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Abstract: In the Gulf of California; mineral deposits have contributed to high metal contents in
coastal environments. This study examined cadmium; lead; copper; zinc; and iron contents in three
fish species; Kyphosus vaigiensis (herbivore), Stegastes rectifraenum (omnivore), and Balistes polylepis
(carnivore) at two mining sites. Metal concentrations were analyzed by atomic absorption spectropho-
tometry and stable nitrogen and carbon isotopes were estimated using mass spectrophotometry.
Also, we assessed the risk to human health from the consumption of these three species based on
permissible limits; although only two of them (Kyphosus and Balistes) are consumed as food. Metal
concentrations differed among fish species; except for iron. The highest concentrations of metals
were not always recorded in the species at the highest trophic level; i.e., Balistes. The highest concen-
trations (dry weight) recorded were cadmium (0.21 ± 0.03 µg g−1) and lead (1.67 ± 0.26 µg g−1), in
S. rectifraenum; copper (1.60 ± 0.49 µg g−1) and zinc (67.30 ± 8.79 µg g−1), in B. polylepis; and iron
(27.06 ± 2.58 µg g−1), in K. vaigiensis. Our findings show that each element accumulates differently
in particular marine organisms; depending on the physiology of the species and the biogeochemistry
of its habitat; which in turn is affected by the anthropogenic activities in adjacent areas. No risk of
heavy metals toxicity is expected from the human consumption of the species and sites studied

Keywords: Balistes; Kyphosus; Stegastes; trace elements; stable isotopes; phosphorite mining;
copper mining

1. Introduction

Trace elements can cause harmful health effects when they accumulate in organisms
at concentrations above those required for the metabolic functions [1]. Zinc, copper, and
iron are essential elements involved in different metabolic processes, and most organisms
have biochemical mechanisms to regulate the amount of these elements in their cells [1].
Lead and cadmium are non-essential elements that compete with essential elements for
enzyme sites. Although less than 20% of these elements are assimilated in the human body,
their half-life in human tissues is around 30 years [2,3]. When in excess, metals have been
associated with serious effects to both human and animal health. For example, high intake
levels of copper, zinc, and lead have been related to Alzheimer’s disease; zinc and iron,
with Parkinson’s disease; cadmium may induce kidney dysfunctions, osteomalacia, and
reproductive deficiencies, among others [4,5].

Local mineral deposits in the environment may contribute to increase the content
of one or more chemicals in sediments relative to the levels considered as typical of the
Earth’s crust [6]. The chemical composition and bioavailability of trace metals in the food
consumed by fish and the water column where they thrive are influenced by the local
geochemistry and anthropogenic activities such as mining and agriculture; both may
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lead to enrichment with high amounts of metallic elements [1]. However, the relationship
between trace metals concentration in fish tissue and mining activities has not been fully
addressed in the scientific literature, especially regarding phosphorite mining and the
comparisons between sites exploiting different minerals. The available reports suggest
variable bioaccumulation patterns among fish sharing the same location [7,8]. In a site
polluted by phosphorite mining on the coast of Togo, the highest metal concentration
observed in fish were cadmium (1.68 µg g−1) in Chloroscombrus chrysurus, lead (8.49µg g−1)
in Galeoides decadactylus, and zinc and iron (1.48 µg g−1 and 2.99 µg g−1, respectively) in
Ilisha africana [8]. In another study, the grass carp Ctenopharyngodon idellus thought to be
affected by copper mining in the district of Purple Mountain, China, for over 30 years,
recorded concentrations (dry weight) of up to 8.5± 0.75 µg g−1 of copper, 27.7± 2.7 µg g−1

of zinc, and 0.705 ± 0.155 µg g−1 of lead, and no detectable concentrations of cadmium [7].
In fish from a site affected by the collapse of an iron mining dam in the Rio Doce, Brazil, the
highest concentration (dry weight) of lead and copper (8.55 and 1.15 µg g−1, respectively)
were recorded in Eugerres brasilianus, and the highest concentration of zinc (477 µg g−1) was
recorded in Genidens genidens. Cadmium levels were below the limit of detection in fish [9].
Further research is needed to understand whether there is a detectable and consistent
effect of mining activities on the bioaccumulation of trace metals in fish inhabiting nearby
coastal waters.

Deposits of various minerals are located in the Gulf of California, some of which
have been exploited through mining operations at sites adjacent to the coast [10]. Two
mining sites of particular interest because of nearby human settlements and coastal fishery
activities are Santa Rosalía (STR), at the central part of the gulf, and Bahía de La Paz (LAP),
near the tip of the Baja California Peninsula, both located on the west coast of the Gulf
of California, México (Figure 1). In STR, copper extraction operations were carried out
since the second half of the 19th century to the late 20th century [11]. Tons of wastes from
these mining operations were deposited over the years on the beach and directly into the
marine environment. The copper content on the beaches of STR (up to 30,380 µg g−1) is
higher than levels recorded in industrialized areas of Russia [12]. Iron and zinc deposits
are also found in this zone [10], and high lead concentrations (up to 2100 µg g−1) have been
found in sediments [12]. The second case addressed here regards the current phosphorite
extraction operations in San Juan de la Costa, inside LAP, mainly to obtain phosphorus for
agricultural fertilization [10]. Besides phosphorus, phosphorite may also contain zinc, lead,
and cadmium [13]. Reports of cadmium in LAP sediments indicate concentrations above
those considered typical of the Earth’s crust (>0.1 µg g−1) [6].

The coastal areas off STR and LAP are home to macroalgae beds with the capacity
to remove trace elements suspended in the water column [11], which may potentially
be transferred to herbivores foraging on them. Depending on the chemical presentation
of these elements, they may or may not be bioaccumulated by organisms feeding on
macroalgae and transferred to higher trophic levels [14]. The dominant components of the
marine flora dwelling on the coastal marine environments across the Gulf of California,
including STR and LAP, are brown algae of the genus Sargassum. These algae cover
large areas, providing habitat, shelter, and food to numerous species of invertebrates and
fish [15], including the blue-bronze chub Kyphosus vaigiensis (Quoy and Gaimard, 1825), the
Cortez damselfish Stegastes rectifraenum (Gill, 1862), and the fine scale triggerfish Balistes
polylepis (Steindachner, 1876). S. rectifraenum is highly appreciated as an ornamental fish
for aquarists, while the other two species are captured by artisanal fishers for direct human
consumption [15].
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Figure 1. Sampling sites of Kyphosus vaigiensis, Stegastes rectifraenum, and Balistes polylepis in the vi-
cinity of Santa Rosalía (STR) and Bahía de La Paz (LAP). 
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erascens, K. sydneyanus, K. azureus, and K. elegans (the latter two also from the Gulf of 
California) [17,19–21]. S. rectifraenum (family Pomacentridae) was first described as an 
herbivore [22], but later studies have reported an omnivorous diet consisting of turf, 
zoobenthos, and plankton [23,24]. B. polylepis (Balistidae) has been classified as predom-
inantly carnivorous, although some algae are consumed occasionally as incidental food 
[25,26]. The fact that most records of these three fish species are from rocky inshore reefs 
dominated by Sargassum along the Gulf of California [15], suggests that their accumula-
tion of metals is linked to local conditions. 
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Figure 1. Sampling sites of Kyphosus vaigiensis, Stegastes rectifraenum, and Balistes polylepis in the
vicinity of Santa Rosalía (STR) and Bahía de La Paz (LAP).

Almost all members of the Kyphosidae family are herbivorous [16]. Studies on the
diet of K. vaigiensis confirm that this species is a functional herbivore that feeds primar-
ily on macroalgae, including phaeophytes, chlorophytes, and rhodophytes, and almost
no animal material [17,18] as other herbivorous species of Kyphosus, such as K. bigibbus,
K. cinerascens, K. sydneyanus, K. azureus, and K. elegans (the latter two also from the Gulf
of California) [17,19–21]. S. rectifraenum (family Pomacentridae) was first described as an
herbivore [22], but later studies have reported an omnivorous diet consisting of turf, zooben-
thos, and plankton [23,24]. B. polylepis (Balistidae) has been classified as predominantly
carnivorous, although some algae are consumed occasionally as incidental food [25,26].
The fact that most records of these three fish species are from rocky inshore reefs dominated
by Sargassum along the Gulf of California [15], suggests that their accumulation of metals
is linked to local conditions.

There is information about cadmium, lead, copper, zinc, and iron from K. vaigiensis,
K. cinerascens and K. sp. sampled in China, Australia, or New Caledonia (Table 1). No
information on trace metals has been reported for S. rectifraenum, but there are reports
available for other species of this same genus, such as S. fasciolatus [27]. As regards the genus
Balistes, there is information on B. capriscus from Mediterranean Sea [28] and on B. polylepis
from the eastern coast of the Gulf of California and the Pacific coast, but not from the west
coast where the two formerly mentioned sites of mining influence are located (Table 1).
The objective of this study was to evaluate the cadmium, lead, copper, zinc, and iron
concentrations in the muscle of three fish species with different feeding habits inhabiting
coastal waters adjacent to two different mining facilities, one for copper and another for
phosphorite, and to test whether the type of mining determines the metal concentration in
fish muscle. To our knowledge, this is the first report comparing different mining activities
in the area. To evaluate the relative importance of the type of mining activity in determining
the metal concentrations in fish muscle, we also evaluated other factors, including the time
of the year, the trophic niche, and the fish size. The potential risk to human health from the
consumption of fish species was assessed based on international guidelines.
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Table 1. Concentration (average ± standard deviation or minimum and maximum) of cadmium, lead, copper, zinc, and
iron (µg g−1 dry weight) in muscle of fish of the genera Kyphosus, Stegastes, and Balistes.

Species n Size (cm) Cadmium Lead Copper Zinc Iron Locality Reference

Kyphosus

K. cinerascens - 35–42 - - 0.63–1.1 16.0–41.8 - Great Barrier
Reef, Australia [29]

K. cinerascens * 14 - 3.56 ± 0.10 ** 23.21 ± 0.72 ** 1.13 ± 0.017 6.88 ± 0.08 22.99 ± 0.28 South China Sea [30]

K. vaigiensis (as
K. lembus) * 15 - 1.57 ± 0.04 ** 16.43 ± 0.46 ** 0.68 ± 0.012 5.23 ± 0.12 16.02 ± 0.22 South China Sea [30]

K. vaigiensis (as
K. lembus) - - 0.016 0.039 1.549 33.860 23.060 Spratly islands,

China [31]

K. vaigiensis 5 31.7 ± 5.0 - <0.08 <0.83 24.1 ± 8.51 8.69 ± 1.06 New Caledonia [32]

K. sp. - - 0.50 4.00 0.80 28.30 6.00 Gulf of Aqaba,
Red Sea [33] 1

K. sp. 3 29 0.002 0.017 - 0.97 - Caribbean Sea,
Colombia [34]

K. vaigiensis 42 31.82 ± 1.32 0.18 ± 0.03 0.59 ± 0.16 1.60 ± 0.20 42.45 ± 3.01 33.24 ± 3.67
Gulf of

California,
Santa Rosalía

Present
study

K vaigiensis 27 23.70 ± 1.42 0.03 ± 0.01 1.02 ± 0.39 0.83 ± 0.19 43.39 ± 3.30 18.24 ± 2.58
Gulf of

California,
Bahía de La Paz

Present
study

Stegastes

S. fasciolatus 3 NA 0.8–1.7 13.00–16.00 - - - Tern Island,
North Pacific [27]

S. rectifraenum 40 11.09 ± 0.16 0.24 ± 0.02 0.90 ± 0.22 0.53 ± 0.10 21.19 ± 0.42 18.51 ± 2.48
Gulf of

California,
Santa Rosalía

Present
study

S. rectifraenum 28 12.47 ± 0.13 0.17 ± 0.06 2.76 ± 0.49 0.60 ± 0.10 23.88 ± 0.77 26.24 ± 4.90
Gulf of

California,
Bahía de La Paz

Present
study

Balistes

B. capriscus - - 2.615 0.995 0.013 - 0.253
Libya,

Mediterranean
Sea

[28]

B. polylepis * 524 - 5.282 ± 1.020 0.023 ± 0.001 1.29 ± 0.10 64.2 ± 2.72 - Mazatlán,
Mexico [35] 2

B. polylepis 3 15.5 0.02 0.11 0.073 2.65 3.80 Pacific Baja
California [36]

B. polylepis 2 - 2.57 ± 1.03 - - - - Gulf of
California [37] 3

B. polylepis 2 - 2.94 ± 0.41 - - - - Gulf of
California [37] 4

B. polylepis 40 22.97 ± 0.89 0.19 ± 0.03 0.89 ± 0.25 1.55 ± 0.68 93.72 ±
14.77 27.97 ± 2.80

Gulf of
California,

Santa Rosalía

Present
study

B. polylepis 28 26.62 ± 1.05 0.11 ± 0.05 1.33 ± 0.36 1.66 ± 0.71 36.16 ± 1.60 23.98 ± 7.80
Gulf of

California,
Bahía de La Paz

Present
study

1 = phosphate-polluted area with urban anthropogenic impact; 2 = as part of the diet of Istiophorus platypterus; 3 = as part of the diet of K.
audax; 4 = as part of the diet of M. nigricans. * = µg g−1 wet weight; ** = ng g−1; - = Not available.

2. Materials and Methods
2.1. Study Area

Sampling was conducted on two locations affected by mining activities, Santa Rosalía
(STR) and Bahía de La Paz (LAP), Baja California Sur, on the west coast of the Gulf of Cali-
fornia (Figure 1). This coastline is mostly rocky, with scattered sandy stretches and a narrow
shelf, and with virtually no drainage from rivers due to sub-desert climate conditions.
Atmospheric forcing over the Gulf of California is strongly seasonal; weak southeasterly
winds blow through the summer and stronger northwesterly ones during winter, mostly
along the gulf axis [38]. Rainfall takes place mostly during the summer [39], when tropical
storms and hurricanes produce heavy rainfall and intense water and sediment runoff into
the basin [40]. Along the peninsular coast, and particularly near STR, the southerly sum-
mer winds cause coastal upwelling events that, together with tidal forcing, result in water
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column mixing. LAP is the largest coastal body in the southwestern Gulf of California
and is characterized by its high diversity and abundance of fish species [41]. Biological
enrichment is particularly high due to intense local upwelling events generated by local
seasonal wind patterns, topographic configuration, and water exchange between the bay
and the gulf [42]. In STR, “El Boleo” mine operated intermittently since the second half of
the 19th century up until 1984 [12] and includes copper and zinc deposits. LAP has one
of the largest phosphorite deposits worldwide [43], which has been exploited for nearly
30 years [10].

2.2. Sampling

The three fish species studied, namely Kyphosus vaigiensis, Stegastes rectifraenum, and
Balistes polylepis, were caught in STR and LAP by free diving using a Hawaiian-type
harpoon. In STR, three sites were sampled during the dry (May–June 2015) and rainy
(September–October 2015) seasons: Punta Gorda (PGO; 27◦32′6.6” N and 112◦21′15.4”
W), Las Cuevitas (CUE; 27◦24′35.05” N and 112◦58′7.499” W), and Los Frailes (FRA;
27◦18′32” N and 112◦13′58.101” W) (Figure 1). Las Cuevitas is located at one end of the
STR dock, adjacent to the mining operation area. Punta Gorda and Los Frailes are located
10 km north and 3 km south of Las Cuevitas, respectively. In LAP, two sites were sampled
during the dry and rainy seasons: Las Ánimas (ANI; 24◦50.51′30.99” N and 110◦41.3′22.99”
W) and San Juan de la Costa (SJC; 24◦22.26′15.99” N and 110◦41.3′22.99” W). A phosphorite
mine is located at San Juan de la Costa; Las Animas is a fishing village located 14.1 km
north of San Juan de la Costa that comprises just a few houses (Figure 1).

A total of 70 specimens of Kyphosus vaigiensis (43 from STR; 27 from LAP), 68 of
Stegastes rectifraenum (40 from STR; 28 from LAP), and 61 of Balistes polylepis (33 from STR;
28 from LAP) were captured and transported on ice to the laboratory. The total length
(±1 mm) of each fish was recorded. Afterward, fish were dissected, and a sample of white
muscle from the anterior dorsal region was excised from each specimen. Muscle samples
were rinsed with distilled water and dried in Petri dishes in a dry-heat oven for 24–48 h
at 75 ◦C to constant weight. Then, tissues were ground using a Wig-L-Bug (model 30)
electro-mechanical stirrer until a homogeneous powder was obtained. Each sample was
transferred to a separate vial and stored in a drying chamber until tested for trace elements.
A subsample of muscle from each specimen was saved for isotopic analysis.

2.3. Analyses of Trace Metals

Samples of 0.5 g of muscle tissue were digested with nitric acid and hydrogen peroxide
in a microwave oven (Mars 5x, CEM, Matthew, NC, USA). After acid digestion, 1 mL of
hydrochloric acid (HCl) was added to each sample and the volume was brought to 50 mL
with deionized water. Cadmium (Cd), lead (Pb), copper (Cu), zinc (Zn), and iron (Fe)
concentrations were determined by atomic absorption spectrophotometry (GBS Scientific
AVANTA, Dandenong, Australia) using an air/acetylene flame [44]. Each sample was
tested in triplicate. High-purity reagents were used in all cases; blanks were analyzed in
parallel to validate the efficiency of the method [45]. A standardized reference material
(DORM-2, National Research Council of Canada; Ottawa, ON, Canada) was also analyzed
in each sample run as a quality control. The analysis of metal content yielded recovery
values ranging from 93% to 116% for the entire process. The detection limits and the
quantification limits (µg g−1) respectively were as follows: Cd: 0.01 and 0.02; Pb: 0.07 and
0.10; Cu: 0.017 and 0.020; Zn: 0.021 and 0.060; Fe: 0.65 and 1.35.

2.4. Analyses of Stable Isotopes

Stable isotope ratios of nitrogen and carbon are powerful tools for evaluating the
trophic structure and energy flow across aquatic ecosystems. The δ15N of an organism
typically shows a 3.4 ‰ (±1‰) increase at each higher trophic level; thus, it can be used
to determine the trophic position of an organism [46]. In contrast, δ13C changes little as
carbon moves through the food web and can be used to evaluate the ultimate sources of
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energy for an organism [47]. Samples from the 199 specimens were combusted to N2 and
CO2 in tin capsules using a PDZ Europe ANCA-GSL elemental analyzer interfaced to a
PDZ Europe 20–20 isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK) at the Stable
Isotope Laboratory, University of California Davis. It was not necessary to account for
lipids in fish samples, as the average C:N ratio of all samples (C:N = 3.3 ± 0.1) was below
3.5 [48]. Nitrogen isotope ratios (δ15N) are reported in parts per thousand (‰) relative
to N2 in air, while carbon isotope ratios (δ13C) are reported relative to Pee Dee Belemnite
(PDB) using the following equation:

δX(‰) =

[
〈 Rsample

Rstandard
− 1〉

]
× 1000 (1)

where X = 15N or 13C and R = 15N/14N or 13C/12C. Samples were analyzed interspersed
with several replicates of at least four different laboratory reference materials. These
reference materials were previously calibrated using international reference materials,
including IAEA-600, USGS-40, USGS-41, USGS-42, USGS-43, USGS-61, USGS-64, and
USGS-65. The standard deviation was ±0.3 ‰ for 15N and ±0.2 ‰ for 13C.

2.5. Statistical Analysis

Before the statistical tests, to each sample that presented an undetectable concentration
of some metal it was assigned a value that corresponds to half the detection limit of such
metal [49]. Metal concentrations in fish muscle were log-transformed before performing
the statistical analyses to meet the assumptions of normality based on the Shapiro-Wilk
test [50,51]. One-way ANOVA analyses were used to assess significant differences in metal
concentrations between location (Santa Rosalía, La Paz), also between seasons (dry, rainy)
within each location and in specimens length, metal concentration and stable isotopes
between species (K. vaigiensis, S. rectifraenum, B. polylepis). ANOVA were followed by the
post hoc Tukey tests [51].

2.6. Multiple Categorial Regression

Multiple categorial regression models of the general form:

Metal = a + b(location) + c(season) + d(Sp1) + e(Sp2) + f (L) + g(δ13C) + h(δ15N) (2)

were computed for each metal, where a is the intercept, b takes positive values for STA
and negative for LAP, c takes positive values for the rainy season and negative for dry,
d is the coefficient of the dummy variable Sp1 and takes positive values for K. vaigiensis,
and negative for others, e is positive for S. rectifraenum and negative for B. polylepis, f is the
partial coefficient of normalized standard fish length, and g and h are the coefficients for the
stable isotopes. Before the analyses, fish length was normalized by species, and the data
were arranged according to the categorical variable’s location, season, and species, and
also according to the continuous variables fish standard length and isotopic readings (δ13C,
δ15N). The multiple categorial regression was applied to evaluate and compare the relative
weight of each of the factors in determining the concentration of the different elements in
fish muscle. The models were fitted in the R statistical package using a significance level of
p < 0.05.

2.7. Health Risk

One of our objectives was to compare the results obtained in this study with standards
and results of previous works and assess the potential health risk of human consumption
of muscle of the three species studied. To this end, element concentrations were converted
from dry weight (dw) to fresh weight (fw) as follows:

Element fw = Element dw × ((100 − % moisture) 100) (3)
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using the percentage of moisture in muscle tissue of each fish species (range 73.8–79.4%) [52].
The Estimated Daily Intake (EDI, mg trace element kg−1 BW day−1) was calculated as
follows [53]:

EDI = (Cm × CR)/BW (4)

where Cm = mean concentration (trace metals) in muscle tissue, expressed as a fresh weight
(µg g−1); CR = Mean per-capita daily consumption rate of fish muscle (30 mg day−1);
BW = mean body weight of an adult person (65 kg) [54]. From a nutritional standpoint, we
used the recommended daily intake (RDI [55]) for iron (8 mg day−1), zinc (11 mg day−1),
and copper (0.9 mg day−1) to assess the contribution of the estimated EDI for these
elements. No RDI has been set for cadmium and lead since these metals are considered
toxic to humans. To assess the potential toxicological risk of the intake of the elements
studied through the consumption of muscle from each of the three species, each EDI
was compared with its respective reference oral dose (RfD), namely: cadmium: 1 µg kg−1

bodyweight day−1; copper: 40.0 µg kg−1 bodyweight day−1; iron: 700 µg kg−1 bodyweight
day−1, and zinc: 300 µg kg−1 bodyweight day−1 [56]. An RfD value has not been set for
lead; USEPA and IRIS EPA consider lead to be a special case because of the difficulty in
identifying the classic “threshold” needed to establish an RfD [3]. Radial plots were built
where the EDI for each of the metals, species, and locations was expressed as a proportion
(%) of the RfD or the total daily intake. In the case of lead, for which no RfD value has been
established, we considered a value of 4 µg kg−1 bodyweight day−1 [34,54,57].

3. Results

Of the 70 specimens of K. vaigiensis, 38 (17 from STR, 21 from LAP) showed unde-
tectable cadmium levels (<0.01 µg g−1), 48 (27 from STR, 21 from LAP) had undetectable
lead levels (<0.07 µg g−1), and 16 (1 from STR, 15 from LAP) showed undetectable copper
levels (<0.017 µg g−1). Of the 68 samples of S. rectifraenum, 20 (3 from STR, 17 from LAP)
showed undetectable cadmium levels, 34 (23 from STR, 11 from LAP) had undetectable
lead levels, and 26 (19 from STR, 7 from LAP) showed undetectable copper levels. Of the
61 B. polylepis organisms, 24 (7 from STR, 17 from LAP) showed undetectable cadmium
levels, 48 (27 from STR, 21 from LAP) had undetectable lead levels, and 18 (5 from STR,
13 from LAP) showed undetectable levels of copper.

3.1. Locations and Seasons

Fish sampled in STR were, on average, smaller than in LAP for S. rectifraenum
(STR = 11.09 ± 0.16 cm and LAP = 22.97 ± 0.89 cm) and B. polylepis (STR = 12.47 ± 0.13 cm
and LAP = 26.62 ± 1.05 cm); the opposite occurred for K. vaigiensis (STR = 31.82 ± 1.32 cm
and LAP = 23.70 ± 1.42 cm). Concerning the metal concentrations between locations, the
annual average concentrations of cadmium (0.19 ± 0.03 µg g−1) (F(1,68) = 13.64, p = 0.000),
copper (1.57 ± 0.20 µg g−1) (F(1,68) = 6.74, p = 0.012), and iron (32.60 ± 3.65 µg g−1)
(F(1,68) = 8.90, p = 0.004) in K. vaigiensis fish caught in STR were higher (6.3-, 1.9-, and 1.8-
fold, respectively) than concentrations in fish from LAP, while the concentrations of lead
(0.59± 0.16 µg g−1) and zinc (42.09± 2.96 µg g−1) were 0.6-fold or similar to those recorded
in fish from LAP. In the case of S. rectifraenum, Cd, Cu, and Fe concentrations were not sig-
nificantly different in fish between STR and LAP, while the levels of Pb (2.76 ± 0.49 µg g−1)
(F(1,66) = 14.88, p = 0.000) and Zn (23.88± 0.77 µg g−1) (F(1,66) = 10.87, p = 0.002) were higher
(3.1- and 1.1-fold, respectively) in fish caught in LAP versus STR. Regarding B. polylepis, Zn
concentrations (93.72 ± 14.77 µg g−1) (F(1,59) = 12.74, p = 0.001) were significantly higher
(2.6-fold) in samples from STR versus LAP; no significant differences were observed for
any of the remaining metals (Table 2).



Int. J. Environ. Res. Public Health 2021, 18, 844 8 of 18

Table 2. Concentrations of metals (µg g−1; DW) in muscle of K. vaigiensis, S. rectifraenum and B. polylepis by location and by
season. Data are shown as mean ± SE.

Location Santa Rosalía La Paz

Season Dry Rainy Annual Average Dry Rainy Annual Average

Kyphosus vaigiensis
cadmium 0.17 ± 0.05 0.20 ± 0.04 0.19 ± 0.03 A 0.06 ± 0.03 a <0.01 b 0.03 ± 0.01 B

lead 0.58 ± 0.17 0.60 ± 0.27 0.59 ± 0.16 2.08 ± 0.71 a <0.07 b 1.02 ± 0.39
copper 1.23 ± 0.26 1.92 ± 0.30 1.57 ± 0.20 A 1.71 ± 0.21 a <0.017 b 0.83 ± 0.20 B

zinc 47.90 ± 5.27 36.01 ± 1.86 42.09 ± 2.96 55.01 ± 4.72 a 32.60 ± 2.09 b 43.39 ± 3.30
iron 47.70 ± 5.14 a 16.78 ± 1.93 b 32.60 ± 3.65 A 13.30 ± 2.68 22.83 ± 4.04 18.24 ± 2.59 B

Stegastes rectifraenum
cadmium 0.20 ± 0.03 0.27 ± 0.03 0.24 ± 0.02 0.12 ± 0.04 0.21 ± 0.11 0.17 ± 0.06

lead 1.01 ± 0.31 0.80 ± 0.31 0.90 ± 0.22 A 4.16 ± 0.43 a 1.37 ± 0.71 b 2.76 ± 0.49 B

copper 1.05 ± 0.12 a 0.05 ± 0.03 b 0.53 ± 0.10 0.88 ± 0.14 a 0.33 ± 0.10 b 0.60 ± 0.10
zinc 20.97 ± 0.63 21.39 ± 0.57 21.19 ± 0.42 A 24.11 ± 0.94 23.66 ± 1.26 23.88 ± 0.77 B

iron 17.16 ± 2.62 19.72 ± 4.14 18.51 ± 2.48 17.53 ± 2.63 34.96 ± 9.02 26.24 ± 4.90
Balistes polylepis

cadmium 0.14 ± 0.05 0.21 ± 0.04 0.19 ± 0.03 0.09 ± 0.04 0.14 ± 0.09 0.11 ± 0.05
lead 1.91 ± 0.56 a 0.31 ± 0.14 b 0.89 ± 0.25 1.44 ± 0.48 1.23 ± 0.56 1.33 ± 0.36

copper 1.49 ± 0.89 1.59 ± 0.95 1.55 ± 0.68 2.73 ± 1.33 0.59 ± 0.40 1.66 ± 0.71
zinc 41.55 ± 3.00 a 123.54 ± 20.58 b 93.72 ± 14.77 A 33.71 ± 2.15 38.62 ± 2.25 36.16 ± 1.60 B

iron 39.16 ± 3.86 a 21.57 ± 3.07 b 27.97 ± 2.80 11.96 ± 2.86 29.13 ± 10.82 23.98 ± 7.80

Different letters indicate significant differences (p < 0.05) in annual average between locations (Santa Rosalia (A) vs. La Paz (B)) and between
seasons within each location—dry (a) vs. Rainy (b).

Table 2 compares metal concentrations between seasons for each species and each
location. In the case of K. vaigiensis, for fish caught in STR, Cd, Pb, Cu, and Zn lev-
els were not significantly different between dry and rainy season samples, while Fe in
fish caught in the dry season (47.70 ± 5.14 µg g−1) was higher than in the rainy season
(16.78 ± 1.93 µg g−1) (F(1,41) = 28.25; p = 0.000). In fish from LAP, the concentrations of
Cd (0.06 ± 0.03 µg g−1)(F(1,25 ) = 5.17, p = 0.03), Pb (2.08 ± 0.71 µg g−1) (F(1,25) = 8.89,
p = 0.006), Cu (1.71 ± 0.21 µg g−1) (F(1,25) = 69.63, p = 0.000), and Zn (55.01 ± 4.72 µg g−1)
(F(1,25) = 19.79, p = 0.000) were higher in samples obtained in the dry season than in the
rainy season; no significant differences were observed for Fe concentrations. Regarding S.
rectifraenum caught in STR, significant differences were detected only in Cu concentration,
being higher in fish from the dry season (1.05 ± 0.12 µg g−1) versus the rainy season
(F(1,38) = 76.46, p = 0.000). In LAP, Pb (4.16 ± 0.43 µg g−1) (F(1,26) = 11.42, p = 0.002) and
Cu (0.88 ± 0.14 µg g−1) (F(1,26) = 10.58, p = 0.003) levels were higher in fish caught in
the dry season versus the rainy season; no significant differences were observed in the
other metals. As for B. polylepis, significant differences between seasons were detected in
Zn concentrations in fish caught in STR, with higher concentrations in the rainy season
(123.54± 20.58 µg g−1) than in the dry season (F(1,31) = 8.89, p = 0.005) and in Pb and Fe con-
centrations, being higher in fish from dry season (F(1,31) = 12.55, p = 0.001 and F(1,31) = 12.38,
p = 0.001 respectively); no significant differences in metal concentrations were observed in
fish caught in LAP (Table 2).

3.2. Fish Species

Table 3 compares the general characteristics, body length, metal concentrations, and
isotopic measurements for the three fish species. Body length was significantly smaller
(p < 0.05) in S. rectifraenum (11.66 ± 0.14 cm), and no differences were observed between
B. polylepis (24.65 ± 0.71 cm) and K. vaigiensis (28.69 ± 1.08 cm). Metal concentrations of
Cd (F(2,193) = 4.32, p = 0.015), Pb (F(2,193) = 4.52, p = 0.012), Cu (F(2,193) = 3.68, p = 0.027) and
Zn (F(2,193) = 20.81, p = 0.000) and both stable isotopes δ13C (F(2,193) = 32.20, p = 0.000) and
δ15N (F(2,193) = 20.95, p = 0.000) in fish muscle differed between fish species. The highest
mean concentrations recorded were cadmium and lead in S. rectifraenum, copper and zinc
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in B. polylepis, and iron in K. vaigiensis. B. polylepis showed no significant differences in
mean cadmium, lead, copper, and iron contents relative to the other two species. As
regards stable isotopes, the average value of δ13C showed significant differences between
the three species, with the lowest values found in B. polylepis (−16.25 ± 0.21), followed by
S. rectifraenum (−14.99 ± 0.19) and K. vaigiensis (−13.66 ± 0.27); for δ15N, the mean value
for K. vaigiensis was significantly lower (16.77 ± 0.16) versus S. rectifraenum (18.12 ± 0.13)
and B. polylepis (17.73 ± 0.17).

Table 3. General characteristics, body length (cm), metal concentrations (µg g−1; dw), δ15N and δ13C (‰) in muscle of three
fish species. Data are shown as mean ± SE (minimum–maximum).

Scientific Name Kyphosus vaigiensis Stegastes rectifraenum Balistes polylepis

Fish Photo
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Common name Blue-bronze chub/Brassy chub Cortez damselfih Finescale triggerfish
Common local name Chopa rayada Jaqueta de Cortés Cochi/Cochito

Commercial value [58] 1.5 USD/k—artisanal fisheries
[59,60]

18 USD/k—ornamental reef
fishery [61,62]

1.3 USD/k—artisanal fisheries
[59]

Feeding habits Herbivore [17] Omnivore [35,63] Carnivore [25]
Trophic level [64] 2.0 ± 0.00 2.0 ± 0.00 3.3 ± 0.37

Sample size 70 68 61

Lenght (cm) 28.69 ± 1.08 a

(14.30–54.00)
11.66 ± 0.14 b

(8.50–14.20)
24.64 ± 0.71 a,b

(15.30–38.50)

cadmium 0.13 ± 0.02 a

(<0.01–0.68)
0.21 ± 0.03 b

(<0.01–1.0)
0.15 ± 0.03 a,b

(<0.01–1.00)

lead 0.75 ± 0.18 a

(<0.04–7.41)
1.67 ± 0.26 b

(<0.04–6.45)
1.09 ± 0.22 a,b

(0.04–6.04)

copper 1.28 ± 0.15 a

(<0.017–5.19)
0.56 ± 0.07 b

(<0.017–1.95)
1.60 ± 0.49 a,b

(<0.017–20.50)

zinc 42.59 ± 2.21 a

(22.34–114.22)
22.30 ± 0.43 b

(17.17–33.08)
67.30 ± 8.79 c

(23.34–217.64)

iron 27.06 ± 2.58 a

(2.60–103.34)
21.69 ± 2.51 a

(2.09–141.15)
26.46 ± 3.16 a

(0.64–146.76)

δ13C −13.66 ± 0.26 a

(−20.13–−9.75)
−14.99 ± 0.19 b

(−18.39–−12.31)
−16.25 ± 0.21 c

(−18.46–−11.92)

δ15N 16.77 ± 0.16 a

(13.33–18.57)
18.12 ± 0.13 b

(15.99–19.91)
17.73 ± 0.17 b

(14.03–19.52)

Different letters (a, b or c) after the means ± error standard indicate significant differences between fish species (p < 0.05) meanwhile, equal
letters means no significant differences (p > 0.05) among species. The letters are not related to a specific species. The content of a trace
element in the three species can be equal or different among them (sharing or not the same letter).

3.3. Multiple Categorical Regression

Multiple linear regression models (Table 4) were run to evaluate the influence of the
location, season, fish species, fish size (normalized standard length), food source (δ13C), and
trophic level (δ15N). The only factor that significantly explains the cadmium concentrations
observed is the location (Cd in STR). For lead, significantly contributing factors were season
(higher Pb in the dry season), fish species (higher Pb in S. rectifraenum), and fish size (higher
Pb in larger fish). For copper, the location (higher Cu in STR) and season (higher Cu in the
dry season). For zinc, the season (higher Zn in the rainy season), fish species (higher Zn in B.
polylepis), fish size (higher Zn in larger individuals), and food source (negative relationship
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with δ13C); finally, for iron, the factors explaining the concentration are location (higher Fe
in LAP), fish size (higher Fe in larger organisms), and trophic level (inverse relationship
with δ15N).

Table 4. Multiple categorical regression results.

Statistics
Cadmium Lead Cooper Zinc Iron

Coeff SE t-Value Coeff SE t-Value Coeff SE t-Value Coeff SE t-Value Coeff SE t-Value

Intercept −6.75 2.65 −2.55 * −1.35 2.86 −0.47 −0.33 3.48 −0.10 1.24 0.64 1.95 5.31 1.21 4.37 *
Location_STR 1.59 0.30 5.37 * −0.19 0.32 −0.60 1.43 0.39 3.69 * 0.08 0.07 1.17 0.40 0.14 2.86 *
Season_Rainy 0.07 0.30 0.23 −1.30 0.33 −3.98 * −2.12 0.40 −5.33 * 0.26 0.09 3.55 * −0.18 0.14 −1.34
Sp_K. vaigiensis 0.05 0.37 0.14 −0.87 0.40 −2.17 * 0.59 0.49 1.20 −0.10 0.11 −1.13 −0.25 0.17 −1.48

Sp_S. rectifraenum 0.14 0.48 0.29 2.09 0.52 4.05 * −0.25 0.63 −0.39 −0.56 0.01 −4.90 * 0.29 0.22 1.28
L_std −0.03 0.02 −1.49 0.11 0.02 4.67 * 0.01 0.03 0.34 0.02 0.01 2.99 * 0.03 0.01 2.50 *
δ13C −0.05 0.09 −0.61 −0.11 0.09 −1.16 −0.17 0.11 −1.51 −0.07 0.02 −3.24 0.01 0.04 0.22
δ15N 0.15 0.13 1.15 −0.23 0.14 −1.68 −0.22 0.17 −1.33 0.06 003 1.91 −0.17 0.06 −2.91 *

Model R2 0.17 0.22 0.22 0.44 0.07
Model p< 8.07e−10 1.25e−10 1.73e−11 <2.2e−16 9.56e−4

For the categorical variables (location, Season, Specie—Sp) the subindex indicates the category with higher explanatory weight when the
coefficient (Coeff) takes positive value. The relative weight of the other category within that coefficient is higher for negative values. In
the case of Sp, because dummy variables were used, the first (Sp_K. vaigiensis) is positive for Kyphosus vaigiensis and negative for the others
combined, and second (Sp_S. rectifraenum) is positive for Stegastes rectifraenum and negative for Balistes polylepis. SE: standard error. STR: Santa
Rosalia; L_std: length standard. Asterix (*) indicate significant contribution at p < 0.05. Reported R2 and p values correspond to the fitted
model (using significant contributing variables only).

3.4. Health Risk Assessment

The estimated daily intake (EDI) of copper, zinc, iron, and cadmium in humans from
the consumption of muscle of each of the fish species studied is shown in Figure 2, along
with the nutritional contribution from consuming 30 g per day (210 g per week) of fish by a
person of 65 kg. In terms of EDI, B. polylepis (Figure 2) was the species that contributes the
highest amount of copper (approximately 19% of the recommended daily intake—RDI)
and zinc (about 85% of the RDI), while K. vaigiensis contributes almost 45% of the RDI of
iron. In the case of cadmium, S. rectifraenum is the species supplying the highest amount of
this element, about 40% of the reference dose (RfD). In the three fish species, the estimated
EDI of copper, zinc, iron, and cadmium are below their respective RfD (Figure 2). In the
case of lead, only individuals of S. rectifraenum from LAP exceeded the established value
(Figure 2).
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4. Discussion

Is there a detectable, consistent effect of mining activities in the bioaccumulation of
trace metals in fish, or are local oceanographic and geochemical dynamics the key drivers?
Does bioaccumulation depend on the type of minerals exploited or the unique characteris-
tics of each fish species? Our observations reveal that there is no clear pattern of differences
in trace metal concentrations between STR (copper mining) and LAP (phosphorite mining);
instead, the differences appear to be mostly related to the physiology of the sampled fish
species and the local biogeochemical dynamics.

The presence of cadmium in some localities of the Gulf of California has been at-
tributed to natural land-based sources, most likely supplied by weathering and transport
from phosphorite-containing rocks [65] that may also contain lead [13]. In the same sites
where fish were caught in LAP, the urchins Tripneustes depressus (30.9 ± 5.5 µg g−1) and
Eucidaris thouarsii (38.3 ± 2.3 µg g−1) had cadmium concentrations nearly 3-fold higher
than peak levels in macroalgae [66]. Also, high lead concentrations have been reported
in other species (Table 1) from the same sites in LAP; these include concentrations up to
38.6 ± 4.2 µg g−1 in the sea urchin Eucidaris thouarsii attributed to the consumption of
crustose coralline (Lithophyllum) or articulated coralline (Amphiroa) algae or other organisms
such as mollusks, barnacles, filamentous, or turf-forming algae attached to macroalgae
or rocks [61,66]. Therefore, we expected to find higher cadmium and lead levels in LAP,
linked to phosphorite mining. Instead, the multivariate categorical regression showed
that location was associated with cadmium levels, indicating higher Cd in STR, but no
significant association of location with lead. As regards the differences in metal content
between species and locations, the only species with significant differences in cadmium
concentration between sites was K. vaigiensis, which is the species at the lowest trophic
level of the three fish species studied. Undetectable or very low concentrations of cop-
per (<0.03 µg g−1) in muscle have been previously reported [67–69]. Concentrations of
this and other elements in fish muscle are species-dependent [70] and influenced by the
bioavailability in the environment. Low values have been attributed to the fact that muscle
accumulates lower metals concentrations than the liver [71]. The trace elements in the
marine environment (either introduced by natural runoff or from local mineral sources) are
taken up by macroalgae, which in turn are consumed by various species. The fact that we
found significant differences only in the fish species at the lowest trophic level (K. vaigiensis)
suggests that those differences might be associated with differences in the geochemical
dynamics between localities [50], probably determining short-term changes in cadmium
contents in the fish diet. For example, it has been reported that cadmium concentrations in
the brown algae Padina durvillaei increase after upwelling events [11].

Given the old mining activity associated with copper extraction in STR from the 19th
to the mid−20th century, we expected copper levels to be the highest in fish caught in
STR. This hypothesis was met for K. vaigiensis, but not for B. polylepis or S. rectifraenum.
Copper content in the three fish species was several orders of magnitude lower than the
mean Cu levels in the algae P. durvillaei (74 ± 29 µg g−1 and 82 ± 31 µg g−1) collected in
the central and southern sites of STR, respectively [11], and similar to the levels reported
for the scorpionfish Scorpaena mystes (0.7 ± 0.4 µg g−1) sampled in the same area [54].
These findings indicate that copper accumulated in algae is not fully assimilated by fish.
Sediments from STR contain high copper and zinc levels. However, the high zinc levels
recorded in coastal sediments (11,670 ± 10,800 µg g−1) [12] are not reflected in the levels
observed in the algae P. durvillaei (63 ± 43 µg g−1) collected from these same sites; this
finding has been attributed to the low geochemical mobility and bioavailability of zinc [11].
Zinc was the only element found at concentrations that were statistically different between
the three species, being highest in B. polylepis, especially in specimens from STR. In a study
carried out in Bahía Santa Maria on the Pacific coast of Baja California Sur that included the
analysis of trace elements in homogenized samples of head, gut, and abdomen of 40 fish
species, B. polylepis showed the highest zinc content (2.65 µg g−1) [36]. Zinc levels as high
as 256.8 ± 10.88 µg g−1 have been reported for this species [35]. In contrast, carnivorous



Int. J. Environ. Res. Public Health 2021, 18, 844 12 of 18

species from the Gulf of California such as Lutjanus argentiventris and Haemulopsis leuciscus
have recorded lower zinc (4.71 ± 0.22 µg g−1 and 3.81 ± 0.08 µg g−1, respectively) and
copper (2.72 ± 0.29 µg g−1 and 2.80 ± 0.18 µg g−1, respectively) contents relative to
herbivorous species [72]. Copper levels are lower in K. vaigiensis, S. rectifraenum, and
B. polylepis from LAP than in other organisms inhabiting the same area, and these three
species yielded copper levels within the range reported for these same species in other
studies (Table 1). All the above information suggests that these and other elements found
in fish come from the intake of sediment particles and dissolved ions ingested incidentally
when feeding ([36].

Anthropogenic discharges of nitrogen compounds have been associated with signifi-
cant increases of δ15N in coastal ecosystems [1]. In the present study, δ15N was significantly
related to zinc content in the three fish species; thus, nitrogen levels in these species are
likely influenced by the presence of nitrogen-enriched discharges that may include zinc
particulate matter [73]. This may be occurring mainly in STR, a locality where zinc levels in
sediments can be as high as five-fold the concentration in non-polluted areas [12]. During
the rainy season, these polluted sediments can be transported into the marine environment
by runoff [73]. On the other hand, δ15N in fish muscle is strongly related to the species [50],
similar to zinc; therefore, in the case of K. vaigiensis and S. rectifraenum, the relationship
between δ15N and zinc is probably more closely associated with the species than with the
environment [74]. Only B. polylepis showed significant differences in zinc levels related
to the season of the year and locality. In contrast, the relationship between iron and δ13C
suggests that iron may have a benthic origin [50], influenced by continental inputs on the
site [75], rather than being associated with the species.

The feeding habits of a species can influence the accumulation of trace elements in
its tissues [50]. Therefore, it was expected that fish classified either as omnivores feeding
preferentially on animals or carnivores, like S. rectifraenum and particularly B. polylepis,
would have higher metal levels than species described as herbivores or omnivores with
a preference for plants, like K. vaigiensis. However, this expectation was not met in the
present study, nor has it been confirmed in other similar studies [72,76]. K. vaigiensis, an
herbivore, had similar cadmium, lead, and copper concentrations than B. polylepis, a species
classified either as a carnivore or an omnivore [25,26]. Zinc was the only metal with a
higher concentration in B. polylepis than in K. vaigiensis, which is contrary to the findings
reported in other trophic webs where carnivorous fish have shown lower zinc contents [72].
The omnivorous species S. rectifraenum [24] showed significantly higher cadmium and
lead levels than K. vaigiensis, whereas copper and zinc concentrations were significantly
higher in K. vaigiensis. The amount of a given metal accumulated in an aquatic organism
depends on the particular element and the species involved and may vary across species
according to the particular ecological niche, swimming behavior, and metabolic activity of
each [77]. Most of the more evolved invertebrates such as mollusks and echinoderms, as
well as all vertebrates, have proteins called metallotioneins, the amount of which depends
on the species and physical activity of organisms [78]. These proteins, of low molecular
weight and with a high content of amino and sulfhydryl groups, play a central role in the
homeostasis of essential and divalent elements, mainly zinc.

However, other non-essential elements such as cadmium compete for the functional
groups in these proteins. By displacing zinc from these proteins, cadmium becomes non-
bioavailable; thus, metallothioneins also act as detoxifiers by decreasing the bioavailability
of non-essential elements, thereby reducing their toxicity [79]. Accordingly, only the frac-
tion of a trace element that is bioavailable in an organism will be biomagnified in its
predators [66]. Therefore, mollusks and echinoderms may accumulate a higher amount of
cadmium relative to the fish feeding on them [80]. This has been documented in previous
studies where Balistes polylepis specimens showed a higher cadmium content (2.57 µg g−1

and 2.94 µg g−1) than their predators: striped marlin Kajikia audax (0.63 ± 0.70 µg g−1) and
Makaira nigricans (0.29 ± 0.18 µg g−1), all of them captured at the southern tip of the Gulf
of California [37].
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Iron is an essential element, and thus no maximum permissible levels have been set in
regulations. This element was found within the range of concentrations reported for these
same species in other studies, which is consistent with the direct relationship between the
carbon isotope 13C and iron content in organisms revealed by the MRL. Therefore, iron
content is likely associated with benthic feeding habits, so that food may also involve the
incidental intake of organic and inorganic matter from the substrate and water, which
may be influenced by the composition of sediments and rocks [36]. The contents of iron
in K. vaigiensis and copper in S. rectifraenum decrease in the rainy season, especially in
STR. This pattern is likely associated with the content of these elements in their diet
(macroalgae in both species), as the species composition and abundance of macroalgae
change throughout the year [14], as well as the feeding habits of fish [54].

In addition to the biogeochemical characteristics of a site and the feeding habits of a
species, the level of metals bioaccumulated in an organism may also depend on its body
size. Canli and Atli [77] observed an inverse relationship between the size of Atherina
hepsetus specimens and copper, lead, and iron contents. This inverse relationship between
body size and metal content was observed in S. rectifraenum in the present study, as larger
specimens of this species lower copper level. However, for K. vaigiensis and S. rectifraenum,
a direct relationship was found between both length and lead and iron content, contrasting
with the inverse relationships reported by [72] for other fish species inhabiting the Gulf
of California.

Canli and Atli [77] reported that Sparus auratus showed no relationship between metal
content and body size, which coincides with our findings for B. polylepis in the present study.
Canli and Atli [77] also observed an inverse relationship between cadmium content and
body size in Mugil cephalus, which was not recorded in any of the species included in the
present study. Although copper content was inversely related to body size in S. rectifraenum,
no significant differences were observed between sites for this species. This result indicates
that copper content in S. rectifraenum may be more closely related to its metabolism and
indicates the ability of this species to regulate this element even in copper-rich marine
environments as STR. Other studies conducted in polluted sites where copper levels
were expected to be high in sciaenidae fish [67,81], showed that copper remained within
normal levels in this species, as found in this study. It is concluded that the variations
of this element in some fish species can be attributed more to their physiology than to
the influence of the local environment in the area where they live [67,81]. The residual
concentration of an element in whole-soft tissues results from the mass balance among
uptake of the element through water or food, its elimination through feces or pseudo-feces,
and retention by physiological/chemical process, some of them considered as defense
detoxifying mechanisms in which are involved thiol compounds such as metallothionein
and glutathione [45,79,82].

Health Risk Assessment

The muscle is an edible part of marine organisms that is commonly consumed by
man; its consumption can be nutritionally important as fish contain unique long-chain
polyunsaturated fatty acids (LC-PUFAs) and highly bioavailable essential micronutrients—
vitamins (B and D) and minerals such as calcium, phosphorus, iodine, zinc, iron, and
selenium [83]. However, it can also be hazardous if metal content in muscle is higher to
the concentration required for human physiology. K. vaigiensis and B. polylepis are species
of commercial importance for human consumption, while S. rectifraenum is an aquarium
fish [15]. Cadmium concentrations in the fish species studied here were above the food
safety thresholds established by the European Commission regulation for Cd in fish, i.e.,
0.05 µg g−1 wet weight (0.25 µg g−1 dry weight [69]). Lead levels in S rectifraenum from
STR were above the Codex alimentarius threshold of 0.3 µg g−1 wet weight (1.5 µg g−1 dry
weight [69]) for Pb in fish [84]. The ingestion rate is the main factor that influences health
risk associated with a specific food [85]. In the present study, a daily consumption of 30 g
(210 g weekly) of K. vaigiensis or B. polylepis does not represent a health risk for human, in
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contrast, S. rectifraenum could be dangerous if consumed. The fishing site is a key factor.
For example, the concentration of lead in S. rectifraenum collected in SRL and reported
for other sites within the Gulf of California [54,71,76] is significantly lower than what we
found in La Paz. Lead is an element that is causing a raising concern, as a dietary intake in
adults of 1.50 µg/kg b.w. per day and 0.63 µg/kg b.w. per day produce cardiovascular
and kidney affections, respectively [3].

Except for few cases, such as Mugil cephalus from the eastern coast of the Gulf of
California [76], the cadmium levels in the edible portion of fish from the Gulf of California
do not represent a risk for human health. On the other hand, the consumption of K.
vaigiensis and B. polylepis contributes nutritionally an important amount of copper, zinc,
and iron that do not represent a risk for human health.

5. Conclusions

The mining activities examined in this study are not directly reflected on the metal
contents in fish, instead of geochemical dynamics and fish physiology. Fish species in the
same trophic level and inhabiting the same sites showed significant differences in the levels
of the same elements; on the other hand, no differences in metal content were observed
between species from different trophic levels. Each element accumulates differently in
individual species.

According to this report, there is currently no risk of heavy metals toxicity derived
from the human consumption of fish of the species and sites studied, except for lead in
LAP. Further research is needed to assess the bioavailability of trace elements in different
marine species to understand the mechanisms underlying bioaccumulation and assess the
ecotoxicological risk of a site. Meanwhile, it is important to maintain permanent seafood
safety monitoring programs in place. Also, as a rule of thumb, the consumption of a
diverse diet (different fish species, from different locations) may reduce the risk of food
safety problems.
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5. Manea, D.N.; Ienciu, A.A.; Ştef, R.; Şmuleac, I.L.; Gergen, I.I.; Nica, D.V. Health Risk Assessment of Dietary Heavy Metals Intake
from Fruits and Vegetables Grown in Selected Old Mining Areas—A Case Study: The Banat Area of Southern Carpathians. Int. J.
Environ. Res. Public Health 2020, 17, 5172. [CrossRef]

6. Wedepohl, K.H. The Composition of the Continental Crust. Geochim. Et Cosmochim. Acta 1995, 59, 1217–1232. [CrossRef]
7. Gabriel, F.Â.; Hauser-Davis, R.A.; Soares, L.; Mazzuco, A.C.A.; Rocha, R.C.C.; Saint Pierre, T.D.; Saggioro, E.; Correia, F.V.;

Ferreira, T.O.; Bernardino, A.F. Contamination and Oxidative Stress Biomarkers in Estuarine Fish Following a Mine Tailing
Disaster. PeerJ 2020, 8, e10266. [CrossRef]

8. Gnandi, K.; Tchangbedji, G.; Killi, K.; Baba, G.; Abbe, K. The Impact of Phosphate Mine Tailings on the Bioaccumulation of Heavy
Metals in Marine Fish and Crustaceans from the Coastal Zone of Togo. Mine Water Environ. 2006, 25, 56–62. [CrossRef]

9. Liu, F.; Ni, H.-G.; Chen, F.; Luo, Z.-X.; Shen, H.; Liu, L.; Wu, P. Metal Accumulation in the Tissues of Grass Carps (Ctenopharyngodon
Idellus) from Fresh Water around a Copper Mine in Southeast China. Environ. Monit. Assess. 2012, 184, 4289–4299. [CrossRef]

10. Servicio Geológico Mexicano. Panorama Minero Del Estado de Baja California Sur; Servicio Geológico Mexicano: Ciudad de México,
Mexico, 2018.

11. Rodríguez-Figueroa, G.M.; Shumilin, E.; Sánchez-Rodríguez, I. Heavy Metal Pollution Monitoring Using the Brown Seaweed
Padina durvillaei in the Coastal Zone of the Santa Rosalía Mining Region, Baja California Peninsula, Mexico. J. Appl. Phycol. 2009,
21, 19–26. [CrossRef]

12. Shumilin, E.N.; Rodríguez-Figueroa, G.; Bermea, O.M.; Baturina, E.L.; Hernández, E.; Meza, G.D.R. Anomalous Trace Element
Composition of Coastal Sediments near the Copper Mining District of Santa Rosalía, Peninsula of Baja California, Mexico. Bull.
Environ. Contam. Toxicol. 2000, 65, 261–268. [CrossRef] [PubMed]

13. Alshahri, F.; Alqahtani, M. Chemical Fertilizers as a Source of 238U, 40K, 226Ra, 222Rn, and Trace Metal Pollutant of the
Environment in Saudi Arabia. Environ. Sci. Pollut. Res. 2015, 22, 8339–8348. [CrossRef] [PubMed]

14. Jara-Marini, M.E.; Molina-García, A.; Martínez-Durazo, Á.; Páez-Osuna, F. Trace Metal Trophic Transference and Biomagnification
in a Semiarid Coastal Lagoon Impacted by Agriculture and Shrimp Aquaculture. Environ. Sci. Pollut. Res. 2020, 27, 5323–5336.
[CrossRef] [PubMed]

15. Suarez-Castillo, A.; Torre-Cosío, J.; Rojo-Amaya, M.; Fernández-Rivera Melo, F.; Talamantes, C.; Figueroa-Carranza, A.; Mariano-
Meléndez, E.; Urciaga-García, J.; Cabrera, A.; Sáenz-Arroyo, A. Valoración Económica de los Servicios Ecosistémicos de los
Bosques de Sargassum En El Golfo de California, México. Desarro. Reg. En Baja Calif. Sur Una Perspect. De Los Serv. Ecosistémicos.
Univ. Auton. De Baja Calif. Surla Paz 2014, 79–111.

16. Allen, G.R.; Robertson, R. An Annotated Checklist of the Fishes of Clipperton Atoll, Tropical Eastern Pacific. Rev. De Biol. Trop.
1997, 45, 813–843.

17. Clements, K.D.; Choat, J.H. Comparison of Herbivory in the Closely-Related Marine Fish Genera Girella and Kyphosus. Mar. Biol.
1997, 127, 579–586. [CrossRef]

18. Streit, R.P.; Hoey, A.S.; Bellwood, D.R. Feeding Characteristics Reveal Functional Distinctions among Browsing Herbivorous
Fishes on Coral Reefs. Coral Reefs 2015, 34, 1037–1047. [CrossRef]

19. Choat, J.H.; Clements, K.; Robbins, W. The Trophic Status of Herbivorous Fishes on Coral Reefs. Mar. Biol. 2002, 140, 613–623. [CrossRef]
20. Cruz-Escalona, V.; Águila-Ramírez, R.N.; Abitia-Cárdenas, L.A. Food of Kyphosus elegans (Perciformes: Khyposidae) in Loreto,

Baja California Sur, Mexico. Cicimar Oceánides 2009, 24, 55–58. [CrossRef]
21. Yatsuya, K.; Kiyomoto, S.; Yoshimura, T. Seasonal Changes in Dietary Composition of the Herbivorous Fish Kyphosus bigibbus in

Southwestern Japan. Fish. Sci. 2015, 81, 1025–1033. [CrossRef]
22. Montgomery, W.L. Comparative Feeding Ecology of Two Herbivorous Damselfishes (Pomacentridae: Teleostei) from the Gulf of

California, Mexico. J. Exp. Mar. Biol. Ecol. 1980, 47, 9–24. [CrossRef]
23. Moreno-Sánchez, X.G.; Abitia-Cárdenas, L.A.; Escobar-Sánchez, O.; Palacios-Salgado, D.S. Diet of the Cortez Damselfish Stegastes

rectifraenum (Teleostei: Pomacentridae) from the Rocky Reef at Los Frailes, Baja California Sur, Mexico. Mar. Biodivers. Rec.
2011, 4. [CrossRef]

24. Olivier, D.; Lepoint, G.; Aguilar-Medrano, R.; Díaz, A.H.R.; Sánchez-González, A.; Sturaro, N. Ecomorphology, Trophic Niche,
and Distribution Divergences of Two Common Damselfishes in the Gulf of California. Comptes Rendus Biol. 2019, 342, 309–321.
[CrossRef] [PubMed]

25. Abitia Cárdenas, L.; Rodríguez Romero, J.; Galván Magaña, F. Observaciones Tróficas de Tres Especies de Peces de Importancia
Comercial de Bahía Concepción, Baja California Sur, México. Investig. Mar. Cicimar 1990, 5, 55–61.

26. Hobson, E.S. Diurnal-nocturnal activity of some inshore fishes in the Gulf of California. Copeia 1965, 1965, 291–302. [CrossRef]
27. Miao, X.-S.; Swenson, C.; Yanagihara, K.; Li, Q.X. Polychlorinated Biphenyls and Metals in Marine Species from French Frigate

Shoals, North Pacific Ocean. Arch. Environ. Contam. Toxicol. 2000, 38, 464–471. [CrossRef]
28. Khalifa, K.M.; Hamil, A.M.; Al-Houni, A.Q.A.; Ackacha, M.A. Determination of Heavy Metals in Fish Species of the Mediterranean

Sea (Libyan Coastline) Using Atomic Absorption Spectrometry. Int. J. Pharm. Tech. Res. 2010, 2, 1350–1354.
29. Denton, G.R.W.; Burdon-Jones, C. Trace Metals in Fish from the Great Barrier Reef. Mar. Pollut. Bull. 1986, 17, 201–209. [CrossRef]

http://doi.org/10.1007/s00216-012-6413-9
http://www.ncbi.nlm.nih.gov/pubmed/23001308
http://doi.org/10.3390/ijerph17145172
http://doi.org/10.1016/0016-7037(95)00038-2
http://doi.org/10.7717/peerj.10266
http://doi.org/10.1007/s10230-006-0108-4
http://doi.org/10.1007/s10661-011-2264-7
http://doi.org/10.1007/s10811-008-9346-0
http://doi.org/10.1007/s001280000123
http://www.ncbi.nlm.nih.gov/pubmed/10886005
http://doi.org/10.1007/s11356-014-3984-3
http://www.ncbi.nlm.nih.gov/pubmed/25532871
http://doi.org/10.1007/s11356-019-06788-2
http://www.ncbi.nlm.nih.gov/pubmed/31845275
http://doi.org/10.1007/s002270050048
http://doi.org/10.1007/s00338-015-1322-y
http://doi.org/10.1007/s00227-004-1341-7
http://doi.org/10.37543/oceanides.v24i1.53
http://doi.org/10.1007/s12562-015-0919-y
http://doi.org/10.1016/0022-0981(80)90134-3
http://doi.org/10.1017/S1755267211000996
http://doi.org/10.1016/j.crvi.2019.11.001
http://www.ncbi.nlm.nih.gov/pubmed/31784218
http://doi.org/10.2307/1440790
http://doi.org/10.1007/s002449910061
http://doi.org/10.1016/0025-326X(86)90601-6


Int. J. Environ. Res. Public Health 2021, 18, 844 16 of 18

30. Gu, Y.-G.; Lin, Q.; Wang, X.-H.; Du, F.-Y.; Yu, Z.-L.; Huang, H.-H. Heavy Metal Concentrations in Wild Fishes Captured from the
South China Sea and Associated Health Risks. Mar. Pollut. Bull. 2015, 96, 508–512. [CrossRef]

31. Li, J.; Sun, C.; Zheng, L.; Jiang, F.; Wang, S.; Zhuang, Z.; Wang, X. Determination of Trace Metals and Analysis of Arsenic Species
in Tropical Marine Fishes from Spratly Islands. Mar. Pollut. Bull. 2017, 122, 464–469. [CrossRef]

32. Metian, M.; Warnau, M.; Chouvelon, T.; Pedraza, F.; Rodriguez y Baena, A.M.; Bustamante, P. Trace Element Bioaccumulation in
Reef Fish from New Caledonia: Influence of Trophic Groups and Risk Assessment for Consumers. Mar. Environ. Res. 2013, 87–88,
26–36. [CrossRef] [PubMed]

33. Hilal, A.A.; Ismail, N.S. Heavy Metals in Eleven Common Species of Fish from the Gulf of Aqaba, Red Sea. Jordan J. Biol. Sci.
2008, 1, 13–18.

34. Fernandez-Maestre, R.; Johnson-Restrepo, B.; Olivero-Verbel, J. Heavy Metals in Sediments and Fish in the Caribbean Coast of
Colombia: Assessing the Environmental Risk. Int. J. Environ. Res. 2018, 12, 289–301. [CrossRef]

35. Moreno-Sierra, D.; Bergés-Tiznado, M.E.; Márquez-Farías, F.; Torres-Rojas, Y.E.; Ruelas-Inzunza, J.R.; Páez-Osuna, F. Trace Metals
in Target Tissues and Stomach Contents of the Top Predator Sailfish Istiophorus platypterus from the Eastern Pacific: Concentrations
and Contrasting Behavior of Biomagnification. Environ. Sci. Pollut. Res. 2016, 23, 23791–23803. [CrossRef] [PubMed]

36. Jonathan, M.P.; Aurioles-Gamboa, D.; Villegas, L.E.C.; Bohórquez-Herrera, J.; Hernández-Camacho, C.J.; Sujitha, S.B. Metal
Concentrations in Demersal Fish Species from Santa Maria Bay, Baja California Sur, Mexico (Pacific Coast). Mar. Pollut. Bull. 2015,
99, 356–361. [CrossRef]

37. Ordiano-Flores, A.; Galván-Magaña, F.; Sánchez-González, A.; Páez-Osuna, F. Evidence for Interrupted Biomagnification of
Cadmium in Billfish Food Chain Based on Stable Carbon and Nitrogen Isotopes from Southwestern of Gulf of California. Biol.
Trace Elem. Res. 2020, 195, 215–225. [CrossRef]

38. Marinone, S.G.; Parés-Sierra, A.; Castro, R.; Mascarenhas, A. Correction to “Temporal and Spatial Variation of the Surface Winds
in the Gulf of California” Geophys. Res. Lett. 2004, 31, L10305. [CrossRef]

39. Salinas-Zavala, C.; Lluch-Belda, D.; Hernández-Vázquez, S.; Lluch-Cota, D.B. La Aridez en el Noreste de México. Un Análisis de
su Variabilidad Espacial y Temporal. Atmósfera 1998, 11, 29–44.

40. Salinas-Zavala, C.; Lluch-Cota, D.; Hernández-Vázquez, S.; Lluch-Belda, D. Anomalías de Precipitación. En Baja California Sur
Durante 1990. Posibles Causas. Atmósfera 1992, 5, 79–93.

41. Herrera-Cervantes, H.; Lluch-Cota, S.E.; Cortés-Ramos, J.; Farfán, L.; Morales-Aspeitia, R. Interannual Variability of Surface
Satellite-Derived Chlorophyll Concentration in the Bay of La Paz, Mexico, during 2003–2018 Period: The ENSO Signature. Cont.
Shelf Res. 2020, 209, 104254. [CrossRef]

42. Herrera-Cervantes, H. Sea Surface Temperature, Ocean Color and Wind Forcing Patterns in the Bay of La Paz, Gulf of California:
Seasonal Variability. Atmósfera 2019, 32, 25–38. [CrossRef]

43. Riley, J.P.; Chester, R. Introducción a la Química Marina; AGT: Ciudad de Mexico, Mexico, 1989; ISBN 978-968-463-053-6.
44. Cadena-Cárdenas, L.; Méndez-Rodríguez, L.; Zenteno-Savín, T.; García-Hernández, J.; Acosta-Vargas, B. Heavy Metal Levels in

Marine Mollusks from Areas With, or Without, Mining Activities Along the Gulf of California, Mexico. Arch. Environ. Contam.
Toxicol. 2009, 57, 96–102. [CrossRef] [PubMed]

45. Barrera-García, A.; O’Hara, T.; Galván-Magaña, F.; Méndez-Rodríguez, L.C.; Castellini, J.M.; Zenteno-Savín, T. Oxidative Stress
Indicators and Trace Elements in the Blue Shark (Prionace glauca) off the East Coast of the Mexican Pacific Ocean. Comp. Biochem.
Physiol. Part C Toxicol. Pharmacol. 2012, 156, 59–66. [CrossRef] [PubMed]

46. Post, D.M.; Pace, M.L.; Hairston, N.G. Ecosystem Size Determines Food-Chain Length in Lakes. Nature 2000, 405, 1047–1049.
[CrossRef] [PubMed]

47. Peterson, B.J.; Fry, B. Stable Isotopes in Ecosystem Studies. Annu. Rev. Ecol. Syst. 1987, 18, 293–320. [CrossRef]
48. Post, D.M.; Layman, C.A.; Arrington, D.A.; Takimoto, G.; Quattrochi, J.; Montaña, C.G. Getting to the Fat of the Matter: Models,

Methods and Assumptions for Dealing with Lipids in Stable Isotope Analyses. Oecologia 2007, 152, 179–189. [CrossRef] [PubMed]
49. Farnham, I.M.; Singh, A.K.; Stetzenbach, K.J.; Johannesson, K.H. Treatment of Nondetects in Multivariate Analysis of Groundwater

Geochemistry Data. Chemom. Intell. Lab. Syst. 2002, 60, 265–281. [CrossRef]
50. Ofukany, A.F.A.; Wassenaar, L.I.; Bond, A.L.; Hobson, K.A. Defining Fish Community Structure in Lake Winnipeg Using Stable

Isotopes (δ13C, δ15N, δ34S): Implications for Monitoring Ecological Responses and Trophodynamics of Mercury & Other Trace
Elements. Sci. Total Environ. 2014, 497–498, 239–249. [CrossRef]

51. Zar, J.H. Biostatistical Analysis, 5th ed.; Prentice Hall: Upper Saddle River, NJ, USA, 2010; ISBN 978-0-321-65686-5.
52. Gil-Manrique, B.; Nateras-Ramírez, O.; Martínez-Salcido, A.I.; Ruelas-Inzunza, J.; Páez-Osuna, F.; Amezcua, F. Cadmium and

Lead Concentrations in Hepatic and Muscle Tissue of Demersal Fish from Three Lagoon Systems (SE Gulf of California). Environ.
Sci. Pollut. Res. 2017, 24, 12927–12937. [CrossRef]

53. Anandkumar, A.; Nagarajan, R.; Prabakaran, K.; Bing, C.H.; Rajaram, R.; Li, J.; Du, D. Bioaccumulation of Trace Metals in the
Coastal Borneo (Malaysia) and Health Risk Assessment. Mar. Pollut. Bull. 2019, 145, 56–66. [CrossRef]

54. Piñón-Gimate, A.; Jakes-Cota, U.; Tripp-Valdez, A.; Casas-Valdez, M.; Almendarez-Hernández, L.C. Assessment of Human
Health Risk: Copper and Lead Concentrations in Stone Scorpionfish (Scorpaena mystes) from the Coastal Region of Santa Rosalia
in the Gulf of California, Mexico. Reg. Stud. Mar. Sci. 2020, 34, 101003. [CrossRef]

55. Trumbo, P.; Yates, A.A.; Schlicker, S.; Poos, M. Dietary Reference Intakes. J. Am. Diet. Assoc. 2001, 101, 294–301. [CrossRef]

http://doi.org/10.1016/j.marpolbul.2015.04.022
http://doi.org/10.1016/j.marpolbul.2017.06.017
http://doi.org/10.1016/j.marenvres.2013.03.001
http://www.ncbi.nlm.nih.gov/pubmed/23623270
http://doi.org/10.1007/s41742-018-0091-1
http://doi.org/10.1007/s11356-016-7551-y
http://www.ncbi.nlm.nih.gov/pubmed/27623858
http://doi.org/10.1016/j.marpolbul.2015.07.032
http://doi.org/10.1007/s12011-019-01832-1
http://doi.org/10.1029/2004GL020064
http://doi.org/10.1016/j.csr.2020.104254
http://doi.org/10.20937/ATM.2019.32.01.03
http://doi.org/10.1007/s00244-008-9236-0
http://www.ncbi.nlm.nih.gov/pubmed/18825444
http://doi.org/10.1016/j.cbpc.2012.04.003
http://www.ncbi.nlm.nih.gov/pubmed/22560986
http://doi.org/10.1038/35016565
http://www.ncbi.nlm.nih.gov/pubmed/10890443
http://doi.org/10.1146/annurev.es.18.110187.001453
http://doi.org/10.1007/s00442-006-0630-x
http://www.ncbi.nlm.nih.gov/pubmed/17225157
http://doi.org/10.1016/S0169-7439(01)00201-5
http://doi.org/10.1016/j.scitotenv.2014.07.125
http://doi.org/10.1007/s11356-017-8901-0
http://doi.org/10.1016/j.marpolbul.2019.05.002
http://doi.org/10.1016/j.rsma.2019.101003
http://doi.org/10.1016/S0002-8223(01)00078-5


Int. J. Environ. Res. Public Health 2021, 18, 844 17 of 18

56. National Academies of Sciences, Engineering, and Medicine; Committee on the Development of Guiding Principles for the
Inclusion of Chronic Disease Endpoints in Future Dietary Reference Intakes; Food and Nutrition Board; Health and Medicine
Division. Guiding Principles for Developing Dietary Reference Intakes Based on Chronic Disease; Kumanyika, S., Oria, M.P., Eds.;
National Academies Press: Washington, DC, USA, 2017; p. 24828. ISBN 978-0-309-46256-3.
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