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Abstract

:

The Valsequillo reservoir is a Ramsar wetland due to its importance as a point of convergence of migratory waterfowl. It is located in Central Mexico and is currently endangered by the constant spill of municipal and industrial discharges from Puebla city. On this context, we evaluated thirteen potential toxic metals (PTMs) in water, Water hyacinth (E. crassipes) plants and sediments at this site. A combined number of 31 samples were collected from the study area. The degree/extent of metal contamination in sediments was assessed through different geochemical indexes, namely: Geoaccumulation index (Igeo), Enrichment Factor (EF) and Potential Ecological Risk Index (PERI). The ability of Water hyacinth plants residues as a phytodepurator in the Ramsar site was tested in terms of the bioaccumulation factor (BF) and the translocation factor (TF). The results concerning sediments showed that Pb, Cu and Hg pose a threat to the aquatic environment since Igeo and EF indicate sediments ranging from moderately contaminated to contaminated. Moreover, PERI pointed out Hg as the main contributor to the ecological risk in sediments, especially in the part of the reservoir covered by E. crassipes. Water hyacinth plants displayed good capacity to absorb PTMs from the water, since the content of Co, Zn, As, Ni, Cu, Pb, Ti, Cr, Ba, Mo and V in the total plant was (all values in mg/kg of dry weight) 21 ± 9, 408 ± 300, 12 ± 6, 93 ± 21, 93 ± 69, 53 ± 29, 1067 ± 643, 78 ± 55, 362 ± 39, 14 ± 0.6 and 96 ± 35, respectively. Metal content in sediments resembles to that of E. crassipes; especially in the roots, suggesting a constant deposition of plants at the bottom of the reservoir, which contributes to the eutrophication of the water. The present work encourages the need for a sustainable management of Water hyacinth plants in the Ramsar site, since they represent a plague and a natural phyto-depurator at the same time.
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1. Introduction


Ramsar sites are sites that involve wetlands which are considered to be of great importance due to the ecosystem services that they provide [1]. These sites are under pronounced pressure owing to the presence of pollutants such as PTMs. Because of their non-biodegradable nature, persistence, capacity for bioaccumulation, and biomagnification in food chains, these metals are potentially hazardous to aquatic fauna and flora and thus to human life [2]. Toxic metals are released to the environment, mainly because of the natural weathering of the rocks and volcanic activity and because of human activities such as agriculture, mining, and industry [3,4]. The metals can be classified into four large groups according to their degree of toxicity reported in humans: (1) major toxic metals, (2) minor toxic metals, (3) essential metals and (4) metals related to medical therapy [5]. However, all metals can be potentially toxic at some point [6].



The rivers transport suspended particles towards lakes or reservoirs, which may subsequently be deposited into sediments; this is an important route for toxic metals to the reservoirs, as they are frequently attached to suspended particles [2] (Kamari et al., 2017) and they can remain there for a considerable time [7]. Moreover, in the surface sediments there are large environmental variations that can quickly alter different factors such as pH, and temperature. As a consequence, bioturbation (suspension) can also be released from the surface sediments to the water column, which negatively affects the quality of the water [4,8]. The measurement of PTMs in sediments is essential when assessing the potential environmental and ecotoxicological impacts [9]. However, the analysis of PTMs in surface sediments only determines the extent, distribution and possible origin [10]. Therefore, different indexes and factors such as Enrichment Factor (EF), Geoaccumulation Index (Igeo) and Potential Ecological Risk Index (PERI) have been developed and utilized all around the world with the aim of evaluating the possible risk associated with the presence of PTMs in sediments [11,12,13]. These indexes are useful in delineating the PTMs source as an anthropogenic and naturally occurring source, in measuring the degree of contamination in surface sediments and in evaluating the potential risk of individual PTM to the surrounding ecosystem [7,14,15].



Phytoremediation has been utilized as a natural technique to purify wastewaters due to its environmental friendliness, cost effectiveness and the possibility to extract the PTM absorbed by the plants by means of the harvesting [16,17,18]. However, phytoremediation techniques are generally implemented in constructed wetlands to treat wastewater before they are subsequently used or even discharged into the water bodies [19,20,21]. Notwithstanding this, if wastewater-containing PTMs are directly discharged into the rivers or lakes, little can be done to eliminate PTMs from these sites.



In spite of the above, there are some works in which self-purification processes are reported within water bodies with the presence of aquatic plants. Shao-wei studied the self-depuration process in the “Erh-Chung” wetlands in Taipei city, in which domestic and industrial wastewaters, and seepage water from landfills, have caused serious pollution problems. However, Water hyacinth plants covering up to seventy percent of the wetlands acted as a biofilter, accumulating up to 24, 542, 2162, 2617, and 1346 mg/m2 of Cd, Pb, Cu, Zn and Ni, respectively. On the other hand, Chunkao et al. [22] proved that Water hyacinth plants were able to accumulate PTMs such as: (all values in mg/Kg d.w.) Zn (0.04), Pb (0.008), Cu (0.03) and Cd (0.19) in the “Bueng Makkasan” pond of Bangkok City.



Water hyacinth plant is one of the most commonly used aquatic plants for phytoremediation purposes as it is a productive plant and can tolerate considerable variation in nutrients, temperatures, and pH levels [21,23,24]. Some authors have demonstrated that Water hyacinth plants can be efficient in the removal of PTM from contaminated natural water bodies [16,22,25]. This process often occurs without harmful effects on the plant since much of the PTMs is accumulated by adsorption to anionic sites in the cell walls [17]. As a result, the PTMs do not enter the living part of the plant (such as the cell walls) and they can remain stored in the plants for a considerable time [26]. To evaluate the performance of Water hyacinth plants in the water depuration, some authors have proposed factors such as the Translocation factor (TF) and Bioaccumulation factor (BF) [17]. The importance of studying the depuration process through the BF and TF relies on the possibility to determine whether the plant has potential for using it in situ as a water depurator or not [27,28].



Although there are some works related to natural wetlands in which results regarding the concentrations of PTMs are presented, only a few of them evaluated the effect of self-purification in a global way. Valsequillo reservoir located in Puebla City was titled as a Ramsar site (No. 2027) in 2012 as it sustains important fauna and flora—especially Water hyacinth plants—that occupy around 50% of the total area. It has been the receptacle of municipal and industrial wastes for the past few decades that gravely affected the water quality [29]. Therefore, the present work aims to evaluate the Valsequillo Ramsar as a biofiltration system, which carries out a self-depuration process though the action of Water hyacinth plants covering the reservoir. For that purpose, the concentration of thirteen PTMs (As, Ba, Cd, Co, Cr, Cu, Hg, Mo, Ni, Pb, Ti, V and Zn) in water, Water hyacinth plants (E crassipes) and sediments were determined. In addition, the indices and factors mentioned above were also calculated to determine both the quality of the sediments and the ability of the Water hyacinth plants to absorb and transfer PTMs to the different parts of the plant.




2. Materials and Methods


2.1. Study Area


Valsequillo reservoir lying between 18°55’12’’ N; 98°11’24’’ W in the state of Puebla, Central México was built in 1946 with a total surface of 3153.9 hectares [30], a breadth ranging from 2 to 7 km, a length of 15 km and a depth of 2–40 m [31]. The average flow entering the Valsequillo reservoir during the dry season was calculated based on the preliminary values reported by CONAGUA [30]. They were found to be 5.84 m3/s ± 2.7 (n = 38 years) and 0.24 ± 0.12 m3/s (n = 8 years) for the Atoyac River and Alseseca river, respectively. About 88% of the water in the Alseseca River is in fact wastewater (industrial and municipal discharges), while the Atoyac River contains only 26% wastewater and the rest is surface water from natural runoff [32]. The main sources of PTMs in the basin are attributed to natural and anthropogenic activities. The automotive industries discard wastes that contain Cr, Ti, Cd, Pb, Zn, V and Ni in both rivers. Mo and Hg are frequently found in the wastewaters of the textile industry. Ni, V and Co have a significant presence due to pesticides used in agricultural activities. As, Co and Ba are mainly consequences of natural contributions. At the time of its construction, the reservoir had a storage capacity of 404.5 million m3, due to the constant spill of wastes. To date, the reservoir has lost around 56% of its initial capacity [33]. The months of March, April and May represent the dry season [31]. Therefore, in the present work the sampling campaign was carried out on 26 April 2017, since in this month the cumulative effect of the dry season is observed.




2.2. Geological Settings


Valsequillo reservoir located in the High Atoyac basin of Puebla situated in the Trans Mexican Volcanic Belt is surrounded by mountain ridges of Upper Cretaceous limestone and Neogene-Quaternary stratovolcanoes, namely, Iztaccíhuatl (extinct), Popocatépetl (active) and Malinche (dormant). The northern limits of the High Atoyac basin are characterized with Pliocene lacustrine deposits composed of shales and sandstones. Paleozoic metamorphic rocks of the Acatlan complex and Mesozoic terrigenous and calcareous rocks form the basement of this basin [34]. The deposits also include thin layers of volcanic ash, rhyolitic, and basaltic with pumice lapilli. The basin contains volcanic tuffs lahars, lava flows, cinder cones, lacustrine fluvial deposits, and reworked glacial-fluvial materials. The Valsequillo basin is underlined by the bedrock of Balsas group constituting coarse Cretaceous limestone conglomerate cemented together by a matrix of red mudstone [35]. Along the shores of the Valsequillo dam, fluvial, lacustrine, tephras and volcaniclastic deposits are exposed, with fossil remains recovered from the Valsequillo gravels [36].




2.3. Water


2.3.1. Collection of Water Samples


When selecting the sampling points, the inlet and outlet of the system as well as several intermediate points along the Valsequillo reservoir were taken into account. Fourteen sampling points of water were selected, including two in Atoyac River, two in Alseseca River and ten in Valsequillo Reservoir (Figure 1). Due to the Valsequillo reservoir being a flooded river valley, it has different depths of water, which depend on the location; at the time of sampling the maximum depths were the following (all values in meters): ATO01 (~1.4), ATO02 (~1.9), ALSE01 (0.5), ALSE02 (1.0), VAL01 (1.7), VAL02 (3.4), VAL03 (8.7), VAL04 (8.3), VAL05 (9.3), VAL06 (9.5), VAL07 (20), VAL08 (19.8) VAL09 (9.2), VAL10 (15).



Water samples were collected at a depth of 20 cm in 50 mL polypropylene bottles and were preserved at pH 2 with nitric acid (Ultrex® II reagent) and a temperature <4 °C. Later they were transported to Activation Laboratories Ltd. (AcLabs) in Ancaster, Ontario, Canada (ISO 17025 accredited and/or certified to 9001:2008). The water samples were analyzed by using an inductively coupled plasma mass spectrometry (ICP-MS) Ultramass 700 (Varian Inc., Palo Alto, CA, USA,) in order to determine the PTM levels. The detection limits of the method were as follow (all values in µg/L): As (0.03), Ba (0.1), Cd (0.01), Co (0.005), Cr (0.5), Cu (0.2), Hg (0.2), Mo (0.1), Ni (0.3), Pb (0.01), Ti (0.1), V (0.1) and Zn (0.5).



In addition, physicochemical parameters, such as Dissolved oxygen (DO), Hydrogen potential (pH), Electric conductivity (EC), Redox potential (ORP), Temperature (Temp) and Turbidity (Turb) were assessed in situ along each sampling point by using a HACH equipment (Model no: 2100Q & HQ40D, HACH, Loveland, CO, USA). The accuracy of the parameters was ±0.3 °C for temperature, ±0.02 for pH, ±0.03 mg/L for DO and ±1.5 µS/cm for conductivity.




2.3.2. Efficiency of the Removal of Potential Toxic Metals from Water


In the present work, we conceived a biofiltration system on which along with the absorption of PTMs by Water hyacinth, several processes occur which lead to the removal of PTMs from the water. The simplified biofiltration system (coverage of Water hyacinth plants on Valsequillo reservoir) is comprised by two inlets (Atoyac River and Alseseca River), three intermediate points (VAL01, VAL02 and VAL03), a zone of confluence (ZC) between VAL02 and Alseseca River and finally an outlet (Figure 2). Due to the difficulty in accessing the part of the reservoir between the sampling point ALSE02 and VAL03, those points were not considered in the simplified biofiltration system. However, it must be taken into account that the entries to the system through the rivers (sampling points ATO02 and ALSE02) and the outlet of the system (VAL03–VAL10), are the most important for the dimensioning proposed here.



For each sampling point, the removal efficiency was calculated using the Equation (1)


RE= CI−CSPCI



(1)




where:




	
RE = Removal efficiency



	
CI = Potential toxic metal concentration at the inlet



	
CSP = Potential toxic metal concentration at each sampling point








For sampling points VAL01 and VAL02, we considered the inlet (CI) corresponding to the PTM concentrations in Atoyac River; for sampling points VAL03 and the Outlet, the inlet (CI) is the point of confluence (ZC) where the flow from VAL02 and Alseseca River converge. ZC is calculated by using the Equation (2) (weighted average).


ZC=(C1)(WF1)+(C2)(WF2)WF1+WF2



(2)




where:




	
ZC = Zone of confluence



	
C1 = Potential toxic metal concentration in Atoyac River



	
C2 = Potential toxic metal concentration in Alseseca River



	
WF1 = Water flow in Atoyac River



	
WF2 = Water flow in Alseseca River








With the aim of setting a single outlet value for the biofiltration system, the average value of all PTMs in the reservoir section free of E. crassipes (RF) was taken (see Figure 1 from VAL04 to VAL10). For this purpose, the coefficient of variation (CV) of the PTMs levels was obtained for all the sampling points located from VAL04 to VAL10 by using Equation (3).


CV=sm¯×100



(3)




where:




	
CV = Coefficient of variation



	
S = Standard deviation of potential toxic metal content



	
x¯ = Arithmetic mean of potential toxic metal (VAL04–VAL10)








As CV was lower than 20%, the arithmetic mean x¯ of potential toxic metal values from sampling point VAL03 to VAL10 were used as outlets of the system.





2.4. Water Hyacinth Plants (E. Crassipes)


2.4.1. Collection of Water Hyacinth Plants Samples


Several Water hyacinths samples were collected from the study area and transported to Instituto Politécnico Nacional—Centro Interdisciplinario de Investigaciones y Estudios sobre Medio Ambiente y Desarrollo (IPN—CIIEMAD). Water hyacinths samples were washed three times with Milli-Q deionized water without a subsequent washed with deionized acidified water. According to Newete [28], the acid wash eliminates the portion of the adsorbed contaminants such as PTMs. Therefore, by omitting the acid wash, the adsorbed and absorbed portions of the contaminants remain in the plants for further analysis. Later, Water hyacinths samples were separated into aerial parts (sheets and steams) and submerged parts (rhizomes and roots) using a plastic knife (Figure S1). Areal and submerged parts were dried at 105 °C during 48 h. Water hyacinth plants parts were mashed, packed and sent to Activation Laboratories Ltd. (AcLabs) in Ancaster, Ontario, Canada. Mashed samples (~1 g dry weight) were digested with 5 mL of HNO3, 2 mL of HCl, and 0.4 mL HF (Suprapure) and heated up to 180 °C by using a microwave (Mars-6, CEM Corporation, Matthews, NC, USA) during 45 min. The PTMs concentrations were determined using an inductively coupled plasma mass spectrometry (ICP-MS) Ultramass 700 (Varian Inc., Palo Alto, CA, USA). The detection limits of the method were as follow (all values in mg/L): As (3.0), Ba (7.0), Cd (0.3), Co (1.0), Cr (1.0), Cu (1.0), Hg (1), Mo (1.0), Ni (1.0), Pb (3.0), Ti (100), V (2) and Zn (1.0).




2.4.2. Determination of Bioaccumulation and Translocation Factor


Bioaccumulation factor (BF) and translocation factor (TF) were calculated according to Equations (4) and (5), respectively [20,37].


BF=CSCW



(4)






TF=CACS



(5)




where:




	
CW = Concentration levels of each potential toxic metal in water



	
CS = Concentration levels of each potential toxic metal in the submerged part of the Water hyacinth



	
CA = Concentration levels of each PTM in the aerial part of the Water hyacinth








There is not a consensus regarding what the translocation values represent. However for many authors when TF < 0.1 is considered to be an exclusion plant, a TF between 0.1 and 1 is considered to be tolerant and a TF of >1 indicates a hyper-accumulating plant. Ideally, a good phytoextractor should have a TF > 1. It means that the plant is translocating the pollutant into the aerial part and hence is liberating the roots and rhizomes for more pollutant to be absorbed [1,38,39,40]. However, Baker [41] proposed an additional category apart from the one mentioned above, that is an “Indicator” category, which is when uptake and transport of metals to the shoots are regulated so that internal concentration reflects external levels. In other words, a plant is an indicator when metal concentration in it increases proportionally with metal concentrations in the external medium.



In spite of the above, the translocation factor reflects only the ability to transport the metals into the aerial part of the plants. However, the hyperaccumulation property is related to the ability to concentrate metals in their shoots [42].





2.5. Sediments


2.5.1. Collection of Sediments Samples


A sediment sampler (Van-veen grab Wilco of 20 kg capacity) was used to procure a total number of 14 surface sediment samples from the study area (2 in Atoyac River, 2 in Alseseca River and 10 in Valsequillo reservoir). The depths to which the sediments were collected are the following (all values in meters): ATO01 (1.4), ATO02 (1.9), ALSE01 (0.5), ALSE02 (1.0), VAL03 (8.7), VAL04 (8.3), VAL05 (9.3), VAL06 (9.5), VAL07 (20), VAL08 (19.8) VAL09 (9.2), VAL10 (15). The sites where sediment samples were collected, correspond to those of water samples. To calculate the geochemical indices, three local reference samples with no significant external influences (mountainous region) were collected (R1–R3) (Figure 1).



The samples were placed in plastic bags by using a plastic spatula and transported to “Centro Interdisciplinario de Investigaciones y Estudios sobre Medio Ambiente y Desarrollo (CIIEMAD-IPN)”. They were dried at 75 °C and sent to Activation Laboratories Ltd. (AcLabs, Ancaster, ON, Canada) for metal analysis. Powdered samples (1 g) were meshed (size: 200 micrometers) and subjected to total digestion at 260 °C with 3 mL of HCl, 20 mL of HNO3, 5 of HClO4 and 10 mL of HF acids (Suprapure) [43]. Finally, the digestate was analyzed by using an inductively coupled plasma optical emission spectrometry (ICP-OES) Ultramass 715 (Varian Inc., Palo Alto, CA, USA) to determine the metal levels. The detection limits of the method were as follow (all values in mg/L): As (3.0), Ba (7.0), Cd (0.3), Co (1.0), Cr (1.0), Cu (1.0), Hg (1), Mo (1.0), Ni (1.0), Pb (3.0), Ti (100), V (2) and Zn (1.0). Sample replicates (three times) were done with analytical blanks at regular intervals and Geochemical Reference Standard Materials (SDC-1, DNC-1, GXR-1, GXR-4 and GXR-6) were run concurrently with the samples and the recoveries were between (average) 91.3 and 123% for PTM.




2.5.2. Enrichment Factor (EF)


The EF normalizes the measured metal content with respect to a sample reference metal, such as Fe, Sc or Al [44]. Aluminum being one of the main elements of Earth’s crust; it serves as the normalizing element to calculate EFs of PTM and metalloids element [11,44]. In the present work, aluminum was chosen as reference element for geochemical normalization. In addition, aluminum is a major constituent of the fine fraction (i.e., clay and fine silt) of which surface sediments are mainly composed [10,45]. EF was calculated according to Equation (6) [46].


EF=(CM/CAl)sample(CM ref/CAl ref)Background



(6)




where:




	
CM = is the concentration of a PTM in the sample



	
CAl = is the concentration of Aluminum in the sample



	
CM ref = is the concentration of a PTM in the natural background value



	
CAl ref = is the concentration of a Aluminum in the natural background value








Based on standards purpose by some authors [47,48], when EF < 2, there is a minimal enrichment and thus those metals may be entirely from crustal materials or natural weathering processes. The EF value in the range of 2 ≤ EF ≤ 5 shows a moderate enrichment and thus indicates that significant portion of metals is provided by sources other than natural weathering processes. The range of 5 ≤ EF ≤ 10 reveals a moderately to severe enrichment and finally the range of 10 ≤ EF ≤ 25 point to a severe enrichment.




2.5.3. Geoaccumulation Index (Igeo)


The Igeo, originally defined by Müller [13] is a quantitative measure of the metals in surface sediments. The index is mainly a single metal approach to calculate metal accumulation in sediment when the concentration of PTM is 1.5 or greater than their lithogenic background values [49]. The Igeo values were calculated using the Equation (7).


Igeo=Log2(Cn1.5Bn)



(7)




where:




	
Cn = Is the PTM concentration in sediment sample



	
Bn = Is the natural background concentration of PTM n








The factor 1.5 is the coefficient variation of the background data due to lithogenic impacts. The Igeo consists of seven major classes proposed by Ali [50] and Kusin [49], where: Igeo ≤ 0 indicates no contaminated; 0 ≤ Igeo ≤ 1 indicates uncontaminated to moderately contaminated; 1 ≤ Igeo ≤ 2 indicates moderately contaminated; 2 ≤ Igeo ≤ 3 indicates moderately contaminated to contaminated; 3 ≤ Igeo ≤ 4 indicates contaminated to strongly contaminated; 4 ≤ Igeo ≤ 5 indicates strongly contaminated to extremely contaminated; Igeo ≥ 5 indicates extremely contaminated.




2.5.4. Potential Ecological Risk Index (PERI)


The PERI was developed by Hakanson [12] with the objective of measuring the pollution degre of metals (oids) in sediments [44]. It was proposed as the sum of individual metals (oids) potential risk factors in sediments (monomial potential ecological risk factor). The PERI was originally based on eight parameters, namely the levels of As, Cd, Cr, Cu, Hg, Pb, PCB and Zn [2]. However, since its postulation, a few authors have added more metals to the calculation of PERI such as Vanadium (V), Nickel (Ni), Antimony (Sb) and cobalt (Co) with the aim of making the PERI more precise when including other PTMs [11,44,49,51]. In the present work, the PCB value was excluded since it was not assessed. The PERI was calculated using the Equations (8)–(10).


PERI= ∑​E



(8)






E=TC



(9)






C= CaCb



(10)




where:




	
E = Monomial potential ecological risk factor



	
T = Toxic-response factors or toxicity coefficients (Zn = 1, Cr = V = 2, Co = Ni = Cu = Pb = 5, As = 10, Cd = 30, Hg = 40)



	
C = Contamination factor



	
Ca = Concentration of PTM in the sediment sample



	
Cb = Background value of the PTM in sediments (Metal concentrations in sediment samples R1, R2 and R3).








Hakanson [12] established a criterion to determine the degrees of both the monomial potential ecological risk factor and the PERI, namely, low risk (<150), moderate risk (150 ≤ PERI ≤ 300), considerable risk (300 ≤ PERI ≤ 600), high risk (PERI > 600).





2.6. Statistical Analyses for Metal Content in Three Matrices Studied


All data groups were checked for normality and variance homogeneity prior to the statistical processing by using Shapiro-Wilk and Levene tests, respectively. In case of acceptance, differences among concentrations of PTM in water, Water hyacinth plants and sediments were determined using one-way analysis of variance (ANOVA). In the case of non-acceptance of normality and variance homogeneity, Kruskal-Wallis test was performed. To identify the source of significant differences between groups, Tukey post hoc tests and Dunn’s method with a significance level of p = 0.05 were carried out for parametric and non-parametric data, respectively. Pearson’s correlation index was applied to find possible interactions between the concentrations of PTMs in Water hyacinths collected. Statistical analyses were carried out using Sigma Plot 12.0 (Systat Software Inc., San Jose, CA, USA).





3. Results and Discussion


3.1. Physicochemical Parameters and Potential Toxic Metal (PTMs) in Water


The physicochemical parameters measured along the sampling point are presented in Table 1. DO concentrations are between 0.25 and 3.52 mg/L. The part of the reservoir covered with Water hyacinth plants (RW) presents the lower values mainly because aquatic plants act as a barrier between the atmosphere and the water, preventing the dissolution of oxygen into the surface water. However, the difference is not statistically significant (p > 0.05). It is reasonable to assume this premise but more data is needed to verify this assumption. Temperature is significantly higher in the rivers than in the rest of the reservoir, however, this may be due to the time of the sampling was not the same, being in the morning in rivers (8:00 a.m.) and in the afternoon for the reservoir. The pH is not significantly different among the different zones studied, probably due to the buffer effect that a high concentration of carbonates coming from natural sources, confers on the reservoir [52]. Moreover, like pH, the ORP is almost constant along the system. Nevertheless, ORP correlates negatively with temperature (p < 0.05) mainly because oxygen (the oxidizing agent in the reduction oxide reactions) is reduced at higher temperatures and vice versa.



The most significant results regarding the physicochemical parameters are Turbidity and Electric conductivity, as from the inlet (both rivers) to the outlet of the biofltration system (reservoir covered with Water hyacinth); a decrease of both parameters was registered. In fact, the outlet of the system (RF) presents values of both parameters significantly lower than at the inlet of the biofiltration system (both rivers). Moreover, Turbidity and Electric conductivity have a strong positive correlation (0.953) with p < 0.05 (Table S1), revealing that the biofiltration system is efficient in the removal of suspended and dissolved solids.



With respect to the PTMs results, in order to determine the degree of water contamination in the study area, all concentration values were compared with the local regulation reference values for discharges of wastewater into the surface waters (NOM-001-SEMARNAT-1996, Ley Federal de Derechos Disposiciones Aplicables en Materia de Aguas Nacionales 2015 (LFDMA) and Finally Declaratoria de clasificación de los ríos Atoyac y Xochiac y sus afluentes (DCRAX)). Additionally, as with local regulation, the water results were also compared to the Screening Quick Reference Tables (SQuiRTs) from the National Oceanic and Atmospheric administration of the United States Department of Commerce (NOAA). All PTMs levels were shown to be lower than the permissible limits set by local regulations, except for Hg and Ba (Table 2).



In Alseseca River, the mean concentration of Hg exceeded the DCRAX limit, probably due to the constant spill of textile and automotive industrial wastes along Alseseca River. On the other hand, mean concentration of Ba exceeded the limit set by LFDMA in all zones studied, possibly related to the natural enrichment in the geology basin [10]. In regards to the SQuiRTs water values, metal content in the four zones studied were barely above the limits. Moreover, levels of Hg in the rivers are below limits and in the reservoir are close to the limit. Cadmium levels in the two zones of the reservoir (RW and RF) are below the limit, which may pose a threat to the aquatic biota in the reservoir due to the high toxicity of this element.



With respect to the difference in metal concentrations between the parts of the reservoir covered with E. crassipes (RW) and devoid of E. crassipes (RF), it was observed that mean values of Zn and Ti are significantly greater in the RW than in RF (p < 0.05). This is likely because on the shore of the Valsequillo reservoir, particularly close to the sampling point VAL03, there is a human settlement called San Baltazar Tetela, which discharges their residual waters into the reservoir. This wastewater can contain metals coming from a wide variety of domestic household products, such as toothpaste, cosmetics, batteries, and cleaning materials that contain trace concentrations of these metals [39] and thus enriching the content of these metals in that specific zone. In addition, Water hyacinth plants that cover the Valsequillo reservoir absorb metals from water during the growing period, but as proved by Jackson [53], during senescence, the plant is susceptible to release metals along with the Water hyacinth plants tissues into the surrounding water.



Mean concentration values of Ni and V are significantly greater (p < 0.05) in rivers (Atoyac and Alseseca) than in the zone of reservoir free of Water hyacinth plants (RF). Thus, one may suppose that within the zone covered by Water hyacinths plants, there is a process of metal removal that is performed mainly by these plants. Moreover, the presence of Water hyacinth plants in this zone might promote the sedimentation process driven mainly by the change of the hydraulic regimen. In addition, the plant’s rhizosphere stimulates the growth of the aerobic biofilm which may play an important role in adsorbing PTMs from water [54]. Furthermore, the plants can secrete exudates that contain carbohydrates, amino acids, polysaccharides and flavonoids [55,56], which in turn can act as exogenous chelating agents and thus precipitate PTMs. Consequently, this zone can also be termed as a biofiltration system.



The biofiltration system in Valsequillo reservoir proved to be effective in removing PTMs from water as the total PTMs removal efficiency (from the inlet to the outlet) of Co, Zn, As, Ni, Cu, Pb, Ti, Cr, Mo and V was (all values in %) 18, 71, 19, 42, 51, 65, 51, 5, 54 and 65, respectively. (Table 3). However, for almost all PTMs, the removal efficiency in the first stages of the biofiltration system (i.e., VAL01, VAL02 and VAL03) was low (for some PTMs were zero %). The above may indicate that when dying, the Water hyacinth plants could be adding these elements to the system.



Therefore, one may hypothesize that within the biofiltration system, exists a dynamic equilibrium in which bioaccumulation and release of PTMs by Water hyacinth plants is present at the same time. To test the above hypothesis, PTM content in Water hyacinth plants and sediments were measured and the results are presented below.




3.2. Potential Toxic Metal in Water Hyacinth Plants


Mean concentration values are reported in Table 4. Levels of Hg in Water hyacinth plants were below the detection limits. Meanwhile, Cd content was 0.4 mg/kg d.w. just in the submerged part. These results agree with the values reported by Odjegba and Fasidi [18] and Romanova et al. [4] who also observed that among several metals studied, Hg and Cd were the less absorbed by the Water hyacinth plants (Table S2). The results also showed that with exception of Ba, most of the PTMs absorbed by Water hyacinth plants were located in the submerged part of the plant (Roots and rhizome.



For Co, Mo and V, the ANOVA analysis showed that the concentration in the submerged part was significantly different with respect to the aerial part of the plant; being as follow: Co (p = 0.034), Mo (p = 0.003) and V (p = 0.029). The Ba showed a different behavior, as the concentration in the aerial part was significantly higher (p = 0.03) than in the submerged part of the plant. This may be due mainly to the great mobility of this element within the Water hyacinth plants. It was also found that the concentrations of Zn, As, Ni, Cu, Pb, Ti and Cr in the submerged part of the plant were higher than in the aerial part. However, the differences were not significant (p > 0.005).



For some PTM, there is a positive correlation in which a decrease was observed from the entrance to the exit of the biofiltration system, revealing a pattern that corresponds to a maximum absorption of metals by the Water hyacinth plants in the sites closest to the mouths of the rivers Atoyac and Alseseca (Table 5).



This may imply that Water hyacinth plants have undergone an adaptation process to be able to survive to high PTMs levels. These results are in accordance with Romanova et al. [4] who observed a decrease in the absorption of metals (particularly Pb and Cd) from water of a gold mine tailing that was passing through Water hyacinths in the River Ur, Siberia. Moreover, Odjegba and Fasidi [18] reported that concentration of Cd, Cr, Cu, Hg, Ni, Pb and Zn in the Water hyacinth plants increased with an increase in the metal concentration in the external medium, thus witnessing a link between metal content in the ambient water and the content in the Water hyacinth plants. This may imply that, as stated by Baker [41], Water hyacinth plants act as an indicator more than as a hyperaccumulator in the Valsequillo reservoir.



With exception of some works, the majority of the authors have reported greater concentration of metals in the submerged part of the Water hyacinth plants than in the aerial part (Table S2). Moreover, the roots act as a first barrier for the metal uptake, and thus they become the main filter for the absorption and retention of the metals, consequently the highest metal concentrations in the plant must be inside the root. Furthermore, according to Tejeda et al. [57] the content of PTM in Water hyacinth plants decreases in the following order: Roots (>50%), leaves, rhizome (∼10%), petiole, stem and stolon (<10%). This pattern suggest that Water hyacinth plants may adopt a compartmentalization strategy, common in wetland species, which consists in storing the highest levels of PTMs in the submerged part of the Water hyacinth plants (e.g., roots and rhizomes). This is with the aim of protecting the plants against the harmful effects of high levels in leaves, where the photosynthetic processes take place [58,59].



Aquatic plants capable of accumulating up to 5000 mg of metals per kilogram of dry plant biomass or those with BCF > 1000 are considered as hyper-accumulators of PTMs [28,57]. In the present work, the total amount of metals accumulated by Water hyacinth plants was below 5000 mg/kg d.w. However, with exception of Cd and Hg, the BFs of all metals were above 1000. Despite being higher than those reported in literature (Table S2), BF values were in accordance with the range (101–106) proposed by Jackson [53]. In addition, the great variety of metals in water of the Valsequillo reservoir stimulates their absorption by the plant, which confirms that bioaccumulation is more effective when there is a combination of metals compared to only one [24]. Therefore, with exception of Cd and Hg, we considered the Water hyacinth plants present in Valsequillo reservoir as an indicator but it can also be considered as hyper-accumulator of all metals studied.



From all metals studied, Zn presented the highest translocation from the submerged part to the aerial part of the plant. These results were in accordance with reported by Aurangzed et al. [60] who registered high TF in young Water hyacinth plants used as removal agent for a steel foundry effluents (Table S2). This is probably due to the need that the plant has for this metal; although Zn is potentially toxic, it is also an essential element for the plant [5] which participates in: formation of chlorophyll, conversion of starches to sugars and formation of the auxins (hormones that favor the growth of stems) [2]. Among all PTMs measured, Co presented the lowest mobility followed by V and Ti. Nevertheless, in spite of the low translocation of Ti, it was greatly accumulated in the submerged part of the plant. These results are similar to the ones obtained by Tejeda et al. [57], who reported that among Cr, Cu, Ti, Pb, Zn, and Ni, Water hyacinth plants in Lerma River, Mexico absorbed more Ti (325 mg/kg d.w.) (Table S2).



From the perspective of the TF, with exception of Ba, all PTMs studied are between 0 and 1 thereby indicating Water hyacinth plants as a tolerant plant for these metals [40]. In the case of Ba, only 24% of the total content remained in the submerged part of the plant whilst 76% passed to the aeriated part of the plant. The high concentrations of Ba could be attributed to the natural contribution coming from barite (BaSO4) assemblages of Popocatépetl volcano (active) situated on the western side of the study area, generally hosted in K-feldspars, where Ba substitutes K in many K-bearing minerals [61]. On the other hand, the anthropogenic contribution of Ba may be related to the automotive industry (widely settled in the basin) [31]. This is in accordance with the high levels of Ba in the ambient waters, as Ba was the most abundant mineral there (See Section 3.1). Thus, it is reasonable that the Water hyacinth plants in Valsequillo reservoir are well adapted to this element and, therefore, its ability to accumulate and translocate this particular PTM is well developed.



In terms of the simplified biofiltration system, with exception of Co, As and Ti, in all PTMs, an increase of TF from the sampling point VAL01 to VAL03 was observed, whilst a decrease of BF at the same time was registered (Figure 3).



In the present work, a plant damage index was not evaluated, and that’s why the explanation of such phenomenon is presented in terms of BF and TFs results. Water hyacinth plants present exhaustion in metal capture from the inlet to outlet of the reservoir. This may be related to the Water hyacinths at sampling point VAL03 that reached a threshold metal concentration value; therefore, it became toxic and, thus, inhibitory for the growth of the plant. From these results, it can be inferred that in order to avoid toxicity, the Water hyacinth plants adopts two mechanisms: (1) The plant releases metals from the root into the aquatic environment [62] and consequently BF decreases and; (2) The plant enhances the mobility of metals from the submerged part to the aerial part with the aim of facilitating metal loss during periodical leaf regeneration [59]. These results are similar to those reported by Odjegba and Fasidi [18], who observed a decrease of metal absorption by Water hyacinth plants along with an increase of concentration in the ambient water.



Another reason why the bioaccumulation factors (BF) decreased from VAL01 to VAL03 could be related to the low concentrations of oxygen at the VAL03 site (0.31 mg/L). According to Kumari and Tripathi [63] and with Zimmels et al. [64], the aeration in wetlands containing Water hyacinth plants generate better conditions for the plant to absorb contaminants. In other words, the lower the oxygenation, the less efficient the absorption of contaminants and vice versa. As mentioned above, the coverage of the Water hyacinth plants could be preventing the exchange of oxygen between the atmosphere and the surface of the water and therefore, that is the reason why the oxygen in this area (very infested with this plant) is lower and, consequently, why the BF decreases. With respect to Pb at the sampling point VAL02, it was not possible to calculate the BF because the concentration of Pb in water were found to be below the detection limit (BDL). The same happened with the As in the sampling site VAL03.




3.3. Potential Toxic Metal in Sediments


Metal concentrations in surface sediments along the study area increased from the Reservoir’s inlet (rivers) to the reservoir’s outlet. PTM levels of Co, Ni, Cu, Ti and Mo in the zone free or E. crassipes (RF) were greater (p < 0.05) than in the water of rivers (Table 2). This tendency is opposite to that of water, where metals content in rivers are higher (p < 0.05) than in RF, this is particularly true for Hg, V and Ni. These results suggest that an intense process of sedimentation of metals takes place in the reservoir driven by Water hyacinth. However, this process can also occur in different forms such as metals attached to the suspended particles, carbonate bound, occluded in iron and/or manganese oxy-hydroxides, bound to organic matter, sulfide bound or by metal chelation [53].



Another important route of metal sedimentation is through the absorption of metals by plants and their subsequent death. This can be corroborated since, there is no significant difference (p > 0.05) in the content of metals in sediments and in the Water hyacinth plants for Co, Zn, Ni, Cu, Pb, Cr, Ba, Mo and V. Moreover, mean metal content in Water hyacinth plants is significantly higher than in sediments for As (p < 0.05) (Figure 4). This could imply, as reported by some authors [54,55] that as with Hg and Selenium (Se) [65], Arsenic (As) in the Water hyacinth plants is undergoing a process of phytovolatilization before it dies.



These results suggest that a major proportion of the surface sediments are composed of dead Water hyacinth. This is in concordance with some studies [53,66] that observed a strong positive correlation between content of metals in Water hyacinth plants and sediments. In particular, roots are the organs that normally correlate most with levels of PTMs in the sediment [59].



As discussed previously, the sediments can be a source of contamination to the water column, predominantly Cd, Cr, Cu, Pb and Zn, particularly when they are attached to organic sediments [58]. Furthermore, Wu et al. [67] reported that finer sediments, as formed by organic matter, tend to have higher metal concentrations and readily wash off into water bodies. This is of particular concern as the Geoaccumulation index (Igeo) revealed that Zn, Cu, Ti, and V are moderately contaminated in sediments and from the perspective of Pb, sediments are moderately contaminated to contaminated, particularly in the zone of the reservoir free of E. crassipes. Furthermore, with respect to Hg, in RF, sediments fall under the category of contaminated to strongly contaminated (Figure 5a).



Similar results were presented for Enrichment Factor (EF), since in both the zone of the reservoir with E. crassipes (RW) and the one free of E. crassipes (RF), Cu and Pb present moderately to severe enrichment. In the case of Hg, only in the zone RW an enrichment was observed. Moreover, except for V and Hg, an increase of EF from the inlet (rivers) to the courting of the reservoir (RF) was observed. According to these results, with exception of Hg, the ecological risk in sediments increased in the following order: RF > RW > Alseseca River ~ Atoyac River (Figure 5b).



The results of EF and Igeo for Hg are in accordance with the Potential Ecological Risk Index (PERI), as the PERI of RW, RF, Atoyac River and Alseseca River were (all values are dimensionless) 330, 148, 130 and 109, respectively. According to the categories of Hakanson [12], there is a low risk in the sediments of the rivers and in RF. Nevertheless, in RW there is a considerable risk, mainly due to the elevated values of Hg in that particular zone (Figure 5c,d). These results pointed out the importance of managing the sediments in the reservoir, as they pose a threat to the water quality due to the constant interchange of matter.





4. Conclusions


The present study provides information regarding the content of potential toxic metals (Co, Zn, As, Ni, Cu, Pb, Ti, Cr, Ba, Mo, V, Cd and Hg) in water, Water hyacinth plants and sediments in a Ramsar site. Results showed that compared to SQuiRTs, the levels of As in Atoyac river and Hg in Alseseca river are close to the limits, thus posing a potential threat to aquatic life. The results regarding the translocation factors showed that the Water hyacinth plants that prevail in the Ramsar site were efficient accumulators for Ba. In the case of Co, Zn, As, Ni, Cu, Pb and Cr, the Water hyacinth plants acted predominately as indicators of PTMs. The metal content in sediments resembles that of E. crassipes, especially in the roots, suggesting a constant deposition of plants at the bottom of the Reservoir. Different indexes utilized in the present work such as Igeo, and EF revealed that sediments in the Ramsar site are moderately contaminated. Mercury is of special concern as according to Igeo, and EF, sediments are close to be strongly contaminated by this element. Moreover, PERI showed that Hg contributes 51% of the potential ecological risk in the part of the study area where E. crassipes is present. The overall results pointed out that the Water hyacinth plants play an important role in the self-depuration process occurring in the Valsequillo reservoir by accumulating PTMs. These results can be used to understand and visualize this type of wetlands as natural systems of self-purification in those sites with the same characteristics.







Future Research


The next stage of the research should include a plan for periodic harvesting of the macrophytes in the Valsequillo reservoir, which allows the biofiltration process to be carried out more efficiently while taking advantage of the biomass in a sustainable manner.
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Figure 1. Sampling points in Ramsar site (Valsequillo reservoir) in Puebla, central Mexico. 
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Figure 2. Simplification of the biofiltration system. ZC = zone of confluence. VAL01, VAL02 and VAL03 are sampling points along the Valsequillo reservoir. 
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Figure 3. Bioaccumulation factor (BF) and Translocation factor (TF) along sampling points (VAL01, VAL02 and VAL03). 
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Figure 4. Mean PTMs content of the three sampling points (VAL01, VAL02 and VAL03) in the three matrices studied (Water, Water hyacinth plants and Sediments). 
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Figure 5. (a) Geoaccumulation Index (Igeo), (b) Enrichment Factor (EF), (c) Potential ecological risindex (PERI) in all zones studied and (d) Percentage contributed by each metal to PER. 
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Table 1. Physicochemical parameters measured along sampling points in the study area.
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Sampling Point

	
DO (mg/L)

	
Temp (°C)

	
pH

	
ORP

	
Turb (NTU)

	
EC (µS/cm)






	
ALSE01

	
2.53

	
22.70

	
8.11

	
143.00

	
138.00

	
2147.20




	
ALE02

	
2.79

	
23.70

	
6.71

	
135.00

	
135.00

	
1756.20




	
ATO01

	
-

	
25.60

	
7.42

	
91.70

	
56.60

	
1187.20




	
ATO02

	
2.62

	
26.70

	
7.82

	
−76.30

	
57.70

	
1167.20




	
VAL01

	
1.17

	
18.72

	
7.85

	
32.10

	
99.80

	
1271.14




	
VAL02

	
2.33

	
21.62

	
7.51

	
126.00

	
23.60

	
1096.56




	
VAL03

	
0.31

	
19.63

	
7.64

	
223.80

	
9.74

	
838.00




	
VAL04

	
0.79

	
19.12

	
6.81

	
170.30

	
9.10

	
827.00




	
VAL05

	
2.76

	
21.40

	
7.60

	
149.30

	
8.76

	
837.20




	
VAL06

	
2.78

	
19.90

	
7.17

	
145.10

	
4.66

	
826.00




	
VAL07

	
2.25

	
19.91

	
6.89

	
122.10

	
2.90

	
821.00




	
VAL08

	
0.25

	
20.15

	
7.76

	
150.40

	
1.90

	
816.00




	
VAL09

	
3.52

	
20.69

	
7.96

	
159.00

	
2.10

	
810.00




	
VAL10

	
2.30

	
21.97

	
7.66

	
181.90

	
1.27

	
813.00




	
Physicochemical Parameters (Mean Values ± SD) in Water from Different Zones of the Reservoir




	
Sampling zone

	
DO (mg/L)

	
Temp (°C)

	
pH

	
ORP (mV)

	
Turb (NTU)

	
EC (µS/cm)




	
Inlet 1

	
2.64 ± 0.13 a

	
24.67 ± 1.80 a

	
7.51 ± 0.60 a

	
73.35 ± 102.28 a

	
96.83 ± 45.83 a-c

	
1564.45 ± 474.86 a-c




	
RW 2

	
1.26 ± 1.01 a

	
19.98 ± 1.48 b-a

	
7.66 ± 0.17 a

	
127.30 ± 95.85 a

	
44.38 ± 48.49 a

	
1069.57 ± 217.92 a




	
RF 3

	
2.09 ± 1.16 a

	
20.44 ± 0.97 c-a

	
7.40 ± 0.44 a

	
154.01 ± 19.15 a

	
4.38 ± 3.28 c-a

	
821.46 ± 9.41 c-a








1 Both rivers, 2 Valsequillo reservoir with Eichhornia crassipes (RW) and 3 Valsequillo reservoir free of Eichhornia crassipes (RF). Note: The superscript different letters (a, b and c) indicate a significant difference in levels among different zones of the study area (Tukey’s test or Dunn’s method when appropriate, p < 0.05).
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