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Abstract

:

Macrophytes are fundamental photosynthetic organisms for functioning freshwater ecosystems, identified as potential bioindicators of mercury (Hg) in the environment. We quantified the concentrations of total Hg (THg) in water and macrophytes (Paspalum repens Berg.) from 17 lakes on the Araguaia River floodplain, aiming to compare the bioconcentration factor (BCF) in the aerial tissues and roots; evaluate the translocation factor (TF) between plant tissues; and assess the influence of environmental factors and land use on THg concentrations in water and macrophytes. The BCF was significantly higher in roots (1.29 ± 0.32) than in aerial tissues (0.41 ± 0.34), with low TF between plant tissues (0.14 ± 0.06). The highest concentrations of THg in water were determined in lakes with higher land use intensity and a pH close to neutral, indicating the transport of particulate-bound Hg and the immobilization in the water column. In contrast, wetlands were priority areas for the bioconcentration of THg in macrophytes, associated with sulfate, dissolved oxygen, and oxidation–reduction potential in the water. Thus, although P. repens is not a suitable bioindicator of Hg mobilization by anthropogenic land use in our study area, our results suggest the potential of macrophytes as bioindicators of sites that are favorable to Hg methylation.
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1. Introduction


Macrophytes are fundamental photosynthetic organisms for functioning freshwater ecosystems and providing ecosystem services. In lacustrine ecosystems, macrophytes form the basis of the trophic chain [1], contributing to primary productivity [2,3] and nutrient cycling, especially nitrogen and phosphorus [4,5]. Additionally, macrophyte banks act on physical processes in lakes, controlling the sedimentation process [6] and creating favorable environments for the colonization of microorganisms (periphyton) and shelter for macroinvertebrates and fish [7,8]. Therefore, considering their importance in the cycling of matter and energy in aquatic ecosystems, macrophytes are widely used as bioindicators of pollution by potentially toxic chemical elements [9].



Mercury (Hg) stands out as a global pollutant among the potentially toxic chemical elements. The biogeochemical cycle of Hg in aquatic ecosystems is controlled by oxidation–reduction and methylation–demethylation processes, influenced by local environmental conditions (e.g., physicochemical water parameters) and microbiological activity [10]. Macrophytes accumulate organic and inorganic Hg in their cells through passive diffusion, allowing for intracellular reduction, methylation, or demethylation of Hg [11]. In addition, the roots of macrophytes act as traps for suspended particulate matter, increasing the adsorption of Hg in their tissues [12]. Consequently, the accumulation of Hg in primary producers, including macrophytes and associated periphyton, is the primary source of exposure for the aquatic trophic chain [10].



Along these lines, determining the concentrations and identifying the factors that influence the accumulation of Hg in macrophytes is fundamental to understanding the biogeochemical cycle of Hg in aquatic ecosystems. Thus, indices developed to assess the relationship between pollutants and aquatic biota have been applied to measure the potential for Hg accumulation in macrophytes related to the surrounding environment [13,14], as well as to assess its translocation process between plant tissues [15,16]. By calculating these indices, geostatistical methods can be applied to identify priority areas for the bioconcentration and translocation of Hg in macrophytes at local and regional scales. Among geostatistical methods, kriging is the main algorithm for spatial interpolation, providing accurate predictions for environmental management and decision-making [17]. The kriging method is extensively used to assess the spatial distribution of potentially toxic chemical elements, including Hg, in terrestrial [18,19] and aquatic abiotic compartments [20,21,22]. In contrast, there is a scarcity of kriging applications with biological samples. As far as we know, no study has evaluated the spatial distribution of Hg or other chemical elements in macrophytes using geostatistical methods. Therefore, the spatial distribution of Hg in biotic compartments needs attention, especially in ecosystems that are undergoing major environmental changes as a response to anthropogenic impacts.



The Cerrado biome (Brazilian Savanna) is a biodiversity conservation hotspot due to the high endemic species richness and the increasing loss of habitat since the 1970s [23]. The Araguaia River, mainly inserted in the Cerrado biome, is one of the few large Brazilian rivers with free flow. However, large-scale deforestation in its watershed has resulted in significant changes in geomorphological and hydrological processes [24,25], which can affect the natural distribution of Hg in aquatic ecosystems. Indeed, the conversion of native vegetation to pasture has affected the Hg accumulation patterns in lacustrine bottom sediments [22] and ichthyofauna [26] from the Araguaia River floodplain. In addition, a recent study indicated a significant potential for bioaccumulation related to bottom sediments in the macrophytes Paspalum repens Berg. and Salvinia auriculata Aubl. [27]. The P. repens macrophytes stand out for being rooted and perennial, exposed to environmental conditions throughout the seasonal hydrological cycle. In addition, individuals of P. repens develop roots between the stem nodes to absorb water and chemical elements [28], providing sites for Hg accumulation through the water column (dissolved and particulate fractions). However, more information is needed on bioconcentration and the translocation of Hg between aerial tissues and roots in macrophytes from the Cerrado biome.



The objective of our study is to quantify the concentrations of total mercury (THg) in water and macrophytes of the species P. repens (aerial tissues and roots) from 17 lakes on the Araguaia River floodplain (Cerrado biome) to answer the following questions: (i) Do the different macrophyte tissues accumulate significant THg concentrations concerning the environment (water)? (ii) Is there a difference in bioconcentration potential between aerial and root tissues? (iii) How are environmental factors (physicochemical parameters of the water, land use, and land cover) associated with THg concentrations in the water and macrophytes? (iv) What is the spatial distribution of THg concentrations in the water and THg bioconcentration and translocation in the macrophytes? These questions will provide information on the potential of P. repens as a bioindicator of Hg mobilization by anthropogenic activities and elucidate the factors influencing THg concentrations in water and macrophytes in floodplains.




2. Materials and Methods


2.1. Study Area


The Araguaia River is located in Central Brazil, flowing from south to north between four states: Goiás, Mato Grosso, Tocantins, and Pará (Figure 1). According to the Köppen classification, the tropical climate with dry winters prevails in the Araguaia River basin [29]. This climate is typical of the Cerrado biome, characterized by two well-defined seasonal periods throughout the year: a dry and rainy season, accounting for approximately 90% of the average annual precipitation [30]. The Middle Araguaia is the largest river segment (1160 km), comprising the main tributaries of the watershed, such as the Claro, Vermelho, Peixe, and Crixás rivers on the right bank and the Cristalino, Mortes, and Tapirapé rivers on the left bank [31].



The Araguaia River floodplain is formed by active sedimentation and erosion processes in morpho-sedimentary geological units [32], resulting in the transportation of high loads of sandy sediments [33]. The flooding dynamics favor the creation of macrohabitats with different hydrological and botanical characteristics, such as permanently aquatic areas (rivers and lakes), aquatic–terrestrial transition areas, swampy areas, and permanently terrestrial areas [34]. The municipalities in the study area have a low degree of urbanization, with deforestation for livestock and agriculture being the main anthropogenic impact in the region [22,26].




2.2. Sample Collection and Processing


Samples were collected from 17 lakes in the Araguaia River floodplain in January 2022 (rainy season). The sampling sites were distributed along a stretch of approximately 450 km of the floodplain (15°7′ to 11°4′ S and 51°7′ to 50°4′ W), including lakes associated with the Araguaia River (n = 10) and four tributaries: Vermelho River (n = 2), Peixe River (n = 1), Crixás River (n = 1), and Mortes River (n = 3) (Figure 1). Surface water samples (~15 cm) were collected using 500 mL polyethylene terephthalate (PET) bottles and acidified with concentrated HNO3. Macrophyte samples were manually collected and washed in the field to remove adhered coarse material. All samples were stored in thermal boxes with ice until arrival at the laboratory.



In the laboratory, macrophyte samples were separated into aerial tissues (stem and leaves) and roots using stainless steel scissors, washed with abundant distilled water, and cleaned with soft-bristled brushes. The roots were transferred to Falcon tubes and centrifuged at 2500 rpm for 5 min [35]. After centrifugation, the roots were rewashed with distilled water, transferred to Falcon tubes, and subjected to an ultrasound bath for three cycles of 30 min each to remove periphyton and fine sediments altogether. Macrophyte samples were dried in an oven at 50 °C until constant weight, ground in an electric grinder, and sieved at 125 µm for particle homogenization. Water samples were frozen until THg quantification.




2.3. Quantification of Total Mercury (THg) in Water and Macrophytes


The THg was quantified in unfiltered water samples by oxidizing Hg forms [36]. Approximately 20 g of each water sample was weighed into 40 mL vials, and we added 100 µL concentrated bromine monochloride (BrCl) (Brooks Rand®, Seattle, WA, USA) for Hg oxidation. After 40 min, the Hg was reduced with 100 µL of hydroxylamine hydrochloride (NH2OH.HCl) 30% (w/v) (Merck®, Darmstadt, Germany) and 100 µL of stannous chloride (SnCl2) 20% (w/v) (Merck®), with a 5-min interval between each reagent. Ten minutes after the addition of SnCl2, THg concentrations were quantified by atomic fluorescence spectrometry with cold vapor generation (CVAFS, MERX-T, Brooks Rand, Seattle, WA, USA), with a detection limit of 0.05 ng L−1. The analytical method’s accuracy was evaluated by quantifying THg in fortified samples (spikes), with a mean recovery of 107 ± 2% (n = 3). The glassware used for sample preparation and analysis was soaked in 5% (v/v) HNO3 for 24 h and rinsed with deionized water. The quantification of THg in blank samples (reagents only) was carried out to ensure glassware decontamination and the purity of the reagents.



THg concentrations in macrophytes were determined by thermal decomposition atomic absorption spectrometry (TDAAS) with Zeeman effect correction, using a direct analyzer (RA915+) coupled to a pyrolysis chamber (Pyro-915+) (Lumex Instruments, St. Petersburg, Russia). Samples of aerial tissues (0.1 g, dry weight) and roots (0.05 g, dry weight) were weighed into quartz boats and introduced into the pyrolysis chamber (Mode 1: 680–740 °C). All readings were performed in duplicate, with a detection limit of 0.028 ng and a maximum relative standard deviation of 10%. Quality control was achieved by quantifying THg in the empty quartz boats for 45 s (blank sample), defined as the average duration of the absorption peak. Accuracy was determined by quantifying THg in the standard reference material (SRM) NIST-1515 (apple leaves, National Institute of Standards and Technology, Gaithersburg, MD, USA), with a mean recovery of 105 ± 4% (n = 6).




2.4. THg Bioconcentration and Translocation in Macrophytes


We used the bioconcentration factor (BCF) to evaluate the direct absorption of THg in each macrophyte tissue (aerial tissues and roots) concerning water. The BCF was chosen based on the morphological characteristics of the P. repens species, especially the development of roots between the nodes of the stem, so that water represents a common source of Hg exposure for aerial tissues and roots. The BCF was calculated by the ratio of the THg concentrations determined in the macrophytes (ng g−1, dry weight) and the concentrations determined in the water (ng L−1) (Equation (1), [37]). The results were converted to a logarithmic scale (log10). BCF values greater than one (1) indicate the positive bioconcentration process of the macrophytes with the surrounding environment, while values less than one (1) indicate that the bioconcentration process is not significant.


  B C F =     [ T H g ]   M a c r o p h y t e s   ( a e r i a l   t i s s u e s   o r   r o o t s )       [ T H g ]   W a t e r      



(1)







The translocation factor (TF) was used to evaluate the distribution of THg in the macrophyte tissues. The TF was calculated by the ratio between the THg concentrations determined in the aerial tissues (ng g−1, dry weight) and the concentrations determined in the roots (ng g−1, dry weight) (Equation (2), [38]). TF values lower than one (1) indicate that the macrophytes have a more significant potential to accumulate Hg in the roots. In comparison, TF values higher than one (1) indicate a greater potential for bioaccumulation in the aerial tissues.


  T F =     [ T H g ]   A e r i a l   t i s s u e s       [ T H g ]   R o o t s      



(2)








2.5. Characterization of Environmental Conditions and Land Use and Cover


Local environmental conditions were represented by the physicochemical parameters and the concentration of sulfate in the surface water. The physicochemical parameters such as pH, oxidation–reduction potential (ORP), transparency, turbidity, and dissolved oxygen (DO) were measured in situ with a multi-parameter probe (Model U-50, Horiba, Kyoto, Japan). Depth was measured with a Secchi disk. For the determination of sulfate in water, samples were collected at each sampling site and filtered with nylon syringe fil-ters with 25 mm diameter and 0.45 mm pore (Millipore, Burlington, NJ, USA), frozen at −4 °C, and transported to the laboratory in thermal boxes with gel ice bars, with continued addition of ice bars. Then, they were analyzed on a chromatograph (Metrohm, Herisau, Switzerland), using specific columns for sulfate. Sulfate determination was carried out on a MetroSep C4 250/4.0 mm column using 1.7 mM nitric acid/0.7 nM dipololinic acid as eluent with unsuppressed conductivity detection.



The land use and cover characterization was based on the raster data made available by Collection 8 of the MapBiomas Project, referring to 2022 (spatial resolution: 30 m; [39]). According to previous studies on the Araguaia River floodplain, we characterized land use in 10 km buffers from each sampling site [22,40]. The raw data provided by the MapBiomas Project was reclassified into six land use and cover classes: (1) Cerrado (forest, savanna, and grassland formations); (2) Wetlands; (3) Pasture and agriculture; (4) Urban infrastructure; (5) Sandbanks; (6) Water (Table S1). We assessed the land use intensity in each 10 km buffer using the land use index (LUI) (Equation (3); [41]). This index was adopted to avoid zero values in the database due to the absence of urban infrastructure around the lakes.


  L U I = 4 ∗ % U r b a n   i n f r a s t r u c t u r e + 2 ∗ % P a s t u r e / A g r i c u l t u r e  



(3)








2.6. Data Analysis


All variables were subjected to the Shapiro–Wilk test to assess the data distribution. Initially, we assessed the difference in THg concentrations in water and macrophytes between the Araguaia River and its tributaries using Student’s t-test or the Mann–Whitney test. There were no differences in THg concentrations in water and macrophytes between the river systems (p > 0.05). Therefore, the subsequent analyses included all the sampling sites (n = 17).



Principal component analysis (PCA) was applied to explore the association between THg concentrations, physicochemical water parameters, and land use and cover. Initially, we performed a PCA with all the variables. The Kaiser–Meyer–Olkin (KMO) criterion was applied to identify and remove the variables with the lowest KMO values. After the data pre-treatment, we carried out the PCA only with the concentrations of THg in the water and in the macrophytes (aerial tissues and roots), pH, ORP, OD, sulfate, percentage of wetlands, and land use intensity (LUI). The suitability of the data set for applying PCA was assessed using the Kaiser–Meyer–Olkin criterion and Bartlett’s test of sphericity. The non-parametric Wilcoxon test was applied to compare the bioconcentration potential between aerial tissues and roots (paired samples). All analyses were done using the R 4.3.3 software [42].




2.7. Geostatistical Analysis


Indicator kriging (IK) was used to assess the spatial distribution of THg concentrations in water, BCF (aerial tissues and roots), and TF. The indicator method is based on transforming the original data into binary indicators (0 or 1), which estimate the probability of a variable of interest occurring above a specific cut-off value [43]. We determined the following cut-off values: (i) THg concentrations in water: the average of the concentrations determined in the five sampling sites with the lowest degrees of land use intensity (1.2 ng L−1); (ii) BCF > 1, a value that indicates the positive process of bioconcentration; and (iii) TF: median of the TF values determined in the entire data set. After transforming the data into binary indicators, the experimental variograms were calculated according to Equation (4), where   h   is the lag,     v   c     is the cut-off value and N is the number of pairs.


    y   i     h ,     v   c     =   1   2   N   h         ∑  i = 1     N   k           i   x + h ,     v   c     − i ( x ,   v   c   )     2    



(4)







The variogram allows the assessment of the spatial dispersion of regionalized variables by measuring the average dissimilarity between the sampling sites separated by a distance [44]. IK was carried out using the stable model, represented by Equation (5), where   γ   h     is the semi-variance,     C   0     is the nugget effect,   C   is the sill,   h   is the lag, and   a   is the interval between sampling sites (range). The ratio between the nugget and sill values was calculated to assess the spatial dependence of the models (Equation (6)). The nugget/sill ratio results are interpreted according to three classes of spatial dependence: strong (<25%), moderate (26–75%), and weak (>75%) [45].


  γ   h   =   C   0   + C     1 − e x p     −       h   a       a         ,   0 < a ≤ 2    



(5)






  S p a t i a l   d e p e n d e n c e =     C   O     C   ∗ 100  



(6)







Buffers of 10 km from each river channel were defined to visualize the probability maps, considering the maximum width of the Middle Araguaia floodplain (2–10 km; [46]). Cross-validation was carried out using the jack-knifing method, assessing the mean error (ME) and the root-mean-square standardized error (RMSSE) between the observed and predicted values [47]. The parameters assessed in this study were the mean error (ME) and the root-mean-square standardized error (RMSSE). ME values close to zero (0) indicate that the models are not biased. The RMSSE represents the error variance from the ME, and values close to one (1) indicate a good fit between the observed and predicted values [48]. Geostatistical analyses were carried out using the Geostatistical Analyst extension of ArcMap 10.8 software (Esri, Redlands, CA, USA).





3. Results


3.1. THg Concentrations in Water and Environmental Characterization


The mean THg concentration in the unfiltered water was 1.68 ± 0.95 ng L−1 (0.5–4 ng L−1). The lakes on the Araguaia River floodplain had a slightly acidic to neutral pH (6.6 ± 0.5), positive oxidation–reduction potential (209.9 ± 42.9 mV), and relatively low dissolved oxygen concentrations (2.46 ± 0.61 mg L−1). The transparency (0.81 ± 0.40 m), depth (7.05 ± 2.11 m), turbidity (6.75 ± 6.49 NTU), and sulfate concentrations (0.0161 ± 0.165 mg L−1) varied considerably between the lakes (Table 1).



Our study area shows a gradient of land use and cover, with anthropogenic areas located in the southern section of the floodplain (upstream) and natural areas, including wetlands, in the northern section of the floodplain (downstream) (Figure 1). Regarding the natural areas, the mean proportions of Cerrado and wetlands were 50.5 ± 15.7% and 20.8 ± 21.4%, respectively (Table 1). The primary anthropogenic land use is pasture and agriculture (22.0 ± 16.7%), with only three lakes close to urban infrastructure (0.05 ± 0.12%). The LUI values reflect the gradient of anthropization, ranging from 9.0 to 131.5 (44.3 ± 33.4).




3.2. THg Bioconcentration and Translocation in Macrophytes


The mean THg concentrations in the aerial tissues were 4.2 ± 2.4 ng g−1 (2–11.9 ng g−1) and 30.3 ± 9.6 ng g−1 (17.7–49.2 ng g−1) in the roots. The bioconcentration factor (BCF) was significantly different between the macrophyte tissues (Wilcoxon: W = −153, p < 0.0001) (Figure 2). In the aerial tissues, the BCF was greater than one only in 12% of the samples (n = 2), ranging from −0.2 to 1.2 (0.41 ± 0.34). In contrast, the roots had a BCF greater than one in 88% of the samples (n = 15), ranging from 0.7 to 2.0 (1.29 ± 0.32). The translocation factor (TF) varied between 0.06 and 0.35 (0.14 ± 0.06), indicating limited translocation of Hg between roots and aerial tissues.




3.3. Association between THg Concentrations, Environmental Conditions, and Land Use and Cover


The first two axes of the PCA explained 65.14% of the variation in the data (Figure 3, Table S2). The main variables positively correlated with Axis 1 were THg concentrations in water, pH, and LUI. In contrast, the main variables correlated negatively with Axis 1 were DO and the percentage of wetlands. THg concentrations in both macrophyte tissues were also negatively correlated with Axis 1. In Axis 2, the main variables were sulfate concentrations in the water and THg concentrations in the aerial tissues and roots of the macrophytes (negative correlation). There was no clear distinction between the lakes associated with the Araguaia River and its tributaries. However, the highest concentrations of THg in the macrophytes’ roots were determined in a lake located in the vicinity of the urban area of the Luiz Alves municipality (Figure 1 and Figure 3). The Kaiser–Meyer–Olkin criterion (KMO = 0.669) and Bartlett’s test of sphericity (χ2(36) = 64.98, p = 0.002) confirmed the suitability of our dataset for the application of PCA.




3.4. Spatial Distribution of THg Concentrations in Water and Bioconcentration and Translocation Factors in Macrophytes


Indicator kriging (IK) showed that the sampling sites located in the southern section of the floodplain (upstream) have greater probabilities of THg concentrations in the water above the local background established from the lakes with less intense land use (>1.2 ng L−1, 69–92%) (Figure 4a). The lowest probabilities (19–49%) were identified in the northern section (downstream). THg concentrations in water reach long distances (~300 km), with a linear behavior, showing a rapid response from one point to another. THg in the water showed moderate spatial dependence (39%), indicating the influence of exogenous factors.



TF and BCF (aerial and root tissues) showed strong spatial dependence (<25%) and virtually zero randomness (nugget effect = 0). The highest probabilities of THg translocation between roots and aerial tissues were identified in the central section of our study area (61–99%), close to the municipalities of Aruanã, Cocalinho, and Bandeirantes (Figure 4b). TF showed hybrid behavior, varying over short and long distances, indicating the presence of structures varying at different scales. Thus, TF has a local and heterogeneous range (~80 km).



The BCF determined in aerial tissues showed a higher probability of positive bioconcentration (BCF > 1) downstream of our study area (57–99%) in lakes associated with the Araguaia and Mortes rivers (Figure 5a). The probabilities are practically zero upstream (0–8%). The BCF model for aerial tissues is far from the origin of the spatial amplitude, varying over distances up to 80 km.



The BCF determined in the roots also showed a higher probability of positive bioconcentration downstream (Figure 5b). However, high probabilities were also determined near the cities (Bandeirantes and Luiz Alves) and the confluence with the Peixe and Crixás rivers (85–98%). The lowest probabilities of BCF > 1 in the roots were found upstream, including the Vermelho River (22–78%). The BCF of the roots has a rapid response close to the origin but with the greatest amplitude among the variables (310 km). This pattern indicates that the BCF of the roots has greater regionality and homogeneity.



All the variables have a moderately positive correlation with anisotropy, with a greater spatial trend at an angle of 10° NE (the direction with the greatest spatial continuity), corresponding to the direction of the Araguaia River drainage. Cross-validation determined that all the IK models presented satisfactory results (unbiased), with RMSSE equal to one and ME close to zero. The parameters of the experimental variograms and the cross-validation results are available in the Supplementary Material (Table S3, Figure S1).





4. Discussion


4.1. Influence of Land Use and pH on THg Concentrations in Water


Our results indicated that THg concentrations in the water covaried positively with the land use intensity in the lakes’ vicinity and the water’s pH (Figure 3). The relationship between THg in the water and the land use intensity was confirmed by indicator kriging, with the highest concentrations determined in the southern section of the study area (upstream), characterized by the predominance of pasture and the occurrence of human settlements (Figure 4a). In addition, THg in the water showed moderate spatial dependence, reinforcing the influence of exogenous factors on its environmental distribution (e.g., land use). Thus, the concentration of THg in the water is a suitable indicator of anthropogenic changes in land use. Large-scale deforestation for cattle ranching and agricultural activities is the principal anthropogenic impact around our sampling sites, occupying proportions of up to 65% of the landscape within a 10 km radius from the lakes (Figure 1, Table 1). Deforestation directly affects the soil’s physical properties, intensifying laminar erosion and compaction [49,50]. Pasture areas contribute approximately half of the total water erosion caused by agricultural activities in Brazil [51]. Hence, soil erosion and compaction result in increased transport of Hg bound to particulate matter into aquatic ecosystems [52] and higher sedimentation rates in floodplain lakes [53].



Along these lines, a study conducted on the Araguaia River floodplain indicated a positive relationship between the land use intensity, the transport of particulate matter (turbidity), and THg concentrations in lacustrine bottom sediments [22]. Considering that the total Hg concentrations in water (dissolved and particulate) are controlled by the THg concentration of suspended particles [54,55], the association between THg in water and land use intensity should be amplified in the collection period of our study (high water). The Araguaia River has a high load of suspended sandy sediments, especially during high water [56]. Thus, the lateral flow of water promoted by the flood pulse favors the transport of Hg bound to particulate material between the main channel of the river and the connected lakes [57].



The degree of land use intensity can also indirectly affect THg concentrations in water through changes in pH. During the rainy season, soil erosion and rock weathering alter the concentrations of ions in the water column through surface runoff, raising the alkalinity of the water [52,58]. We observed a positive relationship between THg in water and pH. However, the pH values were relatively homogeneous between the sampling sites (6 to 7.4; CV = 7.4%). Increasing pH alters the number of ligands available in the aqueous medium through the adsorption of cations and the desorption of anions [59]; hence, greater pH values facilitate mercury adsorption on suspended particulate matter [60]. Therefore, the transport of Hg bound to particulate matter into the lakes and the pH of the water close to neutral might favor the immobilization of Hg in the water column in the lakes upstream of our study area.




4.2. Bioconcentration, Translocation, and the Influence of Environmental Conditions on THg Accumulation in Macrophytes


The Paspalum repens samples showed significantly higher THg bioconcentration levels in the roots compared to the aerial tissues (Figure 2). The limitation of translocation between plant tissues was confirmed by TF, with values substantially below one in all samples. Thus, P. repens individuals are not recommended for Hg phytoremediation in our study area. However, the preference for THg accumulation in the roots indicates the Hg phytostabilization potential of this species [61]. The strong spatial dependence of BCF and TF indicated by kriging suggests that endogenous factors control the spatial distribution of Hg in macrophytes, such as the different Hg uptake pathways intrinsic to the morphological and physiological characteristics of P. repens.



Macrophytes of the P. repens species are attached to the substrate through their roots and have submerged cylindrical and hollow stems up to 2 m long, allowing the leaves to float [62,63]. Thus, the aerial tissues absorb Hg mainly from the water column, while the roots are exposed to Hg through the water and the bottom sediment, increasing the uptake of this element. Since Hg has no physiological function in aquatic plants, its accumulation in the roots does not necessarily imply translocation to the aerial tissues [64]. Additionally, in floodplains, P. repens mats are subjected to rapid variations in water level between hydrological periods so that stem growth occurs continuously to allow for leaf fluctuation [65]. Thus, the continuous growth may imply the process of Hg biodilution, characterized by limiting the accumulation of chemical elements due to biomass growth [66,67].



Albeit limited, the indicator kriging showed that the most substantial translocation potential occurs upstream of our study area, where the highest degree of land use intensity and the highest THg concentrations in the water were determined (Figure 4). In contrast, the highest BCF values were determined in the wetlands downstream (Figure 5). This pattern was confirmed by PCA, indicating that the interaction between the physicochemical parameters of the water (sulfate, DO, and ORP) implies higher concentrations of Hg in the macrophytes collected from lakes with higher proportions of surrounding wetlands. Therefore, the macrophytes were not sensitive to the higher concentrations of THg in the water. This result is in accordance with a study carried out in floodplain lakes of the Orinoco River in the Venezuelan Amazon, where the species P. repens showed no significant difference in the accumulation of potentially toxic chemical elements between polluted and natural lakes [68]. However, it is important to note that the highest concentration of THg in the macrophytes’ roots was determined in the lake adjacent to the Luiz Alves municipality. Although, in general, the human settlements in our study area occupy small areas on a landscape scale (0–0.3%, Table 1), the lack of domestic wastewater treatment [27] and the atmospheric emissions by motor vehicle traffic [69] might represent a source of Hg on a local scale.



The interaction between the biogeochemical cycles of Hg and sulfur (S) is also a critical factor in the bioavailability of Hg in aquatic ecosystems. The PCA results indicated an association between THg concentrations in the macrophytes and sulfate concentrations in the water. THg concentrations in macrophytes were also positively associated, to a lesser extent, with DO and ORP and inversely ordered with pH (Figure 3), indicating two potential pathways for the availability of Hg to macrophytes. The association with DO and ORP may indicate the oxidation of sulfite to sulfate, intensifying the mineralization of organic matter and mobilizing Hg from the bottom sediments into the water column [70,71].



On the other hand, sulfate reduction is the main mechanism for methyl-Hg (MeHg) formation in aquatic ecosystems with higher sulfate concentrations [72]. The roots of P. repens macrophytes represent a critical substrate for the colonizing of periphytic communities in wetlands [35,73]. In addition to the high methylation rates in the associated periphyton [15,35,73], bacterial activity in the roots can increase THg concentrations in this compartment [74]. Therefore, depending on the environmental conditions, sulfate acts as an electron acceptor for anaerobic sulfate-reducing bacteria, so higher concentrations of sulfate result in higher rates of Hg methylation [13,75]. Indeed, macrophytes of the genus Paspalum showed high methylation rates compared to the bottom sediments of floodplain lakes [12]. In this context, despite the positive association with DO, DO concentrations were relatively low in our set of lakes, ranging from 1.0 to 3.3 mg L−1 (Table 1). This range of dissolved oxygen concentrations is consistent with those determined during the flooding period in the Amazon and Pantanal floodplains, identified as essential sources of MeHg for river basins [76,77,78]. The anoxic and reducing conditions created by the low concentrations of dissolved oxygen in the water column favor the methylation process by the complexation of the methyl group of decomposing organic matter with inorganic Hg (Hg2+) [79]. Thus, the relatively low dissolved oxygen concentrations can increase the availability of Hg for macrophytes.



The inverse relationship with pH can be explained by the input of allochthonous organic matter rich in humic and fulvic acids typical of flooded areas [80], increasing the acidity of the water [81] and the mobilization of Hg into the aquatic biota [82,83]. Accordingly, the inverse spatial distribution pattern between THg concentrations in water and macrophytes suggests the dissolution of Hg bound to particulate material and the uptake of dissolved Hg by aquatic plants [84]. The pH also affects the methylation process, so that acidic conditions increase the uptake of Hg2+ by the cells of methylating microorganisms, regardless of the concentrations of dissolved organic matter (direct effect) [85], in addition to reducing the complexation of Hg with dissolved organic matter, increasing its bioavailability to microbial methylators (indirect effect) [86]. In contrast, high pH values favor the demethylation of Hg [87]. Hence, a study conducted in the laboratory indicated that pH values between 6 and 7, as determined in our study area, stimulated Hg methylation in the floating macrophyte Eichhornia crassipes [88]. Therefore, the negative association with pH and the positive relationship with wetlands and sulfate concentrations in the water indicate the potential of macrophytes as indicators of sites that are favorable to Hg methylation.





5. Conclusions


The bioconcentration potential of THg in P. repens was significantly higher in the roots than in the aerial tissues, with low translocation potential between plant tissues. The preference for THg accumulation in the roots indicates the phytostabilization potential of this species. However, it was not a suitable species for phytoremediation. The principal component analysis, variogram analysis, and probability maps showed two patterns controlling the distribution of THg in the water and macrophytes of our study area. The highest concentrations of THg in the water were determined upstream of our study area, a region characterized by a higher degree of land use intensity and a pH close to neutral, indicating the transport of Hg bound to particulate matter into the lakes and the immobilization of Hg in the water column. In contrast, wetlands were priority points for the bioconcentration of THg in macrophytes.



Although P. repens is not a suitable bioindicator of Hg mobilization by anthropogenic land use in our study area, our results suggest the potential of macrophytes as bioindicators of priority sites for Hg methylation. To confirm this hypothesis, we recommend that future studies evaluate MeHg concentrations in the aquatic ecosystems of the Araguaia River floodplain. Additionally, considering that macrophytes present different ecological groups that reflect the degree of adaptation of the species to the aquatic environment, future studies should evaluate the distribution of THg and MeHg in different macrophyte species.
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Figure 1. Location of the study area indicating (a) the location of the Araguaia River basin with emphasis on the Cerrado, Amazon rainforest and Pantanal biomes; and (b) an enlargement of the study area indicating the sampling sites, municipalities and land use and cover classes. Cerrado: natural forest, savanna, and grassland formations (except natural wetlands). 
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Figure 2. Difference in the Hg bioconcentration factor between the aerial tissues (stem and leaves) and roots of P. repens (Wilcoxon: W = −153, p < 0.0001). The dashed line represents the cut-off value indicating the positive bioconcentration process. 
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Figure 3. Bivariate plot showing the ordering of variables and sampling sites according to the PCA results (Axes 1 and 2). 
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Figure 4. Probability map (indicator kriging) of (a) THg concentrations in water and (b) THg translocation factor in macrophytes. 
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Figure 5. Probability map (indicator kriging) of THg bioconcentration factors in (a) aerial tissues and (b) roots. 
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Table 1. Descriptive statistics of THg concentrations, physicochemical water parameters, and land use and cover (mean, standard deviation (SD), minimum (Min), maximum (Max), and coefficient of variation (CV)).
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Mean

	
SD

	
Min

	
Max

	
CV






	
[THg] Water (ng L−1)

	
1.68

	
0.95

	
0.5

	
4

	
57




	
Physicochemical water parameters




	
pH

	
6.6

	
0.5

	
5.7

	
7.4

	
7




	
Oxidation–reduction potential (ORP, mV)

	
209.9

	
42.9

	
152

	
337

	
20




	
Transparency (m)

	
0.81

	
0.40

	
0.3

	
1.8

	
50




	
Depth (m)

	
7.05

	
2.11

	
3.8

	
11.2

	
3




	
Turbidity (NTU)

	
6.75

	
6.49

	
0

	
21.4

	
96




	
Dissolved oxygen (OD, mg L−1)

	
2.46

	
0.61

	
1.02

	
3.33

	
25




	
Sulfate (mg L−1)

	
0.0161

	
0.0165

	
0.001

	
0.046

	
102




	
Land use and cover (10 km)




	
Cerrado (%) *

	
50.5

	
15.7

	
29.6

	
75.2

	
31.




	
Wetlands (%)

	
20.8

	
21.4

	
1.7

	
56.1

	
103




	
Pasture and agriculture (%)

	
22.0

	
16.7

	
4.5

	
65.7

	
76




	
Urban infrastructure (%)

	
0.05

	
0.1

	
0

	
0.3

	
223




	
Land Use Index (LUI)

	
44.3

	
33.4

	
9.0

	
131.5

	
75








Note: * Cerrado: natural forest, savanna, and grassland formations (except natural wetlands).
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