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Introduction
Changes in land use can increase concentrations of mercury and its bioavailability in the environment, eventually leading to elevated fish mercury concentrations. The large scale flooding of river valleys, usually associated with hydroelectric development, probably represents the most dramatic and widely recognized land use change associated with increased mercury levels in biota. However, other types of human activities are also known to result in elevated mercury inputs from the watershed into lakes and rivers. Forestry and associated practices that involve the large-scale disturbance of soils is known to be such an activity.
One of the first studies to suggest a link between forestry and elevated mercury in biota was Rask and Metsälä (1991), who compared total mercury (THg) levels in pike from 17 Finnish lakes and found concentrations to be highest in the lake with substantial, forestry-related disturbance of the watershed. Subsequently, more detailed studies have increased our understanding of the link between soil disturbance and ecosystem availability of mercury.
Mercury concentrations in runoff
Porvari et al. (2013) found clear-cutting and subsequent soil mounding prior to reforestation of a small (7.1 ha) spruce forest catchment resulted in significant increases in monthly flow-weighted THg (12.0 ng/L) and methylmercury (MHg ; 0.35 ng/L) concentrations in the runoff for 3 years post-project compared to the 3-year pre-project baseline period (8.1 ng/L THg and 0.15 ng/L MeHg). Annual  fluxes of THg (2.0-5.3 g/km2/yr) and MeHg (0.11-0.16 g/km2/yr into the only outflow stream were also significantly higher during each of the 3 years after clear-cutting compared to the baseline years (THg: 0.80-0.97 g/km2/yr;  MeHg : 0.011-0.036 g/km2/yr). The flux differences in THg were primarily due to a more than doubling in the yearly runoff after clear-cutting, whereas absolute concentrations of THg pre- and post- clear-cutting remained statistically similar (Porvari et al. 2013). Increases in MeHg flux resulted from a combination of higher runoff volume and increased runoff concentrations. 
Similarly, Munthe and Hulteberg (2004) reported a dramatic increase in MeHg (but not THg) concentrations in the runoff from a small (3.7 ha) forested catchment after soil disturbance due to construction of a forestry road. The road was located in the upper reaches of a study area that had been monitored annually for approximately 10 years prior to impact. Munthe and Hulteberg (2004) estimated the annual MeHg flux to the catchment outlet to be increased at least 3-fold for the 3-year monitoring period post impact. 
Natural events that result in large-scale soil disturbance, such as windfall events during storms, particular in combination with logging of storm-felled trees, may also result in increased loadings of MeHg to lakes in affected watersheds. Munthe et al. (2007) measured concentrations of THg and MeHg in runoff from clear-cut and storm-felled areas to be approximately 1.8 fold and 4.3 fold higher, respectively than from growing forests. Modeling effects on a landscape scale indicated large increases (>50%) in MeHg loading occurred to some lakes as a result of a storm event that caused massive windfalls over large areas in southern Sweden.
Several mechanisms have been identified that likely contribute to increased rates of production and export of MeHg from disturbed forest soils, which include the following:
· Increased water discharge and decreased transpiration after logging may create more saturated soils and higher groundwater levels, conditions that enhance the export of MeHg present in soil pore water (Eklöv et al. 2016, p.164r)
· Waterlogged soils, particularly when compacted by heavy machinery, will increase superficial flows and result in flooded soils in tracks or other depressions, and aboxia (de Wit et al. 2014, p. 61r). Flooded soils are known mercury methylation hot-spots (Bodaly and Hecky 1979; Hall et al. 1995). Thus, in addition to flushing of existing MeHg, conditions for biotic methylators, such as sulphur reducing bacteria are being improved (Munthe et al. 2007, p.111L; Eklöv et al. 2016, p.164L) and the methylation of mercury to MeHg is stimulated.
· Higher soil temperatures due to sun exposure in open (clear-cut) areas will further stimulate the activity of methylating bacteria (Munthe et al. 2007, p.111L; Eklöv et al. 2016, p.164L). 
· The addition of fresh, labile organic carbon from decomposition of logging residuals, as documented for DOC by Lamontagne et al. (2000) and Desrosiers et al. (2006b), can also enhance the activity of methylating bacteria (Sorensen et al. 2009) and , thus, the mobilization of mercury. 
· Not only the quantity of DOC, but also its quality can change as a consequence of logging. O’Driscoll et al. (2006) suggested that more superficial flow paths after logging and a mobilization of less degraded organic carbon may retain more mercury in the water because it is less available for photo reduction and, thus, for evasion as dissolved gaseous Hg°. 
[bookmark: _GoBack]The increased methylation potential of disturbed soils may be the more important source of MeHg to the receiving watersheds, at least in the longer-term. This conclusion is supported by findings of Kronenberg (2014, cited in Eklöv et al. 2016, p. 165r) who noted that the increases in MeHg in soil and stream water observed in a study of MeHg exports from clear-cuts, growing forests, and wetlands was mainly associated with new methylation and less so with existing soil pools of MeHg. In fact, forestry operations may create mercury methylation hotspots of high net methylation rates associated with distinct microbial communities. Such hotspots have been observed in water-filled cavities created by stump removal or driving damage (Eklöv et al. 2018).
A diagram summarizing the interrelationships of factors potentially contributing to increased environmental THg and MeHg concentrations after soil disturbance from forestry operations is provided in Table 1.
Forestry practices and similar activities leading to soil disturbance do not always result in increased mercury concentrations in runoff. In a recent review on forestry impacts on fish mercury concentrations, Eklöv et al. (2016) assessed 11 Scandinavian and 1 Canadian studies (including the three summarized above) for increases in THg and MeHg in surface waters due to forestry activities. Five out of the 12 studies did not report increases in MeHg (and THg) concentrations in surface runoff from logged forest or areas were tree stumps were removed. However, at least three of the five studies that did not find elevated concentrations, noted either increases (20-50%) in the downstream load of THg and MeHg (due to higher discharge) or in the concentrations of soil-and groundwater THg and MeHg (Eklöv et al. 2016, Table 1). A fourth study also found an approximately 50% higher export of MeHg post-logging due to increased discharge (de Wit et al 2014, p.60L), which was not reported in Eklöv et al. (2016). The seven studies of the review by Eklöv et al. (2016) that found effects of soil disturbance on THg and MeHg concentrations, reported increases of between 26-76% or 50% and up to 460%.
A study by Braaten et al. (2016, p.146L) published after the review by Eklöv et al. (2016) measured THg and MeHg concentrations in soils samples taken from deep wheel tracks and adjacent (~5 m) areas inside a freshly harvested forest section. These authors found weakly significant (p=0.04-0.07) differences in concentrations of THg and MeHg and in the percentage of MeHg of THg in the top layer of soils inside  of the wheel tracks compared to outside, and concluded that soil disturbance promotes mercury meythylation.
The above results indicate the potential for pronounced impacts of forestry-type soil disturbance on mercury concentrations and fluxes into receiving waterbodies, and also the substantial amount of variability in such impacts among the still relatively few existing studies. Thus, while effects are likely, there still exists considerable uncertainty about their magnitude when trying to predict impacts of soil disturbance for a particular site. Impacts may differ substantially depending on where the disturbance is located relative to the waterbody of concern, area topography, as well as the structure, chemistry, and wetness of the affected soil(s). The timing of the disturbance may also affect the magnitude of its impact. In climates where soils freeze solid enough to support the operation of heavy machinery with relatively minor damage to soil structure, projects carried out during winter month likely result in less impacts than those proceeding during times when soils are not frozen (e.g., Sorensen et al. 2009).
Mercury concentrations in biota
To be relevant for human exposure of mercury and associated health effects, increases in water-born MeHg reported in the previous section must to some degree be reflected in the biota of those waterbodies used to obtain food for human consumption. A few studies exist that have examined if measured or supposed increases in concentrations and fluxes of mercury in the runoff from disturbed forest sites are manifested in elevated mercury levels of biota at several trophic levels. The results of some of these studies are summarized in the following.
Periphyton, the complex community of algae, cyanobacteria, heterotrophic microbes, and detritus attached to submerged surfaces, is located at the interphase between lakes or rivers and their watersheds. Because periphyton can retain and recycle chemical elements from runoff water, it has been shown to rapidly respond to watershed disturbances (Rask et al. 1998, Planas et al. 2000). Periphyton communities also contribute to the methylation of inorganic mercury (Hill et al. 1996; Cleckner et al. 1999; Derosier et al. 2006a) and, thus, can represent a source of MeHg to grazing macroinvertebrates and their fish predators (Cleckner et al. 1998). The effects of logging on periphyton mercury concentrations was evaluated by Desrosiers et al. (2006b), who sampled eight boreal lakes two years prior to and one or two years post winter logging in their watersheds (15-79% of the area), with 10 additional lakes being sampled as controls for interannual variation. The authors found no significant impact of logging on periphyton THg concentrations. However, MeHg concentrations increased significantly to levels 2- to 9.6-fold pre-logging. Furthermore, the increase in MeHg concentrations was progressive in the four lakes sampled in two consecutive summers after logging. Suggesting potential causal relationships, MeHg concentrations were positively correlated with percentage of watershed logged, watershed slope, and runoff (Desrosiers et al. 2006b).
As part of a paired catchment study on the effect of tree harvest (30% area of one catchment) on the discharge, chemistry, and biota of the two outlet creeks , de Wit et al. (2014) measured MeHg concentrations in periphyton, two stonefly species, and one predatory caddisfly. No clear response in MeHg concentrations to the soil disturbance was detected in these three groups. For the two macroinvertebrate taxa, this result was at least partially attributed to nutrient enrichment of the catchment outflow in response to tree harvest (de Wit et al. 2014). The authors further argued that the observed increase in algeal production may have resulted in accelerated growth rates in the primary and secondary consumers, leading to growth dilution, i.e. lower MeHg concentrations per unit biomass.
In a study on 38 boreal shield lakes with undisturbed (n=20), recently logged (8-96% clear-cut of the catchment area 1 year prior to study, n=9), or recently burned (high intensity fires in 50-100% of catchment area; n=9) watersheds, Garcia and Carignan (1999) found that MeHg concentrations in bulk zooplankton were significantly higher in lakes with logged watersheds (135 ng/g dry wt), than in lakes with burned (97 ng/g) or undisturbed (112 ng/g) watersheds; the difference between burned and undisturbed watersheds was not significant. Water DOC concentrations mimicked those of MeHg for each of three seasonal samples, suggesting a relationship between the uptake of MeHg by zooplankton and the transfer of humic matter to the lakes (Garcia and Carignan 1999). A companion study on 20 (4 logged to 11-72%; 7 burned to ~90%, 9 reference) of the 38 lakes containing populations of Northern Pike (Esox lucius), found length-standardized THg concentrations in pike to be significantly (p=0.047) higher in logged lakes (3400 ng/g dw) than in reference lakes (1900 ng/g; Garcia and Carignan 2000). This difference was slightly more pronounced (p=0.025) when pike THg concentrations were normalized for trophic position based on 15N.
Similar to the results for runoff from forestry sites (see above), mercury concentrations in biota have not always been measurably affected by forestry practices. For example, Rask et al. (1998) did not find an increase in THg of Eurasian Perch (Perca fluviatilis) in three Finnish forest lakes within two years after clear cutting of 15, 24, and 33% of their respective catchments and additional soil scarification in 15, 22, and 31% of the catchment area. However, the perch in this study were relatively old and slow growing. Thus, the two years post-treatment may not have provided  sufficient time for any potential increase in water mercury concentration to be reflected in fish higher up in the food chain.
From the majority of the available studies it is obvious that forestry-type soil disturbance will result in increased mercury concentrations in water and are subsequently manifested in biota, including fish commonly consumed by humans. However, many abiotic and biotic factors affect the relationship between MeHg concentrations in water and MeHg in higher trophic level biota. Several of these factors will also respond to forestry-type impacts. For example, large-scale soil disturbances will not only affect the cycling of mercury, but also influence the structure and energy flow of aquatic food webs via changes in the inputs of nutrients and total suspended solids, and alterations of the light and temperature regimes (Eklöv et al 2014, p.163L). These changes in basic limnology have the potential to affect rates of mercury biomagnification. For example, increased growth rates of Daphnia zooplankton (Karimi et al. 2007) or Yellow Perch (Perca flavescens; Essington and Hauser 2003) due to higher quality food/nutrient enrichment has resulted in mercury growth dilution. Furthermore, mercury biomagnification will intensify with increased food web complexity, particularly the addition of trophic levels (Kidd et al. 1995; Cabana et al. 1994). For these reasons, a linear relation between MeHg concentrations in water and MeHg in biota higher up in the food chain is unlikely (also see Eklöv et al. 2016, p. 167r). 
Scaling represents a further uncertainty to be considered when trying to assess potential impacts of soil disturbance on fish from the existing studies. Most of these were conducted in small catchments with headwaters where solutes are mainly derived from terrestrial areas and less so from in-stream processes. These, such as photodemethylation of MeHg or the methylation of inorganic mercury in sediments, become more important for the mercury budget in larger rivers or downstream lakes (Poste et al. 2015), where most of the fish targeted for human consumption are found. As also concluded by Eklöv et al. 2016, p. 168L), in-stream processes may increasingly attenuate the (terrestrial) MeHg signal derived from soil disturbance with increasing distance from the site of impact.
In an earlier review Bishop et al. (2009) estimated that 9-23% of the mercury in fish from high-latitude , managed forest landscapes can be attributed to impacts following tree harvest.  More recent results indicate that there is likely more variability in the magnitude of forestry impacts on fish mercury concentrations and that the average effect is somewhat lower compared to the earlier estimates (Eklöv et al. 2016, de Wit et al. 2014).
Summary
Forestry and similar activities resulting in large-scale soil disturbance have been found to increase mobilization of MeHg and THg (which can later be methylated) from soils to surface waters and to create conditions favourable for Hg methylation. The removal of trees and the action of machinery may influence Hg outputs to surface waters by increasing runoff and its concentration of THg and MeHg. The effects of soil disturbance on Hg mobilization can be divided into two major groups: (1) hydrological effects, including changes in soil moisture, runoff amounts, groundwater levels as well as groundwater flow-paths, and (2) effects on the net Hg methylation rate, including changes in redox status, availability of electron acceptors or donors for methylating bacteria, and increasing soil temperature. Most studies aimed at assessing the effects of soil disturbance from forestry operations on mercury export in runoff or catchment area streams have documented increases in concentrations and fluxes of primarily MeHg. The magnitude of such increase is highly variable (0.3-4.6 fold) and likely depends on the location, timing, and extend of the disturbance relative to the waterbody of concern, area topography, and the structure, chemistry, and wetness of the affected soil(s).
Management implications
Most existing management recommendations to reduce the impact of soil disturbance on environmental mercury concentrations, such as the maintenance of buffer zones between harvest areas and surface waters, are specific to forestry operations and are of limited use to the Muskrat Falls Project, where the focus is on the potential removal of much of the labile organic carbon within the reservoir area, and trees must be removed to gain access to lower vegetation and soils. However there are some recommendations that can be applied to the Muskrat Falls Project. These mainly relate to limiting runoff from the site and avoiding connectivity between potential methylation hot spots and downstream surface waters.  Specific recommendations, mainly taken from Eklöv et al. (2016), are as follows:
· Construct roads on drier parts of the landscape and avoid direct connection to surface waters;
· Avoid hydrological connections between methylation hot-spots (wetlands, peatlands)and surface waters;
· Limit work to areas with a mean slope of <7% (Desrosiers et al. 2006b);
· Mobilization of particles should be minimized when driving machinery; driving on wet areas should be avoided and it is recommended to protect the forest floor by using logging residuals or logging mats when passing wet areas or water courses (i.e., Churchill River tributaries); 
· If possible avoid stream crossings alltogether (Sorenson et al. 2009, p.370r);
· Don’t change existing water flow pathways and do not create impoundments or wet areas along streams (i.e., Churchill River tributaries);
· Account for weather conditions when conducting activities; work should be conducted during times of snow cover and frozen soils, not when conditions are wet.
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Figure. 1: Schematic diagram of possible effects from logging, site preparation and forestry machinery driving. The effects caused by these activities are colour coded depending on whether they mainly refer to changes in (1) hydrology, including changes in soil moisture, runoff amounts, groundwater levels and groundwater flow-paths (blue), or (2) methylation potential, including changes in redox status, availability of electron acceptors or donators for methylation bacteria as well as soil and water temperature (red). (From Eklöv et al. 2016).
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