 × 10−3 2.4 × 10−3 0.30
Fe 1 × 10−3 3 × 10−3 1 × 10−3 2 × 10−3 2 × 10−3 4 × 10−3 1.6 × 10−3 3.1 × 10−3 0.70
As 3 × 10−5 6 × 10−5 8 × 10−5 2 × 10−4 9 × 10−3 1.6 × 10−2 2.36 × 10−2 4.51 × 10−2 0.003
Cd 2 × 10−5 4 × 10−5 9 × 10−5 2 × 10−4 8 × 10−5 1 × 10−4 3 × 10−4 6 × 10−4 0.001
Pb 5 × 10−6 9 × 10−6 3 × 10−5 5 × 10−5 5 × 10−3 9 × 10−3 2.56 × 10−2 4.88 × 10−2 0.0036

FIGURE 5 | Bioaccumulation factor of heavy metals in different organs of farmed Nile Tilapia, O. niloticus.
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Non-essential heavy metal levels (As, Cd, and Pb) in cultivated
Nile Tilapia weremuch lower than in lake fish, maybe due to the fact
that lake fish live for several years while cultivated fish are caught
within 6months (Oumar et al., 2018).When compared to cultivated
Nile Tilapia and lake fish, Nile Tilapia can absorb contaminants with
long biological half-lives, such as, Cd, and Pb, throughout a long
lifespan. These findings agree with Chatta et al. (2016), who reported
that the farmedCirrhinusmrigala and Labeo rohita accumulated less
Cd and Pb than the lake ones. Lake fish also had higher levels of non-
essential heavymetals due to a longer lifetime and exposure, but they
also had reduced levels of essential metals because theywere not fed a
commercial diet (Simukoko et al., 2022).

Bioaccumulation Factor of HM Levels in
Fish Tissues
The bioaccumulation (BAF) of heavymetal levels in fish tissues is the
percentage of heavy metal levels in tissues to their levels in the
aquatic environment (Hatem et al., 2015). In the current study, gill,
muscles, liver, and intestine tissues presented a strong probability of
heavy metal bioaccumulation in fish. All gill and liver samples had a
high BAF value, whereas the muscle and intestine presented lower
values. This revealed that the heavymetals were accumulating in fish
tissues after being absorbed from the water. The BAF in the current
study revealed that the heavymetal levels in the analyzed tissues were
in the following order: liver > gills > intestines >muscles, as already
reported in a previous study (Maurya et al., 2019). Active metabolic
tissues, such as the kidneys, gills, and liver, accumulate more heavy
metals than less metabolically active tissues, such as the muscles and
skin (Ali et al., 2019). Generally, muscles store the lowest amount of
heavymetals (Ronagh et al., 2009). These results are nearly similar to
those reported by Badr et al. (2014), who concluded that the level of
heavy metals in Nile Tilapia tissues were higher in the liver than in
gills and muscle.

In general, the current study found that the tissues of lake and
cultivated Nile Tilapia contained more iron (Fe) than every heavy
metal tested, with cadmium (Cd) being the lowest, and
concentrations of heavy metals were in the sequence Fe > Zn
> Pb > Cu > As > Cd. The increase in Fe accumulation in fish
tissue in all tested organs was greater than the increase of other
metals. This might be related to an increase in the total dissolved
Fe in water of fish farms and lakes, with a consequent increase in
free metal Fe levels and hence metal absorption by various organs.
These results are supported by Tayel et al. (2008) and Al-Halani
et al. (2021), who determined that the heavy metal concentration
in lake fish tissues, Dicentrarchus labrax, occurred in the
following order: Fe > Zn > Mn > Cu > Pb > Ni > Cr > Cd.

Human Health Risk Assessment
Humans consume large amounts of fish, and fish muscles are a
good source of protein. As a result, determining the human daily
consumption of heavy metals from fish is important
(Rajeshkumar and Li, 2018). The daily intake of metal through
the consumption of commercially relevant fish species by people
who eat a normal quantity of fish on a regular basis corresponds
to a hazard index (HI) of 1.0, as suggested by USEPA (2018).

To explain the safe levels of heavy metals, the average daily intake
was utilized (Keshavarzi et al., 2018). The oral reference dose (ORD)
is an oral reference dosage established on the basis of worldwide and
Egyptian fish consumption and daily exposure levels. This research
focused on the estimated daily intake (EDI) (mg/kg/day). Target
hazard quotient (THQ) and HI were used to determine the levels of
heavy metals in the muscles of farmed and lake Nile Tilapia. EDI
levels in cultivated Nile Tilapia muscles ranged from 1 × 10−5 to
0.193mg/kg/day. On the other hand, the lake fish had a range of 2 ×
10−4 to 0.024mg/kg/day. The EDI distribution against the examined
heavymetals was arranged in the following order: Cd>As >Cu> Pb
> Zn > Fe. The measured EDI of both groups was compared to the

FIGURE 6 | Hazard index (HI) for heavy metals in the muscles of lake and farmed Nile Tilapia, O. niloticus.
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FAO/WHO (2004). Similarly, for permissible tolerable daily intake
(PTDI), which is the acceptable tolerable daily intake for 70 kgweight,
it was determined that the metals’mean EDI levels have to be lower
than the PTDI values (FAO, 2016).

The THQ values estimate— for this study were all lower than
one, indicating that eating cultivated and lake Nile Tilapia will not
harm people. According to Lei et al. (2015), if the HI value is
lower than one (HI1), the impacts on humans would be
unfavorable, HI > 1 would most likely have a negative impact,
and HI > 10 would have strong or chronic acute consequences.

Human health risk assessment due to exposure to heavy
metals through farmed and lake Nile Tilapia consumption
revealed no significant non-carcinogenic adverse health risk to
humans, as all calculated values for THQ and HI were lower than
1, indicating that the analyzed fish would not cause any health
problems in both children and adults.

CONCLUSION

Generally, all studied metals in the water were found to be lower
than the permissible limits, except for Pb. HM levels were
significantly lower in infected than in non-infected Nile tilapia.
HM levels in lake and farmed Nile tilapia tissues in the area of
study were mostly recognized by the legislation of national and
international limits for not determining human risk upon their
consumption. THQ and HI values calculated for HMs levels of
lake and farmed Nile tilapia predicted for adults and children
were below the threshold level of 1. Parasites are capable to
decrease concentrations of heavy metals in the tissues of fish by
accumulating them. Also, they are a possible application as early
warning indicators of heavy metal pollution in fish. Fish farmers
lacked knowledge of diseases that affect fish and the importance
of water quality in disease transmission. Heavy metal levels in fish
tissue and water must be continuously monitored not just for
human health but also to inform aquaculture management. In
addition, employing the EDI, THQ, and HI indices to estimate
human health risk is a highly recommended method.
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