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Methylmercury in soils and vegetation from the Amazonian rainforest is still poorly studied. Hence, the aim of this work was to determine the total mercury [THg] and methylmercury [MeHg] concentrations in litter and surface soil, MeHg deposition via litterfall, and the MeHg fate during a forest fire in the Amazonian rainforest. Sampling of litter, soil (0–1, 1–2, and 2–5 cm), and ash was carried out before (BB) and after (AB) a prescribed forest fire. The results showed a low [THg] (34 ± 8 ng g-1) and [MeHg] (0.16 ± 0.03 ng g-1) value in litter, with a correspondingly low estimate of the MeHg litterfall flux (0.13 ± 0.03 μgm-2 yr-1) which has been probably underestimated due to potential losses during the field experiment. In ashes, [THg] and [MeHg] values were 23 ± 8 ng g-1 and 0.11 ± 0.04 ng g-1, respectively. Although a significant part of Hg contained in the biomass was lost during the fire, the [MeHg]/[THg] ratio was not affected by it and was the same in litterfall and ash (∼0.5%). In soil, the average [THg] BB value was 149 ± 12 ng g-1 in the three layers and [MeHg] was between 0.8 and 1.0 ng g-1. The forest fire only affected the superficial soil, with a significant decrease of [THg] and [MeHg] in the 0-1 cm layer. Similarly, the decrease of the [MeHg]/[THg] ratio in the surface soil layer suggested that MeHg was more readily emitted or degraded than the other Hg species present.
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1 INTRODUCTION
Forests have been recognized as key ecosystems in the global biogeochemical Hg cycle (Wang et al., 2016; Outridge et al., 2018; Bishop et al., 2020; Zhou et al., 2021). The forest canopy is highly efficient in trapping atmospheric Hg through the stomatal uptake of gaseous elemental mercury (Hg0) and by the adsorption of particulate-bounded mercury (PBM) and reactive gaseous mercury onto leaf surfaces (Jiskra et al., 2018; Zhou et al., 2021). Methylmercury (MeHg), one of the most toxic and bioaccumulating Hg species, is also expected in tree leaves, mainly originating from MeHg atmospheric depositions (Graydon et al., 2008; Tsui et al., 2012; Ma et al., 2015; Gerson et al., 2022). As the root absorption of Hg is very low, in noncontaminated sites, a significant contribution in this manner is not expected (Graydon et al., 2009; Tabatchnick et al., 2012). Mercury fixed in the foliage is then transferred to the forest floor via litterfall and throughfall (rain that washes plant surfaces off). Some studies showed the total mercury (THg) and MeHg fluxes in throughfall and litterfall are many times higher than those in direct wet deposition in open areas (Branfireun et al., 1998; Louis et al., 2001; Mowat et al., 2011; Gerson et al., 2022). Mercury is then sequestered in soil generally associated with organic matter (Bishop et al., 2020). However, in ferralitic soils (Oxisols), which are largely present in the Amazonian region, Hg mainly adsorbs onto Fe-oxy-hydroxides, while the MeHg concentration seems to be more dependent on the organic matter quality and quantity (Roulet and Lucotte, 1995; Roulet et al., 2001).
Global mercury deposition through litterfall has been estimated to be between 1,000 and 1,200 Mg yr-1 (Wang et al., 2016; Obrist et al., 2018) with 30% of the total deposition in temperate/boreal forests and 70% in tropical/subtropical forests. This accounts for approximately one-third of the total Hg deposition on land (Mason et al., 2012), also equivalent to 50%–60% of global anthropogenic emissions (Pirrone et al., 2010). A higher efficiency of tropical/subtropical forests in transferring atmospheric Hg via litterfall is mainly attributed to the higher litterfall biomass production (Wang et al., 2016; Schneider et al., 2023). Biological factors such as the presence of evergreen broadleaf species with long leaf lifespans and strong foliage assimilation also result in higher Hg concentrations in the foliage and litterfall (Fostier et al., 2015; Wang et al., 2016; Teixeira et al., 2017; Pleijel et al., 2021; Gerson et al., 2022). As for other Hg species, [MeHg] in tree leaves and litter also largely depend on the forest type (Witt et al., 2009). As tropical forests are commonly rich in perennial broadleaved species with high litter production, relatively high atmospheric MeHg inputs are expected in these environments (Zhou and Obrist, 2021). However, to our knowledge, [MeHg] has not yet been measured in tree leaves from tropical forests, and only one dataset of [MeHg] in litter samples from the Amazonian rainforest is available (Roulet et al., 2001).
Forests can also provide favorable environments for Hg methylation processes (Eklöf et al., 2018), enhancing the potential risk to the terrestrial biota (Rieder et al., 2011; Ackerman et al., 2016). Lowland forests are frequently pointed out as hotspots for Hg methylation due to soil saturation and anoxic conditions that favor the methylation process (Bishop et al., 2020). In the Amazonian region, some studies showed that seasonal flooding of the forest results in high [MeHg] in litter and organic horizons of forest soils (Guimaraes et al., 2000; Roulet et al., 2001; Guedron et al., 2011). Mercury methylation can also take place in organic surface soils in uplands (Bishop et al., 2020); however, this process was poorly studied, especially in forested tropical uplands (Shanley et al., 2020).
Deforestation and some forest management practices can enhance the mobilization of Hg stocked in soils through leaching and runoff processes, therefore increasing Hg transport toward the streams (Fostier et al., 2000; Roulet et al., 2001; Patry et al., 2013; Bishop et al., 2020), where the methylation process results in the production of MeHg (Bishop et al., 2020). By studying the long-term impact of forest fires on Hg concentrations at Acadia National Park (United States), Patel et al. (2019) suggested that fire enhanced MeHg production in superficial soil. However, the sources and fate of MeHg in forests are still poorly known, especially in tropical areas (Schneider et al., 2023). As far as we know, the effects of fire on MeHg volatilization and degradation have never been studied, albeit biomass burning was suggested as a possible source of atmospheric MeHg (Zhang et al., 2019).
The Amazonian rainforest represents over half of the planet’s remaining rainforest. The vegetation in the region is mainly semi-deciduous or evergreen tropical forests, but the species composition varies widely due to the differences in the soil type and altitude across the basin (Sombroek, 2000). From the different vegetation types, it was estimated that approximately 66% of soils are covered by the so-called old-growth terra firme forests (Saatchi et al., 2007; Chave et al., 2010), which are part of the upland (never flooded) forests. For this biome, the total Hg deposition via litterfall was estimated to be 268 ± 77 Mg y-1 (Fostier et al., 2015), whereas the total Hg input from the atmosphere was estimated to be 332 Mg y-1 (Feinberg et al., 2023). Conversely, in the Brazilian Amazon, which accounts for the main part of this tropical forest, approximately 8 × 103 km2 were deforested yearly over the 2008–2022 period, which was mainly performed by clearing and biomass burning (INPE, 2023). Although a growing body of evidence has shown the importance of tropical forests in the global Hg cycle, Hg in soils and vegetation from the Amazonian rainforest has still been poorly studied and very few data are available for MeHg in these regions. Therefore, the aim of this work was two-fold: 1) to determine THg and MeHg concentrations in litter and soil in an upland forest located in the Brazilian Amazon basin and 2) to calculate the fluxes of MeHg via litterfall, as well as the impact of prescribed forest burning on the MeHg fate at the interface soil/ash/atmosphere in the same region.
2 MATERIALS AND METHODS
2.1 Experimental area and sampling
This study was performed in the western Brazilian Amazon region within a 150 m × 150 m native forest area (8°38’S 63°11′W) located approximately 20 km from Candeias do Jamari city (Rondônia state, Brazil) (Figure 1). The vegetation type present in the experimental area is old-growth terra firme forests (Chave et al., 2010) and the soil is classified as Oxisols (Almeida et al., 2005). The prescribed fire experiment was conducted according to the slash-and-burn practice commonly applied for deforestation in this region (Fire experiment authorization 204/2014 Secretaria de Estado do Desenvolvimento Ambiental). Details on the complete experiment can be found in the work of Carvalho et al. (2016). In brief, the first step was to perform a forest inventory of the trees with the diameter at breast height (DBH) being >10 cm in the central 1 ha (Supplementary Figure S1). The forest was then cleared at the beginning of the dry season (July), and burning was performed at the end of August when the vegetation was sufficiently dry. Although the total area (2.5 ha) was burned, the combustion completeness (CC) of the fine material (branches with diameter <10 cm, litter, and leaves) was estimated in 12 different 4 m2 subareas distributed in the 1 ha central area, as shown in Supplementary Figure S1. In each area, the biomass was weighted before (BB) and after the burning (AB) (both in August) and CC was calculated as the percentage of the burned biomass, as detailed in Supplementary Table S1. Details on fuel loading and ash mass in each subarea are presented in Supplementary Table S1. The consumption of logs (DBH >10 cm) and larger branches (D >10 cm) in the 1 ha central area was also estimated as detailed in the work of Carvalho et al. (2016). Litter, soil (0–1, 1–2, and 2–5 cm), and ash sampling was carried out in nine of these subareas (Supplementary Figure S1). In each area, each sample was composed of three subsamples that were mixed and homogenized. Soil was collected using an acid-washed plastic shovel and litter was collected with hands using gloves. The samples were stored in doubled plastic bags for transport to the laboratory, dried at room temperature in a laminar flow hood, milled in a mortar (with the aid of liquid N2 for litter), and stocked in decontaminated HDPE flasks.
[image: Figure 1]FIGURE 1 | Location of the study area (Candeias do Jamari, RO).
2.2 Analyses and quality control
2.2.1 Total mercury
The determination of the total mercury concentration [THg] was carried out through thermodesorption atomic absorption spectrometry (DMA-80 Tri-Cell, Milestone), according to the work of Melendez-Perez and Fostier (2013). Accuracy, expressed as the average percentage of recovery (±1 standard deviation, s) of the THg certified concentration, was assessed by analyzing standard reference materials (SRMs). It was 113% ± 8% for NIST-2689 (coal fly ash), 113% ± 5% for NIST-1632d (trace elements in coal), 99% ± 5% for IAEA-433 (trace elements in marine sediments), and 93% ± 2% for IAEA-336 (trace and minor elements in lichens). Precision was calculated as the relative standard deviation (1 s) of three analytical replicates and was always <10%. The limit of detection (LOD) and of quantification (LOQ), calculated based on the angular coefficient of analytical curves, were 1.7 ± 0.1 and 5.6 ± 0.5 ng g-1, respectively, for litter analyses, 1.3 ± 0.1 ng g-1 and 4.5 ± 0.4 ng g-1 for ash, and 0.75 ± 0.06 and 2.5 ± 0.2 ng g-1 for soil.
2.2.2 Methylmercury
A precise and accurate method based on species-specific isotope dilution and gas chromatography coupled to inductively coupled plasma mass spectrometry (GC-ICPMS), which allows the simultaneous determination of the methylmercury concentration [MeHg] and inorganic Hg [iHg], was used for MeHg quantification in the different matrices studied in this work (Rodriguez Martin Doimeadios et al., 2003; Monperrus et al., 2008; Clemens et al., 2011). This analytical methodology has already been assessed for soil and vegetal samples (Feng et al., 2016) and more details on the protocol are briefly given in Supplementary Text S1 and in more detail in the previous works (Monperrus et al., 2008; Clemens et al., 2011). For MeHg, the analytical method recovery was assessed by analyzing the SRM IAEA-405 (trace elements and MeHg in marine sediments) and calculating the ratio (%) between the obtained and certified [MeHg]. Total Hg species (THgsp) recovery was also calculated for IAEA-405, IAEA-336, and litter, ash, and soil samples as the ratio between [MeHg] + [iHg] and [THg]. The precision was calculated as the relative standard deviation of three analytical replicates. The limit of detection and quantification were calculated based on the parameters of the analytical curves. For MeHg, LOD and LOQ were 0.006 and 0.020 ng g-1, respectively. Recovery for IAEA-405 was 100.4%, and the precision was <5%; detailed data are given in Supplementary Table S2.
For iHg, LOD was 0.07 ng g-1 and LOQ was 0.23 ng g-1. For THgsp, it was 95.4% and 89.1% for IAEA-405 and IAEA-336, respectively, and the precision was <5%. For litter and ash samples, THgsp recovery ([MeHg] + [iHg]) × 100/[THg]) was 73% ± 8% and 50% ± 12%, respectively (Supplementary Tables S3, S4). For soil, it ranged from 46% ± 7% to 52% ± 7% (Supplementary Table S5).
2.2.3 Determination of the organic matter content
The organic matter content was determined in litter, ash, and soil samples via gravimetric analysis. The previously dried samples were burned for 2 h at 360°C in a muffle furnace; then, the percentage lost on ignition was used to estimate the organic matter content (North Central Regional Research, 2012).
2.3 Statistical data treatment
Data processing was conducted using PAST (Paleontological Statistics, version 4.11) (Hammer et al., 2001), GraphPad Prism version 10.0.0 (Boston, MA, United States), and XLSTAT® software. The normality of the datasets was assessed using the Shapiro–Wilk test. To evaluate the statistical differences between normally distributed datasets, Student’s t-test was employed. Furthermore, one-way ANOVA was used to assess the differences among more than three sets of normally distributed data. All statistical analyses were carried out with a significance level of 95% (α = 0.05). Pearson’s correlation coefficient (r) was also analyzed to assess the degree of dependence between pairs of variables (i.e., combustion completeness (%), total biomass (kg m-2), OM lost from vegetation (%), THg lost from vegetation (%), MeHg lost from vegetation (%), OM lost from 0–1 cm soil (%), THg lost from 0–1 cm soil, and MeHg lost from 0–1 cm soil).
3 RESULTS
3.1 Total [THg] and methylmercury concentrations
All the results presented a normal distribution, except the dataset of [MeHg] in the 0–1 cm soil layer AB, in which the CJ12 [MeHg] (1.18 ng g-1) appeared as an outlier (Grubbs’ test for outliers; p <0.05) (Figure 2). However, the rest of the data were normally distributed after removing this value. Paired Student’s t-test was then applied to compare the different datasets (i.e., litter and ash, soil BB or AB at different depths, and soil BB and AB at the same depth).
[image: Figure 2]FIGURE 2 | Methylmercury concentration (ng g-1) in soil samples from the experimental subareas before and after burning in the three sampled layers (0–1, 1–2, and 2–5 cm). The CJ11 0–1 cm layer was not analyzed.
[THg] in litter ranged from 25.0 to 50.0 ng g-1 (Table 1) and was significantly higher than that in ash (paired Student’s t-test, p <0.05). In soil, the overall average [THg] was 149 ± 12 ng g-1 (Table 2), and there was no difference among layers. After burning, a significant decrease was only observed in the 0–1 cm layer (p <0.05).
TABLE 1 | Concentrations of total mercury [THg] and methylmercury [MeHg] (ng g-1) in litter and ash, with their respective [MeHg]/[THg] ratios expressed in %.
[image: Table 1]TABLE 2 | Average concentrations of THg, MeHg (ng g-1), and MeHg/THg (%) in the 0–1, 1–2, and 2–5 cm soil layers before and after burning.
[image: Table 2]The average [MeHg] was 0.16 ± 0.03 ng g-1 in litter, ranging from 0.11 to 0.21 ng g-1 (Table 1). Following the same trend observed for [THg], it was significantly higher than the [MeHg] in ash (p <0.05), where the average was 0.11 ± 0.04 ng g-1, ranging from 0.04 to 0.18 ng g-1. Before burning, in the superficial soil layer (0–1 cm), the average [MeHg] was 1.0 ± 0.2 ng g-1 (Table 2), ranging from 0.67 to 1.23 ng g-1 (Figure 2), which was not significantly different from [MeHg] in the other two layers BB. After burning, a significant decrease was only observed in the 0–1 cm layer (paired Student’s t-test; p <0.05), in which the average [MeHg] value was 0.7 ± 0.1 ng g-1, ranging from 0.54 to 0.88 ng g-1, albeit it should be noted that in this layer, MeHg was not determined in the CJ11 sample. Furthermore, as CJ12 [MeHg] AB (1.18 ng g-1) appeared as an outlier, it was not included in the average calculation.
The average [MeHg]/[THg] ratio in litter (0.5 ± 0.2 ng g-1) (Table 1) was the same as in ash (0.5 ± 0.2 ng g-1). In the 0–1 cm soil layer, the average ratio was 0.7 ± 0.1 ng g-1 before (0.50–0.74 ng g-1) and 0.5 ± 0.1 ng g-1, ranging from 0.36 to 0.65 ng g-1 after burning. In the other soil layers, the average ratio varied between 0.5 ± 0.2 ng g-1 and 0.6 ± 0.2 ng g-1 BB and AB.
3.2 Organic matter content in litter, ash, and soil samples
The average OM content in litter was 91% ± 3% (w w−1), which significantly decreased to 29% ± 11% in ash (paired Student’s t-test, p <0.05) (Figure 3). In soil, before burning, it was 21% ± 5%, 10% ± 2%, and 7% ± 2% in the 0–1, 1–2, and 2–5 cm layers, respectively. After burning, it was 14% ± 4%, 8% ± 1%, and 7% ± 2% in the 0–1, 1–2, and 2–5 cm layers, respectively.
[image: Figure 3]FIGURE 3 | Organic matter content (%, w w−1) in litter and ash samples in the 4 m2 subplots.
4 DISCUSSION
4.1 Speciation method recovery
The extraction method used for Hg speciation presented high THgsp recovery for both CRM IAEA-405 (sediment) and IAEA-336 (lichens). However, THgsp recovery was lower in litter, soil, and ash samples (Supplementary Table S5). For Hg as for other heavy metals, the liquid/solid extraction efficiency depends on the reagent type and its ability to solubilize the different forms (i.e., more or less labile), in which the metal is present in the sample (Song et al., 2015; Ku et al., 2018; Zhou et al., 2018). Conversely, a complete release of Hg is expected with the thermodesorption method being used (Zhou et al., 2018).
A sequential extraction applied to fresh and dried leaves aiming at Zn, Cd, and Cu determination showed that for most extractants, the extraction efficiency was higher in fresh leaves than that in dried leaves, which could be related to the storage of the metals in vacuoles (Song et al., 2015). The authors also pointed out that the finer particle size of the dried samples may have increased the extraction efficiency. As our litter samples were ground manually, this latter point could explain the relatively low extraction efficiency (73% ± 8%) when compared to IAEA-336 (93 ± 2%). However, plant metal fractions have still been poorly studied (Zhou et al., 2018), and it is probable that many factors, such as plant species and the age of tissues, can have an impact on the metal lability. For soil and ash samples, recovery was approximately 50%, showing that only Hg species soluble in oxidizing and moderately acid media (HNO3 6 mol L-1) were extracted. This method is expected to solubilize Hg bound to the organic matter and Hg adsorbed by amorphous iron oxides and by clay in soil (Reis et al., 2016), but not the Hg present in the recalcitrant pools, which includes HgSe and HgS (Ku et al., 2018). Conversely, this method is not expected to digest charcoal or recalcitrant black carbon originating from biomass burning (Ku et al., 2018), and these authors reported that a recalcitrant Hg pool significantly increased in wildfire ash when compared with the unburned vegetation (litter and wood). In our study, a recalcitrant pool was calculated as 100 – [THsp] recovery (%) (Supplementary Table S5), which increased from 27% in litter to 50% in ash. So, our results suggest that a large part of Hg was likely present in the recalcitrant pool in the soil samples and included in charcoal and ash.
4.2 Total and methylmercury concentrations in litter
The average total Hg concentration in litter (33 ± 8 ng g-1) was lower than that reviewed by Fostier et al. (2015) for the Amazonian upland forests, which ranged from 40 ± 5 to 119 ± 29 ng g-1 (average = 75 ± 30 ng g-1 and median = 61 ng g-1). As the tree species composition has a strong influence on Hg uptake by the foliage and because tree species are not homogeneously distributed in the forest, variations in the Hg concentration can result from the variations in litter composition. The relative high coefficient of variation (CV %) generally observed for any set of data on litter [THg] can largely be attributed to this factor. In our study, CV was 24%, which was lower than the data reported by Fostier et al. (2015) in the Amazonian forest. Conversely, previous results on [THg] in litter were obtained near the experimental site but under forested areas (Fostier et al., 2015), which showed that [THg] was higher in the forest area (61 ± 11 ng g-1) than that in our experimental conditions (33 ± 8 ng g-1). This difference could, therefore, be due to the exposure to solar radiation and rain washout for some months after the forest was cut, resulting in Hg loss. Richter et al. (2023) reached the same conclusion when comparing the isotopic composition of litter sampled in the same experimental site at CJ and in a forest site. Furthermore, Carpi et al. (2014) showed significant increases in Hg emissions when soils (covered or not by litter) were exposed to solar radiation after cutting the tree and suggested that solar UV radiation was the main driver responsible for these emissions.
As for [THg], the average [MeHg] in litter (0.16 ± 0.03 ng g-1) was also in the low range of those reviewed in other remote regions (Zhou et al., 2018), e.g., from 0.18 ng g-1 in the coniferous forest of Canada (Louis et al., 2001) to 0.84 ng g-1 in a subtropical altitude forest in China (Ma et al., 2015). In addition, Graydon et al. (2008) reported [MeHg] ranging from 0.22 ± 0.02 to 0.49 ± 0.14 ng g-1 in litter from jack pine and deciduous forests, respectively, in a remote boreal Canadian region. However, the average [MeHg]/[THg] ratio (%) in litter (0.5% ± 0.1%) was in the same range as for other remote regions, i.e., between 0.25% and 1.0% (Graydon et al., 2008; Zhou et al., 2018). This shows that Hg losses due to direct atmospheric exposure (solar radiation and rain washout) probably happen at the same rate for THg and MeHg. In Amazonian flooded forests (i.e., hydromorphic soils), a much higher [MeHg]/[THg] ratio in litter (2%–5%) has been reported by Roulet et al. (2001), suggesting that this environment is very favorable for Hg methylation and/or MeHg accumulation.
4.3 Total and methylmercury litterfall deposition
The total mercury annual deposition via litterfall (DTHg) can be estimated as DTHg = [THglit] × Mlit, where [THglit] is the average [THg] in litter and Mlit is the annual mass of litter deposited on the forest floor, which was estimated to be 8 ± 2 Mg ha-1 yr-1 by Fostier et al. (2015) for the Brazilian Amazonian rainforest. Then, the estimated DTHg value was 28 ± 14 μg m-2 yr-1. This value can be considered low compared to 49 ± 14 μg m-2 yr-1 estimated by Fostier et al. (2015) and to 84 ± 48 μg m-2 yr-1 by Wang et al. (2016) for different locations in the Amazonian rainforest. The MeHg litterfall deposition (DMeHg), calculated the same way, but using the average [MeHg] in litter, resulted in a net deposition of 0.13 ± 0.04 μg m-2 yr-1. This value is within the range of the previous estimations from 0.08 to 0.34 μg m-2 yr-1 reported by Zhou et al. (2018) for MeHg litterfall deposition in other remote regions. Nevertheless, as already pointed out, the litter exposed, for several months, to sun radiation and rain washout may have resulted in some loss of Hg and, consequently, to an underestimation of the initial net THg and MeHg depositions. Conversely, an estimate of Hg deposition based on a limited dataset obtained in the specific condition (after the vegetation was felled and dried) may be not representative of the Amazonian upland forest; however, it is paramount to highlight that this is the first dataset obtained on [MeHg] in litterfall in this ecosystem.
4.4 Total and methylmercury concentrations in soil before burning
The total Hg concentrations in soil before burning (149 ± 12 ng g-1) are within the values expected in Amazonian soils, which are highly variable, i.e., 61 ± 25 to 304 ± 62 ng g-1 for superficial (0–10 cm) pristine forest soils (Schneider et al., 2023). MeHg (∼1 ng g-1) and [MeHg]/[THg] (0.6%) concentrations obtained in the present study are in accordance with those reported for Oxisols from other locations of the Amazonian forest (Table 3), which are dominant in Candeias do Jamari (Roulet and Lucotte, 1995; Almeida et al., 2005). In contrast, higher [MeHg]/[THg] ratios were reported in hydromorphic soils, but the processes governing mercury methylation and/or accumulation in those soils are still unknown (Roulet et al., 2001; Guedron et al., 2011). The data presented in this work also agree with MeHg concentrations in soils from uncontaminated temperate and boreal forests, in which MeHg concentrations are generally below 1 ng g-1, although some values up to 10 ng g-1 have been reported under specific conditions, such as around fumarolic areas (Kodamatani et al., 2018), in a boreal coniferous clear-cut forest (Kronberg et al., 2016), and wetland forests (Bishop et al., 2020).
TABLE 3 | Total (HgTot) and methylmercury (MeHg) concentrations (average ± 1 SD) and the percentage of MHg/HgTot in soil reported in the literature and from the present study for Amazonian flooding forests and upland forests.
[image: Table 3]As expected, [THg] and [MeHg] concentrations were significantly higher in soil than those in litter (paired Student’s t-test; p <0.05) because the litter mass decreases during its decomposition and is then incorporated into the superficial soil (Zhou et al., 2021). However, the dynamics of Hg in soil strongly depend on the soil composition. The decomposition of the litter results in the formation of organic horizons (Oh), and Hg originating from this litter may bind to the organic matter, accumulating in superficial soil. Nevertheless, in Oxisols, Hg can mainly be adsorbed onto Fe-oxy-hydroxides (Roulet and Lucotte, 1995).
Methylmercury in litterfall can originate from MeHg atmospheric depositions on tree leaves (Graydon et al., 2008; Tsui et al., 2012; Ma et al., 2015), but this process has never been evaluated in the Amazonian forest. In addition to the atmospheric input, MeHg in soil can also increase due to the methylation process, mainly driven by anaerobic bacteria (Kronberg et al., 2016; Gerson et al., 2017; Eklöf et al., 2018). High [MeHg] and [THg] were observed in dried superficial soils in an Amazonian forest area, where a high atmospheric Hg input was attributed to the proximity to artisanal small gold mining (Gerson et al., 2022). However, as [MeHg]% (0.79%) was in the same order as in remote areas around the globe, the authors concluded that the methylation rate did not increase in the study area and that high [MeHg] and [THg] can mainly be attributed to a high Hg input, litter decomposition, and high storage capacity of Hg in soil. However, the examination of the sources of MeHg in forest soils via either atmospheric depositions or in situ methylation pathways and the importance of each source still remain to be clearly assessed to better understand the Hg cycle in terrestrial environments (Tsui et al., 2012; Tao et al., 2018; Zhou et al., 2018). This aspect is a critical gap in the knowledge of tropical soils and forests, for which the available studies and data are very scarce (Gerson et al., 2022).
4.5 Combustion completeness and fire severity
In forest fires, the combustion process depends on several factors, such as initial mass, nature, and moisture of fuel; air temperature and humidity; wind speed; and the topography of the site (Certini, 2005). The impact of fire on the physical, chemical, and biological properties of the soil (the fire severity) depends on the heat release from the combusting biomass (the fire intensity) and on the duration of combustion (Neary et al., 2005). A low-to-moderate severity is expected in the prescribed fire experiments (Certini, 2005). In our experimental site, the fine material (D <10 cm) accounted for 13.3% of the total fresh biomass estimated to 701.5 t ha-1, which was in the upper range of the average forest biomass in western Amazonia (612.4 ± 142.5 t ha-1) (Carvalho et al., 2016). In the nine 4-m2 areas considered in the present study, the CC of the fine material ranged from 66.6% to 100%, showing the heterogeneity of the combustion process. Consumption completeness showed no correlation (p >0.05) with any of the other variables (Supplementary Table S6). In two other prescribed fire experiments conducted in the same way in western Amazonia, Carvalho et al. (2016) reported the CC of small size materials of 85.5% and 89.2%. Conversely, when also considering logs (DBH >10 cm) and larger branches (D >10 cm), the overall CC was only 16.0% (Carvalho et al. (2016). The typical superficial soil temperature in forest fires rises 200–300°C (Rundel, 1983), although the temperature up to 500–700°C can be reached in case of heavy fuels (Certini, 2005). One of the first effects of forest fires on soil properties is the removal of OM, whose substantial consumption begins at 250–300°C and completes at approximately 460°C (Giovannini et al., 1988). The organic matter release can, therefore, be used as an indicator of fire severity. In our experiment, the OM content significantly decreased only in the 0–1 cm layer (paired Student’s t-test; p <0.05). However, the average decrease of the OM content in this layer was only 33% ± 25%, indicating a moderate fire in the sampled subareas. It also suggests that, at these places, relatively low temperatures were reached, as complete combustion of soil only occurs at temperatures >450–500°C (Gonzalez-Perez et al., 2004; Mataix-Solera et al., 2011).
4.6 Total and methylmercury release due to forest burning
In soil, a significant decrease of [THg] and [MeHg] was only observed in the 0-1 cm layer, indicating that the fire intensity was only able to promote Hg release from the very superficial soil, which is in accordance with the observed OM decrease in the same layer. However, no correlation was observed between the OM lost and [THg] and [MeHg] lost in this soil layer (Supplementary Table S6). The impacts of the prescribed forest fires on the very superficial soil in the Amazonian rainforest were also reported by Melendez-Perez et al. (2014) and Michelazzo et al. (2010). A significant decrease (paired Student’s t-test; p <0.05) of the [MeHg]/[THg] ratio was observed in the 0–1 cm layer after burning (Table 2), suggesting that with the increase in temperature, MeHg was more easily degraded and/or emitted than other Hg species (i.e., iHg compounds) present in such soils. The impact of fire on soil OM (and others soil components) is a complex issue, as it depends on many parameters, such as soil properties and composition, the temperature reached during the fire, and the burning duration. It was reported that the distillation of volatiles and the loss of organic carbon in soils start at temperatures between 100 and 200°C and that the charring process starts above 190–200°C (Gonzalez-Perez et al., 2004). So, the effects of forest fire on MeHg release and degradation can also vary with fire severity. Mercury speciation by thermodesorption shows that different species are released at different temperature ranges (Reis et al., 2016). Applying this technique to Amazonian soil spiked with Hg2+, Do Valle et al. (2005) showed that Hg bound to the mineral phases was released at a lower temperature than Hg bound to humic acids. Therefore, our results suggest that MeHg was mainly bound to weak organic matter ligands and/or mineral phases. It is important to notice that after burning, the 0-1 cm layer visually corresponded to the partially burned O-horizon, while newly formed ashes were mainly produced from the burned overlaying biomass. Both [THg] and [MeHg] were significantly lower in ash than in litter (30% and 31% decrease for [THg] and [MeHg], respectively), clearly showing that the fire conditions in our experimental site were able to remobilize a significant part of Hg sequestered in the vegetation, with likely a larger fraction of it emitted into the atmosphere (Outridge et al., 2018). Furthermore, as [MeHg]/[THg] ratios were not different in litter and ash, one can conclude that MeHg was released with a similar efficiency as the main fraction of the inorganic Hg species. Biomass burning was pointed out as a potential source of MeHg in atmospheric fine particles (Zhang et al., 2019). However, the release of MeHg from soil and litter does not imply that it was directly emitted into the atmosphere. First, MeHg can be readsorbed into ash particles that have a high adsorption capacity for organic and inorganic Hg compounds (Ku et al., 2018). Furthermore, MeHg under heating conditions can be transformed into gaseous and volatile Hg forms (i.e., mainly Hg0). However, to our knowledge, the effects of the high temperature generated by biomass burning on MeHg present in the vegetation have not yet been studied in detail. Recently, a study performed on the same litter, ash, and soil samples (Richter et al., 2023) using the Hg stable isotopic composition suggested that Hg emission and reallocation during forest fire is quite complex and demonstrated that the Hg present in newly produced ash was mainly originating from Hg emitted from the superficial soil layer (0-1 cm).
5 CONCLUSION
Total and MeHg concentrations in litter from the study area were relatively low compared to other Amazonian rainforest areas. Consequently, the estimated MeHg litterfall flux was also low, possibly due to the extended exposure time of litter to solar radiation and rain washout after forest cutting. Conversely, the [MeHg]-to-[THg] ratio in soil and litter was of the same order as that in many remote forests from upland temperate and boreal forests. For the first time, it was shown that the release of MeHg occurs with a similar efficiency as the primary fraction of inorganic Hg species from litter. Although the forest fire promoted a significant decrease in [THg] and [MeHg] in the very superficial soil layer (0-1 cm), in such organic topsoil MeHg was more readily emitted or degraded compared to the other Hg species. The complexity of understanding the MeHg dynamics and fate in fire-impacted soils was highlighted, especially considering the strong modifications that fire can induce in soil OM, as MeHg in soils is primarily linked to OM. This study sheds new light on the behavior of MeHg in the fire-affected areas of the Amazonian rainforest and emphasizes the need for further research to fully comprehend the intricate interplay between fire, soil, and Hg dynamics.
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