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Abstract
We investigated microcustraceans inhabiting arsenic contaminated and non contaminated freshwater in order to
identify those absent in arsenic contaminated water as suitable bioindicators of arsenic contamination in tropical
freshwater in mining and metallurgical areas in northern Mexico. For doing so, we collected zooplankton, water and
sediment samples, at �ve sampling points in two sampling campaigns, to determine water temperature, pH, electrical
conductivity (EC), dissolved oxygen (DO), alkalinity (Alk), salinity (Sal), and total arsenic concentration in water and
sediments samples. We additionally determine arsenic mobility from sediments and its speciation. We also identi�ed
microcrustacean species and determined abundance, richness and Shannon Index. Results showed that the
maximum arsenic concentration in freshwater was 53.23 mg/L, while the minimum arsenic concentration was < 0.01
mg/L. Arsenic concentration in sediments was between 10.37 mg/kg and 2472.84 mg/kg, with high arsenic mobility
(up to 100%) where the arsenic leached was As(V). Nine species of microcrustaceans were found. Simocephalus
punctatus, Alona glabra, Eucyclops leptacanthus, Macrocyclops albidus and Pleuroxus (Picripleuroxus)
quasidenticulatus, inhabiting arsenic-free water, Latonopsis australis, Eucyclops chihuahuensis, Acanthocyclops
americanus, Pleuroxus (Picripleuroxus) quasidenticulatus, Macrocyclops albidus and Paracyclops chiltoni, inhabiting
moderately and highly contaminated water. Simocephalus punctatus (Orlova-Bienkowskaja, 1998) was absent in
contaminated water bodies in study area, and therefore we proposed this microcustracean could serve as a
bioindicator of water quality in waterbodies contaminated with arsenic in study area and northern Mexico, where
arsenic contamination is common ground.

Introduction
Arsenic (As) is a chemical element present in the earth's crust and groundwater. In aqueous media, As speciation
strongly depends on the redox condition of the aqueous system (De and Maiti, 2012). Under oxidizing conditions,
inorganic As exists as arsenate (AsO4

3−), with acidity constants (pKa) of 2.2, 6.9 and 11.5 for the species H3AsO4
0,

H2AsO4
−, HAsO4

2−, AsO4
3−. On the other hand, in more reducing environments, inorganic As exists as arsenite

(AsO3
3−) with pKa values of 9.2, 12.1 and 13.4 where the uncharged ion H3AsO3

0 prevails at pH below 9.2
(Petrusevski et al., 2007; Ravenscroft et al., 2009; Samadzadeh Yazdi and Khodadadi Darban, 2010). The toxicity of
As varies widely with its oxidation states. Arsenite is approximately 60 times more toxic than arsenate (Ventura-Lima
et al., 2011). Arsenate is, in turn, 70 times more toxic than organic methylated species, such as monomethylarsonic
acid (MMA) and dimethylarsine acid (DMA) (Akter et al., 2005). MMA and DMA are, in fact, considered only
moderately toxic (Akter et al., 2005). Other As species, such as trimethylarsine oxide (TMAO) and
tetramethylarsonium (TETRA) are also considered moderately toxic, while arsenobetaine (AsB), arsenocholine (AsC),
and other arsenosugars (AsS) show no toxicity (Fattorini et al., 2006).

In aquatic environments, As can be incorporated into the food web, through different uptake routes: directly from
solution across the entire body surface of the organisms, through specialized respiratory structures (eg, gills), or
through the digestive epithelium with ingested food, water, sediments or suspended particles (Rahman et al., 2012).

Due to its toxicity, national and international authorities consider As within their regulations as a parameter for the
protection of aquatic life. In Mexico, among the ecological criteria, the maximum permissible limit of As in water for
the protection of aquatic life is set at 0.2 mg/L (DOF, 1989). For sediments, international regulations indicate a 17
mg/kg (CCME, 1999; EPA, 2002a) as a probable effect level (PEL) on freshwater aquatic organisms, while Mexican
regulations need to be developed yet, for sediment quality purposes. For doing so, Mexico shall consider, as many
other countries, biological parameters as they might provide better information than other descriptors for certain
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types of contamination (Cairns and Dickson, 1971; De la Lanza-Espino et al., 2011), such as phosphorus
contamination in water, where chemical measurements may not accurately re�ect a reduction in species diversity or
how the growth and reproduction of other species may decline due to competitive exclusion (Holt and Miller, 2010).
Furthermore, quantitative biological data is as easily accessible as physicochemical data.

In general, diverse feeding habits, very short life cycles, high reproductive rates and small sizes make
microcrustaceans suitable as bioindicators. In this sense, the EPA (Environmental Protection Agency of the USA),
developed a water quality standard using the cladocerans microcrustaceans Daphnia pulex and Daphnia magna as a
bioindicators to determine acute toxicity in e�uents and receiving waters to freshwater and marine organisms is the
Method 2021.0 (EPA, 2002b), these species are highly sensitive to the presence of contaminants in water and
therefore exhibits impacts on their level of reproduction, lifetime, and size of the individuals (Chen et al., 1999). In
Mexico, the standard to evaluate acute toxicity in water analysis is the NMX-AA-087-SCFI-2010 (DOF, 2011), which,
analogously to the Method 2021.0, uses Daphnia magna as a proxy. However, Daphnia magna is a species inhabiting
cold and temperate climate being an exotic microcrustacean in Mexico, therefore it can not be considered
representative for the monitoring of tropical aquatic ecosystems (Pérez-Legaspi et al., 2017). There is little research
on tropical microcrustaceans, speci�cally cladocerans proposed to perform acute toxicity tests with some heavy
metals (Do Hong et al., 2004; Freitas and Rocha, 2010; Hong and Li, 2007; Martínez-Jerónimo et al., 2008; Pérez-
Legaspi et al., 2017; Rodgher et al., 2010), however, tropical microcrustaceans inhabiting contaminated freshwater
with As have been poorly considered in these evaluations (Alvarado-Flores et al., 2019). Due to this, it is necessary to
propose species of tropical microcrustaceans, widely distributed in Mexico that can be bioindicators of polluted
environments, speci�cally with As.

A site that offers an excellent opportunity to study and understand As-related phenomena is Matehuala, San Luis
Potosí, Mexico. In Matehuala, freshwater is contaminated with As due to current and historical metallurgical and
mining activities (Martínez-Villegas et al., 2013; Pelallo-Martínez, 2006; Razo et al., 2004). Furthermore, As
contamination has been reported to range from 4.78 mg/L to up to 158 mg/L (Martínez-Villegas et al., 2013),
concentrations well above the recommended limits for the protection of aquatic life (0.2 mg/L) and the lethal
concentration for zooplankton (3 mg/L). However, knowing this information raises the question of the existence of
organisms in these conditions. This area gains importance and public interest since Matehuala contains recreation
areas in which animal populations (including humans) are exposed to contact with contaminated water and
sediment, and is a priority eco-region for the conservation and management of Mexico's aquatic biodiversity
(Mercado-Salas and Suárez-Morales, 2012).

In this study, the species of microcrustaceans inhabiting freshwater were identi�ed, as well as their ecological
indicators. In addition, As concentrations in water and sediment were determined, as well as As speciation in the
latter. A classi�cation of the sampling points and species of microcrustaceans was made based on the concentration
of As and alkalinity found in the water, in order to propose the bioindicator species. And, �nally, to better understand
any relationship between physicochemical parameters and ecological indicators, a correlation matrix was obtained
and a principal components analysis was carried out.

Material And Methods
The study area corresponds to the municipality of Matehuala, San Luis Potosi, Mexico, formed by a set of closed
basins, where rainfall and groundwater are the water sources. Soils are Xerosol type, with gypsum in the deep horizon
and soil cemented with carbonate at a shallow depth (Gómez-Hernández et al., 2020).
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Water and microcrustaceans samples were collected through two sampling campaigns (S1 and S2) at �ve different
sites: Club de Tiro, Abrevadero, Laguna, Presa, and Canal. While the �rst three sites correspond to a complex with As
contaminated water (Martínez-Villegas et al., 2013; Razo et al., 2004), the other two sampling points are As-free.
Additionally, sediment samples were collected in an additional sampling campaign at Club de Tiro, Laguna y Presa.
All samping sites were located within the urban area of Matehuala city (Fig. 1).

Location of the sampling points: 1) Club de Tiro, 2) Abrevadero, 3) Laguna, 4) Presa, and 5) Canal.

Ten water samples were collected in 60 mL polypropylene containers previously washed with 2% Extran® and 10%
HNO3 acid. Water samples were �ltered through Whatman �lter paper #40 (125 mm), acidi�ed to pH < 2 with
concentrated HNO3, closed and stored at 4°C until analysis to determine As. For quality control and assurance, one
laboratory blank, one �eld blank and one duplicate were collected at each sampling campaign.

Water temperature, pH, electrical conductivity, dissolved oxygen, and salinity were measured onsite using a
multiparameter probe (HANNA Instruments Model 9829 Handheld MultiparameterWater Quality Meter). Additionally,
alkalinity was determined by titration using an Automatic Titration Kit of the HACH brand model AL-DT.

As concentrations in water samples were determined by Inductive Coupling Plasma Optical Emission Spectroscopy
(ICP-OES), using a Varian 730 ES spectrometer (EPA, 1994). Calibration with reference samples and blanks as well as
replicate analyses for quality control were carried out to ensure the reliability of the analytical data. The calibration
curve was in the range of 0.05-20 mg/L, while the detection limit was 0.001 mg/L.

Additionally, 100 L of freshwater were �ltered through a 50 µm mesh to capture zooplankton; once in a collecting
glass, zooplankton organisms were �xed with concentrated ethyl alcohol (90%) until analysis. All zooplancton
specimens were sorted and taxonomically examined using specialized literature (Elias-Gutierrez et al., 2008;
Korovchinsky, 1992). Adult abundance (organisms/L) was estimated by total counting on an Eclipse E-400
compound microscope for each species. The diversity was calculated using the Shannon Index (Shannon, 1948): H’
= -∑ pi ln(pi), where pi is the relative abundance of the ith species.

Sediment samples were collected at Club de Tiro, Laguna, and Presa in aluminum foil bags using a shovel, previous
cleanup of rocks and vegetation. All sediment samples were kept at 4°C until As analysis. In the laboratory, the
sediment samples were dried in an oven at 60°C for 24 h. Then, 0.25 g of homogenized samples were predigested in
4 ml of 65% HNO3 overnight at room temperature in triplicates. Subsequently, the samples were gently shaken and
digested in the microwave using the BASIC OPEN program with a ramp of 5 min to 55°C and 10 min of digestion.
Finally, each digest was diluted to 50 ml in 1% HNO3 and centrifuged for 5 min at 2500 rpm. Total As concentrations
in the supernatants were determined by inductively coupled plasma mass spectrometry (ICP-MS Agilent 7700 Series)
(Hossain et al., 2012; Mestrot et al., 2011). Additionally, As speciation was determined in dry sediment samples,
crushed in an Agate mortar. For doing so, 0.25 g of homogenized samples were predigested in 4.8 ml of 1% HNO3, in
order to recover the most possible amount of As in the sample. Subsequently, microwave digestion was carried out
using the BASIC OPEN program with a ramp of 5 min to 55°C and maintaining this temperature for 10 min. After, the
supernatants were centrifuged for 5 minutes at 2500 rpm and As speciation in sediments was determined using an
ICP-MS Agilent 7700 Series coupled to an high performance liquid chromatography (HPLC Agilent 1260 In�nity) with
an anion exchange PRP X-100 HPLC column (Hossain et al., 2012; Mestrot et al., 2011; Viacava et al., 2020) to
determine inorganic As (As(III) and As(V)) and arsenicals (TMAsO, DMAs(V) or MMAs(V)).
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The correlation between physicochemical (water temperature, electrical conductivity, dissolved oxygen, pH, salinity,
alkalinity, As) and ecological (richness, Shannon index, and abundance) variables was determined in order to
establish any relationship among the hydrogeochemistry and the attributes of the organisms. PCA was carried out
using OriginPro, Version 2016 (OriginLab Corporation, Northampton, MA, USA).

Results
Table 1 shows water temperature, pH, electrical conductivity, dissolved oxygen, alkalinity and salinity. Water
temperature ranged from 16.9 to 23.7°C, pH was between 6.7 and 8.3, electrical conductivity   ranged from 2364 to
3282 µs/cm, dissolved oxygen ranged from 0.6 to 3.7 mg/L, alkalinity was between 11.2 and 296 mgCaCO3/L, and
salinity ranged between 0.7 and 1.7‰. Water pH values are the results of the buffer capacity of limestone (Razo et
al., 2004), while electrical conductivity values are the result of calcite and gypsum dissolution in the aquifer (Gómez-
Hernández et al., 2020). Small variations on water temperature and dissolved oxygen were observed, however they
are typical of groundwater at tropical altitudes (Caspers et al., 1981), suggesting typical environmental conditions. A
high transparency, as well as a low amount of algae or aquatic vegetation and low biomass were observed in the
studied water bodies, which allowed their classi�cation as "oligotrophic systems" according to Roldán and Ramírez,
(2008).
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Table 1
Water temperature (T), pH, electric conductivity (EC), dissolved oxygen (DO), alkalinity

(Alk), and salinity (Sal) measured in situ at two sampling campaigns (S1 and S2) at the
different sampling sites. S.D.= Standard deviation.

Site Sampling T

(°C)

pH EC

(µs/cm)

DO

(mg/L)

Alk

(mgCaCO3/L)

Sal

(‰)

Club de Tiro S1 22.5 6.7 2762.0 1.3 219.0 1.4

S2 21.5 6.7 3209.0 0.6 296.0 1.7

Mean 22.0 6.7 2985.5 0.9 257.5 1.5

S.D. 0.7 0.0 316.0 0.5 54.4 0.2

Abrevadero S1 21.1 7.0 2364.0 3.4 121.0 0.7

S2 20.5 7.5 2376.0 0.7 193.0 1.3

Mean 20.8 7.2 2370.0 2.0 157.0 1.0

S.D. 0.4 0.3 8.4 1.9 50.9 0.4

Laguna S1 20.9 7.5 2423.0 3.6 90.0 1.2

S2 20.4 8.3 2591.0 0.9 11.2 1.3

Mean 20.6 7.9 2507.0 2.3 50.6 1.2

S.D. 0.3 0.6 118.8 1.8 55.7 0.1

Presa S1 23.7 7.3 2892.0 2.6 103.0 1.6

S2 18.7 7.7 3282.0 0.9 142.0 1.7

Mean 21.2 7.5 3087.0 1.7 122.5 1.6

S.D. 3.5 0.3 275.7 1.2 27.6 0.1

Canal S1 18.8 7.4 2528.0 3.7 127.0 1.2

S2 16.9 7.8 2888.0 1.3 169.5 1.5

Mean 17.8 7.6 2708.0 2.5 148.2 1.3

S.D. 1.3 0.3 254.5 1.7 30.1 0.2

Figure 2 shows As concentrations in water samples, which ranged between < 0.01 mg/L and 53.23 mg/L. At Club de
Tiro, As concentrations were 38.98 mg/L and 53.23 mg/L, during S1 and S2, respectively. In Abrevadero, As
concentrations were 1.62 mg/L and 5.91 mg/L, during S1 and S2, respectively. In Laguna, As concentrations were 1.9
mg/L and 5.3 mg/L, during S1 and S2, respectively. Canal and Presa showed the lowest concentrations of As in
water with values between < 0.01 mg/L and 0.2 mg/L, respectively. More importantly, 6 out of the 10 water samples
were above the maximum permissible levels of As in water for irrigation, recreation and protection of aquatic life
(CCME, 2001; DOF, 1989). All contaminated water samples were collected from Club de Tiro, Abrevadero and Laguna.
Furthermore, some of these samples were also above the As lethal concentration reported for zooplankton (3 mg/L)
(Chen et al., 1999), highlighting a likely risk for microcrustacean life in the impacted water bodies.
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As concentrations in water simples, in squares the data of sampling 1 and in triangles the data of sampling 2,
additionally the maximum permissible As concentration in natural waters (0.2 mg/L) in Mexico (DOF, 1989) as well
as the As lethal concentration for zooplankton (3 mg/L) are presented in dotted lines (Chen et al., 1999).

Figure 3 shows total As concentration in sediment samples for contaminated and non-contaminated sampling sites.
Total As concentrations in sediment were 2472.84 ± 611.48 mg/kg at Club de Tiro, 553.48 ± 9.11 mg/kg at Laguna,
and 10.37 ± 5.39 mg/kg at Presa, which largely exceed the international guideline values for As in sediments for
quality purposes (5.9 mg/kg) (CCME, 1999) as well as the probable effect level of As for freshwater aquatic
organisms (17 mg/kg) (CCME, 1999; EPA, 2002a). So far, up to date, no regulations are available in Mexico for
sediment quality. Additionally, a high mobility of As, from the sediments, was found in this study, which accounted
for 47.20% of the total As at Club de Tiro, 52.19% of the total As at Laguna, and 100% at Presa as determined by the
recovery of As using 1% HNO3. Considering that As recoveries in acid digestions using concentrated acids (> 65%) are
between 85 and 99.9% (Davidowski and Sarojam, 2012), As mobility at Club de Tiro and Laguna using mild acid
might have been limited by the experimental conditions (solid to solution ratio and reaction time), highlighting the
possibility of being higher than the values obtained in this study and the risk of the samples. We also found that the
mobile As was actually As(V). No methylated As (III) species were found in sediments. This, likely due to the minerals
that were suggested to control the mobility of As in the study area, which accounted for calcium arsenates (Martínez-
Villegas et al., 2013). Similarly, in this study, the oxidation state of As was + 5.

Total As concentration in sediment samples, recovery percentages of As in sediment digestions using 1% HNO3 and
the maximum permissible concentration of As for the protection of healthy aquatic systems (17 mg/kg) is presented
in red dotted line (CCME, 1999).

Table 2 shows the ecological indicators for each sampling site and time. Abundance ranged from 0 to 25.17 org/L,
richness was between 0 and 4, and Shannon index   ranged from 0 to 1.24, showing that the site with the greatest
species richness was Laguna. For Canal, we found absence of zooplankton likely due to the water �ow that may
complicate the survival of the organism in the stream of the channel. Typically, Shannon index values are between 2
and 3, values less than 2 are considered low in diversity and greater than 3 are high in species diversity (Margalef,
1972). Therefore, the sampling sites studied here exhibited low diversity, with Club de Tiro exhibiting the lowest
diversity, with Shannon indexes of zero at two sampling campaigns.
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Table 2
Ecological indicators obtained from microcrustaceans samples.

Site

[As mg/L]

Sampling Abundance (org/L) Richness Shannon Index

Club de Tiro

38.98–53.23

S1 0.32 1 0

S2 25.17 1 0

Abrevadero 1.62–5.91 S1 1.45 3 0.49

S2 0.25 1 0

Laguna

1.9–5.3

S1 3.91 4 0.67

S2 2.49 4 0.89

Presa

0.01–0.2

S1 11.54 4 1.24

S2 7.88 2 1.12

Canal

< 0.01

S1 0.21 2 0.19

S2 0.00 0 ND

Table 3 shows the cladoceran (Crustacea; Branchiopoda: Ctenopoda, Anomopoda) and copepod (Crustacea:
Copepoda, Cyclopoida) species inhabiting the surveyed systems in both sampling periods.

In non-contaminated sampling points (0.0-0.2 mg/L), 5 species of microcrustacean were found (Simocephalus
punctatus, Alona glabra, Eucyclops leptacanthus, Macrocyclops albidus and Pleuroxus (Picripleuroxus)
quasidenticulatus). In the moderately contaminated sampling points (1.61–5.91 mg/L), 4 species were found
(Latonopsis australis, Pleuroxus (Picripleuroxus) quasidenticulatus, Eucyclops chihuahuensis, Acanthocyclops
americanus Paracyclops chiltoni), while in the most contaminated sampling point (up to 53.23 mg/L) only one
species was found (Pacacyclops chiltoni).

Additionally, two species were found to cohabite As free and contaminated water, namely Pleuroxus (Picripleuroxus)
quasidenticulatus and Macrocyclops albidus. One species was found cohabiting As moderately contaminated and
highly contaminated water, while 4 species were found only in non contaminated water. Large species like
Simocephalus punctatus (Cladocera: Anomopoda) were the most abundant in absence of As (6.06 org/L), whereas
smaller microcrustacean, like the copepod Paracyclops chiltoni (Copepoda: Cyclopoida), inhabiting the most As
contaminated water, showed an abundance up to 25.17 org/L, which was, in turn, the highest abundances found
among all sampling points.



Page 9/20

Table 3
Microcrustacean species inhabiting non-contaminated and contaminated freshwater in Matehuala, San Luis Potosi,

Mexico.
Level
of As
(mg/L)

Sampling
point

Specie Distribution* Highlights

0.00–
0.02

Presa Simocephalus
punctatus
(Orlova-
Bienkowskaja,
1998)

Canada, U.S.A., and
North of Mexico
(Nearctic species).

Intermediate alkalinity ranged from 100–
170 mgCaCO3/L; zooplankton of longer
body size with abundances ranged from
10–100 org/L.

Presa Alona glabra

(Sars, 1901)

South America and
some localities in
Central Mexico.

Presa Eucyclops
leptacanthus
(Kiefer, 1956)

South and Central

America, and North
of Mexico.

Presa and
Canal

Pleuroxus
(Picripleuroxus)
quasidenticulatus

(Smirnov, 1996)−

Cosmopolitan,
recorded in Europe,
Asia, North, Central
and South America.

Canal Macrocyclops
albidus albidus

(Jurine, 1820)+

Cosmopolitan, in
North, Central and
Southeastern of
Mexico.

1.61–
5.91

Laguna Latonopsis
australis

(Sars, 1888)

Presumably
cosmopolitan,
probably a species
complex.

Low alkalinity from 11 to 190
mgCaCO3/L; zooplankton of medium
body size, with abundance ranged from 0
to < 10 org/L.

Laguna Macrocyclops
albidus albidus

(Jurine, 1820)+

Cosmopolitan, in
North, Central and
Southeastern of
Mexico.

Laguna Acanthocyclops
americanus

(Marsh, 1893)

Considered as a
cosmopolitan
species.

Abrevadero
and
Laguna

Pleuroxus
(Picripleuroxus)
quasidenticulatus

(Smirnov, 1996)−

Cosmopolitan,
recorded in Europe,
Asia, North, Central
and South America.

* Distribution and body size data found in the Barcode of Life Data System v4 database (BOLD, 2021).

−,+ Species found in two sites and different concentrations of As.
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Level
of As
(mg/L)

Sampling
point

Specie Distribution* Highlights

Abrevadero
and
Laguna

Eucyclops
chihuahuensis

(Suárez-Morales
and Walsh, 2009)

Possibly endemic to
a few localities in the
North of Mexico.

5.91–
53.23

Abrevadero
and Club
de Tiro

Paracyclops
chiltoni
(Thomson, 1883)

Cosmopolitan, widely
distributed in North
and South America.

High alkalinity from 220 to 300
mgCaCO3/L; zooplankton of short body
size, with abundance ranged from 1 to 60
org/L.

* Distribution and body size data found in the Barcode of Life Data System v4 database (BOLD, 2021).

−,+ Species found in two sites and different concentrations of As.

Figure 4 shows the PCA. PC1 (38.31%) combined electrical conductivity, salinity, alkalinity, As and abundance, while
the PC2 (28.39%) combined pH, richness and Shannon index. These two main components explained 66.70% of the
total variability of the data. Table 3 shows the parameter coe�cients to each principal component.

Figure 4 and Table 4 suggest that PC1 was a factor that combined abiotic and biotic aspects related to mineral
solubility and abundance of zooplankton, which was supported by a positive correlation between the level of
electrical conductivity and salinity, as well as salinity and abundance and alkalinity and As (Table 5). Salinity is
considered one of the most important environmental factors that shapes the biodiversity and abundance of
zooplankton (Ojaveer et al., 2010; Perumal et al., 2009; Yuan et al., 2020). It has been reported that the groups of
zooplankton most affected by salinity are rotifers and cladocerans, showing a decrease in their abundances and
diversities (Ojaveer et al., 2010; Yuan et al., 2020). On the other hand, copepods show little effect on abundance with
increasing salinity, and even positive correlations have been reported between salinity and abundance of copepods in
freshwater (Perumal et al., 2009), as in the case of this work. In this study, electrical conductivity showed a
relationship with salinity as a result of calcite and gypsum dissolution. In the study area, water evaporation and
mineral dissolution explain the positive correlation between the concentration of As and alkalinity as well (Table 5).

PC2 was a biotic factor related to pH, which was supported by a positive correlation between pH and richness. It has
been reported that, although zooplankton organisms show a high degree of tolerance to changes in pH, negative
effects in abundance and richness have been related to moving away from neutrality (Echaniz et al., 2012).

PCA biplot showing PC1 and PC2 as well as the contribution variables of each component. The physicochemical and
ecological variables are presented in blue and the sampling sites in red.
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Table 4
Extracted eigenvectors.

  Coe�cients of PC1 Coe�cients of PC2

Abundance 0.36559 0.26023

Shannon 0.21621 0.36870

Richness -0.07763 0.46492

T 0.05217 -0.21034

pH -0.20972 0.47342

EC 0.44508 0.17796

DO -0.34911 -0.13026

Alk 0.38742 -0.31489

Sal 0.41569 0.21547

As 0.35213 -0.34292

Table 5
Pearson’s correlation matrix between ecological and physicochemical parameters, showing values > 0.5 in red and

<-0.5 in blue.

  Abundance                

Shannon 0.5326 Shannon              

Richness 0.2623 0.5277 Richness            

T -0.1504 0.0847 0.1367 T          

pH -0.0706 0.1243 0.5687 -0.5386 pH        

EC 0.8075 0.4491 0.0299 -0.0823 -0.1309 EC      

DO -0.4005 -0.2664 -0.0354 0.1027 -0.1218 -0.5328 DO    

Alk 0.3017 0.1005 -0.6239 0.0647 -0.7276 0.4316 -0.4161 Alk  

Sal 0.5963 0.5067 0.0745 -0.0208 0.0398 0.8536 -0.6225 0.3780 Sal

As 0.1966 -0.1773 -0.3765 0.3923 -0.6856 0.3941 -0.4567 0.7549 0.3429

In this survey, the cosmopolitan P. chiltoni probed to be a copepod highly tolerant to extremely high concentrations of
As. The presence of P. chiltoni has been recorded in systems with different trophic states and in the littoral or
planktonic habitats in worldwide freshwater systems (Lansac-Tôha et al., 2002). In this study, P. chiltoni was the only
species inhabiting a system with more than 50 mg/L of As with Shannon Indexes of zero. That is, P. chiltoni seems to
be resistant to severe stress and thrive in extreme conditions, providing additional evidence as an extremophile
crustacean as previously reported in Mendoza-Chávez et al., (2021).

Based on the results from this study, 4 species inhabiting the Canal and Presa (Simocephalus punctatus, Alona
glabra, Eucyclops leptacanthus and Macrocyclops albidus) may exhibit potential as likely bioindicators vulnerable to
As contamination and alkalinity. Species of the genus Simocephalus, S. mixtus and S. serrulatus have been reported
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(Martínez-Jerónimo et al., 2008; Nogueira et al., 2008) to show great sensitivity in toxicological tests and bioassays,
even with better sensitivities than the commonly used tested Daphnia. Therefore, we suggest Simocephalus
puntactus as a likely bioindicador for As contamination in freshwater, genus that meet the characteristics of
bioindicators, such as short life cycles, diverse feeding habits, small sizes and high reproductive rates (Chakri et al.,
2014; Murugan and Sivaramakrishnann, 1973; Sharma and Pant, 1982). Especially because, unlike Daphnia, the
species recommended for toxicity tests in the country's regulations, this species is distributed in Mexico (Elias-
Gutierrez et al., 2008; Young et al., 2012).

On the other hand, species inhabiting water contaminated with As, such as Latonopsis australis, Pleuroxus
(Picripleuroxus) quasidenticulatus, Eucyclops chihuahuensis, Acanthocyclops americanus and Paracyclops chiltoni,
could be studied in the future to better understand As methylation in freshwater organisms, as well as their possible
adaptations to survive.

Conclusions
As contamination in freshwater and sediment from Matehuala account for up to 53.23 mg/L and 2472.84 mg/kg,
respectively. Such values are orders of magnitude higher than the Mexican guidelines for the protection of aquatic
life (0.2 mg/L and 17 mg/kg). Yet, microcrustaceans, as the extremophile P. chiltoni, were found in this contaminated
environment, while Simocephalus punctatus, Alona glabra, Eucyclops leptacanthus and Macrocyclops albidus
inhabiting As free freshwater in the study area could served as bioindicators of As contamination conditions,
especi�cally, the species S. punctatus, whose genus has shown good results in ecotoxicology. Microcrustacean
species reported in this study offer opportunities to better understand the incorporation of As in the trophic chain and
likely morphologic/genotypic As adaptations.

Declarations
Acknowledgements

Thanks to María Del Carmen Rocha and Mercedes Zavala for providing access to IPICYT facilities. We are grateful to
Dr. Adrién Mestrot and Dra. Karen Viacava from Universität Bern for the determination of total As in sediment
samples and As speciation analyses. To anonymous reviewers for their helpful comments on the original
manuscript. This work was supported by the Royal Society (Grant No. NA140182). YJMC thanks to Consejo Nacional
de Ciencia y Tecnología (Fellowship No. 405590). N.V.M. is thankful to Consejo Nacional de Ciencia y Tecnología and
British Council-Consejo Potosino de Ciencia y Tecnología for Grant Numbers 7073 and 62908622, respectively.

Funding

This work was supported by the Royal Society (Grant No. NA140182). YJMC thanks to Consejo Nacional de Ciencia y
Tecnología (Fellowship No. 405590). N.V.M. is thankful to Consejo Nacional de Ciencia y Tecnología and British
Council-Consejo Potosino de Ciencia y Tecnología for Grant Numbers 7073 and 62908622, respectively.

Competing Interests

The authors declare that they have no known competing �nancial interests or personal relationships that could have
appeared to in�uence the work reported in this paper.

Author Contributions



Page 13/20

Yadira J. Mendoza-Chavez: Methodology, Validation, Formal analysis, Investigation, Data curation, Writing - original
draft, Writing - review & editing. Jose L. Uc-Castillo: Formal analysis & Investigation. Adrian Cervantes-Martínez:
Methodology, Investigation, Formal analysis, Writing - review & editing. Martha A. Gutierrez-Aguirre: Methodology,
Formal analysis, Writing - review & editing. Nadia Martínez-Villegas: Conceptualization, Methodology, Validation,
Formal analysis, Investigation, Resources, Writing - original draft, Writing - review & editing, Supervision, Project
administration, Funding acquisition.

Data Availability

All data generated or analysed during this study are included in this published article.

References
1. Akter, K.F., Owens, G., Davey, D.E., Naidu, R., 2005. Arsenic Speciation and Toxicity in Biological Systems, in:

Ware, G.W., Albert, L.A., Crosby, D.G., de Voogt, P., Hutzinger, O., Knaak, J.B., Mayer, F.L., Morgan, D.P., Park, D.L.,
Tjeerdema, R.S., Whitacre, D.M., Yang, R.S.H., Gunther, F.A. (Eds.), Reviews of Environmental Contamination and
Toxicology. Springer New York, New York, NY, pp. 97–149. https://doi.org/10.1007/0-387-27565-7_3

2. Alvarado-Flores, J., Rubio-Franchini, I., So�a Sanchez-Avila, A., de Jesos Ramirez-Tlalolin, G., Rico-Martinez, R.,
2019. Arsenic toxicity, bioaccumulation and risk assessment: A case study in Tolimique Dam, Aguascalientes,
Mexico. Cogent Environ. Sci. https://doi.org/10.1080/23311843.2019.1650630

3. BOLD, 2021. Barcode of life data system. URL https://www.boldsystems.org/

4. Cairns, J., Dickson, K.L., 1971. A Simple Method for the Biological Assessment of the Effects of Waste
Discharges on Aquatic Bottom-Dwelling Organisms. J. Water Pollut. Control Fed. 43, 755–772. DOI:
10.2307/25037382

5. Caspers, H., Lloyd, R., Alabaster, J.S., 1981. Quality Criteria for Freshwater Fish. Int. Rev. Gesamten Hydrobiol.
Hydrogr. 66, 443–443. https://doi.org/10.1002/iroh.19810660329

�. CCME, 2001. Canadian Water Quality Guidelines for the Protection of Aquatic Life. Canadian Council of
Ministers of the Environment, Canada.

7. CCME, 1999. Canadian Sediment Quality Guidelines for the Protection of Aquatic Life. Canadian Council of
Ministers of the Environment, Canada.

�. Chakri, K., Hakima, B., Samraoui, B., 2014. Effect of food concentration on the development, growth, reproduction
and total life span of Simocephalus expinosus Koch (Cladocera: Daphniidae). Ann. Biol. Res. 5, 55–58. DOI:
10.21608/EAJBSZ.2013.13502

9. Chen, C.Y., Sillett, K.B., Folt, C.L., Whittemore, S.L., Barchowsky, A., 1999. Molecular and demographic measures
of arsenic stress in Daphnia pulex. Hydrobiologia 401, 229–238. https://doi.org/10.1023/A:1003738427354

10. Davidowski, L., Sarojam, P., 2012. Determination of Arsenic in Baby Foods and Fruit Juices by GFAAS.
PerkinElmer, Inc, USA.

11. De la Lanza-Espino, G., Hernández-Pulido, S., Carbajal-Pérez, J.L., 2011. Organismos indicadores de la calidad
del agua y de la contaminación (bioindicadores), 2da. ed. Plaza y Valdés Editores, México.

12. De, S., Maiti, A., 2012. Arsenic Removal from Contaminated Groundwater. The Energy and Resources Institute
(TERI), India.

13. Do Hong, L.C., Becker-van Slooten, K., Tarradellas, J., 2004. Tropical ecotoxicity testing with Ceriodaphnia
cornuta. Environ. Toxicol. 19, 497–504. https://doi.org/10.1002/tox.20055



Page 14/20

14. DOF, 2011. Análisis de agua - Evaluación de toxicidad aguda con Daphnia magna, Straus (Crustacea -
Cladocera) - Método de prueba.

15. DOF, 1989. Acuerdo por el que se establecen los criterios ecológicos de calidad del agua, CE-CCA-001/89.

1�. Echaniz, S.A., Vignatti, A.M., Cabrera, G.C., Jose, S.B., 2012. Zooplankton richness, abundance and biomass of
two hypertrophic shallow lakes with different salinity. Biota Neotropica 12, 37-44.
 https://doi.org/10.1590/S1676-06032012000200005

17. Elias-Gutierrez, M., Martínez-Jerónimo, F., Ivanova, N., Valdez-Moreno, M., Hebert, P., 2008. DNA barcodes for
Cladocera and Copepoda from Mexico and Guatemala, highlights and new discoveries. Zootaxa 42, 1–42.
https://doi.org/10.11646/zootaxa.1839.1.1

1�. EPA, 2002a. A Guidance Manual to Support the Assessment of Contaminated Sediments in Freshwater
Ecosystems, Volume III - Interpretation of the Results of Sediment Quality Investigations. United States
Environmental Protection Agency, USA.

19. EPA, 2002b. Daphnia pulex and D. magna Acute Toxicity Tests with E�uents and Receiving Waters.

20. EPA, 1994. Method 200.7, Revision 4.4: Determination of Metals and Trace Elements in Water and Wastes by
Inductively Coupled Plasma-Atomic Emission Spectrometry (No. Revision 4.4). U. S. Environmental Protection
Agency, Cincinnati, OH.

21. Fattorini, D., Notti, A., Regoli, F., 2006. Characterization of arsenic content in marine organisms from temperate,
tropical, and polar environments. Chem. Ecol. 22, 405–414. https://doi.org/10.1080/02757540600917328

22. Freitas, E., Rocha, O., 2010. Acute Toxicity Tests with the Tropical Cladoceran Pseudosida ramosa: The
Importance of Using Native Species as Test Organisms. Arch. Environ. Contam. Toxicol. 60, 241–9.
https://doi.org/10.1007/s00244-010-9541-2

23. Gómez-Hernández, A., Rodríguez, R., Lara del Río, A., Aurora Ruiz-Huerta, E., Aurora Armienta, M., Dávila-Harris, P.,
Sen-Gupta, B., Delgado-Rodriguez, O., Del Angel Rios, A., Martínez-Villegas, N., 2020. Alluvial and gypsum karst
geological transition favors spreading arsenic contamination in Matehuala, Mexico. Sci. Total Environ.
https://doi.org/10.1016/j.scitotenv.2019.135340

24. Holt, E.A., Miller, S.W., 2010. Bioindicators: Using Organisms to Measure Environmental Impacts. Nat. Educ. 3, 8.

25. Hong, L., Li, M.-H., 2007. Acute Toxicity of 4-Nonylphenol to Aquatic Invertebrates in Taiwan. Bull. Environ.
Contam. Toxicol. 78, 445–9. https://doi.org/10.1007/s00128-007-9216-5

2�. Hossain, M., Williams, P., Mestrot, A., Norton, G., Deacon, C., Meharg, A., 2012. Spatial Heterogeneity and Kinetic
Regulation of Arsenic Dynamics in Mangrove Sediments: The Sundarbans, Bangladesh. Environ. Sci. Technol.
46, 8645–52. https://doi.org/10.1021/es301328r

27. Jurine, 1820. Macrocyclops albidus (No. TSN 88738). The ITIS Logo Integrated Taxonomic Information System -
Report.

2�. Kiefer, 1956. Eucyclops leptacanthus (No. 351749). World of Copepods.

29. Korovchinsky, N.M., 1992. Sididae & Holopediidae (Custacea: Daphniiformes). SPB Academic Publishing, The
Netherlands.

30. Lansac-Tôha, F., Velho, L., Higuti, J., Takahashi, E., 2002. Cyclopidae (Crustacea, Copepoda) from the upper
Paraná River �oodplain, Brazil. Braz. J. Biol. Rev. Brasileira Biol. 62, 125–33. https://doi.org/10.1590/S1519-
69842002000100015

31. Margalef, R., 1972. Homage to Evelyn Hutchinson, or why there is an upper limit to diversity. Conn. Acad. Arts
Sci. 25.



Page 15/20

32. Marsh, C.D., 1893. Acanthocyclops americanus: On the Cyclopidae and Calanidae of central Wisconsin. Wis.
Acad. Sci. Arts Lett. 9, 189–224.

33. Martínez-Jerónimo, F., Rodríguez Estrada, J., Martínez-Jerónimo, L., 2008. Daphnia exilis Herrick, 1895
(Crustacea: Cladocera). A zooplankter potentially usable as test organism for acute toxicity tests in tropical and
subtropical environments. Rev. Int. Contam. Ambient. 24, 153–159.

34. Martínez-Villegas, N., Briones-Gallardo, R., Ramos-Leal, J.A., Avalos-Borja, M., Castañón-Sandoval, A.D., Razo-
Flores, E., Villalobos, M., 2013. Arsenic mobility controlled by solid calcium arsenates: A case study in Mexico
showcasing a potentially widespread environmental problem. Environ. Pollut. 176, 114–122.
https://doi.org/10.1016/j.envpol.2012.12.025

35. Mendoza-Chávez, Y.J., Uc-Castillo, J.L., Cervantes-Martínez, A., Gutiérrez-Aguirre, M.A., Castillo-Michel, H., Loredo-
Portales, R., SenGupta, B., Martínez-Villegas, N., 2021. Paracyclops chiltoni inhabiting water highly contaminated
with arsenic: Water chemistry, population structure, and arsenic distribution within the organism. Environ. Pollut.
284, 117155. https://doi.org/10.1016/j.envpol.2021.117155

3�. Mercado-Salas, N., Suárez-Morales, 2012. Morfología, diversidad y distribución de los Cyclopoida (Copepoda) de
las zonas áridas del centro-norte de México. II. Eucyclopinae y análisis biogeográ�co. Hidrobiológica 22, 99–
124.

37. Mestrot, A., Feldmann, J., Krupp, E., Hossain, M., Román-Ross, G., Meharg, A., 2011. Field Fluxes and Speciation
of Arsines Emanating from Soils. Environ. Sci. Technol. 45, 1798–804. https://doi.org/10.1021/es103463d

3�. Murugan, N., Sivaramakrishnann, K.G., 1973. The biology of Simocephalus acutirostratus King (Cladocera:
Daphnidae)-laboratory studies of life span, instar duration, egg production, growth and stages in embryonic
development. Freshw. Biol. 3, 77–83. https://doi.org/10.1111/j.1365-2427.1973.tb00063.x

39. Nogueira, M., Oliveira, P., Britto, Y., 2008. Zooplankton assemblages (Copepoda and Cladocera) in a cascade of
reservoirs of a large tropical river (SE Brazil). Limnetica 27, 151–169. DOI: 10.23818/limn.27.13

40. Ojaveer, H., Jaanus, A., Mackenzie, B.R., Martin, G., Olenin, S., Radziejewska, T., Telesh, I., Zettler, M.L., Zaiko, A.,
2010. Status of biodiversity in the Baltic Sea. PloS One 5, e12467.
https://doi.org/10.1371/journal.pone.0012467

41. Orlova-Bienkowskaja, M.Ja., 1998. A revision of the cladoceran genus Simocephalus (Crustacea, Daphniiidae)
64, 1–62.

42. Pelallo-Martínez, N.A., 2006. Comportamiento químico de arsénico en sedimentos de sistemas acuáticos
contaminados (Tesis Doctoral). UASLP, México.

43. Pérez-Legaspi, I.A., Garatachia-Vargas, M., García-Villar, A.M., Rubio-Franchini, I., 2017. Evaluación de la
sensibilidad del cladócero tropical Ceriodaphnia cornuta a metales pesados. Rev. Int. Contam. Ambient. 33, 49–
56. https://doi.org/10.20937/RICA.2017.33.01.04

44. Perumal, V., Mayalagu, R., Perumal, P., Rajasekar, K., 2009. Seasonal variations of plankton diversity in the
Kaduviyar estuary, Nagapattinam, southeast coast of India. J. Environ. Biol. Acad. Environ. Biol. India 30, 1035–
46. 

45. Petrusevski, B., Sharma, S., Schipper, J.C., Shordt, K., 2007. Arsenic in drinking water (Miscellaneous). IRC
International Water and Sanitation Center, Delft, The Netherlands.

4�. Rahman, M.A., Hasegawa, H., Lim, R.P., 2012. Bioaccumulation, biotransformation and trophic transfer of arsenic
in the aquatic food chain. Environ. Res. 116, 118–135. https://doi.org/10.1016/j.envres.2012.03.014

47. Ravenscroft, P., Brammer, H., Richards, K., 2009. Arsenic Pollution: A Global Synthesis. RGS-IBG Book Ser. 1.
https://doi.org/10.1002/9781444308785



Page 16/20

4�. Razo, I., Carrizales, L., Castro, J., Díaz-Barriga, F., Monroy, M., 2004. Arsenic and Heavy Metal Pollution of Soil,
Water and Sediments in a Semi-Arid Climate Mining Area in Mexico. Water. Air. Soil Pollut. 152, 129–152.
https://doi.org/10.1023/B:WATE.0000015350.14520.c1

49. Rodgher, S., Espíndola, E.L.G., Lombardi, A.T. 2010. Suitability of Daphnia similis as an alternative organism in
ecotoxicological tests: implications for metal toxicity. Ecotoxicology 19, 1027–1033.
http://doi.org/10.1007/s10646-010-0484-1

50. Roldán, G., Ramírez, J., 2008. Fundamentos de limnología neotropical, 2nd. ed. Fondo Editorial Universidad
Católica de Oriente.

51. Samadzadeh Yazdi, M.R., Khodadadi Darban, A., 2010. Effect of arsenic speciation on remediation of arsenic-
contaminated soils and waters. Presented at the Proceedings of 15th International Conference on Heavy Metals
in the Environment, Department of Analytical Chemistry, Chemical Faculty, Gdansk University of Technology,
Gdansk, Poland, p. 1071.

52. Sars, G.O., 1901. Contributions to the knowledge of the fresh-water Entomostraca of South America, as shown by
arti�cial hatching from dried material. Arch. Math. Og Naturvidenskab 23, 1–102.

53. Sars, G.O., 1888. Latonopsis australis. World checklist of freshwater Cladocera species.

54. Sharma, P.C., Pant, M.C., 1982. Population dynamics of Simocephalus vetulus (O.F.Muller). J. Plankton Res. 4,
601–618. https://doi.org/10.1093/plankt/4.3.601

55. Smirnov, N.N., 1996. Cladocera: the Chydorinae and Say-ciinae (Chydoridae) of the world. Guides to the
identi�cation of the microinvertebrates of the ContinentalWaters of the world 11. SPB AcademicPublishing,
Amsterdam.

5�. Suárez-Morales, E., Walsh, E., 2009. Two New Species Of Eucyclops Claus (Copepoda: Cyclopoida) From The
Chihuahuan Desert With A Redescription Of E. Pseudoensifer Dussart. Zootaxa 2206.
https://doi.org/10.5281/zenodo.189729

57. Thomson, G.M., 1883. Paracyclops chiltoni (No. 359014). World of Copepods.

5�. Ventura-Lima, J., Bogo, M.R., Monserrat, J.M., 2011. Arsenic toxicity in mammals and aquatic animals: A
comparative biochemical approach. Ecotoxicol. Environ. Saf. 74, 211–218.
https://doi.org/10.1016/j.ecoenv.2010.11.002

59. Viacava, K., Meibom, K.L., Ortega, D., Dyer, S., Gelb, A., Falquet, L., Minton, N.P., Mestrot, A., Bernier-Latmani, R.,
2020. Variability in Arsenic Methylation E�ciency across Aerobic and Anaerobic Microorganisms. Environ. Sci.
Technol. 54, 14343–14351. https://doi.org/10.1021/acs.est.0c03908

�0. Young, S.-S., Ni, M., Liu, M.-Y., 2012. Systematic study of Simocephalus s. str. species group (Cladocera:
Daphniidae) from Taiwan by morphometric and molecular analyses. Zool. Stud. 51, 222–231.

�1. Yuan, D., Chen, L., Luan, L., Wang, Q., Yang, Y., 2020. Effect of Salinity on the Zooplankton Community in the
Pearl River Estuary. J. Ocean Univ. China 19, 1389–1398. https://doi.org/10.1007/s11802-020-4449-6

Figures



Page 17/20

Figure 1

Location of the sampling points: 1) Club de Tiro, 2) Abrevadero, 3) Laguna, 4) Presa, and 5) Canal.
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Figure 2

As concentrations in water simples, in squares the data of sampling 1 and in triangles the data of sampling 2,
additionally the maximum permissible As concentration in natural waters (0.2 mg/L) in Mexico (DOF, 1989) as well
as the As lethal concentration for zooplankton (3 mg/L) are presented in dotted lines (Chen et al., 1999).
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Figure 3

Total As concentration in sediment samples, recovery percentages of As in sediment digestions using 1% HNO3 and
the maximum permissible concentration of As for the protection of healthy aquatic systems (17 mg/kg) is presented
in red dotted line (CCME, 1999).
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Figure 4

PCA biplot showing PC1 and PC2 as well as the contribution variables of each component. The physicochemical and
ecological variables are presented in blue and the sampling sites in red.


