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ABSTRACT. Microanalysis of elemental composition using dispersive energy X-ray is a biomonitoring tool to
identify hazard metals. Using scanning electron microscopy/energy dispersive X-ray spectrometry, we studied
the bioaccumulation of toxic metals in the lorica of diatoms, dinoflagellates, rotifers, cladocerans, copepods and
fish scales in the aquatic ecosystems of northeastern Quintana Roo, Mexico. The study was carried out in the
coastal zone, where samples were collected in 16 exposed bodies of water, including dolines, mangroves and
lagoons. Microanalysis of the most abundant organisms revealed evidence of the presence of essential trace
elements and metals (Ag, Al, Br, Cd, Cu, Fe, Hg, Pb and Zn) in the lorica and scales. Furthermore, interpolation
maps of the northeastern zone of Quintana Roo were produced to pinpoint critical pollution zones of Cd, Hg
and Pb, elements that are deemed toxic to the health of humans and aquatic ecosystems. In conclusion, elemental
microanalysis of species native to the Mexican state of Quintana Roo using X-ray is a powerful tool for aquatic

and toxicological biomonitoring of hazardous metals.
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INTRODUCTION

A Karstic aquifer found in the northern and southern
zones of the Yucatan Peninsula (YP) is the largest
source of freshwater supply for use and consumption in
agriculture and tourism (CNA, 2016). This coastal
hydrogeological system is economically and ecologically
relevant because terrestrial and surface aquatic
ecosystems interact transversally and horizontally and
are the location where most of the anthropogenic
activities take place. Such characteristics make this
karstic aquifer a dynamic and vulnerable spatial unit
whose extension varies because its limits are defined
not only by environmental and geological charac-
teristics but also by political and administrative
concepts (Hernandez-Arana et al., 2015). The increase
in anthropogenic activities in northeastern Quintana
Roo has had adverse effects on aquatic ecosystems, pri-
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marily an increase in organic and inorganic pollution
(Oliva & Fernandez-Espinosa, 2007; Avila et al., 2011;
Metcalfe et al., 2011). Related to this, there is a large
variety of freshwater, saltwater, or brackish ecosystems
in the YP (Schmitter-Soto et al., 2002; Torrescano-
Valle & Islebe, 2015). In these environments, aquatic
species are the link between the abiotic conditions and
other biotic components of the trophic network created
in groundwater-dependent ecosystems. Overall, aquatic
species bridge the gap between primary producers and
secondary consumers. In that direction, a high
biodiversity of aquatic biota has been found in the YP
(Herrera-Silveira & Comin, 2000; Alvarez-Cadena et
al., 2007; Suarez-Morales et al., 2013). Moreover,
previous reports revealed the magnitude of pollution by
metals in aquatic ecosystems in the coastal zone of
Quintana Roo. According to our database of the Project
Conacyt N°2944 (Perez-Yafiez, pers. comm.), we found
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that there are 412 reports of 19 heavy metals reported
in Quintana Roo between 1987 and 2018. Of these
reports, there were 39 for Cd (12% of the data) and 53
for Pb (14% of the data).

An example of this pollution has been reported in
the sea of the Mexican Caribbean, where the presence
of Cd, Cr, Cu, Fe, Ni, Mn, Pb and Zn has been reported
in sediments, water and marine organisms such as fish,
echinoderms, corals and bivalves (Fernandez et al.,
2007). Likewise, Cr, Cu, Fe, Mn and Pb have been
detected in the leaves and rhizomes of marine seagrass
Thalassia testudinum in the coral reef zone of Puerto
Morelos, Quintana Roo (Whelan I1I et al., 2011). The
most studied metal in underground water in the
northeastern zone of the Yucatan Peninsula is Cd.
Indeed, there are reports of Cd concentrations that
exceed the maximum limits permitted by Mexican
regulations (Avila et al., 2012). Cd*? is hazardous to
aquatic organisms and human health. Cd*? is listed
seventh by the Agency for Toxic Substances and
Disease Registry (ATSDR, 2016), and has been listed
by the US Environmental Protection Agency as a
priority contaminant. Cd*? is one of the most toxic
elements to which humans can be exposed at work or
in the environment (Bernard, 2008), causing severe
adverse effects by chronic exposure. However, there
are few studies of other metals and even fewer studies
of metal bioaccumulation in zooplankton, phyto-
plankton and fish in northeastern Quintana Roo. Due to
the lack of eco-toxicological studies and environmental
monitoring of hazard metals, the damage to the
ecosystem and effects on human health due to metals
are unknown in Quintana Roo.

Metals can bioaccumulate and biomagnify in biota
at the primary and secondary trophic levels when they
are persistent and bioavailable (Sternbeck et al., 2002;
Rubio-Franchini et al., 2008). In this regard, heavy
metal is toxic to aquatic species at a level of lethality
when its concentration exceeds the limit allowed in a
water system by environmental legislation (Rainbow &
Luoma, 2011). However, if this limit is not exceeded,
the aquatic species may continue a normal life cycle.
Unfortunately, heavy metals are not biodegradable and
accumulate in biota (Walker et al., 2006), so the aquatic
biota eventually bioaccumulates the metal and reach a
degree of poisoning that is lethal.

Another example related to metal toxicity and
toxicodynamics in aquatic biota is Pb. The ion Pb*? is
generally present in two oxidation states, Pb*? and Pb**,
and Pb*? predominates in aquatic habitats (Landis et al.,
2004). The environmental occurrence of Pb is from
natural sources and anthropogenic activities, and Pb*?
has more industrial and other applications (Mudgal et
al., 2010; Tchounwou et al., 2012). For example,

Rubio-Franchini et al. (2008) suggest that biomag-
nification of Pb through at least one trophic level can occur
in freshwater systems. Biomagnification of Pb detected
in the rotifer Asplanchna brightwellii might be
explained in part by the effects of this voracious
predator on young of the herbivorous cladoceran Moina
micrura.

In light of the significant dangers that result from
metal bioaccumulation, the present study was under-
taken. Using scanning electron microscopy/energy
dispersive X-ray spectroscopy, as an eco-toxicological
biomonitoring tool for hazard metals, we studied metal
accumulation in lorica and scales of aquatic biota.
Lorica is mainly composed of chitin, a polysaccharide
associated with inorganic substances, and is a consti-
tuent of invertebrates such as crustaceans, annelids,
mollusks and insects. Scales are mainly composed of
calcium phosphate and calcium carbonate and are
present in fish (Péqueux & Lignon, 1991; Juarez-de la
Rosa et al., 2015; Gomez et al., 2016). Both tissues are
excellent indicators of bioaccumulation and biomagni-
fication of metals. The presence of metals in the lorica
or scales of aquatic species indicates that they were
exposed to metals during their life cycle. Because they
were bioavailable, the metals were then absorbed by
aquatic biota. Finally, metals are biomagnified in
ecosystems or deposited in the sediments.

MATERIALS AND METHODS

Zooplankton, phytoplankton and fish collection

We analyzed data collected over the period from 2014
to 2016; several random collection campaigns were
undertaken with no seasonal pattern defined for
zooplankton, phytoplankton and fish in dolines, coastal
lagoons and mangrove zones in the state of Quintana
Roo. In total, we analyzed 16 sites. A net with a mesh
clearance of 45 um was used to collect zooplankton and
phytoplankton, following the methodology of Rico-
Martinez & Silva Briano (1993). The collections
correspond to the project Cathedra's CONACYT
N°2944 monitoring of aquatic biodiversity. The 100
mL samples were divided into two halves; 50 mL of the
sample was left unpreserved to keep organisms alive,
and 50 mL were preserved in formalin at 5%. The
identification and separation of the organisms were
carried out using a Stemi and Axiovert stereo
microscope, Zeiss brand. The identification was made
using pictorial and dichotomic keys (Koste, 1978;
Stemberger, 1979; Nogrady & Pourriot, 1995; Nogrady
& Segers, 2002; Elias-Gutiérrez, 2008). Fish were
collected with a 3 mm cast net using the fishing method
by time unit in each site. Fish were preserved in 96%
alcohol and identified at family and genus level. Site
databases, as well as species reported per site, are
broken down in the supplementary material.
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Rotifer cultivation and exposition to Cd and Pb

We cultivate two species of rotifers of sample collected,
to using as groups control in metal detection, scanning
electron microscopy/energy dispersive X-ray. Both
strains were established as monoclonal cultures:
Brachionus cf ibericus Cancun strain (marine
organism) and Lecane bulla (freshwater organism)
collected in northeastern Quintana Roo, and culture in
the laboratory following the protocols by Pérez-
Legaspi & Rico-Martinez (1998). Polystyrene plates
with 24 wells (Costar brand) were used to culture and
maintain the cultures. Rotifers were fed on the
microalga Nannochloropsis oculata (LB2194 strain
from the University of Texas Collection) grown in
Bold’s Basal medium (Nichols, 1973). Rotifers were
incubated in a bioclimatic cabinet (Thermo Scientific
brand) at a temperature of 25 + 2°C, with a photoperiod
of 12 h light:dark cycle. Later, when each well-reached
densities of >100 individuals, the organisms were
transferred to 10 mm Petri dishes and kept for a three
month adaption period before the Cd and Pb exposure
experiments. Water to prepare the culture medium for
L. bulla was reconstituted water or freshwater medium
according to the US Environmental Protection Agency
(1985). Water for the Brachionus cf ibericus Cancun
strain was saltwater prepared at 15.0 g L™ with
RedSea® brand salt.

The metal exposure experiments were performed as
follows. One hundred rotifers of different ages were
placed in 1 mL of culture medium in a 24-well plate
according to the species under study. They were
exposed to Cd and Pb (atomic absorption standards
Fluka® brand at a nominal concentration of 1 mg mL*
concentration in 2% HNO3) for 24 h under culture
conditions, with three replicas for controls without
metals. At the end of the experiment, the organisms
were washed six times with deionized water (three
rounds in a vortex for 3 min per wash) and then
microcentrifuged to concentrate the specimens at the
bottom. Next, the samples were preserved in 5%
formalin and placed in an Eppendorf tube in a final
volume of 1 mL. Finally, the Eppendorf vials of each
experiment for the species and each toxicant were
processed for analysis with scanning electron
microscopy/energy dispersive X-ray spectrometry
(SEM/EDS), based on the protocol by Alvarado-Flores
& Rico-Martinez (2017).

Micro and macroelement analysis by scanning
electron microscopy/energy  dispersive  X-ray
spectrometry (SEM/EDS)

The analysis of organisms from environmental samples
and laboratory-cultured rotifer strains was carried out

based on the protocols of Alvarado-Flores & Rico-
Martinez (2017). The organisms from the environ-
mental samples included: Phytoplankton (3 diatoms, 4
dinoflagellates), Zooplankton (13 cladocerans, 22
copepods, 39 rotifers) and three fishes. There were 27
Brachionus cf ibericus Cancun strain and 24 Lecane
bulla Cancun strain laboratory cultures. Initially, all
samples were dehydrated with gradual concentrations
of alcohol (60, 70, 80 and 96%) for 30 min in each
alcohol in a refrigerator at 4°C. Excess moisture was
eliminated with liquid CO- using a critical point dryer.
Determination of the elements included the entire
cuticle and scales of the fish, being careful to preserve
the integrity of the mounted organisms and using the
best conditions for the analysis. Then, the samples were
covered in a gold layer using a DESK Il camera to run
the analysis and take the photographs. Microanalysis of
the elemental composition was represented by
histograms and images of the distribution of the
chemical elements in the samples; the spectrum was
obtained using a software program (INCA suite 3.04,
Oxford 2.6 statistical instrument) that captures the
photons emitted by the samples for a specific time and
classifies them according to their energy. Microanalysis
conditions were as follows: accelerating voltage =
20.00 kV; live time = 50 s; elevation = 35; number of
iterations = 4-6. The spectrum appears as a histogram
in which the x-axis represents energy units (kilo
electron volts), and the y-axis represents intensity. The
X-ray penetration range of 1,000 nm. The average
penetration range in X-ray analyses is 2.275 pm
(Segura-Noguera et al., 2012). INCA suite 3.04 was
used for the quantitative analyses (the total composition
percent of the detected elements). This technique is
both qualitative and quantitative (Sigee et al., 1998;
Newbury & Ritchie, 2013: Alvarado-Flores & Rico-
Martinez, 2017).

Spatial representation and data analysis

A database was compiled with the elemental
composition data and the geographic location of the
species. This database was applied for descriptive
statistics. The Kruskal-Wallis and one-way variance
analysis (ANOVA) tests were run using the software
program Statistica 7.0 (Statsoft Inc., 2004) to determine
the elemental composition by taxonomic group
(supplementary material). Interpolation maps for Cd,
Hg and Pb detected in the aquatic biota were produced
using QGIS 2.14.0 Essen software. Raster interpolation
and clipper extraction were carried out; color
interpolation was linear using single-band pseudocolor
rendering, whereas the weighting of the interpolation
was inverse to the distance (IDW) using the Neighbor-
Joining Algorithm.
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RESULTS

The SEM/EDS X-ray images of six groups of aquatic
biota revealed a complex, layered microstructure and
artifacts (Fig. 1). However, the deposition of elements
always depended on biochemical and physiological
processes. In this study, we used the lorica and scales
as indicators of metal accumulation. The quality of
images was related to working conditions (supporting
grid, the microscope chamber and the protection layer)
and origins (all samples were from the environment).
The composition of elements in lorica and scales of the
six groups are shown (Tables 1-2).

The lorica and scales of Quintana Roo aquatic biota
contain macroelements Ca, K, Na, Mg, P, S and Si,
microelements Al, Cl, Cu, Mn and Zn, and hazardous
metals (considered toxic for human and aquatic biota
health) Cd, Hg and Pb. The elemental composition
percentages between the taxonomic groups (diatoms,
dinoflagellates, rotifers, cladocerans, copepods and
fish) are statically significantly different (P < 0.05).
The basic statistical descriptions are shown in Tables 1
and 2, and the detailed statistics are available in the
supplementary data for all the species. Out of 95
specimens, global metal detection in biota is as follows:
Alin42,Brin4,Cdin2,Cuinl8,Feinl,Hgin2, Pb
in19 and Znin 2.

The high abundance of C and O as major
constituents is evident. The next highest abundance
metals were Ca and Si. As shown in Table 1, the highest
weight % of Hg is in cladocerans, the highest weight %
of Pb is in rotifers, and Cd has the same weight % in
cladocerans and copepods. As shown in Table 2, Pb has
a lower % weight in dinoflagellates than in fish. In
general, macroelements Ca, Na, Mg, S, Si and P are
statistically significantly different (P < 0.0001)
between the six groups of aquatic biota, whereas K (P
= 0.4845) is not. Microelements Al (P = 0.0084) and CI
(P = 0.0189) are statically significantly different, and
Cu (P =0.4499) is not. Pb was the only metal in which
statistically significant differences were noted between
the six groups (P = 0.0008).

Cd was detected in cladocerans (Ceriodaphnia
cornuta) and copepods (Harpaticoidea spp.), whereas
Hg was detected only in the Cladocera C. cornuta. Pb
was mainly found in the rotifers Brachionus, Lecane
and Keratella, as well as in two diatoms (Navicula sp.,
Cocconeis sp.) and two dinoflagellates (Pinnularia sp.,
Ceratium sp.) Overall, Pb was the most abundant metal
recorded for the biota, followed by Cd and Hg.

The animal group accumulated Cd, Hg and Pb in the
zooplankton group consisting of rotifers, cladocerans
and copepods, whereas the phytoplankton group
consisting of diatoms and dinoflagellates, as well as the

fish group, only accumulated Pb. Differences in the
detection of groups of aquatic species helped us to
understand the distribution of Cd, Hg and Pb, in the
state of Quintana Roo, mainly, using an analysis of
spatial patterns distribution of detected metal
concentrations (shown in the interpolation maps of
metals in Fig. 2).

The interpolation of metals Cd, Hg and Pb detected
in aquatic biota reveals patterns of metal distribution
that are also observed for northeastern Quintana Roo.
Cd and Hg are located between Puerto Morelos and
Benito Juarez in northeastern Quintana Roo, whereas
Pb is located along the entire coastline of Quintana
Roo.

As a control experiment, we also studied the
presence of Cd and Pb using microanalysis of two
laboratory rotifer species intoxicated for 24 h at 1 mg
L. We found that Cd was not detected in either of the
two species compared with the non-intoxicated control
organism. Pb was detected in 15 out of 15 Brachionus
cf. ibericus Cancun strain, and significant differences
compared with non-intoxicated organisms were
observed (P = 0.03). For Lecane bulla, Pb was detected
in only one of 16 specimens (see Tables 3 and 4 for
details of the elemental percentage composition of the
intoxicated and non-intoxicated groups). The presence
of Pt, Rb and Au in animals is a product of
contamination during the gold-coating process for
which these metals are used.

DISCUSSION

The elemental microanalysis of the lorica of rotifers,
cladocerans, copepods, dinoflagellates, diatoms and
fish scales in northeastern Quintana Roo is an ideal
qualitative tool for toxicological biomonitoring of
pollution by metals. This method allowed us to identify
the presence of hazardous metals Cd, Hg and Pb, as
well as micro- and macro elements (Al, Ca, Cl, Cu, K,
N, Mg, Mn, P, S, Si and Zn).

The biota absorbs elements for structural and
physiological functions, and lorica, due to its
characteristics, contains most of the elements present in
water (Péqueux & Lignon, 1991; Juarez-de la Rosa et
al., 2015). In general, Rotifera has 82%, Cladocera,
68.2%, Dinoflagellata, 54.5%, such as fishes and
diatoms 36.4%. All the elements recorded in the 95
specimens studied have already been reported in
hydrogeology studies carried out on underground water
in the YP (Schmitter-Soto et al., 2002; Gondwe et al.,
2010; Sanchez-Sanchez et al., 2015). Therefore, our
results confirm our research hypothesis that lorica and
scales of the aquatic biota of Quintana Roo are
indicators of organic pollutant bioaccumulation.
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Figure 1. Arepresentative example of X-ray spectra microanalysis of aquatic biota. a) SEM image of Brachionus cf ibericus
Cancun strain, b) its spectrum of elemental composition, ¢) SEM image of Lecane bulla, d) its spectrum of elemental
composition, €) SEM image of specimens of copepods, f) its spectrum of elemental composition, g) SEM image of scales
of Fish of Gambusia yucatana, h) its spectrum of elemental composition.

Considering metal pollution, Pb was one of the most
common elements identified in some taxonomic
groups, which suggests that it is biomagnifying. In
contrast, Cd and Hg were detected only in cladocerans
and copepods. The presence of these metals in aquatic
biota is consistent with reports of metal in Quintana

Roo. The presence of Cd and Pb has been reported in
the Mexican Caribbean Sea (Fernandez et al., 2007).
Furthermore, Pb has been detected in leaves and
rhizomes of the marine seagrass Thalassia testudinum
in the coral reef zone of Puerto Morelos, Quintana Roo
(Whelan 111 et al., 2011). However, it is important to
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Table 1. X-ray diffraction elemental analysis of the
composition of groups of aquatic biota of northeastern
Quintana Roo, Mexico. Values are mean + standard
deviation.

Element G\lcan)  Cowhign)  (hweight)
Cc 55.74+2.26  58.26+1.18 60.41+10.31
) 41.05+£2.20 38.86+0.99 31.76 £ 6.84
Al 0.24+0.21 0.52+0.9 0.11+0.03
F 0 3.28 0
Na 0 0 0.20+0.08
Mg 0.20+0.05 0.28 +0.06 0.17+0.11
Si 0.65+0.67 0.15+0.04 0.41+0.33
P 0 0.31+0.13 0.85+0.43
S 0.44 0.30+0.12 1.26 + 1.06
cl 0.11+0.04 0.11+0.01 0.23+0.26
K 0 0 0.22+0.28
Ca 1.64 +1.08 1.42+0.42 1.40 +0.96
Cu 0.32+0.02 0.35+0.11 0.43+0.14
Br 0.23+0.02 1.46+1.42 0
Zn 0 0 0.96
Fe 0 0 0.21+£0.07
Cd 0.14 0.14 0
Pb 0 0 0.36 £0.09
Hg 0.64+0.33 0 0
Au 5.47 0 577+381
Rb 0.25 0 0.21
Pt 0.69 0.72 0.73

quantify the metal concentration in tissue to determine
the magnitude of bioaccumulation and biomagni-
fication and the risk posed by Cd, Hg and Pb for the
ecosystems of Quintana Roo (Mackay et al., 2018).

The evidence provided by our results indicates that
all of these elements detected in the biota are related to
the hydrogeochemistry of water. In this sense, in
northeastern Quintana Roo, saline intrusion (close to
the coastline), rock decoupling and anthropogenic
pollution have been identified (Perry et al., 1989;
Schmitter-Soto et al., 2002; Beddows et al., 2007;
Gondwe et al., 2010; Hernandez-Terrones et al., 2011;
Metcalfe et al., 2011). For example, rock dissolution
takes place in karstic systems as a result of the mixing
fresh, and salt water is dissolving carbonates, as well as
other processes (e.g., redox, organic oxidation and
sulfate reduction), to produce a series of caverns and
interconnected passages (Smart et al., 2006). In the
state of Quintana Roo (Corridor Sian Ka'an-Bacalar),
four types of water have been detected: calcium-
bicarbonate (Ca-HCO3) in places with limestone rocks,

Table 2. X-ray diffraction elemental analysis of the
composition of the aquatic biota of northeastern Quintana
Roo, Mexico. Values are mean * standard deviation.

Element Dl(g/(:fxlfsgieglr%es (% \':\;Sihght) (02 I\?\}éjirgr]rft)
C 4080 +3.47 4721965 1931%2.62
0 39.24+157 30.87+5.24 54.63+1.65
Al 0.10 £ 0.02 0 0.12
N 0 26.09 0
Na 2.86+108 0124004 0
Mg 0.42+008  0.30%0.10 0.13
si 1.45 + 0.67 0 713541
P 0 6.04 +3.42 0
s 379+186  0.45%005 0
cl 054+022  0.20+0.09 0
K 0.21 +0.07 0 0
Ca 595+105 9924622 16.67+6.48
Cu 0 0 0.32+0.07
Pb 052+008  0.81+0.19 0
Ag 0 7.51
Au 4414038  7.33:+4.68 5.49

calcium magnesium chloride (mixed Ca-Mg-Cl) in
gypsum intermingled with limestone rocks, calcium
sulfate (Ca-SOs) in zones of evaporitic materials, and
sodium chloride (Na-Cl) close to the coastal zone
(Sanchez-Sanchez et al., 2015). Overall, the elemental
composition detected in the aquatic biota is related to
the chemical composition and mineral elements in
water, including hazardous metals. For example,
cadmium salts (cadmium chloride, cadmium sulfate
and cadmium nitrate) are water soluble, but other
insoluble components can become more soluble by
interaction with acids, light or oxygen (ATSDR, 2016).
Although the YP has mainly calcium carbonate water,
the co-existing reductive conditions in sulfate-rich
waters in some coastal areas (Sanchez-Sanchez et al.,
2015) can provide acidic conditions that could mabilize
cadmium that would otherwise not be available. In this
way, the biota and its elemental composition are related
to the hydrogeochemistry of water. For example, in
diatoms and marine dinoflagellates, the presence of Ca,
K, Mg, P, S and Si has been reported as part of the
composition of their body structure (Segura-Noguera et
al., 2012). Also, variations in the concentrations of Ca,
Cl, K, Na, Mg, P, S and Si in Ceratium hirundinella are
caused by seasonality (Sigee et al., 1998). Moreover,
Barkacs et al. (1999) report that Ca, Cu, Fe, K, Mn and
Zn are present in freshwater microalgae species.
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Figure 2. Cd, Hg and Pb interpolation mapping using QGis software. Weighting is inverse to the distance (IDW) using the
Neighbor-Joining Algorithm. Dark colors indicate high values; light colors indicate low values (see details in the colors

bands).

Table 3. X-ray diffraction elemental analysis of the composition of Brachionus cf. ibericus (strains Cancun) in control
organisms and organisms intoxicated with Cd, Cr and Pb. Values are mean =+ standard deviation and coefficient of variation

(CV%).
Not intoxicated Intoxicated
Element (% weight) CV% (% weight) CV%
C 60.76 + 2.27 3.73 59.21 +6.59 11.14
N 0 0 27.41 0
0 40.26 +11.91 29.59 32.27+7.78 24.12
Na 1.06 +1.24 117.21 0.65+0.74 114.1
Mg 0.49 +£0.86 175.47 0.21+0.27 128.63
P 0 0 0.54 +£0.06 11.9
S 0 0 1.75+1.57 89.7
Al 0.15+0.05 35.28 0 0
Cl 1.17+1.32 113.34 0.83+1.05 127.41
K 0 0 0.08 0
Ca 0.65+0.80 124.4 0.62 £ 0.55 88.91
Cu 0 0 0.26 £ 0.03 12.96
Zn 0.32+0.1 31.59 0.52+0.34 66.38
Au 0 0 6.18 +5.22 84.45
Pb 0 0 1.74+254 145.83
Pt 3.47 £3.76 108.41 0.60 £ 0.04 6.77

Analysis of the pattern of distribution of metals in
our results suggests that the presence of Cd, Hg and Pb
in the biota is an indicator of pollution in the aquatic
ecosystems of northeastern Quintana Roo. The aquatic
biota organisms have Pb in their lorica and scales, with
the highest levels of Pb bioaccumulation in aquatic
biota in the coastal zone. On the other hand, the highest
Cd accumulation was in organisms are in the species

inland from the continent in the northwest direction.
Besides, the highest Hg bioaccumulation was on the
mainland heading northeast, near the coastal area (Fig.
2). Insummary, the coastal and continental zones of the
northeast and northwest Quintana Roo are conta-
minated by Cd, Hg and Pb. Indeed, these zones have
substantial anthropogenic activity, as seen by the
results of metal pollution studies by Fernandez et al.
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Table 4. X-ray diffraction elemental analysis of the
composition of Lecane bulla (strains Cancun) in control
organisms and organisms intoxicated with Cd, Cr and Pb.
Values are mean * standard deviation and coefficient of
variation (CV%).

Not intoxicated o,  Intoxicated 0
@ weigh) SV ©pweighty VP

C 64.09 £ 0.78 122 6554+123 1.87

0] 34.21+1.10 321 3275+178 5.43

Element

F 0 0 5.42 0
Na 0.55+0.12 2206 0.34+0.14 4155
P 0 0 0.02 +0.06 0
Mg 0.34+0.12 3448 0.24+0.08 31.76
cl 0.55+0.19 43.07 036+0.13 35.85
Ca 0.26+0.11 0 0.50+0.44 87.46
Pb 0 0 0.93 0
Pt 0 0 0.05 0

(2017), Medina-Elizalde et al. (2002) and Whelan 111 et
al. (2011). However, we do not know the adverse
effects of Cd, Hg and Pb on human health and the
aquatic biota of northeastern Quintana Roo. Hence, it is
important that special attention is paid to the
implementation of biomonitoring for the presence of
metals considered toxic for human health and the
ecosystem using ecological indicators. Ecotoxicology
studies on species native to Quintana Roo are also
crucial because Cd, Hg and Pb are extremely toxic and
dangerous metals (DeForest, 2007). Cadmium is of
particularly interest for additional studies because it is
notorious for its high persistence and wide distribution
in underground water in the YP; concentrations ranging
from 0.02 to 0.062 mg L™ have been reported. These
values exceed the maximum permissible limit of 0.005
mg L set by the current Mexican normativity (NOM-
127-SSA1-1994) and the limits of 0.01 mg L™ in water
and 0.1 mg L™ for protection of aquatic life set by the
Ley Federal de Derechos en Materia de Agua (Federal
Law on Water Rights) (Avila et al., 2012). In Quintana
Roo, Hg has been detected in water in the range 0.1 to
0.7 mg L (Rojas-Mingiler & Morales-Vela, 2002),
whereas Pb ranges from 0.0001 to 50 mg L*
(Fernandez et al., 2007).

The laboratory experiments with two rotifer species
demonstrated that Cd does not bioaccumulate under
experimental conditions, and these results agree with
our analyses of rotifer field species. In contrast, Pb does
bioaccumulate, which is also consistent with the results
of the field studies. Accordingly, Pb*? bioaccumulates
in rotifers, but apparently, Cd*? do not. This finding
suggests that the mechanisms of toxicity and
detoxification are different between Cd*?and Pb*2. This
conclusion was drawn from scarce data on bioaccu-
mulation factors (BAF) and bioconcentration factor

(BCF). To expand this information, we revised the
bioconcentration factor (BCF) data and analyzed the
elemental composition of rotifers published in the
scientific literature (Table 4). The BCF is the
concentration of the chemical in the organism divided
by the concentration in the water column or sediment
(depending on the habitat of the model organism) and
is usually calculated in the laboratory (Gobas &
Morrison, 2000; Walker et al., 2006). On the other
hand, the BAF is the concentration of a chemical that a
model organism bioaccumulates through all possible
exposure routes, including dietetic absorption and
transportation  through the respiratory surface
(DeForest, 2007). Particularly for rotifers studies, BAF
is higher than BCF, evidence of biomagnification; in
fact, both factors are valuable as an exposure indicator
because metals are not metabolized.

In conclusion, elemental microanalysis of the
aquatic biota using X-ray is a powerful tool for aquatic
and toxicological biomonitoring of hazardous metals.
The presence of metals in aquatic biota indicates the
following: 1) during their life cycle the biota was
exposed to the metal, 2) the metal was bioavailable in
the water, and 3) biomagnification has occurred as
evidenced by the presence of metals in different groups
of aquatic organisms. Finally, it is important to consider
that the contamination of metals in aquatic ecosystems
is complex. Heavy metals are toxic when the total
bioavailability reaches its maximum limit of
assimilation and excretion. Some heavy metals can be
incorporated into the body and, depending on the
availability; these metals can cause a toxic effect or be
stored to carry out interactions in the body without a
toxic effect (Walker et al., 2006). Once the metal has
accumulated, it can be divided into two forms; namely,
detoxified metal and metal available to play a role in
metabolism (Rainbow & Luoma, 2011). For instance,
the metal enters the body of aquatic biota from any of
the routes of uptake that are initially available
metabolically, but will soon need to be excreted or
inactivated to avoid being toxic. Toxicity occurs when
the rate of uptake of metal exceeds the combined rates
of excretion and detoxification of that metal. Under
these conditions, the metal will remain longer in the
body causing an accumulation that at the time of
exceeding the limits could provoke effects toxic and
harmful to the organism (Rainbow & Luoma, 2011).
Because of these findings, it is important that the water
quality in Mexico be measured from physical, chemical
and biological approaches. Our method is a powerful
alternative tool to understand the movements of metals
in ecosystems, which is information that can be used as
a first estimation of metal pollution and to define
strategies for future investigations and monitored
hazardous metal pollution.
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