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Abstract

In the present paper, we investigated the accumulation of six metals in tilapia (Oreochromis nilocticus) and largemouth bass
(Micropterus salmoides) as indicators of the environmental pollution present at three constructed dams in the Yaqui River basin
in Sonora, Mexico. The La Angostura (ANG), El Cajon de Onapa (ECO), and El Oviachic (OVI) dams are ecosystems under
different degrees of anthropogenic stress. The collected fishes were dissected to obtain liver, gonad, stomach, gill, and muscle
samples to determine the metal concentrations of Fe, Mn, Ni, Cu, Zn, and Cr. The results of a PERMANOVA showed that the
concentrations of Fe, Cu, and Zn were significantly higher in tilapia liver, stomach, and gill tissues compared with those of the
largemouth bass. Also, differences were detected between seasons, with the metal concentrations during the dry season being
significantly higher than those of the rainy season (p < 0.001). The results of a principal component analysis showed an
association between metals, tissues, and dams with significantly higher (» < 0.001) concentrations in tilapia from the ECO
dam compared with those from the ANG and OVI dams. The general distribution of metals in the tissues was as follows: liver >
stomach-gills > gonads > muscle. Variations in metal concentrations may be indicative of the different sources of anthropogenic

stress in each ecosystem.
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Introduction

Aquatic ecosystems are subjected to a wide range of pollution
sources associated with activities such as tourism, mining,
intensive agriculture, and aquaculture. Among contaminants,
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metalloids are highly persistent that are transformed through
biogeochemical cycles into different chemical species within
the aquatic ecosystems and may be transferred through food
webs. In the aquatic food webs, fishes occupy various trophic
levels during their life cycle and thus may reflect variable
degrees of contaminant exposure [7].

The biological characteristics of many fish species, such as
their longevity, wide-ranging distributions, and feed habits, in
addition to the relative facility with which they may be captured
and managed, make them suitable to be used as indicators for
metal(loids) contamination, which may provide early warnings
of their potentially deleterious effects [30, 44]. Tilapia
(Oreochromis niloticus) and largemouth bass (Micropterus
salmoides) are two fish species that have been widely intro-
duced into various freshwater ecosystems around the world
[58], with reported resistant to a wide range of environmental
conditions, diseases, and pollution levels [ 1, 40], and distinctive
biological characteristics that make them suitable to assess con-
tamination condition of freshwater ecosystems. Tilapia is ben-
thic omnivorous species that feed mainly on detritus, accumu-
lating contaminants from the fine sediment fraction, while
largemouth bass is a predatory fish that is exposed to contam-
inants via prey items such as insects and other fishes [49].
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The Yaqui River is an ecoregion that belongs to the most
important basin in northwest Mexico, which harbors several
ecosystems, both natural and manmade, with numerous en-
demic, migratory, and introduced species that depend on the
conservation of these ecosystems as well as their functions
[34]. The Yaqui River basin provides water for human con-
sumption (e.g., for ~ 375,800 inhabitants around Ciudad
Obregon; [37]), and multiple economic activities such as ag-
riculture, cattle raising, pig farming, fish aquaculture, and
mining [18, 36]. Previous studies have documented contami-
nation in the basin associated with copper mining in the upper
area (around La Angostura dam; [13, 35]) and extensive agri-
cultural production in the lower area around the Yaqui Valley
(close to El Oviachic dam; [36]). Metals as Fe, Mn, Ni, Cu,
Zn, and Cr are associated with Cu mining and agrochemicals
[51]. However, no studies have been performed to assess the
contamination by metal(loids) using fishes or other organisms.

Tilapia and largemouth bass were introduced in the Yaqui
River basin for economic, alimentary, and tourism purposes
[18]. In the present study, three dams of this basin (La
Angostura, El Oviachic, and El Cajon de Onapa) were inves-
tigated in the dry and rainy season regarding the accumulation
of Fe, Mn, Ni, Cu, Zn, and Cr in tissues of these two species
with distinctive biological features. To assess the different
anthropogenic pressures within each ecosystem, the
liver:muscle ratio was also used under the premise that met-
al(loids) contamination in these species could be associated
with the prevailing anthropogenic activities in the ecosystems.

Materials and Methods
Study Area

The Yaqui River basin is located in northeastern Mexico (26°
10'-30° 40’ N and 106° 80'-111° 40" W; Fig. 1). The water-
shed begins in the state of Chihuahua, which lies to the east of
the state of Sonora, and continues towards the southwest, end-
ing at the Gulf of California [21]. In total, the watershed com-
prises an area of 71,452 km? [52].

The dams in the Yaqui River basin are surrounded by dif-
ferent anthropogenic activities. The La Angostura (ANG;
1040 m MSL) dam is situated in the northern portion of the
basin in the Nacozari mining district, an important copper
mining area [13]. The predominant climate is semiarid with
annual average precipitation of 490 mm. The rainy season
occurs in July and August, along with the maximum temper-
atures. The dry season has a minimum of precipitation (aver-
age < 50 mm) with high temperatures (from 30 to 40 °C) that
produce high rates of evaporation. The El Cajon de Onapa
(ECO; 556 m MSL) dam is located on the Sahuaripa River,
which is a small tributary of the Yaqui River. The predomi-
nant climate around the ECO dam is semiarid-hot (BS1(h)hw)

with a monthly average temperature of 32.7 °C and semiarid-
mild (BS1hw(e)), with a monthly average temperature of 14.6
°C. The rainy season has an annual average precipitation of
600.8 mm and the dry season has annual average precipitation
< 100 mm [23]. The main human activities in this reservoir are
sustenance fishing and cattle grazing. In contrast, extensive
and technologically intensive agriculture (Yaqui Valley, ~
230,000 ha; [18]) is the principal activity that surrounds the
El Oviachic (OVI; 58 m MSL) dam. This reservoir is located
in the lowlands of the Yaqui River basin, near Ciudad
Obregon (Fig. 1). The predominant climate around OVI dam
is hot arid, predominantly desert (BW(h")w in 52.78% of the
area) and steppe (BSo(h")w, in 34.52% of the area), with a
mean annual temperature above 18 °C and a dry winter. The
precipitation occurs mainly from July to September (Mexican

monsoon season) with an average annual precipitation of
366.1 mm [23].

Fish Sampling

Sampling expeditions were carried out in the three dams dur-
ing the dry (May—June) and rainy (September—October) sea-
sons of 2018. Approximately 21-30 individuals of each fish
species were collected per sampling event. Fishes were caught
at different sites in each reservoir using commercial 4-cm gill
nets (Fig. 1). Fishes were identified and sacrificed by brain
spiking according to the Guidelines for the Use of Fishes in
Research [5], and their total length and weight were registered.
Fish tissue samples (i.c., liver, gonads, stomach, gills, and
muscle) were dissected and placed in labeled sterile polyeth-
ylene bags, transported to the laboratory, frozen at — 20 °C,
and freeze-dried (for 72 h at — 49 °C and 133 x 10> mBar)
before metal analysis. In the laboratory, tissue samples were
weighed to obtain dry weights, homogenized in an agate mor-
tar, and stored at 4 °C. The scalpels, knives, and other dissec-
tion tools were stainless and previously conditioned (washed
with distilled water, nitric acid 20% v/v, distilled water, and
ethylic alcohol) before each specimen and tissue dissection.

The total lengths and weights for each species per dam are
summarized in Table 1. In general, largemouth bass total
weights and lengths were higher than those of tilapia, which
may be explained by species-specific biological characteris-
tics and feeding behaviors. Carnivorous fishes have elongated
bodies and small stomachs [56], while omnivorous fishes
have short, elliptic bodies and large stomachs [9].

Metal Analysis and Estimation of the Liver:Muscle
Ratio

Tissues were digested in a microwave system (MARS-X) in
one step. Briefly, 5 mL of concentrated HNO;3 was added to
0.250 4+ 0.003 g of sample and heated to 100 °C for 5 min, 120
°C for 5 min, and 140 °C for 10 min [25]. The copper (Cu),
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Fig. 1 Map of sampling sites in the dams from Yaqui river basin
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Table 1
of Yaqui River basin in the two seasons

Sample size and morphometrics of tilapia (Oreochromis nilocticus) and largemouth bass (Micropterus salmoides) collected in the three dams

Specie Ecology/feeding habit Dam' Season Males Females Length (cm £ SD)? Weigth (g + SD)?
O. nilocticus Benthic/omnivorous ANG Dry 14 16 2791 +1.94 397.8 £ 95.84
O. nilocticus Benthic/omnivorous ANG Rainy 13 15 28.48 + 1.46 461.8 +1.35
M. salmoides Benthopelagic/carnivorous ANG Dry 11 19 30.79 £ 6.25 454.1 +297.6
M. salmoides Benthopelagic/carnivorous ANG Rainy 9 19 30.17 £2.85 373.0+121.5
O. nilocticus Benthic/omnivorous ECO Dry 8 22 34.51+£4.72 766.5 +120.8
O. nilocticus Benthic/omnivorous ECO Rainy 14 16 31.41 +£2.49 619.6 £ 133.7
M. salmoides Benthopelagic/camivorous ECO Dry 4 43.10 £4.77 1182.0 +435.7
M. salmoides Benthopelagic/camivorous ECO Rainy 9 13 39.02 +8.91 1032.5 +571.8
O. nilocticus Benthic/omnivorous OVI Dry 16 14 30.18 £ 1.99 560.3 +483.6
O. nilocticus Benthic/omnivorous OVI Rainy 23 7 26.98 +4.98 385.0 £260.9
M. salmoides Benthopelagic/carnivorous OVI Dry 11 17 33.28 £5.96 473.0 £96.0
M. salmoides Benthopelagic/carnivorous OVI Rainy 20 8 32.32 +£3.09 4944 +176.3

T'ANG, La Angostura; ECO, El Cajon de Onapa; OVI, El Oviachic
2 8D standard deviation

chromium (Cr), iron (Fe), manganese (Mn), nickel (Ni), and
zinc (Zn) concentrations were determined with air-acetylene
(Cu, Fe, Mn, Ni, and Zn) and nitrous oxide-acetylene (Cr)
flames using the SpectrAA-240 FS absorption atomic spectro-
photometer (Varian, Palo Alto, USA). Certified reference ma-
terial (DORM-4 Fish protein from the National Research
Council of Canada) and blanks were used as quality controls.
The detection limits were estimated (ng g ') as Cr=0.035, Cu
=0.026, Fe =0.041, Mn = 0.024, Ni=0.036, and Zn = 0.030.
The metal concentrations are reported as dry weights (DWs).

Data Analysis

The metal concentrations in the fish tissues followed a non-
normal distribution according to the Shapiro-Wilks and
Bartlett tests (p < 0.05). Data were used to calculate the mean
and standard deviation of the entire vector. After this, each
element was scaled by subtracting the mean and dividing by
the standard deviation. Then, a two-way ANOV A was used to
compare differences of means among seasons and sampling
sites. A principal component analysis (PCA) was used to de-
scribe patterns in the levels of contamination among the col-
lected tissues. The PCA was used to interpret the structure of
the data via a linear combination of the original variables [32].
To avoid data skewness, all non-normal values were log-
transformed ((Log;q X) + 1), following [17]. A distance-
based permutational multivariate analysis of variance
(PERMANOVA) was used to evaluate the combined effect
of sampling sites and seasons on the distribution of all metals
[6]. Statistical analyses were performed using NCSS
Statistical Software (NCSS, Kaysville, USA), R v. 3.6.1 (R
[42]), and PRIMER 7 + PERMANOVA (PRIMER-E Ltd.,

Devon, UK). The liver:muscle ratio was calculated using the
individual concentration of each fish species with Eq. (1) from
Kruzikova et al. [27]:

. . Total metal concentration in liver tissues (jig g ')
Liver : muscle ratio =

Total metal concentration in muscle tissues (pg g")
(1)

Values of the liver:muscle ratio > 1 are indicative of metal
contamination in organisms [27]. A one-way ANOVA was
also used to evaluate significant differences in the liver:muscle
ratio between metals. We assumed that heavily contaminated
sites would have higher metal concentrations in liver tissues
while slightly contaminated sites would have higher metal
concentrations in muscle tissues [2, 27].

Results

The metal concentrations for tilapia and largemouth bass tis-
sues are presented in Fig. 2. The concentrations of the metals
varied between tissues, ecosystems, and sampling seasons.
Metal concentrations in tilapia tissues followed the order of
Fe > Cu > Zn > Mn > Cr > Ni, while in largemouth bass
tissues followed the order of Fe > Zn > Cu > Cr > Ni > Mn.
Regarding the metal concentrations by tissue, both species
presented the same pattern: liver > stomach > gills > gonads
> muscle (Fig. 3).

Metal concentrations in tissues of both tilapia and
largemouth bass were distinctively grouped under the PCA
analysis (Figs. 4 and 5). Tilapia presented high levels of Fe,
Mn, and Cu in the stomach, liver, and gills, while largemouth
bass presented high levels of Fe, Mn, Cu, and Zn in the liver
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Fig. 2 Concentrations of metals (log transformed ((Log; X) + 1)) for tilapia and largemouth bass collected in the three dams of the Yaqui River Basin
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Fig. 3 Liver:muscle ratios box plots for tilapia and largemouth bass collected in the three dams of the Yaqui River Basin
and gonad. A differentiation among the tissues and ecosys-  were the stomach, liver, and gills, which presented the highest

tems was also observed, although it was not evident (in most ~ metal concentrations in tilapia for each of the three dam eco-
cases) between seasons. The PERMANOVA indicated that  systems. For example, Fe and Mn values in tilapia stomachs
significant differences were present among groups of vari-  presented the highest mean concentrations detected in this
ables and between seasons and ecosystems (p < 0.001). The  study; approximately 80-fold higher compared with those of
average similarity present between groups was higher for the =~ largemouth bass stomachs collected from the same ecosys-
three ecosystems when compared with that within groups,  tems (Fig. 2). A similar scenario was observed with the liver
indicating that the metal concentrations in both fish species  tissues of both species. The mean concentration of Fe in tilapia
could be compared among dams. A simple analysis showed  liver tissues was one- to twofold higher when compared with
an average similarity of 85.8%, 84.1%, and 83.4% for OVI- that of largemouth bass liver tissues. In contrast, the mean Mn
ANG, OVI-ECO, and ANG-ECO, respectively. The metal concentrations in the liver were (in most cases) seven- to 15-
concentrations were also grouped by this method according  fold higher in tilapia than in the largemouth bass. Moreover,
to the ecosystem. The ANG and OVI dams presented high ~ Cu concentrations in tilapia liver tissues were up to 25-fold
similarities (88.0% and 86.6%, respectively) for Fe, Zn, Cu, higher than that of largemouth bass liver tissues (Fig. 2). For
and Cr, while the ECO dam showed high similarity (83.4%) this particular element, Cu concentration in tilapia liver tissues
for Fe, Zn, Cu, and Mn. The Fe, Zn, Cu, and Cr concentrations was remarkable compared with that of the largemouth bass,
presented high similarity during the dry (87.0%) and rainy  and the highest mean Cu concentrations in tilapia and
(86.0%) seasons. largemouth bass liver tissues were 801.6 = 297.6 and 30.23
+ 16.85, respectively, which constituted a significant differ-

Comparison of Metal Concentrations Between Species  ence concering the concentration magnitude (p < 0.001).
The highest Fe and Mn concentrations in gill tissues were
The comparison of the magnitude of bioaccumulation indicat-  present in tilapia and were one- to fivefold that of the concen-
ed clear differences between the two fish species. While sim-  tration of largemouth bass gill tissues. However, higher Zn
ilar patterns of metal distributions between species were ob-  accumulation in gonad tissues was present in the largemouth
served (Tables 2 and 3), the magnitude of bioaccumulation of ~ bass (1096.0 + 468.5 mg kg') compared with that of tilapia,
some of the analyzed metals was significantly higher (p <  which could be attributed to the size of the tissue (largemouth
0.001) in tilapia tissues compared with that of largemouth bass ~ bass presented larger and bigger gonads). Metal concentrations
tissues. In particular, higher values of Fe, Mn, and Cu were in the muscle tissues of both species followed similar concen-
observed in tilapia tissues compared with those of largemouth ~  tration patterns, where only Cu concentration was significantly
bass tissues. Also, the target organs for metal accumulation  higher (»p < 0.001) in tilapia compared with that of the
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largemouth bass. The rest of the analyzed metals in the muscle
tissues of both species presented similar orders of magnitude
and uniform accumulation patterns regarding the mean concen-
trations in tilapia muscle tissues. The other metals (i.e., Ni, Zn,
and Cr) presented relatively constant concentrations in the
aforementioned tissues, with no significant differences (p >
0.001) detected between species (Tables 2 and 3).

Comparison Between Seasons

The comparison between the two sampling seasons showed a
pattern among tissues. The concentrations between seasons
presented significant differences (p < 0.001) in most of the
analyzed tissues, except for tilapia stomachs (Fig. 2). Tilapia
stomachs showed variable metal distributions compared with
that of the other tissues. The highest Fe and Mn accumulation
in tilapia was observed during the rainy season, in contrast to
what was observed for the Ni, Cu, Zn, and Cr mean concen-
trations, which presented higher values during the dry season.
On the other hand, the metal concentrations in largemouth
bass stomachs were higher during the dry season for Mn, Ni,
Cu, Zn, and Cr compared with that of the rainy season. The
only exception to this pattern for the largemouth bass stomach
tissues was observed with Fe, which presented higher concen-
trations during the dry season than during the rainy season.

Tilapia and largemouth bass liver and gill tissues showed
higher metal concentrations during the dry season than during
the rainy season. In addition, tilapia gonad tissues had higher
metal concentrations during the rainy season, while largemouth
bass gonad tissues had higher metal concentrations during the
dry season, excepting Zn in largemouth bass gonads, which
was higher during the rainy season, also presenting the highest
metal concentration (1096.0 + 468.5 mg kg ") for this tissue.

Metal concentrations in muscle tissues were quite variable
for both species during the two sampling seasons. In tilapia
muscle tissues, the Fe, Mn, and Zn concentrations were higher
during the rainy season than during the dry season. The other
analyzed metals (i.e., Cu, Ni, and Cr) were higher during the
dry season than during the rainy season. Similarly, the metal
concentrations in largemouth bass muscle tissues also present-
ed variable distributions. High concentrations of Fe and Mn
were recorded during the rainy season, while high concentra-
tions of Ni, Cu, Zn, and Cr were recorded during the dry
season. The variation between seasons and among metals
was also influenced by the variability among the dams, al-
though the relationship between metal concentrations and sea-
sons among dams was complex.

Comparison Among Dams
The comparison between dams was important to evaluate the

connections among the variables analyzed in the present
study. Clear associations between dams and metal

accumulation patterns in fish tissues were present (Figs. 4
and 5). For example, most of the analyzed tissues from ECO
tilapia had the highest Fe and Mn concentrations (the highest
mean concentrations in this study) than the concentrations in
ANG and OVI tilapia tissues. Finally, the lowest mean con-
centrations of Fe and Mn were recorded at the OVI dam when
compared with that of the ECO and ANG dams. In the case of
Cu, this metal tended to present high accumulation in tilapia
tissues collected from the ANG and ECO dams when com-
pared with that of the OVI dam. However, the bioaccumula-
tion of Cu in largemouth bass tissues was more variable
among dams (Fig. 2). For the particular case of Zn, this metal
presented the highest concentration in samples collected from
the OVI dam (with few exceptions) compared with that of the
ECO and ANG dams for most of the tissues analyzed for both
species. For Ni and Cr, their concentrations were more vari-
able among dams, and it was more complicated to establish
relationships between these elements and the dams.

The liver:muscle ratios showed differences among the met-
al accumulation patterns between species, dams, and seasons
(Fig. 3). Tilapia samples collected during the dry season from
the ANG and ECO dams showed similar metal accumulation
patterns (Fig. 2). In those dams, the Fe and Cu liver:muscle
ratios were higher than those of the OVI dam, indicating major
contamination of those elements. For the OVI dam, only Zn
exhibited liver:muscle ratios that tended to be high, although
with values < 1. During the rainy season, liver:muscle ratios
were similar among tilapia tissues, with Fe and Cu
liver:muscle ratios > 1 in the ANG and ECO dams. In contrast,
liver:muscle values > 1 were observed for Zn at the OVI dam.
During the dry season, OVI largemouth bass showed
liver:muscle ratios > 1 for both Fe and Zn. At the ANG
dam, the Mn and Zn liver:muscle ratios were the highest (=
1), while at the ECO dam Fe liver:muscle ratios were > 1.
Nevertheless, for the largemouth bass during the dry season,
tissues collected from the OVI and ANG dams presented
liver:muscle ratios < 1, although Fe liver:muscle ratios at the
ECO dam were > 1. The largemouth bass tissues collected
during the rainy season showed similar liver:muscle ratios
and all dams presented Fe liver:muscle ratios > 1.

Discussion

The transference of metals to fishes is controlled by abiotic
and biotic factors and is frequently driven by alimentary
habits, nutritional requirements, and the balance between in-
flux and efflux rates, which result in variable accumulation
patterns. The accumulation and distribution of metals in the
tissues of the two fish species collected from three ecosystems
in this study presented seasonal variability with some defined
patterns among ecosystems. For instance, tilapia presented the
higher concentrations of the analyzed metals compared with
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the largemouth bass, likely related to its benthic feed habit.
Dwivedi et al. [14] reported similar results for tilapia tissues
and considered that the accumulation of metals in tissues was
dependent upon the exposure concentration in the sediment
and duration as well as other factors, such as salinity, temper-
ature, water hardness, and the metabolism of each species.
Metals are linked to the fine component of sediments (mainly
fractions < 63 pum; [50]) and are transfer to benthic organisms
under specific physicochemical conditions and may be
bioaccumulated in tissues depending on biotic factors as their
use as micronutrients [28].

The observed significant accumulation of Fe in tilapia is
similar to what has been found in previous studies of freshwa-
ter ecosystems around the world [24, 38, 55]. This element is
one of the most abundant and widely distributed in the earth’s
crust (3.50% in the upper continental crust to 7.07% in the
bulk continental crust; [48]) and is an essential macro-element
that is used in multiple physiological pathways, leading to
high requirement rates (30—170 mg Fe kg dry diet '; [54]).
The nutrient requirement rates for both Mn and Cu are also
high (1-5 mg and 220 mg kg dry diet ™", respectively; [54]),
and these metals were found to accumulate at relatively high
levels in this study. In contrast, the nutrient requirement rates
for Cr and Ni are low (4 mg kg dry diet ' for Cr and trace
requirements for Ni; [11]), and these metals were found to
accumulate at relatively low levels in this study. It seems that
the principal factor controlling the accumulation of Fe, Mn,
and Cu in the fishes in this study was the ample distribution of
these elements within the three ecosystems, which is support-
ed by their relatively high content in the crust of the earth (20—
600 mg kg ' in the upper continental crust to 75-1400 mg
kg " in the bulk continental crust; [48]).

The accumulation of essential metals in the fish tissues in this
study was likely linked to their metabolic roles given that the
highest levels were found in the gills, gonads, and liver, while
the stomach and muscle tissues are considered to be sites for
incorporation and storage of these elements, respectively [28].
This may produce a higher tolerance for certain metals in some
fish species compared with that of other species in natural eco-
systems, culture systems, and in vitro conditions [12].

The stomach accumulates food-associated elements, and
the risk of contaminant exposure may be high in fish that feed
near the sediment, which would help to explain the high ob-
served accumulation of Fe and Mn in tilapia stomach tissues
in this study considering that these elements are associated to
oxides and hydroxides present in fine sediments [50, 53, 57].
The accumulation of Fe in the liver is due to the physiological
role of the liver in blood cell and hemoglobin synthesis [19],
while high levels of Cu in hepatic tissues are usually related to
metallothionein (MT) and copper-binding proteins that partic-
ipate in the storage of metals for use in enzymatic, metabolic,
and detoxification processes [12, 46]. The synthesis of MT
will be induced by exposure to many metals, including Cr
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and Ni, that MT may bind for storage and subsequent detox-
ification, resulting in the accumulation of these elements in
various tissues, including the liver [26].

The accumulation of metals in gills is related to the phys-
iological process of metal ion exchange from the water that
requires a very large gill surface area to facilitate the rapid
diffusion of metal ions [43]. Therefore, this target organ may
be used to correlate the metal content in suspended particles
and dissolved metals to water levels within aquatic ecosys-
tems [3, 31]. Metal accumulation in gonads can be the result
of both dissolved and dietary routes. Metal levels in this tissue
are affected by multiple factors, such as gender, reproductive
cycles, and/or gonad size [29, 30]. Many authors have report-
ed that females can accumulate five times more metals (e.g.,
Cu, Fe, Mn, and Zn) compared with males as they are in-
volved in the physiological process of embryonic develop-
ment [4, 20]. In this study, high levels of Zn were observed
in the largemouth bass, which may have been related to the
maturity stage of the gonads.

The accumulation of metals in muscle tissues was lower
than that of other tissues in this study. Muscles are considered
to be depositary tissues because contaminant levels in these
tissues represent the quantities that could not be excreted. It is
well known that muscle tissues are the least metabolically
active tissues in fishes [22, 28]. However, the levels of metal
accumulation in fish muscle tissues increase with exposure
and are related to the balance between incorporation rates
(respiration plus diet), growth rates, and physiological excre-
tion mechanisms [30].

The accumulation of most metals in the tissues of both species
in this study was high during the dry season, which had high
temperatures with minimum precipitation along the Yaqui River
Basin. The accumulation patterns of the different seasons could
be associated with high evaporation rates in the dams and anthro-
pogenic activities present. In the case of the OVI dam, dust from
the Yaqui Valley that has been reported by Meza-Montenegro
et al. [36] may have increased the metal concentrations in the
dam due to the metals present in the fine-grained soil fractions. In
this ecosystem, metal concentrations appeared to follow trends in
both seasons, and differences between the concentrations in tila-
pia and largemouth bass were present. Nonetheless, some metals
showed high liver:muscle ratios for both species during the dry
season, suggesting a possible relationship of these metals with
agricultural activities. The metals associated with the Yaqui
Valley soils are Pb, Hg, Zn, and Cu because they are constituents
of some fungicides that are used for agricultural purposes in the
region [36]. Also, the use of dithiocarbamate fungicides results in
organic Zn and Mn complexes formed by the organic ligands of
trace metals and dithiocarbamates [41].

The accumulation of some metals was particularly interest-
ing in the ECO dam. This ecosystem is characterized by agri-
culture, small-scale cattle farming, and a lack of direct dis-
charges. The Mexican Geology System [45] reported that
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natural enrichments of Fe (37,000-73,100 mg kgfl), Cu (7-
50 mg kg "), and Zn (57-248 mg kg ') were present in the
superficial sediments of the streams around this ecosystem.
Fluvial dragging likely carried these and other metals in the fine
sediment fraction to this dam, resulting in the continued expo-
sure and accumulation of metals in fishes, which was most
evident in tilapia given their benthic feeding habits. The accu-
mulation of these metals was confirmed by the higher
liver:muscle ratios observed in the ECO dam. Moreover, the
association to natural sources is additionally possible consider-
ing that these metals are also abundant in the crust around the
ANG and OVI dams (Fe: 22,100-80,100 mg kg71 and 24,400—
161,000 mg kg, respectively; Cu: 35.56-118.50 mg kg ' and
12.88-43.12 mg kg ', respectively; and Zn: 50.44-586.9 mg
kg ' and 50.00-129.0 mg kg, respectively).

The fishes in the present study exhibited wide inter-specific
variations of metal accumulation in all organs, with defined
patterns between ecosystems and less defined patterns be-
tween seasons. Some metals could be indicative of productive
activities in the vicinities of the ecosystems. For instance,
mining drainage could be associated with Cu, Mn, and Zn
concentrations [35, 39]. A notable accumulation of Cu and
Zn was present in both tilapia and largemouth bass, while
Mn accumulated to a lesser degree in both species. The accu-
mulation of Cu in both species at the ANG dam was higher
than that of the other two dams. The ANG dam is situated near
the Nacozari mine district, one of the most important copper
ores in northwestern Mexico that produces an average of
132,888 tons of Cu per year. Meza-Figueroa et al. [35] report-
ed that the dispersion of Cu in efflorescence salts formed by
evaporation on the unconfined tailings around this mining
district was due to heavy wind and rainfall events that fre-
quently occur in this semi-arid area.

The liver:muscle ratio has been utilized in many studies with
different fish species around the world to evaluate metal pollution
in ecosystems under different conditions ([2, 27, 33]. Abreu et al.
[2] found that the sea bass, Dicentrarchus labrax, showed a high
liver:muscle ratio in areas contaminated with mercury. The study
found that the liver:muscle ratio showed a considerable decrease
as the distance from the pollution source increased [2]. In another
study, Kruzikova et al. [27] found that the non-predatory Chub,
Leuciscuscephalus sp., collected from different rivers of the
Czech republic, showed significant differences in this ratio
among ecosystems, highlighting that the liver:muscle ratio can
help to elucidate different metal contamination scenarios [27]. In
the present study, tilapia showed higher liver:muscle ratios for
metals like Fe, Mn, Cu, and Zn during the two seasons. Also,
differences were observed between ecosystems. Tilapia from the
ANG ecosystem showed high liver:muscle ratios for most
metals, which may have been related to contamination from the
Nacozari mining district and from the unconfined tailing of the
La Caridad mine that was reported by Meza-Figueroa et al. [35].
That study found that metal concentrations were higher along a

southwest to northeast transect, which followed the predominant
Weston Super Mare to East North East wind patterns observed at
the site, leading towards the ANG dam. Another source of metals
in the ANG dam may have been the abandoned mine known as
“El Tigre,” which was an important silver and gold ore that is
currently adjacent to the ANG dam. Production of the “El Tigre”
mine ended in 1938 as a result of the collapse of the price of
silver [39], although many streams continue to drain into the
ANG ecosystem. Some studies have also documented that
gold-silver mine tailings contain elevated levels of many metals
(e.g., Ni, Cu, Mn, and Zn; [10, 16]).

Results of the present study suggest that the observed ac-
cumulation patterns in both species may have been related to
species-specific ecological traits and feeding habits [47].
However, ample differences in interspecific accumulation
were observed in both species, and the resulting associations
can be difficult to define (e.g., tilapia gonads and largemouth
bass stomach). Nevertheless, variations of metal accumulation
in largemouth bass stomachs may be attributed to the feeding
rates and food availability present in each ecosystem [15].
Some metals may have similar exposure patterns (associated
with mineral and chemical species), as well as similar distri-
bution and accumulation mechanisms in the different tissues
(e.g., phosphates, calcium granules, and metallothioneins),
which have been reported in others studies [12, 46]. In the
liver, PCA showed great association within ecosystems in
both species, and to a lesser degree between seasons. As pre-
viously discussed, and according to Bawuro et al. [8], it is
difficult to correlate seasonal variations in metal content
among tissues. This could be attributed to the different inputs
from river inflows and the intensity of the various anthropo-
genic activities around the ecosystems.

Conclusions

The metals bioaccumulation was variable among the tissues of
both fish species and ecosystems. These variations were likely
related to the feeding strategies, ecological habits, and biolog-
ical characteristics of the species considering the benthic-
omnivorous habits of the tilapia and the benthopelagic-
carnivorous habits of the largemouth bass. The distribution
of metals in the tissues was related to their metabolic roles,
with higher levels of accumulation of Fe, Cu, and Zn, which
have major rates of requirements for many physiology pro-
cesses than metals such as Cr, Mn, and Ni. The general distri-
bution of metals among tissues followed the order of liver >
stomach > gills > gonads > muscle, which is related to their
function in the organism. Seasonal associations were not well
defined in this study. The sources of the metals in the three
ecosystems may be the result of both natural (e.g., erosion of
the crust around the ecosystems) and anthropogenic (e.g., cop-
per mining and intensive agriculture) activities.
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