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Abstract The coastal lagoons of the Gulf of Cali-
fornia support important traditional fisheries and mol-
lusc cultures (generally oysters) and receive impor-
tant volumes of agricultural, industrial and urban
effluents, consumption of the oysters could pose risk
to human health. The concentrations of arsenic (As),
cadmium (Cd), copper (Cu), iron (Fe), lead (Pb),
and zinc (Zn) in the oysters Saccostrea palmula and
Crassostrea corteziensis, from four coastal lagoons
(Altata, AL; Macapule, ML; Navachiste, NL; El Col-
orado, ECL) in the Southeast Gulf of California, were
seasonally evaluated (summer 2019-spring 2020).
The order of magnitude of potentially toxic elements
concentrations in the soft tissue in both oyster spe-
cies and at all sites was Zn>Fe>Cu> As> Cd>Pb.
Cadmium, Cu, Pb, and Zn exceeded the maximum
permissible limits in more than one sampling site.
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The highest concentrations (mg kg™', wet weight)
of As (4.2+1.1, spring) and Cd (3.3+0.7, autumn)
were registered in S. palmula et al. and NL sampling
sites, respectively. Crassostrea corteziensis presented
higher levels of Cu (40.5 +6.7, spring), Pb (2.0+0.4,
spring), and Zn (96.9+20.4, spring) in ECL and Fe
(62.2+£25.4, autumn) in ML. The hazard quotient
(HQ) values exceeded the safe level of 1 for Cd in
S. palmula and C. corteziensis in NL for children
(~16 kg weight). In addition, in children, the hazard
index (HI) values in both species of oysters ranged
from 0.7 to 2.1 and 0.6 to 1.9, respectively. On the
other hand, the intake of the studied elements through
the consumption of oysters would not induce adverse
effects to human health (men and women weighing 70
and 60 kg, respectively); HQ and HI values were < 1.
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Introduction

Potentially toxic elements (PTEs), as well as micro-
plastics and agrochemicals, constitute the groups of
anthropogenic pollutants with the greatest impact
on environment and human health (Alamri et al.,
2021; Garcia-Hernandez et al., 2021; Manisalidis
et al., 2020). Most of the living organisms need
small amounts of essential metals, such as copper
(Cu), iron (Fe), and zinc (Zn), to perform their met-
abolic, biochemical, and physiological functions;
however, when a certain concentration level is
exceeded, the essential metals become toxic (Singh
etal., 2011).

In the last decades, several coastal lagoons of Gulf
of California have become a matter of growing envi-
ronmental concern for Mexico, due to increased PTEs
contamination and possible risks to fish and seafood
consumers (Paez-Osuna et al., 2017). Arsenic (As),
cadmium (Cd), Cu, Fe, lead (Pb) and Zn, accumulate
in the tissues of aquatic organisms at concentrations
higher than in water, may be biomagnified in the food
chain and cause physiological impairment at higher
trophic levels and in human consumers (Sujitha et al.,
2019). Due to natural processes such as geologi-
cal weathering, PTEs reach the environment at low
concentrations (Henry et al., 2003; Murray & Busty,
2015); however, anthropogenic sources like mining,
manufacturing, urbanization, aquaculture, and agri-
culture, among others, have contributed to increase
their levels in sediments, water, and tissues of aquatic
organisms (Jara-Marini et al., 2020).

Specifically, bivalve mollusks accumulate PTEs
from food, water, and sediments to concentrations
that may exceed those of their environment (Chan
et al., 2021; Jonathan et al., 2017; Sepulveda et al.,
2020). Due to their characteristics including filter
feeding, cosmopolitan distribution, sessile/sedentary
life, abundance, longevity, year—round availability,
easy sampling, and identification (Zhou et al., 2008),
bivalves have been widely used as biomonitors. In
this way, some mussel and oyster species have been
successfully used worldwide for several decades in
environmental monitoring programs (Otchere, 2019;
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Yap et al., 2021; Zuykov et al., 2013). Related studies
indicate the PTEs high persistence in low trophic lev-
els organisms (mussels, clams, and oysters) along the
Southeast (SE) coast of the Gulf of California, which
are commonly consumed raw, representing a human
health risk (Frias-Espericueta et al., 2008; Ruelas-
Inzunza & Paez-Osuna, 2008).

The oysters from present study, Saccostrea pal-
mula (Carpenter, 1857) and Crassostrea cortezien-
sis (Hertlein, 1951), are distributed along the Pacific
coast from Mexico to Peru; they are native to the
Northwest of Mexico (Lodeiros et al., 2020). Addi-
tionaly, oysters are widely utilized for human con-
sumption and has important commercial value. At the
same time, these oysters are used as a biomonitors of
PTE:s in coastal lagoons in the SE Gulf of California
(Osuna-Martinez et al., 2011; Ruiz-Fernandez et al.,
2018); however, results vary with time, location, and
species of oyster, making necessary to monitor its
PTEs levels continuously. Therefore, the aim of the
present study was to analyze the content of As, Cd,
Cu, Fe, Pb, and Zn in the oysters S. palmula and C.
corteziensis from four coastal lagoons of SE Gulf of
California, and to assess the human health risk from
its consumption.

Materials and methods
Study area

The present study was performed in ten sampling
sites of four coastal lagoons of the SE Gulf of Cali-
fornia (Mexico): Altata (AL, three sites: AL1, AL2,
and AL3), Macapule (ML, two sites: ML4 and MLS5),
Navachiste (NL, three sites: NL6, NL7, and NLS),
and El Colorado (ECL, two sites: ECL9 and ECL10)
(Fig. 1). The specimens of the oysters S. palmula and
C. corteziensis (Fig. 1S) did not coexist at the sam-
pling sites; therefore, S. palmula (72.1 +2.7 mm aver-
age size, n=2520) and C. corteziensis (73.8 +4.4 mm
average size, n=3780) were hand—collected from
the mangrove roots at six and nine sampling sites,
respectively. Samplings were carried out at the end of
each season (summer—autumn 2019 to winter—spring
2020).

The geographical coordinates of each sampling site
were recorded using a handheld global positioning
system (Magellan Garmin Explorist 310). In addition,
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water physicochemical parameters were obtained:
temperature (°C) and dissolved oxygen (DO) were
measured using an oxymeter (YSI, 55/12 FT, Yellow
Springs, OH, USA); for salinity, a precision refrac-
tometer (Amago, S / Mill) was used, whereas the pH
was measured with a potentiometer (Hanna Instru-
ments, Woonsocket, RI, USA) (Rodriguez-Quiroz
et al.,, 2016). A PVC tube (5 cm diameter and 2 L
capacity) fitted with an end plunger seal was used to
sample the water column to determine the organic
matter (OM), inorganic matter (IM), and chlorophyll
a (Cl-a). The amounts of OM and MI were defined
with the gravimetric method described by APHA
(1995), which consists of the weight increase expe-
rienced by a Whatman GF/F filter (0.7 pm pore size)
after vacuum filtration of a sample that is subse-
quently dried at different temperatures. The quantifi-
cation of Cl—-a was carried out with the spectrophoto-
metric technique described by Strickland and Parsons
(1972).

The lagoons are surrounded by four mangrove spe-
cies (unevenly distributed): red mangrove (Rhizopho-
rae mangle), buttonwood mangrove (Conocarpus
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erectus), white mangrove (Laguncularia racemosa),
and black mangrove (Avicennia germinans), and
keep a permanent connection to the Gulf of Califor-
nia through one or two mouths that create a marine
environment most of the year (Pdez-Osuna & Osuna-
Martinez, 2015). The climate in these regions is
warm—semidry, with an annual mean temperature of
24 °C and precipitations between 300 and 600 mm
per year, with rains during the summer (Mufioz-
Sevilla et al., 2017).

The AL (8800 ha) receives directly the dis-
charges of the untreated sewage system from Culi-
acan and Navolato Municipalities (905,265 and
154,352 inhabitants, respectively) and the highly
technified agriculture waste from the Culiacan valley
(116,409 ha). There are other human activities, such
as rapidly developing of tourism, traditional fishing,
semi—intensive shrimp farms (17,511 ha), and broiler
chicken production (57,624,911 chicken/year) (Frias-
Espericueta et al., 2008; Sepilveda et al., 2020). The
ML and NL (3800 and 14,000 ha, respectively) are
protected natural areas (RAMSAR sites) of the Gulf
of California. However, they are strongly impacted by
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the effluents from shrimp farms (18,735 ha), waste-
water from Guasave’s city (295,353 inhabitants),
and agricultural waters (119,994 ha). Other relevant
human activities are traditional and industrial fish-
ing and broiler chicken production (77,785 chicken/
year) (Jonathan et al., 2017). The ECL (11,500 ha)
is mainly impacted by a highly technical agricultural
area (189,064 ha), municipal waste (449,215 inhab-
itants), traditional fishing, shrimp farms (12,639 ha),
and the pork industry (94,422 pig/year) (INEGI,
2015; Paez-Osuna & Osuna-Martinez, 2015; CESA-
SIN, 2019; STIAP, 2019).

Sampling and cleaning of oysters

Seasonal samplings for each site consist of 105 wild
oysters (75 for PTEs analysis and 30 for condition
index, CI), with a size range of 60 to 90 mm to avoid
the variability in the metallic contents due to size
differences. However, the variation of the soft tissue
weight of the oysters could not be limited, due to the
presence of different gonadal phases at each season
(Gongora-Gomez et al., 2020). After sampling, oys-
ters were placed in polythene bags and transported in
ice to the laboratory. Then, they were cleaned with a
plastic bristle brush and a stainless steel knife with
tap water, to remove excess sediment, sticky shells,
epifauna, and mangrove debris (Frias-Espericueta
et al., 2018). Once cleaned, the oysters were meas-
ured (mm) and CI was determined using Eq. (1) pro-
posed by Walne and Mann (1975):

Cl— (Soft tissue dry weight

% 1000.
Shell dry weight > M

Analytical work

Sample processing was performed according to
MESL (1997). The oyster tissue samples were
freeze—dried (Labconco, Kansas City, MO, USA) at
low temperature (—85 °C) and high vacuum (0.035
mBar), ground in a Teflon mortar, homogenized
by quartering, and the water content (WC, average
of 81.7+2.1%) was determined. The wet and dry
weights of the samples were recorded using a digital
analytical balance (Adam Equipment, Milton Keynes,
UK). Portions of~1.0+0.1 g were pre—digested
overnight at room temperature with 10 mL of HNO;
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(trace metal grade), in PTFE vessels (Savillex, 60 mL
capacity). Digestion was performed on a heating plate
(Barnstead) for 4 h at 120 °C; subsequently, each
sample was diluted with deionized water to a final
volume of 50 mL.

Potentially toxic elements analysis and quality control

The concentrations of Cd, Cu, Fe, Pb, and Zn were
analyzed using flame atomic absorption spectro-
photometry (Perkin—Elmer, Inc., Waltham, MA,
USA, PinAAcle 900 T); As was assessed using
hydride generation (Perkin—Elmer, Inc., Analyst
100). The samples were analyzed in duplicate,
the accuracy of the analytical method was evalu-
ated with the standard reference material DOLT-5®
(National Research Council Canada). Addition-
ally, one blank and standard reference material was
included per each set of 10 samples. Mean recover-
ies values were: As=106.3+3.9%, Cd=93.6+2.7%,
Cu=93.9+3.1%, Fe=91.2+1.6%, Pb=95.9+6.4%,
and Zn=93.9+3.3%. The variation coefficient was
below 7%. The detection limits were 0.02, 0.11,
0.32, 0.45, 0.19, and 0.11 mg kg’1 for As, Cd, Cu,
Fe, Pb, and Zn, respectively (Table 1S). Blanks were
used to check contamination and all materials were
acid—washed (Moody & Lindstrom, 1977). The final
concentrations are expressed as mg kg’l on a wet
weight basis (W/w).

Human health risk assessment

The hazard quotient (HQ) was used to determine the
risk to human health; it was calculated with Eq. (2)
proposed by Newman and Unger (2002):

HQ = (Cx [I/BW])/RD )

where C=mean PTEs concentration (mg kg™') in
oyster samples on a w/w; I=weekly mean consump-
tion of oysters (0.4 kg year'=7.5 g week™') (CON-
APESCA, 2017); and BW =mean body weight in the
general population or subpopulation (70 kg for men,
60 kg for women, and 16 kg for five year—old chil-
dren). The oral reference dose (RfD) values were as
follows (mg kg™' body weight day™'): As (0.0003),
Cd (0.001), Zn (0.3) (integrated risk informa-
tion system; EPA, 2020), Cu (0.04) (risk-based
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concentration table; EPA, 2000), Fe (0.7) (provi-
sional peer-reviewed toxicity values; EPA, 2006),
and Pb (0.0125) (interim reference level; FDA, 2019).
Because of the lack of information for total As, the
RfD data of inorganic arsenic (iAs) was used (con-
sidering 1% as iAs in oysters, Bergés-Tiznado et al.,
2013). Values of HQ <1 suggest that adverse health
effects are unlikely.

Cancer risk (CR) is the probability of an individual
developing any type of cancer (internal organs and
skin) (EPA, 2013). CR was calculated only for As,
using the following Eq. (3):

CR = CDI(SF) 3)

where CDI is the chronic daily intake averaged over
the 70 years in mg kg™! body weight day™', and the
slope factor (SF) for As is 1.5 mg kg™' body weight
day™! (EPA, 2017).

The hazard index (HI) was used to assess the over-
all potential non—carcinogenic health risk posed by
more than one PTEs. For this study, the HI was cal-
culated as the sum of the HQ for each studied PTEs
(HI< 1 indicated no risks to human health) (Newman
& Unger, 2002).

Statistical analysis

The mean and standard deviation (SD) of data
sets were estimated by sampling site and season
(mean+SD). All data sets passed the assumptions
of normality (Kolmogorov—Smirnov) and homosce-
dasticity (Bartlett). Comparisons of the biometric
data of oysters and average concentrations of PTEs
among the lagoons, sampling sites, and seasons
were performed using multiple comparison of means
(ANOVA). The Pearson’s rank (rp) order correla-
tions were applied to test the correspondence of the
water parameters (temperature, DO, salinity, pH, OM,
IM, and Cl-a), oyster sizes, CI, and the As, Cd, Cu,
Fe, Pb and Zn levels in oysters from the four coastal
lagoons. Finally, the significant differences of PTEs
in S. palmula and C. corteziensis were detected with
the Student’s ¢ test for independent variables. The sig-
nificance level was a=0.05 for all statistical analyses
(Zar, 2010), which were performed using the STA-
TISTICA 7 software package (StatSoft, Tulsa, OK,
USA).

Results and discussion

The lowest temperature, DO, salinity, pH, OM, IM,
and Cl-a values were found in ECL10 (20.8 °C,
autumn), ML5 (4.2 mg L, spring), ML4 (15.0
%o, winter), AL3 (7.1, summer), ML4 (5.0 mg L',
autumn), NL8 (13.3 mg L autumn), and AL2
(1.6 mg m™, autumn), respectively; and the high-
est values in ECL10 (329 °C, summer), NL6
(8.7 mg L', winter), ECL10 (43.0 %o, spring), NL6
(8.0, spring), AL2 (16.2 mg L', autumn), ECL10
(58.7 mg L', summer), and NL6 (9.3 mg m™, win-
ter), respectively. With the exception of OM and 1M,
the rest of the physicochemical parameters are within
the intervals previously reported in the four sampled
coastal lagoons (Géngora-Goémez et al., 2020; Rod-
riguez-Quiroz et al., 2016). The differences found in
OM and IM could be explained by the residence time
of the water and the intensity of the tides (Takasu
et al., 2020), concentration of particulates (Middel-
burg & Herman, 2007), use of molecules in the first
trophic levels (Hope et al., 2020), and contributions
of anthropogenic activities (Canuel & Hardison,
2016), among other factors. The seasonal mean val-
ues of the physicochemical parameters obtained in
all lagoons (Table 1) were within the optimal range
for oyster growth (Chéavez-Villalba, 2014; Mazon-
Suéstegui, 1996).

Size, CI, and WC of oysters are shown in Table 2.
The lowest size values of S. palmula (66.7 +4.8 mm,
summer) and C. corteziensis (68.1+3.4 mm, sum-
mer) corresponded to AL1 and NL8 and the highest
values to ECL9 (77.1+3.7 mm, winter) and AL2
(78.3+£6.1 mm, winter). The annual average size
of S. palmula (72.1+2.7 mm) and C. corteziensis
(73.8+4.4 mm) did not show significant differences
(p ~ 0.05) among lagoons because they were selected
so that size would not be a limiting factor as a source
of variation (Sepulveda et al., 2020). The average
CI in S. palmula (63.1+£16.7) and C. corteziensis
(64.4+17.1) exhibited the highest peak in winter for
all sampling sites, suggesting a reproductive event
associated with food availability, the onset of gonadal
maturation (autumn), and advanced maturation (win-
ter) (Gongora-Gomez et al., 2020). While the lowest
CI was obtained in spring (p <0.05), when spawning
began (Géngora-Gémez et al., 2020) and, therefore,
the weight of their tissues was reduced. The CI can be
used to assess the physiological activity of bivalves
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Table 1 Water physicochemical parameters at the sampling sites

Site Temperature (°C) DO (mgL™")  Salinity (%) pH OM(mgL") IM@mgL"') Cl-a(mgm)
ALI

Mean +SD 27.1+5.9 5.6+0.7 353+0.5 76+03 7.9x2.7® 19.9+£54%  27+1.0
Min-Max 21.5-32.6 5.0-6.3 35.0-36.0 73-78  6.3-12.0 14.8-27.6 1.8-3.7
AL2

Mean +SD 27.1+5.9 5.8+0.8 30.5+5.6 7.6+0.1 11.3+4.1% 264+7.5%  27+1.1
Min-Max 21.3-32.7 4.8-6.7 25.0-38.0 75-77  6.7-16.2 19.0-36.8 1.6-3.7
AL3

Mean +SD 272459 5.6+1.0 31.8+4.4 75403  12.7+2.7° 46.5+6.4¢ 46+23
Min-Max 21.4-32.4 4.5-6.7 27.0-36.0 71-78  9.8-15.8 38.8-49.0 2.2-7.5
MILA4

Mean +SD 26.8+6.2 6.6+1.4 25.8+8.3 76+03 85+2.6% 19.9+2.1® 54421
Min-Max 21.1-32.6 4.7-79 15.0-35.0 73-79  5.0-10.5 16.7-21.3 3.4-8.3
ML5

Mean +SD 26.4+5.7 5.4+0.8 31.0+2.7 75402 9.1+2.8® 354+54°  39+12
Min-Max 21.1-31.5 42-59 29.0-35.0 73-78  6.4-12.9 27.7-39.6 2.6-5.3
NL6

Mean +SD 26.9+5.7 65+1.4 358+1.5 79+0.1 92+0.7® 32.9+4.7%9  48+32
Min-Max 21.4-31.8 5.4-8.7 35.0-38.0 73-80  82-98 26.1-36.5 2.3-9.3
NL7

Mean +SD 26.5+5.5 5.8+0.8 355+1.0 76403  8.1+14® 232443 38422
Min-Max 21.3-31.6 5.1-6.6 35.0-37.0 72-79  6.7-10.0 17.9-26.8 2.3-7.1
NLS

Mean +SD 26.7+5.0 55+04 27.0+5.0 75403  65+12° 17.8+3.1° 34+1.0
Min-Max 21.8-31.7 5.1-6.0 21.0-32.0 73-19  5.6-82 13.3-20.5 2.1-4.4
ECL9

Mean +SD 26.8+6.3 6.1+0.5 37.5+2.9 76+0.1 93+2.1% 346460  44+17
Min-Max 20.9-32.6 5.4-6.7 34.0-41.0 75-17 7.9-12.4 29.0-41.1 2.5-6.4
ECLI0

Mean +SD 27.0+6.2 6.0+0.6 33.0+8.1 75+0.1 12.0+3.0° 47.0+10.1¢  50%3.1
Min-Max 20.8-32.9 5.3-6.7 25.0-43.0 74-76  9.5-15.8 35.1-58.7 2.0-9.2
Overall mean  26.8+5.1 59+0.9 32.3+5.6 76402 9.4+29 3034115 4.1+20

AL Altata lagoon, ML Macapule lagoon, NL Navachiste lagoon, ECL El Colorado lagoon, DO dissolved oxygen, OM organic matter,
IM inorganic matter, Cl—a chlorophyll a, SD standard deviation, Min minimum, Max maximum, columns with different superscript

letters denote significant differences (p <0.05) among sampling sites

(reproduction, growth, etc.) and to establish the qual-
ity of the product for commercial purposes (Lucas &
Beninger, 1985). The oysters S. palmula (75.8+19.9)
and C. corteziensis (73.0+14.1) presented the high-
est CI values in NL8 and ML4, respectively, indicat-
ing a better health status (Walne & Mann, 1975). The
obtained CI were higher than those documented by
Gongora-Goémez et al. (2020) for C. corteziensis in
the same lagoons, which could be partially explained
by the amount and availability of food (Cl-a, OM,
IM) given by the prevailing environmental conditions
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at different times (Mufioz-Sevilla et al., 2017; Rod-
riguez-Quiroz et al., 2016).

The PTEs concentrations in oysters varied sea-
sonally and among the sampling sites. It is docu-
mented that variations in the concentration of the
PTEs are related to factors such as the seasonal
cycle of oyster reproduction and growth of the oth-
ers, as well as the patterns of mean annual tem-
perature (Garcia-Rico et al.,, 2010; Rebelo et al.,
2003). For instance, Zn showed the highest sea-
sonal variation, with intervals of 21.35-134.21
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and 23.16-122.19 pg g~! in S. palmula and C.
corteziensis, respectively. The lowest Zn levels
were recorded in summer 2019 and increased in
spring 2020 in both oyster species; subsequently,
the level of this metal increased in autumn 2019,
and its maximum level was reached in winter 2020
(p<0.05). Similar variations were observed for the
rest of the PTEs studies (Table 3; Fig. 2) coincid-
ing with reports in oysters from other countries
(Rajeshkumar et al., 2018; Rebelo et al., 2003) and
from the same coastal lagoons (Géngora-Gomez
et al., 2017). In fact, Géngora-Gémez et al. (2018)
observed similar variation patterns of As, Cu, and
Pb in the pen shell Atrina maura from ML. All
these authors explained such PTEs variations not
only to the reproductive cycle of bivalves, but also,
to higher influx of agricultural waste, sewage and
sludge by heavy rainfall and floods.

The order of magnitude of the PTEs concentra-
tions in both oysters was Zn>Fe>Cu> As>Cd>Pb
(Table 3; Fig. 2). Similar results were docu-
mented by Paez-Osuna and Osuna-Martinez (2015)
(Zn>Cu>Cd>Pb) and Frias-Espericueta et al.
(2009) (Zn>Cu>Pb>Cd) for the same oyster spe-
cies in the area, and Géngora-Gémez et al. (2017)
(Zn>Cu>Cd>Pb> As) for C. gigas cultivated in
ML. Since Zn, Fe, and Cu are essential elements to
perform metabolic, biochemical, and physiological
functions (Singh et al., 2011), they are usually found
in high concentrations in bivalves tissues than other
PTEs; however, at high concentrations, they can be
harmful to the health of the oyster and the consum-
ers (Chan et al., 2021). The influence of abiotic and
biotic factors, such as species, genetics, size, age,
reproductive cycle, locality, date of sampling, and
sources of PTEs (natural and anthropogenic), among
others (Garcia-Rico et al., 2010; Kato et al., 2020),
could explain the results.

Research regarding PTEs in oysters S. palmula and
C. corteziensis has focused on Cd, Cu, Pb, and Zn,
because these elements frequently exceed the regula-
tions, however, other metals have acquired relevance
due to their anthropogenic contribution in the area.
For example, As found in oysters could be explained
by the emissions and drainage water from mining
waste, groundwater, agricultural, poultry, and pig
wastes from the rivers to the estuaries (Garcia-Rico
et al., 2019). In Mexico, the metalloid (e.g., roxar-
sone: CcAsNH(Oq, parsanilic acid: C;HgAsNO;, and
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derivatives) is used as feed additives for poultry and
swine to increase the rate of weight gain and to treat
and prevent diseases (Osuna-Martinez et al., 2021).
However, Bergés-Tiznado et al. (2013) documented
that the greatest contribution of As to the Sinaloa
lagoons is due to runoff from rivers and atmospheric
deposition.

Although the concentration of Cd found in the
Gulf of California has been attributed to the presence
of natural phosphorite deposits (Méndez et al., 2006),
this metal is also transported from the agricultural
and urban drainage basin located in the surround-
ings of the lagoons (Frias-Espericueta et al., 2009;
Jonathan et al., 2017). Géngora-Gémez et al., (2017,
2018) concluded that the presence of this element
in farmed C. gigas and wild pen shell, A. maura, is
related to the contributions of intense anthropogenic
activities in the region (wastewater, agrochemicals
used for agricultural practices, and shrimp farming),
which increase in the rainy season.

The concentrations of Cu and Zn found in S. pal-
mula and C. corteziensis may be explained by the
intense agricultural and aquaculture activities that
take place in Northwest Mexico, whose productions
has increased over time (Jara-Marini et al., 2020).
Each year, this region demands high amounts of Cu
and Zn-based chemicals (agrochemicals, food addi-
tives, antibiotics, and antifouling paints) for the pro-
duction of crops and maintenance of aquaculture
farms (Frias-Espericueta et al., 2009; Osuna-Martinez
etal., 2011).

On other hand, Pb is associated with the large
influx of aquaculture farms in the region, as well as
the intense transport of vessels used in local tourism,
and artisanal and commercial fishing, due to vessel
engine emissions (Luoma & Rainbow, 2005). Prob-
ably, the most important Pb source is caused by fuels
(gasoline) that were used until the 2000’s, whose resi-
dues are still considered as an important risk factor
for both human health and the environment (Frias-
Espericueta et al., 2010; P4dez-Osuna et al., 2002).
Lead concentrations may also be associated with its
release from sediments where it accumulated con-
stantly in previous years (Zhong et al., 2021).

Some of the PTEs levels exceeded the national
and international maximum permissible limits
(MPL; expressed in mg kg! w/w). For example,
the highest levels of Cd (2 mg kg’l; NOM, 2009),
Cu (30 mg kg™!; MFR, 1985), Pb (1 mg kg™!; NOM,
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Table 3 Seasonal average
concentrations of As, Cd,

Cu, Fe, Pb and Zn (mg kg’l,
w/w) in the oyster tissue by

sampling sites

Site As Cd Cu Fe Pb Zn
Saccostrea palmula

ALl

Summer 33+0.0° 21+00° 12.0+04° 17.4+03° 0.9+0.0° 57.6+0.6°
Autumn 27+0.0* 25+0.0° 8.8+0.2% 16.0+0.6° 1.0+0.0°  43.7+0.3°
Winter 50+0.0° 2.6+0.0° 97+0.1°> 209+0.6¢ 09+0.0® 47.4+04°
Spring 54400 1.6+0.0* 10.1+0.1> 12.6+02* 1.1+0.0°  584+04°
AL2

Summer 3.1+£0.0* 14+00° 16.6+0.1°> 20.7+02° 1.3+0.0° 73.0+0.6
Autumn 33+0.0° 1.4+0.0° 182+0.1° 19.1+03* 1.6+0.0* 89.9+0.7°
Winter 5240.1 1.4+0.1° 31.6+0.19 289+03° 14+0.0® 1342+04¢
Spring 52+0.1> 0.8+0.0° 13.8+0.1* 20.5+0.1* 1.7+0.0°  77.9+0.1°
ML35

Summer 37+0.1°  1.8+0.0° 145+02% 426+0.7° 0.8+0.0° 51.6+04%
Autumn 40+£00% 12400 240+0.1° 41.6+03° 1.1+0.0° 87.4+0.2¢
Winter 29+0.0* 12+0.1* 31.8+0.1¢ 21.8+03* 1.1+0.0° 85.1+0.3¢
Spring 33+£0.0° 1.1+0.0° 21.6+0.1° 352+05° 13+00° 77.2+05°
NL6

Summer 28+0.0° 3.0+00° 88+02° 27.6+0.7¢ 1.1+00°  40.9+05%
Autumn 3.0+£0.0® 43+0.0° 99+0.1 21.1+0.7° 1.4+0.0° 37.5+0.6°
Winter 31+0.0° 3.1+00° 75+01° 13.0+£02° 1.0+0.0°  29.3+03°
Spring 34+00° 26+00"  59+0.1* 199+03> 1.7+0.0° 26.1+0.3"
NL8

Summer 23+0.0° 04+0.0° 65+0.1> 203+08> 1.0+£0.0® 56.5+04°
Autumn 3.8+0.0° 05+00" 107+0.1° 237+05 15+00°  66.8+0.3°
Winter 41+0.0° 05400 112402 295+02¢ 1.6+0.0° 126.3+04¢
Spring 34+0.0° 04+00° 53+0.1* 128+05 19+0.0°  63.1+04°
ECL9

Summer 25+0.0° 1.1+0.0° 195+0.1*° 324+1.0° 15+0.0°  68.6+0.8
Autumn 2940.0° 12400 338+0.1" 223+02° 1.7+0.0° 87.6+0.6"
Winter 46+0.0  1.6+0.1° 438+0.19 31.6+02° 1.7+0.0® 111.1+0.4¢
Spring 41+0.1° 14+0.1° 388+0.1° 33.9+03° 1.9+0.0° 101.8+0.6°
Overall mean 3.7+0.9 1.7£1.0 173+11.1 247+84 1.4+0.3 70.8+26.1
Crassostrea corteziensis

AL2

Summer 3.8+0.0° 0.9+0.0° 81+0.0" 422403 1.0+0.0° 48.7+02"
Autumn 41+0.0° 14+00° 16.1+0.0% 384+02° 13+00° 853+0.1°
Winter 3.6+£0.0° 0.8+0.0° 148+0.0° 462+03% 13+0.0° 77.6+0.3°
Spring 3.6+£0.0° 0.6+00"  7.0+0.1* 321+03* 1.6+0.0° 447404
AL3

Summer 3240.1>  0.7£0.0® 83+0.0° 254405 1.1+0.0*  482+0.3°
Autumn 2.6+0.0"° 0.7+00° 10.5+0.0° 33.0+02° 1.2+0.0° 63.8+0.2¢
Winter 51+£0.0° 0.5+0.0° 9.6+0.0° 41.0+0.2° 1.6+0.0° 61.5+0.4°
Spring 35+0.0° 05+0.0°  94+00° 463+02¢ 19+0.0°  54.0+0.4°
ML4

Summer 14+0.0°  1.5+0.0° 10.1+0.0° 71.6+0.6° 1.0+0.0° 42.4+0.5°
Autumn 3940.1  09x0.0* 108+0.0° 91.3+07¢ 13+0.0° 453+0.9¢
Winter 42+0.0° 1.1+0.0* 72+£02* 31.2+0.6* 1.0+0.0* 25.9+0.6*
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Table 3 (continued)

Site As Cd Cu Fe Pb Zn

Spring 3.8+0.0° 1.1+0.1*  7.8+0.0° 549+05° 1.1+0.0*° 355+0.1°
ML35

Summer 37+0.1*  1.0+0.1° 15.1+0.0° 405+02° 1.0+0.0® 48.4+0.2°
Autumn 3.8+0.0° 0.8+0.0" 156+0.0° 53.1+02° 0.9+0.0° 61.8+0.3¢
Winter 49+0.0° 09+0.0 194+0.0% 374+04* 0.9+0.0° 63.7+0.3¢
Spring 32+0.0°  0.8+00° 147+00° 712+0.1¢ 02+00° 56.1+0.1°
NL6

Summer 33+0.0° 3.4+0.0° 47+0.0° 29.0+0.0° 1.1+0.0° 23.6+0.1°
Autumn 33+0.0° 3.6+00% 42+00° 369+04° 12+00° 23.7+03°
Winter 3940.1° 26+0.0° 4.0+00° 241+0.1° 1.0+0.0* 21.3+0.2°
Spring 35+0.0° 24400  37+00° 358+0.7° 15+00° 23.5+03°
NL7

Summer 3.6+0.1°  21+00°  43+0.0° 46.1+02° 1.1+0.0°  30.1+0.5°
Autumn 43+0.1° 21400  47+00% 399+0.1° 1.1+0.0*  309+0.0°
Winter 1.9+0.0° 1.4+00*  3.1+00° 339+04* 1.1+00* 259+03"
Spring 34+00° 1.6+0.1*  2.8+0.0* 352+08 13+0.0° 23.1+0.6°
NL38

Summer 19400 04+00°  37+00° 274+0.1° 08+00*  33.1+02°
Autumn 43+0.1° 04+0.0*  29+0.0° 29.8+0.7° 13+0.0° 332+02°
Winter 40+0.0° 04+0.0*  59+0.1¢ 347+03% 13+00°  63.0+0.3¢
Spring 39+0.0° 04+00*°  22+0.0° 24.1+02° 17+0.0° 392+0.3°
ECL9

Summer 35+0.0° 1.0+£0.0° 33.1+0.0° 573+03% 1.1+0.0*°  722+0.1%
Autumn 29+0.0° 09+0.0° 397+0.1° 383+03° 14+00° 94.0+02°
Winter 42+0.0° 1.0+0.0* 39.8+0.0° 445+02° 1.6+0.0° 99.0+1.0°
Spring 44+0.1° 13+0.0° 495+0.0° 36.1+0.1* 1.8+00% 122.9+0.2¢
ECL10

Summer 33+0.1*  05+00*°  9.1+02* 402+0.6° 20+00°  502+1.0°
Autumn 35+0.0°  0.6+0.0° 155+0.0° 23.6+02° 22+0.0°  64.8+0.6°
Winter 49+0.1° 07+0.0® 17.6+0.1° 272+05° 14+00*  78.4+0.2¢
Spring 35+0.1*°  08+00° 17.1+0.0° 37205 26+00°  712+0.5
Overallmean 3.7+0.8  12+08  126+113 405+146 14+04 52.4+24.4

AL Altata lagoon, ML Macapule lagoon, NL Navachiste lagoon, ECL El Colorado lagoon; different
superscript letters denote significant differences (p <0.05) between PTEs and sampling sites for

each season and oyster species

2009), and Zn (100 mg kg’l; WHO, 1982) in both
species of oysters exceeded the permissible limit
in at least one of the lagoons. With the exception
of As (p<0.05), the metal concentrations in S. pal-
mula and C. corteziensis varied among the coastal
lagoons. The As and Zn average levels were below
permisible limits (80 and 100 mg kg‘l; NOM, 2009
and WHO, 1982, respectively), but Zn variation
(SD) in S. palmula exceeded the limit at AL2, NL8

@ Springer

and ECL9, and C. corteziensis at ECL9 (Fig. 2).
The mean Pb values for most coastal lagoons were
below the international MPL (1.7 mg kg™!; FDA,
2003), but exceeded the MPL reported for Mexico
(1 mg kg™'; NOM, 2009). The average levels of Cu
did not exceed the MPL of Malaysia (30 mg kg™';
MFR, 1985) in most sites, but they were very
close or exceeded the established MPL of WHO
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Fig. 2 Mean annual con-
centrations of potentially
toxic elements (mg kg™
w/w) from the oysters S.
palmula (white bars) and
C. corteziensis (gray bars)
collected in the four coastal
lagoons (AL Altata lagoon;
ML Macapule lagoon; NL
Navachiste lagoon; ECL

El Colorado lagoon) of the
Southeast Gulf of Califor-
nia (Mexico). A arsenic
(As); B cadmium (Cd); C
copper (Cu); D iron (Fe); E
lead (Pb); F zinc (Zn). The
dotted lines indicate the
maximum permissible lim-
its. Columns with different
superscript letters denote
significant differences

(p <0.05) between sampling
site and oyster species

Concentration (mg kg1 w/w)

60

40

20

125

100

75

50

25

(A) As
----------------------------------------------------------------- NOM 2009
a
a a
a a i a B a 1 T T 1
H | “
(B) cd
€
€
b cd
c
T O e T NOM 2009
ab
ab . ’—l—‘
1 /|

------ MFR 1985

-WHO 1982

cd
] bed
abed  abc abc abed b
] abe abe  abe e
ab ab '_I ab
- : ’—I_I ’_I_‘ . ’_l—‘
(E)Pb
] C
| b abe be
a ab I ab T
= 45 : - FDA 2003
ab _"_ a
5 - NOM 2009
F) Zn
} ]f (F) ot o f
cdef
boger [ I == MFR 1985
abcde cdef
T abede abedef abedef abed

ALl

abc

ab
’_j_‘ a ab

AL2 AL2 AL3 ML4 ML5 ML5 NL6 NL6 NL7 NL8 NL8 ECL9 ECL9 ECL10
Sampling sites

@ Springer



Environ Geochem Health

(10 mg kg’l; 1982) (Fig. 2). For Fe, there are not
established MPL yet.

When the concentration of PTEs exceeds the
MPL of sanitary standards, consumption must be
restricted, or the oysters must be depurated (Wang
& Wang, 2014). Although its contribution is limited,
for greater security, depuration of this bivalve species
in the region would represent a mandatory practice
before being offered to the consumers.

In general, Cd, Cu, Fe, Pb, and Zn levels found in
S. palmula and C. corteziensis (sampled from 2019
to 2020) were comparable with previously recorded
levels. However, it can be observed that the con-
centration of some PTEs in these oysters from the
coastal lagoons of Sinaloa has increased (Table 4).
For instance, the annual average concentration of

As in S. palmula (3.7+0.9 mg kg!) and C. cor-
teziensis (3.7+0.8 mg kg™!) found in this study is
higher than that reported in 2008-2009 for wild
populations of C. corteziensis from seven coastal
lagoons of Sinaloa (1.5+0.3 mg kg™') and Nayarit
(0.8+0.1 mg kg‘l) (Bergés-Tiznado et al., 2013). The
concentration of Cd in C. corteziensis from AL has
increased from 0.70 mg kg™ recorded between 1988
and 1991 (Paez-Osuna et al., 1993) to 1.3 mg kg™
nine years later (Ruelas-Inzunza & Péaez-Osuna,
2008). Goéngora-Gomez et al. (2017) reported Cd
levels (2.4+0.7 mg kg™) in C. gigas cultivated
in LM, being higher than the level obtained in the
present study for S. palmula and C. corteziensis
(1.3+0.2 and 1.0+0.2 mg kg™!, respectively). The
mean concentrations of Cu in the cultured oyster, C.

Table 4 Mean levels of

Species As Cd Cu Fe Pb Zn Sampling year
As, Cd, Cu, Fe, Pb and Zn
(mg kg’1 w/w) in different Altata lagoon
oyster’s species of some Ce - 0.7 26.4 25.0 - 130.8 1988-1991%2
lagoons at the Southeast .
Gulf of California, Mexico Sp - 1.4 27.0 27.0 - 169.7 1988-1991 %2
Ce - 1.1 12.8 - 15 167.1 2004-2005%*
Ce - 13 - - 0.6 255.6 1999-2000% *
Cc - 1.0 18.9 - 1.1 14.6 2006-2007%°
Cc 1.6 - - - - - 2008-2009° 2
Ce - 12 15.1 - 0.4 85.2 2008-2009%
Cg - 1.1 6.8 - 0.4 41.1 2013-201472
Sp 4.1 1.7 15.1 20.2 1.3 72.8 2019-2020% ¢
Ce 3.7 0.8 10.5 38.1 1.4 60.2 2019-2020%¢
Macapule lagoon
1 Cg 0.0 2.4 9.2 - 0.3 48.1 2011%2
Paez-Osuna et al. (1993); 10
2 Frfas-Espericueta et al Cg 0.1 2.6 11.4 - 0.4 50.2 2011-2012'%2
(2008); 3 Ruelas-Inzunza Cg - 1.8 18.1 - 0.5 51.0 2013—20147Y a
imd Péez-Osuna (2008); Sp 3.5 1.3 23.0 35.3 1.1 75.3 2019-2020% ¢
Frias-Fspericueta et al. Ce 36 1.0 12.6 56.4 1.0 474 2019-2020%
(2009); > Bergés-Tiznado N histe
et al. (2013); ® Pdez-Osuna avachiste lagoon
and Osuna-Martinez Cc - 1.8 12.0 417 - 91.6 19881991112
(2015); 7 Muf;oz—SeVilla Sp - 1.8 18.7 28.9 - 214.2 1988-1991'!-2
ot c?' (20172;;, This tsmldy‘* Ce - 13 122 - 0.9 78.7 2006-2007+"
ongora-Gomez et al. 6, a
(2017): 10 Jonathan et al. Ce - 1.6 225 - 0.1 137.0 2008-2009
(2017); '! Paez-Osuna Sp 32 1.9 8.2 21.0 1.4 55.8 2019-2020% ¢
et al. (1991). Reports Ce 3.4 1.7 3.9 33.1 1.2 30.9 2019-2020% ¢
in dry weight were El Colorado lagoon
tra.nsfor.med in wet weigh.t Ce 20 B B B B B 2008200952
using cited water content:
280%, ©79.8%, 81.7%:; Cc Cc - 1.5 12.7 - 0.1 184.0 2008-2009%
Crassostrea corteziensis, Sp 3.6 1.3 33.9 30.0 1.7 92.1 2019-2020% ¢
Sp Saccostrea palmula; Cg Ce 3.8 0.9 27.7 38.1 1.7 81.5 2019-2020% ¢

Crassostrea gigas
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gigas, during the last decade in the ML has been:
9.2+4.6 mg kg'! in 2011 (Géngora-Gémez et al.,
2017), 11.4+5.7 mg kg’l in 2012 (Jonathan et al.,
2017), and 18.1+4.8 mg kg™! in 2014 (Muiioz-
Sevilla et al., 2017), which indicates a Cu increase to
the habitat of this bivalve species.

In contrast, the Zn concentration found in this
study is lower than previous reports. For example, Zn
level in S. palmula and C. corteziensis from AL was
130.8 and 169.7 mg kg™', respectively (Paez-Osuna
et al., 1993), which, later, decreased to 72.8 and
60.2 mg kg™!, for both species in this study. However,
comparisons should be made with caution due to the
complexity and variation of the samplings (the influ-
ence of size, reproductive stage and physiological
condition of oysters; Burioli et al., 2017).

Although both oyster species coexist in the same
roots of mangroves from the sampled lagoons, S. pal-
mula bioaccumulated higher concentrations of Cd
(t=3.05, p=0.02 in MLS), Cu (t=4.41, p=0.00 and
t=2.81, p=0.03 in NL6 and NL8, respectively), and
Zn (t=2.96, p=0.02 in NL6) than C. corteziensis,
but less Fe (r=—4.16, p=0.00, t=—-2.61, p=0.04
and r=—-2.58, p=0.04 in AL2, NL6, and ECLI10,
respectively) (Table 2S). The levels of As and Pb in
both species did not present significant differences
(»p>0.05) (Table 2S). The results demonstrated that
each oyster species have the ability to accumulate sig-
nificantly different concentrations of the same PTEs
due to internal and external factors (Suami et al.,
2019). P4ez-Osuna et al. (1991) documented higher
Fe bioaccumulation in C. corteziensis compared to
S. palmula, associated to its physiological condition,
meanwhile Paez-Osuna and Osuna-Martinez (2015)
reported that the soft tissue of S. palmula contained
concentrations of metals consistently higher than
those of C. corteziensis, but the correlation analyses
did not show significant differences (p <0.05).

Pearson’s rank correlations for PTEs, water param-
eters, size, and CI showed significant correlations
among them (Table 5). The highest positive (r,=0.99,
p=0.00) and negative (r,= —0.95, p=0.01) correla-
tions were obtained in C. corteziensis for Cu/Zn and
Zn/temperature et al., meanwhile, the lowest cor-
relations (rp=0.71, p=0.04 in AL and rp= —-0.75,
p=0.03 in NL) were observed in the same oyster spe-
cies for Cd/Cu and Zn/IM, respectively. With excep-
tion of the oysters from NL, Cd, Cu, and Zn exhib-
ited correlation among them (rp=0.71, p=0.04 and

rp:0.98, p=0.01). There are reports that indicate
a consistent association between PTEs groups in
bivalves established by a common source (Géngora-
Gomez et al., 2018). In the present work, significant
correlations were found between Cd, Cu, and Zn,
which may be due to the fact that these metals are
commonly used in anthropogenic activities (Mufioz-
Sevilla et al., 2017). Di-Marzio et al. (2019) listed the
main anthropogenic sources of PTEs in Latin Amer-
ica. These authors mentioned that Cu is used in the
manufacturing, electrical, electronic, and chemical
industries (Rodriguez-Heredia, 2017), whereas Cd is
incorporated in the coating of metallic objects to pro-
tect them from corrosion in the industry of recharge-
able batteries, wiring, and PVC pipes (Caviedes-
Rubio et al., 2015). Zinc is used in the manufacture
of metals and tires (Di-Marzio et al., 2019). Specifi-
cally, in Northern Sinaloa, all these PTEs are used in
the manufacture of industrial agrochemicals (mainly
phosphorous—based) (Raven & Loeppert, 1997; Otero
et al., 2005; Sabiha-Javied et al., 2009; Rodriguez-
Ortiz et al., 2014), which could be incorporated to
urban waste or wastewater that are discharged into
the coastal lagoons without prior treatment (Frias-
Espericueta et al., 2010).

Table 3S shows the annual mean concentrations of
PTEs in oysters from the four coastal lagoons at SE
Gulf of California used in the risk assessment calcu-
lations. The HQ, HI, and CR for As, Cd, Cu, Fe, Pb,
and Zn in both oyster species are displayed in Table 6.
The HQ values exceeded the safe level of 1 for Cd in
S. palmula and C. corteziensis in NL6 for the 16 kg
children. In addition, in children, the HI values in
both species of oysters ranged from 0.7 to 2.1 and 0.6
to 1.9, respectively. On the other hand, the intake of
the studied elements through the consumption of oys-
ters would not induce adverse effects to human health
(men and women weighing 70 and 60 kg, respec-
tively); HQ and HI values were < 1. In Mexico, oys-
ter consupmtion is low (0.4 kg year '=7.5 g week™!;
CONAPESCA, 2017) (these value needs to be
re—evaluated); however, regional consumption at
coastal communities may be high due to the frequent
seafood consumption (Frias-Espericueta et al., 2018;
Ruiz-Fernandez et al., 2018).

The HI values in S. palmula and C. corteziensis
ranged from 0.1 to 2.1 and 0.1 to 1.9, respectively. In
particular, Cd in S. palmula (57.6%) and C. cortezien-
sis (53.1%) was the metal that contributed the most to
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Table 5 Pearson’s correlations (r,,) among, physicochemical parameters of water, size, condition index and potentially toxic ele-
ments concentrations, for Saccostrea palmula and Crassostrea corteziensis from four coastal lagoons at Southeast Gulf of California

Variables Saccostrea palmula Crassostrea corteziensis
AL ML NL ECL AL ML NL ECL
As vs. Size 0.90 0.82 0.76
(»=0.01) (»=0.02) (»=0.03)
Cd vs. Cu 0.71 0.95 (p=0.00)
(p=0.04)
Cd vs. Zn 0.96 0.88 (p=0.04)
(p=0.03)
Cd vs. pH 0.89 0.85 (p=0.02)
(p=0.02)
Cd vs. Cl-a 0.80 0.90
(p=0.02) (p=0.01)
Cu vs. Zn 0.97 0.85 0.98 0.99 0.93 0.91 (p=0.01)
(»=0.01) (»p=0.04) (»=0.01) (p=0.00) (»=0.01)
Cu vs. Tem- -0.83 -0.90 —0.81
perature (p=0.02) (p=0.01) (p=0.02)
Cu vs. pH 0.87 0.80 (p=0.02)
(p=0.01)
Cuvs. CI 0.82 0.76
(»=0.02) (p=0.03)
Znvs. Tem- —0.82 —-0.95
perature (»=0.02) (p=0.01)
Zn vs. Salin- -0.95 —-0.84
ity (»=0.01) (»=0.02)
Zn vs. OM -0.79 -0.78
(»=0.03) (»=0.03)
Znvs. IM -0.85 -0.75
(»p=0.02) (»p=0.03)

AL Altata lagoon, ML Macapule lagoon, NL Navachiste lagoon, ECL El Colorado lagoon, OM organic matter, /M inorganic matter,

Cl—-a chlorophyll a; CI condition index

the calculated HI value, followed by Cu (14.9%), Pb
(13.8%), Zn (8.1%), As (4.2%), and Fe (1.2%) for S.
palmula, and Pb (17.3%), Cu (13.8%), Zn (7.7%), As
(5.3%), and Fe (2.5%) for C. corteziensis.

Only iAs has been proven as human carcinogen.
The CR ranged from 5.0x107° to 2.9x 107 and
54%107° to 2.7x107 in S. palmula and C. cor-
teziensis, respectively, and do not present health risks
(EPA, 2013). For regulatory purposes, EPA (2013)
considers that a CR less than 107 is unlikely to trig-
ger health problems; values between 10 and 107
are considered within an acceptable range or toler-
able risk, whereas values above 10~ are high enough
to induce carcinogenic effects. The CR values in this
study were between 107 and 107, which suggests
that the intake of As would not induce carcinogenic
effects due to the consumption of sampled oysters.

@ Springer

However, it is important to take into account that
the CR of As can increase through the consumption
of other food items such as fish, rice, and red meat
(Gundert-Remy et al., 2015).

Conclusions

All the studied PTEs were found in S. palmula and
C. corteziensis from the four coastal lagoons sam-
pled in Sinaloa, Mexico, during one year; some of
them, exceeding the MPL of national and inter-
national regulations. Levels of Cd, Cu, Pb, and
Zn exceeded the MPL in more than one sampling
site, which deserves special attention. The afore-
mentioned confirms the strong influence of intense
anthropogenic activity in the region that impacts
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Table 6 Risk assessment
for As, Cd, Cu, Fe, Pb

and Zn (annual mean
concentration; mg kg™’
w/w) by Saccostrea
palmula and Crassostrea
corteziensis consumption
from four coastal lagoons at
Southeast Gulf of California

Site HQ HI CR
As Cd Cu Fe Pb Zn As
Saccostrea palmula
ALl
Men 0.0 0.2 0.0 0.0 0.0 0.0 0.3 6.6x107°
Women 0.0 0.3 0.0 0.0 0.0 0.0 0.4 7.7%107°
Children 0.1 1.0 0.1 0.0 0.1 0.1 14 2.9%x107
AL2
Men 0.0 0.1 0.1 0.0 0.1 0.0 0.3 6.8x107
Women 0.0 0.2 0.1 0.0 0.1 0.0 0.3 7.9x107
Children 0.1 0.6 0.2 0.0 0.2 0.2 1.3 2.9%107°
ML5
Men 0.0 0.2 0.1 0.0 0.0 0.0 0.3 5.7x107°
Women 0.0 0.2 0.1 0.0 0.0 0.0 0.3 6.6x107°
Children 0.1 0.6 0.3 0.0 0.2 0.1 1.3 24x107°
NL6
Men 0.0 0.4 0.0 0.0 0.0 0.0 0.4 5.0x107°
Women 0.0 0.4 0.0 0.0 0.1 0.0 0.5 5.8x107°
Children 0.1 1.6 0.1 0.0 0.2 0.1 2.1 2.1x107°
NLS8
Men 0.0 0.1 0.0 0.0 0.1 0.0 0.2 5.5x107°
Women 0.0 0.1 0.0 0.0 0.1 0.0 0.2 6.4x107°
Children 0.1 0.2 0.1 0.0 0.2 0.1 0.7 2.4x107°
ECL9
Men 0.0 0.2 0.1 0.0 0.1 0.0 0.3 5.8x107°
Women 0.0 0.2 0.1 0.0 0.1 0.0 0.4 6.7x107°
Children 0.1 0.6 0.4 0.0 0.2 0.1 14 2.5%107°
Crassostrea corteziensis
AL2
Men 0.0 0.1 0.0 0.0 0.0 0.0 0.2 6.1x107°
Women 0.0 0.1 0.0 0.0 0.1 0.0 0.2 7.1x107°
Children 0.1 0.5 0.1 0.0 0.2 0.1 1.0 2.6x107°
AL3
Men 0.0 0.1 0.0 0.0 0.1 0.0 0.2 5.8x107°
Women 0.0 0.1 0.0 0.0 0.1 0.0 0.2 6.8x107°
Children 0.1 0.3 0.1 0.0 0.2 0.1 0.8 2.5%107°
ML4
Men 0.0 0.1 0.0 0.0 0.0 0.0 0.2 5.4%x107°
Women 0.0 0.2 0.0 0.0 0.0 0.0 0.3 6.3x107°
Children 0.1 0.6 0.1 0.0 0.2 0.1 1.1 23%x107
ML5
Men 0.0 0.1 0.0 0.0 0.0 0.0 0.2 6.3x107°
Women 0.0 0.1 0.1 0.0 0.0 0.0 0.2 7.3%10°°
Children 0.1 0.4 0.2 0.0 0.1 0.1 0.9 27%x107
NL6
Men 0.0 0.3 0.0 0.0 0.0 0.0 0.4 5.7%x107°
Women 0.0 0.4 0.0 0.0 0.0 0.0 0.5 6.6x107°
Children 0.1 14 0.1 0.0 0.2 0.1 1.9 24x107
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Table 6 (continued)

Site HQ HI CR
As Cd Cu Fe Pb Zn As
NL7
Men 0.0 0.2 0.0 0.0 0.0 0.0 0.3 5.4x107°
Women 0.0 0.2 0.0 0.0 0.0 0.0 0.3 63x107°
Children 0.1 0.9 0.0 0.0 0.2 0.0 1.2 23%107°
NLS8
Men 0.0 0.1 0.0 0.0 0.0 0.0 0.1 5.7x107°
Women 0.0 0.1 0.0 0.0 0.1 0.0 0.2 6.6x107°
Children 0.1 0.2 0.0 0.0 0.2 0.1 0.6 2.4x107°
ECL9
Men 0.0 0.1 0.1 0.0 0.1 0.0 0.3 6.0x107°
Women 0.0 0.1 0.1 0.0 0.1 0.0 04 7.0x107°
Children 0.1 0.5 0.5 0.0 0.2 0.2 1.5 2.6x107°
ECLI10
Men 0.0 0.1 0.0 0.0 0.1 0.0 0.2 6.1x107°
Women 0.0 0.1 0.1 0.0 0.1 0.0 0.3 7.2x107°
Children 0.1 0.3 0.2 0.0 0.3 0.1 1.0 2.6x107°

HQ hazard quotient, HI hazard index, CR carcinogenic risk, AL Altata lagoon, ML Macapule
lagoon, NL Navachiste lagoon, ECL El Colorado lagoon; in the analyses, men, women, and
children weighing 70, 60 and 16 kg body weight, were considered; values > 1 are marked in bold

these oysters over time. More studies determining
the concentration of PTEs in S. palmula and C. cor-
teziensis in this area must be carried out, periodi-
cally. Depuration strategies to clean oysters before
consumption, should be also implemented to reduce
PTEs loads. Since oysters are a popular dietary item
in the SE Gulf of California, which is preferably
consumed raw, it is important to establish a continu-
ous PTEs monitoring program to determine their
possible risk to human health.
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