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Abstract

:

Mercury (Hg) is a toxic contaminant that bioaccumulates in trophic chains in its organic form—methylmercury (MeHg). Hg methylation is driven by microorganisms in favourable conditions, stagnant water pools being among potential methylation hotspots. In the present study, we estimated the total Hg and MeHg concentrations in the sediments of water-filled management-induced terrain depressions (ruts, mounding pits and a partly functional drainage ditch) and in nearby undisturbed soil in six hemiboreal forest sites with organic-matter-rich soils in Latvia. Environmental samples were taken in the spring, summer and autumn of 2022. Furthermore, we evaluated the risks of element leaching from the depressions using high-resolution digital terrain models (DTM) and meteorological data. The results suggested a possible leaching of Hg in the past as THg concentrations in the sediments of the depressions were significantly lower than in the surrounding soil. Furthermore, significantly higher MeHg and %MeHg concentrations were found in the sediments than in the surrounding soil identifying the management-induced depressions as Hg methylation hotspots. Spatial analysis of the DTMs pointed to a very likely periodical leaching of elements from the depressions during high precipitation episodes as well as during snowmelts. Moreover, it was observed that ruts left by heavy machinery often channel surface runoff.
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1. Introduction


Mercury (Hg), a highly toxic, mobile and bioaccumulative contaminant, poses serious threats to environment; furthermore, Hg has no biological function nor role in ecosystems [1]. Even low doses of Hg are harmful to plants [2], it adversely affects animals, especially in aquatic environments [3], and poses serious health concerns globally (e.g., [4,5,6]. The Minamata Convention on Mercury, adopted in 2013, draws attention to human health and environmental quality risks related to Hg exposure, highlights its sources and distribution pathways and foresees measures to reduce and control Hg emissions [7].



Hg is released in the environment naturally, e.g., via volcanic activity [8,9], soil and aquatic microbial processes [10,11] and vegetation turnover [12,13,14,15], and as a result of human activity, such as mining, smelting and fossil fuel combustion [16,17]. Anthropogenic Hg emissions with the major contribution of fossil-fuel fired power plants [18] significantly outweigh natural emissions [19].



Monomethylmercury (MeHg) production is the main link between the input of inorganic Hg and health risks [20]. Methylation of Hg is a microorganism-driven process, mainly depending on the structure of the microbial community, the amount of organic matter and the availability of nutrients and electron acceptors (e.g., sulphate and iron) [21].



Climate change certainly plays a significant role in magnifying Hg-related risks [22]. On a global scale, Arctic warming is predicted to increase Hg fluxes and alter their direction [10]. There are concerns that an increasing amount of precipitation [23] may bring larger amounts of Hg to the soil in the form of wet deposition, as well as enhance surface runoff, thus favouring Hg mobility, while increasing air and soil temperatures may shift the composition of microbial communities towards ones that enhance MeHg production [24].



Among vegetated areas, forests have the highest Hg concentrations in the soil [25] as well as higher Hg emissions [16]. According to Jiskra et al., 2015 [26], the majority of Hg in boreal forest soils originates from litter deposition, and Hg concentrations in lichen and mosses exceed those in vascular plants [15].



By mobilizing Hg from the soil, forest management operations, such as clearfelling, drainage network maintenance and soil preparation, may contribute to increases in the loads and concentrations of Hg in surface waters [27]. A study from Sweden highlights an increasing trend in Hg concentrations in fish from freshwater lakes after adjacent forest harvesting [28]; however, the results display high variation by location and treatment. The results of an overall assessment of terrestrial Hg cycling suggest that, depending on the region, the influence of forestry on surface water Hg content is small to medium, with a trend to increase towards northern latitudes [10]. Forestry operations may especially enhance MeHg formation and exports (e.g., [29,30,31,32]). Previous research suggests that logging-related soil disturbance, excessive soil moisture and increased organic matter content may create Hg methylation hotspots in managed forest landscapes (e.g., [33,34]).



Generally, forestry impacts on Hg mobilization are manifested either by changes in site hydrology or conditions for methylators [35]. The formation of ruts following the movement of heavy forest machinery, especially in fine-textured, waterlogged soils, has an impact on both these aspects [36]. Due to soil compaction, the ruts often form pools of stagnant, oxygen-poor water that, often together with decomposing logging residues, create favourable conditions for methylating microorganisms [37]. Ruts may also function as pathways for water movement, and, especially in case of extreme precipitation events, enhance the overland flow and Hg export to waterbodies [38].



Since 2010, the quantity of published studies regarding forestry’s effects on Hg and MeHg cycling has doubled, encompassing a broader spectrum of focused, process-oriented investigations. However, the variation in Hg response to forestry activities still exhibits significant diversity [10]. The understanding of how harvesting affects Hg methylation and MeHg concentrations in forest soils and stream sediment remains incomplete [39]. Topography and hydrological connectivity are key factors influencing Hg responses to forest disturbances [10]. Hydrological connectivity plays a crucial role in MeHg transport, highlighting the importance of considering landscape dynamics in forest management strategies [32,33]. Considering the above, a better understanding of the factors driving the methylation processes and Hg spatial movement is needed.



In the present study, we tested water, sediment and nearby soil samples for Hg, MeHg and various other chemical and physical parameters related to forestry management-induced terrain depressions such as ruts made by heavy forestry machinery, mounding pits and a drainage ditch in organic-matter-rich soils in hemiboreal conditions. Furthermore, we obtained and used high-resolution digital terrain models (DTM) for the analysis of hydrological connectivity. The aim of our study was (1) to compare total Hg, MeHg as well as percent MeHg of THg (%MeHg) in the sediments of forest management-induced terrain depressions and nearby undisturbed soil and potentially identify the drivers of Hg methylation and (2) to explore the increased risks of MeHg leaching into watercourses related to water movement pathways on a local scale. We tested the hypothesis that management-induced terrain depressions where the presence of stagnant water is a common occurrence even during summer months provide more suitable conditions to form Hg methylation hotspots than undisturbed soil.




2. Materials and Methods


2.1. Study Sites


This study was conducted in the Zalvīte stream catchment located in a forested area in central Latvia (Aizkraukles novads, Zalves pagasts) (Figure 1) belonging to the hemiboreal region. Total area of the Zalvīte stream catchment is 2212.4 ha including 2141.8 ha (slightly more than 95% of total area) of forest land managed according to business-as-usual forestry practices. In the Zalvīte stream catchment, the dominant tree species in forest compartments are Scots pine (Picea abies (L.))—42%, Norway spruce (Pinus sylvestris (L.))—21% and silver birch (Betula pendula)—23% from the total forest area in the catchment.



In the central part of the Zalvīte stream catchment, a local meteorological station was installed in 2018 to record hourly precipitation and temperature in an open field at a height of 10 m. In 2022, the mean annual precipitation in the study area was 688 mm, which is very close to climate normal for 1991–2020 (685 mm), and the mean annual air temperature was 7.6 °C, which is above the climate normal (6.8 °C) [40] (Figure 2). The minimum mean monthly temperature recorded was −4.4 °C (December 2022), and the maximum mean monthly temperature recorded was 20.3 °C (August 2022).



A total of six study sites with organic-matter-rich soils and management induced terrain depressions in forest compartments where clearfelling has recently been carried out were selected across the study area (Table 1). Three sampling points in heavy logging machinery ruts or mounding pits were selected at each site except for Site 2 where an additional point was placed in a partly functional drainage ditch.




2.2. Soil and Sediment Sampling and Analysis


At each study site, at each sampling point and sampling time, two samples were taken: (i) sediment samples from terrain depressions (mounding pit, heavy forest machinery rut, partly functional drainage ditch) filled with standing water; (ii) undisturbed soil samples taken right next to each terrain depression sampling point. Soil and sediment samples were taken from the upper soil/sediment layer (0–5 cm) three times a year: spring (12 May 2022), summer (11 August 2022) and autumn (2 November 2022). Before each soil and sediment sampling, the equipment was washed with deionized water. The sediment and soil samples were homogenized without hesitation and split into two subsamples: one subsample for total Hg (THg) and MeHg analyses, and the second subsample for analyses of general chemical characteristics.



Sediment and soil subsamples intended for THg and MeHg analysis (~80 mL) were immediately placed in sterile plastic containers, frozen and transported on dry ice to the Forest Environment Laboratory at the Latvian State Forest Research Institute “Silava” (LSFRI Silava) where they were stored at −80 °C until further processing, including freeze-drying for 72 h at −55 °C (STERIS GmbH, LYOVAC GT2-E). After freeze-drying, the sediment and soil subsamples were transported to the Jožef Stefan Institute in Ljubljana, Slovenia, where THg and MeHg analysis were performed. THg concentrations in sediment and soil subsamples were determined using a Hg analyser RA-915M with a PYRO-915+ thermal decomposition attachment (Lumex Scientific, St. Petersburg, Russia) that is based on differential Zeeman atomic absorption spectrometry using high frequency modulation of light polarization; limit of detection (LOD) was 1.00 ng g−1. MeHg concentration in sediment and soil subsamples was determined using method that includes acid leaching, solvent extraction, ethylation and isothermal GC/CV AFS detection (TEKRAN 2700 Automated Methyl Mercury Analysis System); limit of detection (LOD) was 0.05 ng g−1. All samples were measured in triplicates (both for THg and MeHg).



Sediment and soil subsamples intended for general chemistry analysis (~500 mL) were placed in plastic bags and transported to the LVS EN ISO 17025:2018 accredited laboratory at the LSFRI Silava where they were pre-treated and processed for further analysis according to the LVS ISO 11464:2005 standard. Reaction of sediment and soil samples (pH in a 1:5 (volume fraction) suspension of sample in 0.01 mol L−1 calcium chloride (CaCl2) solution) was analysed according to ISO 10390:2021. Total carbon and total organic carbon (TC and TOC, respectively) and total nitrogen (TN) contents were determined using an elementary analysis method (Elementar El Cube, varioELcube 4.0.16.) according to LVS ISO 10694:2006 L and LVS ISO 13878:1998, respectively. The total phosphorus (TP), total sulphur (TS) and HNO3-extractable potassium (K), calcium (Ca), magnesium (Mg) and iron (Fe) concentrations were determined using microwave mineralization equipment CEM Mars 6 iWave and inductively coupled plasma-optical emission spectrometry (Thermo Fisher Scientific iCAP 7200 Duo, 2.10.3324.83, Thermo Fisher Scientific (Bremen, Germany), designed in Germany, assembled in China).




2.3. Water Sampling and Analysis


Before each sediment sampling from terrain depressions filled with standing water, water quality parameters including water temperature (T) and dissolved oxygen (DO) content were measured using a YSI ProDSS multiparameter water quality meter. In addition, water samples from terrain depressions were taken (1 L) and transported to the laboratory at the LSFRI Silava where they were stored and handled according to ISO 5667-3:2012. The reaction (pH) was determined using a Jenway 3510 pH-meter according to LVS EN ISO 10523:2012. Electrical conductivity (EC) was determined using a Jenway 470 conductometer according to LVS EN 27888:1993. The concentration of total nitrogen (TN) and dissolved organic carbon (DOC) in water samples were determined using a TOC/TN Analyser Elementar vario TOC (V4.0.15) according to LVS EN 1484:2000. Nitrate nitrogen (NO3−-N), phosphate-phosphorus (PO43−-P) and sulphate-sulphur (SO42−-S) concentrations were determined using the liquid chromatography method (Thermo Scientific Dionex Integrion HPIC, 7.2.10, Thermo Scientific, USA) according to LVS EN ISO 10304-1:2009. Ammonium nitrogen (NH4+-N) was determined using the spectrometric method (Shimadzu UV—1900) according to LVS ISO 7150-1:1984. Potassium (K), calcium (Ca), magnesium (Mg) and iron (Fe) concentrations in water samples were determined using inductively coupled plasma-optical emission spectrometry (Thermo Fisher Scientific iCAP 7200 Duo, 2.10.3324.83, Thermo Fisher Scientific (Bremen, Germany), designed in Germany, assembled in China) according to LVS EN ISO 11885:2009. Water samples were filtered before determination of physicochemical variables excluding pH and EC using a glass microfibres filter.




2.4. Assessment of Element Leaching Risks from Ruts and Mounding Pits Using Remote Sensing (LiDAR) Data


DTMs were captured using a LiDAR drone on 25 March 2023 for all sites when snow had melted, and hydrological conditions stabilized. Imagery of sites was captured in the areas of the forest compartments where the study sites are located, and a 50–100 m wide buffer zone surrounding the compartments. The resolution of the DTMs is 0.2 × 0.2 m allowing a detailed hydrological analysis of small relief forms and slopes. In Table 2, general characteristics derived from the DTMs of the studied forest compartments are summarized. The topography of the sites is generally flat. The groundwater level at the sites and corresponding forest compartments is relatively high (Table 3).



DTMs were manipulated and analysed in QGIS [42]. Prior to analysis, DTMs were processed to be hydrologically correct by filling depressions using fill sinks (Wang and Liu) [43]. To model surface flow accumulation and paths, flow accumulation (qm of esp) was used [44,45,46]. To estimate the amount of water needed to initiate surface runoff, DTMs were subtracted from filled DTMs. To model possible drainage paths from ruts or mounding pits, r.drain was used [47]. The amount of water needed to initiate runoff from ruts or mounding pits through the identified drainage paths was calculated using profiles obtained from DTMs and filled DTMs using profiles from lines [44]. For the identified drainage and flow accumulation paths to the borders of the forest compartments or drainage ditches, drainage catchments were delineated using upslope area [44,45]. All statistics of the raster layers were obtained using zonal statistics [42].




2.5. Data Analysis


All statistical analyses were carried out using R [48]. Wilcoxon signed rank exact test and pairwise comparisons using Wilcoxon rank sum test with continuity correction were used to evaluate possible differences in the mean values of THg, MeHg and %MeHg grouped by sample type (undisturbed soil and sediments of forest management induced terrain depressions) or season, with a significance level of 0.05. Correlations between selected soil, sediment and water chemistry variables were tested using Spearman’s ρ, using a significance level of 0.05. Partial least squares (PLS) regressions (R package mdatools [49,50]) were used to explain the variance of THg and MeHg concentrations in the sediments of terrain depressions and undisturbed soil; variables with VIP values (variables important for projection) exceeding 0.5 were used in PLS regression, variables with VIP values > 1.0 were considered as important variables. All results are shown as arithmetic means ± standard error (S.E.).





3. Results


3.1. Temporal and Spatial Variation in Hg Concentrations


In the investigated sites, the THg concentration in the sediments of forest management induced terrain depressions ranged from 15.1 to 466 ng g−1 with a mean value of 212.2 ± 16.5 ng g−1, while the THg concentration in nearby undisturbed soil ranged from 33.4 to 547 ng g−1 with a mean value of 288.2 ± 18.2 ng g−1 (Figure 3, Table 4). Furthermore, the difference in the average THg concentrations between the sediments and nearby undisturbed soil (all sites pooled) was statistically significant (p = 0.002)—higher THg concentrations were observed in undisturbed soil. The variation in THg concentrations in undisturbed soil between different study sites was not significant, while THg concentrations in the sediments of terrain depressions varied significantly between the study sites. The highest study site mean value of THg concentration in the sediments of terrain depressions was found in Site 1 (346 ± 14.8 ng g−1).



Across all sites and seasons, the MeHg concentrations ranged from 0.29 to 20 ng g−1 (with mean value of 4.98 ± 0.67 ng g−1) in the sediments of forest management induced terrain depressions and from 0.07 to 16.3 ng g−1 (with mean value of 3.38 ± 0.44 ng g−1) in nearby undisturbed soil. In contrast to THg, significantly higher MeHg concentrations were found in the sediments of terrain depressions compared to nearby undisturbed soil (p = 0.044). MeHg concentrations both in the sediments of terrain depressions and in nearby undisturbed soil varied significantly between the study sites. The highest study site mean value of MeHg concentration both in the sediments of terrain depressions and in nearby undisturbed soil was found in Site 1 (11.9 ± 1.9 and 4.9 ± 0.8 ng g−1, respectively).



The mean %MeHg in the sediments of forest management induced terrain depressions was 2.24 ± 0.24%, while in nearby undisturbed soil it was 1.08 ± 0.12%; furthermore, the mean %MeHg in sediments was significantly higher (p = 0.001) than in nearby undisturbed soil. The variation in %MeHg between study sites was not significant. Also, higher concentrations of MeHg normalized to TOC in soil (MeHg/C ratios) were found in the sediments of forest management induced terrain depressions than in nearby undisturbed soil (p = 0.001).



No significant differences in THg and MeHg concentrations as well as in average %MeHg were found between different sampling seasons either in undisturbed soil or in the sediments of forest management induced terrain depressions.



The physicochemical variables of sediment and water in forest management induced terrain depressions are summarized in Table 5. The THg concentration in the sediment of terrain depressions was positively correlated (p < 0.05) with TOC content (ρ = 0.82), TN content (ρ = 0.89), TP content (ρ = 0.80), S content (ρ = 0.89), Ca and Mg content (ρ = 0.71 and ρ = 0.62), Fe content (ρ = 0.66) in sediment and water pH (ρ = 0.56), and negatively correlated with sediment C/N (ρ = −0.70) and water temperature (ρ = −0.54) (Figure 4). The MeHg concentration in the sediment of terrain depressions was positively correlated (p < 0.05) with TOC content (ρ = 0.56), TN content (ρ = 0.71), TP content (ρ = 0.87), S content (ρ = 0.91), Fe content (ρ = 0.57) in sediment and SO42−-S concentration in water (ρ = 0.56), and negatively correlated with sediment C/N (ρ = −0.61) and K concentration in water (ρ = −0.55). Furthermore, a positive correlation between THg and MeHg concentration in sediment was found (ρ = 0.77). A PLS prediction model revealed that the variation in THg and MeHg concentration in the sediment of terrain depressions was explained by sediment chemistry parameters. For THg, the PLS model including variables with a VIP value > 1.0 (S, TN, TOC and TP content in sediments) as well as those with a 1.0 > VIP > 0.5 (pH, C/N ratio, Ca, Mg, Fe content in sediments) had a goodness of fit (R2) of 0.69 and a goodness of prediction (Q2, full cross-validation) of 0.60. For MeHg, the PLS model including variables with a VIP value > 1.1 (TS, TP, TN and THg content in sediments) as well as those with a 1.0 > VIP > 0.5 (C/N ratio, TOC, K, Ca, Mg and Fe content in sediments) had a goodness of fit (R2) of 0.61 and a goodness of prediction (Q2, full cross-validation) of 0.48.



The physicochemical variables of undisturbed topsoil (0–5 cm) are summarized in Table 6. Both the THg and MeHg concentrations in undisturbed soil were positively correlated (p < 0.05) with most of the analysed elements (Figure 5) and negatively correlated with the soil C/N ratio. Similar to sediments, a positive correlation between the THg and MeHg concentration in soil was found (ρ = 0.58). In contrast to sediments, the PLS analyses conducted on the THg and MeHg concentration in undisturbed soil resulted in weak models (R2 < 0.5).




3.2. Assesment of Element Leaching Risks Using Remote Sensing (LiDAR) Data


Occurrence of soil disturbance including ruts from heavy machinery is more likely in lower and wetter spots where the mechanical structure of soil is significantly weaker. In forest compartments with high groundwater levels, the differences often cannot be detected by visual observation. At our sites, the sampling points were selected based on a field assessment of ruts and pits that held water during the driest months. The remote sensing data confirmed the validity of the field assessment. It was found that generally all sampling points were closely related to the surface flow accumulation network and functioned as a part of it (Figure 6).



Analysis of the DTMs revealed the approximate water holding capacities of the forest compartments and drain paths (Table 7). When this capacity is reached, surface runoff is initiated. While some of the water from precipitation or snowmelt is retained and infiltrated in soil, the high groundwater level means that this process may be significantly impaired. The amount of water or precipitation needed to fill all the depressions in the forest compartments is lower than in the drain paths as water is drained from the higher spots to the lower parts. Consequently, it was calculated that a lot more water was needed for the drain paths as the surrounding areas were not accounted for and are located in surface flow accumulation (lower) areas. With the drain paths and flow accumulation networks identified, drainage micro-catchments were delineated. The amount of water needed to initiate surface flow in the corresponding micro-catchments is provided in Table 8. In 2022, the amount of daily precipitation in the study area exceeded 10 mm in 3.6% of days, exceeded 20 mm in 1.1% of days, exceeded 30 mm in 0.6% of days and even exceeded 40 mm in 0.3% of days.





4. Discussion


In European forest soils, the concentrations of Hg vary by several orders of magnitude and depend on the amount of Hg input from natural and anthropogenic sources, the soil capacity for Hg sequestration and storage, which is mostly related to soil organic matter and presence of soil C and N, soil texture, altitude and other factors including management [51,52,53,54,55]. Furthermore, tree species composition has a strong influence on Hg uptake by the foliage [56] and subsequent litterfall Hg deposition [57]. Previous studies show that mean Hg concentrations in European forest soils range from 0.16 to 0.46 mg kg−1 in mineral soils, from 0.14 to 0.23 mg kg−1 in peat soils and around 0.2 mg kg−1 in forest floors [1]. Åkerblom et al., 2008 [58] reported that the mean Hg concentration in the humus (mor) layer of boreal forests in Sweden ranged up to 0.41 mg kg−1 and the Hg concentration in topsoil varied between forest sites and was partly consistent with the patterns of Hg deposition. In forest soils in the Czech Republic, the site-specific means of Hg concentrations in soil O-horizon ranged from 0.277 to 0.393 mg kg−1, while in mineral soil—up to 0.095 mg kg−1 [54]. It should be mentioned that the median critical level for Hg set by different countries in Europe based on effect concentrations according to ecotoxicological and empirical studies is 2 mg kg−1 [1]. In general, in organic forest soils in Europe, Hg concentrations exceeding 1.6 mg Hg kg−1 are rarely found [59]. The estimates of our study show that the THg concentration in forest topsoil with a TOC concentration > 200 g kg−1 ranged up to 0.547 mg kg−1 with a mean value of 0.288 ± 0.018 mg kg−1, which is close to or slightly above the previously reported variations in uncontaminated European forest soils and does not approach the median critical value [1]. We found higher THg concentrations in undisturbed topsoil compared to the sediment in forest management induced terrain depressions (the mean Hg concentration in the sediments was 0.212 ± 0.017 mg kg−1). This is most likely related to higher the accumulation and storage of Hg deposited from the atmosphere in organic-matter-rich topsoil layers (as Hg is primarily complexed with the Cl−, OH−, S2− and S-containing functional groups of organic ligands, presumably in the form of thiols) [17,51,58,60,61], while lower THg concentrations in terrain depressions may be explained by conditions that have already promoted the transformation and mobility of THg and thus decreased concentrations compared to nearby undisturbed topsoil.



The close relation of THg to the soil and sediment components obtained within this study support previous findings that the concentrations of Hg in unpolluted forest soils (especially in acidic soils such as the soils included in this study) are linked to the content of soil organic matter [17,51,53,54]. This is confirmed by the positive correlations between the concentrations of THg and elements related to soil organic matter such as TOC, TN, TS and TP (elements whose functional groups provide sorption or bonding sites for Hg) [52,53].



The concentration of MeHg in the soil and sediments is the net result of the intensity of two counteracting biotic processes—Hg methylation or MeHg production and Hg demethylation or MeHg degradation, as well as MeHg input/output processes [62]. Freshly deposited Hg is initially more available for methylation than the ambient Hg of the sediments, while Hg freshly deposited into soils shows rather low methylation rates when compared to the ambient Hg. Furthermore, after a period of favourable conditions for net methylation, the elevated MeHg concentrations may still be present for several months for both soil and sediments [63]. Based on an evaluation of the global distribution of Hg methylation in sediments, it has been concluded that the MeHg concentration in sediments ranges from 0.009 to 55.7 μg kg−1 across different ecosystems [24]. Based on results of a study conducted in boreal pristine wetlands in Ontario (Canada), Heyes et al., 2000 [64] reported that MeHg concentrations in peat ranged from 0.1 to 60 μg kg−1. Skyllberg et al., 2003 [52] found that the MeHg concentration in soil in a boreal forest catchment in northern Sweden ranged up to 13.38 μg kg−1 (in the stream bank). Our results showed that the MeHg concentrations ranged up to 20 μg kg−1 (with a mean value of 4.98 ± 0.67 μg kg−1) in the sediments of forest management induced terrain depressions and up to 16.3 μg kg−1 (with mean value of 3.38 ± 0.44 μg kg−1) in nearby undisturbed soil.



Accumulating evidence shows that the main environmental drivers of MeHg production are the amount of the mean annual Hg precipitation, which is further related to Hg bioavailability, sediment and soil physico-geochemistry (e.g., pH, organic matter quality and TOC content, sulphur and iron concentrations, nutrient availability) as well as higher temperature possibly facilitating the activity of microbial methylators and thus accelerating MeHg production [21,24,33,52,65]. Previous findings that sulphur content and availability including presence of sulphate (acting as electron acceptor for anaerobic bacteria) can promote the biotic methylation of Hg by sulphate-reducing bacteria [24,52,66,67] is supported by correlations between MeHg and TS concentrations in the soil and the sediment as well as between the MeHg concentration in the sediment and SO42−-S concentration in the water in forest management induced terrain depressions found in our study. Within this study, no significant correlation was found between the MeHg concentration in the sediments and the DOC concentration in the water in the terrain depressions. However, the DOC is crucial in impacting aquatic Hg mobilisation and transformation [58,68], and areas with high DOC concentrations in water (including wetlands and forest land with organic-matter-rich soils) may be hotspots for MeHg production, although their THg concentrations are not the highest [68].



In the study sites, the soil and sediment C/N ratio, an important determinant of soil fertility and an indirect indicator of organic matter mineralization and the release of N [69,70,71], ranged from 15.3 to 30.5 in the soil and from 15.2 to 25.4 in the sediment. An increase in both THg and MeHg concentrations in the soil and the sediments followed a decrease in C/N. Thus, increases in THg and MeHg concentrations may also be linked to the increased decomposition of organic matter pointing out that THg and MeHg was efficiently stabilized by, for instance, additional sorption sites or functional groups within the remaining organic matter. Similar patterns between the Hg/TOC and C/N ratio were previously also observed [53,54,72].



The results of our study showed that %MeHg, a proxy for the Hg methylation rates [62], in the sediments of the terrain depressions ranged up to 6.84% (mean value 2.24 ± 0.24%), while in the nearby undisturbed soil—up to 4.13% (mean value 1.08 ± 0.12%). Skyllberg et al., 2003 [52] found that the MeHg/THg ratio varied between 0.3 and 17.2% in the soils in a boreal forest catchment in northern Sweden, underlining that the conditions for MeHg production were most beneficial in the discharge areas (riparian zones) close to streams. Grigal 2003 [51] reported that the MeHg/THg ratio ranged up to slightly more than 5%, but with more than 70% of the observations at <1%. In general, earlier studies have shown that forest operations can alter (mostly increase, but not always) the concentration and mobilization of MeHg to ground and surface waters in a boreal zone (e.g., [33,34,39]), especially in the first couple of years after, for instance, a forest is clearcut [30]. Saturated sediments [24] and wet organic-matter-rich soils with standing water, low oxygen and a high fresh organic carbon supply [33,35] are considered particularly favourable environments for primary Hg methylators (Hg methylating microorganisms including iron-reducing bacteria and sulphate-reducing bacteria), also providing an increased availability of electron donors for methylating bacteria [30]. On the other hand, wet soils with depleted oxygen levels may possess lower MeHg concentrations compared to soils with limited oxygen availability where microbial activity is higher [73]. Our results support previous findings regarding the favourable impact of various forest operations on Hg methylation and MeHg mobilization. For %MeHg, a significantly higher mean value in the sediments of forest management induced terrain depressions compared to nearby undisturbed soil was found, indicating that forest operations which resulted in soil disturbance and the formation of terrain depressions can further enhance Hg methylation. Harvesting itself interferes with the hydrological balance of a site causing decreased evapotranspiration. Furthermore, the creation of terrain depressions enhances the formation and presence of water-filled cavities, even during warm summer months. However, previous studies underline that the sensitivity of a catchment to MeHg related responses may widely vary after forestry operations [35] and the impacts on Hg methylation in forest soils and sediment still are not fully understood [39].



The statistical count of days with a high or very high amount of precipitation (>10 mm or >20 mm, respectively), maximum daily precipitation, maximum five-day precipitation as well as total yearly precipitation have been increasing in Latvia. Furthermore, climatic models forecast such tendencies for the future due to climate change [23]. With extreme precipitation events, runoff and nutrient losses increase. While forested areas are less exposed to precipitation intensity, management-affected lands such as farmlands (or in our case—clearcuts) are more significantly impacted [74]. Nutrient losses from forested areas are particularly high during snow melt seasons [75]. In general, a periodically high amount of precipitation may promote MeHg production and both Hg and MeHg movement to aquatic ecosystems through, firstly, increased deposition of Hg from the atmosphere (furthermore, freshly deposited Hg could be more reactive and bioavailable to methylators than aged Hg) and, secondly, exacerbated surface runoff [24]. Higher MeHg concentrations may occur near the transition zones between peatlands and mineral soil, where solutes are delivered by runoff from higher spots or areas [76]. Similar processes may be present in flooded soils and management induced terrain depressions with the likely vertical transport of solutes from the underlying mineral soil layers below peat. With high and temporarily varying groundwater levels, as in our sites, spots with high %MeHg may be found [33]. Significantly higher MeHg concentrations may be expected in drainage water or related streams after recent clearcutting [30]. Considering the mean annual precipitation, the occurrence of high and very high precipitation in Latvia, the meteorological data recorded in the study area in 2022, the high groundwater levels and the information obtained from the DTMs of the sites, element (including Hg and MeHg) runoff from ruts and pits is not permanent but very likely periodically. Furthermore, snowmelt may, in few days, supply water that has accumulated for several months, greatly contributing to the export of nutrients and Hg to related waterbodies.



The current research, while adding new information about the interactions of Hg with forest management-related changes in the soil, has limitations. For example, we did not sample microbial communities, and thus, cannot tell exactly which organism groups are responsible for the Hg methylation at our sites, and the groundwater level in our case was modelled, not measured. To advance the topic, a catchment-scale study, with careful consideration of all components of Hg cycling (including precipitation and Hg transport and transformations in the biota), coupled with climate models, should be conducted. Also, the temporal dynamics and duration of potential Hg methylation hotspots is of interest for future research.




5. Conclusions


The THg concentrations in ruts and pits indicated possible methylation and/or leaching in the past, as the concentrations in the sediments were significantly lower than in the surrounding soil. Significantly higher MeHg concentrations as well as %MeHg were observed in the sediments of management induced terrain depressions than in the surrounding soil, marking them as Hg methylation hotspots and supporting our hypothesis. At the same time, no significant seasonal variation in THg, MeHg and %MeHg was observed.



The levels of THg at the sites were found to be dependent on the content of organic matter in soil, which is in line with previous findings; this was indicated by positive correlations between THg and TOC, TN, TS and TP. Elevated THg and MeHg concentrations may be linked to the increased mineralization rates of organic matter in the soil and sediments after forestry activities. At the same time, the DOC concentrations in water did not show the expected correlation with the MeHg in the sediments. Correlations between the MeHg and TS concentrations in the soil and the sediment as well as between the MeHg concentration in the sediment and the SO42−-S concentration in the water pointed to promoted Hg methylation, most likely by sulphate-reducing bacteria.



Analysis of the digital terrain models of the sites indicated areas of the likely occurrence of ruts, showed that ruts often act as surface runoff pathways and validated the concern of element leaching. Digital terrain models and automated analysis on a local scale could improve the planning of forestry operations to cause less soil damage or at least to cause it in a controlled way to transform ruts from runoff pathways into improvised water protection structures containing the water with the elements on the sites (e.g., ruts perpendicular to flow accumulation pathways).



The Hg and MeHg concentrations in our study were not particularly high; however, considering the bioaccumulating nature of this pollutant and the predicted weather extremes caused by climate change (e.g., strong precipitation), we suggest planning and implementing forest management operations in a way that would limit the formation of favourable conditions for Hg methylation and further mobilization in surface runoff risk areas.
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Figure 1. Location of the research area in the Baltic Sea region, in the Daugava watershed (a) and location of the study sites in the Zalvīte stream catchment (b). The bold dark blue line represents the Zalvīte stream catchment boundaries, fine blue lines represent the hydrological network and the green fill represents forested areas (b). 






Figure 1. Location of the research area in the Baltic Sea region, in the Daugava watershed (a) and location of the study sites in the Zalvīte stream catchment (b). The bold dark blue line represents the Zalvīte stream catchment boundaries, fine blue lines represent the hydrological network and the green fill represents forested areas (b).



[image: Hydrology 11 00026 g001]







[image: Hydrology 11 00026 g002] 





Figure 2. Weekly mean air temperature and weekly total precipitation in the Zalvīte stream catchment in 2022. The blue bars represent weekly sum of precipitation (right y axis) and the black line represents weekly mean air temperature (left y axis). 
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Figure 3. Variation in THg and MeHg concentrations and percentage of THg as MeHg (%MeHg) in the sediments of forest management induced terrain depressions and in nearby undisturbed soil among six study sites in hemiboreal forests with organic-matter-rich soil. In the boxplots, the median is shown by the bold line, the mean is shown by the black dot, the box corresponds to the lower and upper quartiles, the whiskers show the minimal and maximal values (within 150% of the interquartile range from the median) and the dots outside the box and whiskers represent the outliers of the datasets. Coloured dots represent different seasons (spring, summer and autumn). 
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Figure 4. Spearman’s correlations between the physicochemical parameters of sediment and water in terrain depressions. Positive correlations are displayed in blue and negative correlations in red. Colour intensity and the size of the circle are proportional to the correlation coefficients. In the right side of the correlogram, the legend colour shows the Spearman’s correlation coefficients (ρ) and the corresponding colours. Correlations with p > 0.05 are considered as insignificant (crosses are added). 
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Figure 5. Spearman’s correlations between topsoil physicochemical parameters. Positive correlations are displayed in blue and negative correlations in red. Colour intensity and the size of the circle are proportional to the correlation coefficients. In the right side of the correlogram, the legend colour shows the correlation coefficients and the corresponding colours. Correlations with p > 0.05 are considered as insignificant (crosses are added). 
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Figure 6. Sites with sampling points in forest compartments. Left column—digital terrain models, middle column—depth of terrain depressions (sinks), right column—surface runoff accumulation networks with drainage paths from sampling points. 
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Table 1. Description of study sites in the Zalvīte stream catchment in Latvia.






Table 1. Description of study sites in the Zalvīte stream catchment in Latvia.





	
Site

	
Forest Type

	
Soil Type and Moisture Condition

	
Characterization of Terrain Depressions

	
Coordinates




	
Type

	
Age






	
Site 1

	
Dryopterioso-caricosa

	
Organic soil, undrained (naturally wet)

	
Ruts due to movement of heavy forest machinery

	
2018

	
25.2403° N; 56.3739° E




	
Site 2

	
Dryopterioso-caricosa

	
Organic soil, undrained (naturally wet)

	
Partly functional drainage ditch

	
Renovated in 2019

	
56.3740° N, 25.2402° E




	
Site 3

	
Hylocomiosa

	
Mineral soil, naturally dry

	
Mounding pits

	
2020

	
56.3714° N; 25.2470° E




	
Site 4

	
Oxalidosa turf. mel.

	
Organic soil, drained

	
Ruts due to movement of heavy forest machinery

	
2018

	
56.3754° N; 25.2613° E




	
Site 5

	
Dryopterioso-caricosa

	
Organic soil, undrained (naturally wet)

	
Ruts due to movement of heavy forest machinery

	
2018

	
56.3744° N; 25.2616° E




	
Site 6

	
Myrtillosa turf. mel.

	
Organic soil, drained

	
Ruts due to movement of heavy forest machinery

	
2018

	
56.3648° N; 25.2665° E











 





Table 2. Topographic characteristics of the forest compartments derived from digital terrain models.






Table 2. Topographic characteristics of the forest compartments derived from digital terrain models.





	Site
	Mean Elevation, m a. s. l.
	Min Elevation, m a. s. l.
	Max Elevation, m a. s. l.
	Max Relative Elevation, m
	Area of Studied Forest Compartments, ha





	Site 1
	77.1
	76.4
	79.6
	3.2
	1.0



	Site 3
	80.3
	78.0
	82.1
	4.1
	2.6



	Site 4
	78.8
	78.1
	80.5
	2.4
	0.7



	Site 5
	78.0
	76.9
	79.3
	2.4
	1.9



	Site 6
	79.5
	79.1
	81.1
	2.0
	0.4










 





Table 3. Groundwater levels of the studied forest compartments and sites according to Depth-to-water map for Baltic states [41].
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	Site
	Mean Groundwater Level in Forest Compartments, m
	Groundwater Level at Rut1/Pit1, m
	Groundwater Level at Rut2/Pit2, m
	Groundwater Level at Rut3/Pit3, m





	Site 1
	0.26
	0.02
	0
	0.26



	Site 3
	1.01
	1.24
	0.14
	1.01



	Site 4
	0.60
	1.09
	0.48
	0.60



	Site 5
	0.13
	0.17
	0.12
	0.13



	Site 6
	0.17
	0.09
	0
	0.17










 





Table 4. THg and MeHg concentrations in the sediments of forest management induced terrain depressions and in nearby undisturbed soil among six study sites in hemiboreal forests with organic-matter-rich soil.






Table 4. THg and MeHg concentrations in the sediments of forest management induced terrain depressions and in nearby undisturbed soil among six study sites in hemiboreal forests with organic-matter-rich soil.





	
Parameter, Unit

	
Value

	
Site 1

	
Site 2

	
Site 3

	
Site 4

	
Site 5

	
Site 6






	
Sediment




	
THg, ng g−1

	
Mean ± S.E.

	
346.0 ± 14.8

	
133.4 ± 33.3

	
71.4 ± 21.8

	
186.2 ± 29.1

	
259.1 ± 27.8

	
224.3 ± 27.0




	
Min

	
284

	
82.2

	
15.1

	
65.4

	
181

	
149




	
Max

	
414

	
196

	
239

	
346

	
466

	
412




	
MeHg, ng g−1

	
Mean ± S.E.

	
11.9 ± 1.9

	
2.0 ± 0.8

	
1.8 ± 0.6

	
3.3 ± 0.8

	
4.9 ± 0.7

	
4.0 ± 0.7




	
Min

	
0.8

	
0.5

	
0.3

	
0.7

	
2.7

	
1.7




	
Max

	
20.0

	
2.7

	
4.9

	
6.7

	
9.4

	
7.1




	
Soil




	
THg, ng g−1

	
Mean ± S.E.

	
378.1 ± 33.4

	
305.3 ± 12.5

	
183.4 ± 58.9

	
334.6 ± 44.8

	
252.2 ± 18.5

	
287.2 ± 24.1




	

	
Min

	
223

	
289

	
33.4

	
113

	
141

	
194




	

	
Max

	
545

	
330

	
466

	
547

	
339

	
403




	
MeHg, ng g−1

	
Mean ± S.E.

	
4.9 ± 0.8

	
4.1 ± 2.0

	
0.9 ± 0.3

	
4.1 ± 1.7

	
3.3 ± 0.7

	
3.5 ± 0.8




	

	
Min

	
1.8

	
1.8

	
0.1

	
0.6

	
0.8

	
0.5




	

	
Max

	
9.9

	
8.0

	
2.6

	
16.3

	
6.8

	
7.1











 





Table 5. General physicochemical parameters of sediment and water in terrain depressions.
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Parameter, Unit

	
Site 1

	
Site 2

	
Site 3

	
Site 4

	
Site 5

	
Site 6






	
Sediment




	
TOC, g kg−1

	
405.9 ± 135.3

	
110.4 ± 63.7

	
60.4 ± 20.1

	
371.3 ± 123.8

	
370.3 ± 123.4

	
367.1 ± 122.4




	
TN, g kg−1

	
25.2 ± 0.9

	
7.3 ± 4.0

	
2.3 ± 0.6

	
18.1 ± 3.0

	
20.3 ± 1.1

	
18.1 ± 1.8




	
C/N ratio

	
16.1 ± 0.3

	
15.2 ± 0.2

	
25.4 ± 0.9

	
21.4 ± 0.8

	
18.2 ± 0.3

	
20.0 ± 1.0




	
TS, g kg−1

	
6.29 ± 0.50

	
1.14 ± 0.26

	
0.41 ± 0.10

	
2.38 ± 0.38

	
3.03 ± 0.18

	
2.94 ± 0.31




	
TP, g kg−1

	
1.86 ± 0.11

	
0.73 ± 0.11

	
0.40 ± 0.07

	
0.83 ± 0.08

	
0.94 ± 0.06

	
0.99 ± 0.16




	
K, g kg−1

	
0.81 ± 0.11

	
0.47 ± 0.04

	
0.57 ± 0.08

	
0.53 ± 0.08

	
0.51 ± 0.04

	
0.60 ± 0.07




	
Ca, g kg−1

	
16.15 ± 1.96

	
4.50 ± 1.91

	
0.64 ± 0.19

	
17.67 ± 3.79

	
18.89 ± 1.63

	
7.32 ± 1.25




	
Mg, g kg−1

	
1.45 ± 0.11

	
0.61 ± 0.12

	
0.40 ± 0.08

	
1.86 ± 0.30

	
1.74 ± 0.19

	
1.34 ± 0.12




	
Fe, g kg−1

	
11.21 ± 1.18

	
7.23 ± 0.36

	
3.56 ± 1.23

	
5.94 ± 0.98

	
9.67 ± 1.10

	
6.74 ± 1.31




	
Reaction, pH

	
4.8 ± 0.2

	
5.4 ± 0.1

	
3.6 ± 0.1

	
5.2 ± 0.1

	
5.3 ± 0.1

	
4.5 ± 0.1




	
Water




	
Reaction, pH

	
6.4 ± 0.1

	
7.2 ± 0.1

	
4.4 ± 0.1

	
6.1 ± 0.2

	
6.5 ± 0.1

	
5.3 ± 0.2




	
EC, µS cm−1

	
129.4 ± 11.3

	
203.9 ± 7.8

	
47.6 ± 3.1

	
135.2 ± 22.6

	
141.5 ± 9.7

	
55.1 ± 6.6




	
DOC, mg L−1

	
52.0 ± 1.5

	
33.6 ± 1.0

	
88.1 ± 5.0

	
76.3 ± 6.8

	
81.4 ± 3.5

	
48.2 ± 5.0




	
TN, mg L−1

	
2.36 ± 0.37

	
1.03 ± 0.23

	
1.67 ± 0.18

	
2.01 ± 0.19

	
2.86 ± 0.20

	
1.18 ± 0.16




	
NO3--N, mg L−1

	
0.15 ± 0.13

	
0.07 ± 0.05

	
<LOD

	
0.07 ± 0.04

	
0.22 ± 0.12

	
<LOD




	
NH4+-N, mg L−1

	
0.35 ± 0.22

	
0.03 ± 0.01

	
0.06 ± 0.01

	
0.22 ± 0.06

	
0.36 ± 0.11

	
0.10 ± 0.02




	
PO43--P, mg L−1

	
0.07 ± 0.03

	
0.03 ± 0.02

	
0.10 ± 0.02

	
0.19 ± 0.13

	
0.18 ± 0.08

	
0.06 ± 0.01




	
K, mg L−1

	
0.35 ± 0.06

	
0.35 ± 0.07

	
2.09 ± 0.12

	
3.16 ± 0.87

	
1.45 ± 0.55

	
1.14 ± 0.14




	
Ca, mg L−1

	
23.4 ± 1.9

	
31.5 ± 1.6

	
4.6 ± 0.7

	
24.0 ± 4.3

	
28.2 ± 2.0

	
6.0 ± 1.0




	
Mg, mg L−1

	
5.28 ± 0.48

	
8.81 ± 0.40

	
2.05 ± 0.24

	
7.21 ± 1.22

	
7.41 ± 0.51

	
2.47 ± 0.36




	
Fe, mg L−1

	
1.49 ± 0.26

	
0.77 ± 0.14

	
1.48 ± 0.33

	
1.66 ± 0.16

	
2.53 ± 0.39

	
1.11 ± 0.16




	
SO42−-S, mg L−1

	
2.15 ± 1.08

	
3.32 ± 1.15

	
0.07 ± 0.05

	
0.03 ± 0.01

	
0.76 ± 0.48

	
0.92 ± 0.38




	
DO, mg L−1

	
5.58 ± 0.87

	
9.69 ± 0.63

	
2.28 ± 0.38

	
4.07 ± 0.63

	
2.90 ± 0.67

	
1.98 ± 0.37











 





Table 6. General physicochemical parameters of undisturbed topsoil (0–5 cm).
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	Parameter, Unit
	Site 1
	Site 2
	Site 3
	Site 4
	Site 5
	Site 6





	TOC, g kg−1
	372.8 ± 27.7
	326.9 ± 26.6
	200.5 ± 63.0
	395.4 ± 37.4
	459.2 ± 10.7
	489.4 ± 15.3



	TN, g kg−1
	24.4 ±2.0
	20.3 ± 0.9
	7.2 ± 2.4
	19.9 ± 2.5
	25.5 ± 0.8
	22.7 ± 0.7



	C/N ratio
	15.3 ± 0.2
	16.0 ± 0.7
	30.5 ± 1.8
	20.8 ± 1.1
	18.1 ± 0.5
	21.8 ± 1.2



	TS, g kg−1
	6.42 ± 0.76
	4.14 ± 0.50
	0.80 ± 0.25
	2.29 ± 0.36
	3.25 ± 0.23
	3.11 ± 0.42



	TP, g kg−1
	1.97 ± 0.17
	1.60 ± 0.17
	0.53 ± 0.12
	1.02 ± 0.13
	1.29 ± 0.09
	0.84 ± 0.06



	K, g kg−1
	0.83 ± 0.11
	0.91 ± 0.05
	0.51 ± 0.09
	0.63 ± 0.06
	0.71 ± 0.10
	0.62 ± 0.05



	Ca, g kg−1
	17.3 ± 2.8
	14.6 ± 2.4
	1.7 ± 0.7
	17.5 ± 4.2
	23.0 ± 1.5
	6.3 ± 0.8



	Mg, g kg−1
	1.68 ± 0.20
	1.97 ± 0.20
	0.56 ± 0.18
	1.85 ± 0.40
	2.37± 0.20
	1.10 ± 0.13



	Fe, g kg−1
	9.99 ± 1.20
	15.05 ± 3.32
	2.48 ± 0.56
	7.20 ± 1.62
	11.21 ± 1.39
	3.68 ± 0.80



	Reaction, pH
	5.2 ± 0.1
	5.7 ± 0.2
	3.5 ± 0.1
	4.7 ± 0.3
	5.3 ± 0.1
	3.5 ± 0.1










 





Table 7. Water holding capacities of the forest compartments of the sites and modelled drain paths.
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	Site
	Water Needed to Fill All Depressions of the Forest Compartment, mm
	Water Needed to Fill Drain1 Path, mm
	Water Needed to Fill Drain2 Path, mm
	Water Needed to Fill Drain3 Path, mm





	Site 1
	R * 6, L 12
	L 35
	L 28
	R 25



	Site 3
	24
	31
	38
	32



	Site 4
	15
	47
	29
	85



	Site 5
	17
	42
	40
	37



	Site 6
	18
	35
	38
	33







* R—right bank of the drainage ditch, L—left bank of the drainage ditch.













 





Table 8. Water holding capacities of the related drainage micro-catchments of the modelled drain paths.






Table 8. Water holding capacities of the related drainage micro-catchments of the modelled drain paths.





	Site; Drainage Catchment for Drain Paths of the Sites (If More than One)
	Water Needed to Fill All the Depressions of the Drainage Catchment, mm
	Area of the Drainage Catchment, ha





	Site 1; drain3 (R *)
	13
	0.99



	Site 1; drain1, drain2 (L)
	36
	1.89



	Site 3
	29
	1.42



	Site 4; drain1, drain3
	13
	1.61



	Site 4; drain2
	12
	0.05



	Site 5
	25
	2.56



	Site 6
	13
	0.99







* R—right bank of the drainage ditch, L—left bank of the drainage ditch.
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