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The chemistry of mercury in freshwater systems, particularly man-made reservoirs, has received a great deal of attention owing to the high toxicity of the most common organic form, methylmercury. Although methylmercury bioaccumulation in reservoirs and natural lakes has been extensively studied at all latitudes, the fate of the different forms of mercury (total vs. dissolved; organic vs. inorganic) along the entire river-estuary continuum is less well documented. In fact, the difficulty of integrating the numerous parameters involved in mercury speciation in such large study areas, combined with the technical difficulties in sampling and analyzing mercury, have undoubtedly hindered advances in the field. At the same time, carbocentric science has grown exponentially in the last 25 years, and the common fate of carbon and mercury in freshwater has become increasingly clear with time. This literature review, by presenting the knowledge acquired in these two fields, aims to better understand the extent of mercury export from boreal inland waters to estuaries and to investigate the possible downstream ecotoxicological impact of reservoir creation on mercury bioavailability to estuarine food webs and local communities.
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INTRODUCTION
Concentrations of mercury in ambient air and water are extremely low and so do not constitute a significant source of human exposure to mercury (Clarkson 2002; Goyer and Clarkson, 2001). Rather, humans are generally exposed to mercury (Hg) through diet, and fish consumption is the main source of this exposure (Clarkson 2002; Health Canada, 2007; Ferreira-Rodriguez et al., 2021), with a growing concern regarding rice consumption in Asia (Kwon et al., 2018). The flooding of soil when hydroelectric reservoirs are impounded promotes the release of nutrients and increases bacterial activity and methylmercury bioavailability at the base of the food chain. The mercury is then transferred from lower to higher trophic levels, from plankton to fish. This temporary phenomenon has been studied extensively in various regions of the world (Verta et al., 1986; Verdon et al., 1991; Porvari, 1995; Rudd, 1995; Porvari, 1998; Ikingura and Akagi, 2003; Bodaly et al., 2007; Teisserenc et al., 2014). The health risks associated with increased Hg levels in reservoir fish, which impact sport fishers and communities that rely on fish as a traditional food (Moriarity et al., 2020a), have raised concerns about the environmental footprint of hydropower. Concerns have also been raised about the transport of Hg downstream to estuaries, which could potentially increase Hg bioavailability (Calder et al., 2016).
In the meantime, the worldwide increase in energy demand coupled with concerns about greenhouse gas emissions have put hydroelectricity in the forefront of green energies. The projected impacts of climate change on water resources and on floods and droughts are uncertain, and structural or functional adaptation measures will be needed to provide the required flexibility in hydropower management (ICOLD, 2016). Under these conditions, hydropower remains a key component in any renewable energy portfolio, as it is the only non-intermittent renewable that can meet both baseload and peak energy demands (Bates et al., 2008). Canada, Russia and Norway are among the world’s major hydropower producers (International Hydropower Association, IHA) and they all still have high potential for hydropower development (Hoes et al., 2017). The boreal forest is the dominant biome in these countries, covering 33, 46, and 18% of the Canadian, Russian and Norwegian landscapes respectively (Kuusela, 1992), and boreal biomes contain the highest density of freshwater systems on earth, hosting about 28.4% of the global lake area (Downing et al., 2006; Bravo et al., 2017). Given these hydrologic characteristics, it is not surprising that major hydropower developments in these countries are on rivers originating in or flowing through the boreal forest (ICOLD, 2021). Soils in the boreal forest are typically podzols, that is, gray soils that are thin, acidic and poor in nutrients, with limited soil microorganism activity due to the cold climate. Extensive networks of wetlands are also characteristic of the boreal forest and play an important role in water filtration, flood and drought control, and carbon storage (RAMP, 2021). Another key parameter in the boreal biome is seasonality, which drives metabolic processes and the carbon cycle across the entire aquatic web (Huttunen et al., 2004; Mattson et al., 2005; Ågren et al., 2007; Kortelainen et al., 2013). Since the boreal biome is likely to be further exploited in the future to meet the increasing energy demand, the impact of reservoir creation must be studied with the new perspectives recent science provides.
Although numerous studies deal with Hg accumulation in freshwater food webs, only a few focus on Hg export downstream of reservoirs to estuaries (Taylor et al., 2019). Some studies address the impact of reservoir impoundment in situ as well as on downstream ecosystems in Canada (Schetagne et al., 2000; Anderson, 2011), including some critical voices (Calder et al., 2016). The complexity of Hg speciation has been addressed in many publications, with studies examining its different aspects (see Lucotte et al., 2016, for a review of factors studied). However, our understanding of this phenomenon along the aquatic continuum from source to estuary is still in its infancy (Morel et al., 1998; Schartup et al., 2016; Skrobonja, 2019).
Concomitantly, research in carbon science and accompanying data collection efforts have increased exponentially since the early 2000s, leading to a better understanding of inputs from inland waters to the global carbon budget (Cole et al., 2007; LaBrie et al., 2020). More refined chemical analysis methods have improved our understanding of the relationship between the nature of organic matter (OM; particulate, colloid, dissolved) (Massicote et al., 2017) and both trace metal processing (Jokinen et al., 2020) and Hg bioavailability in freshwater and estuarine systems (Quémerais et al., 1998; Soerensen et al., 2017; Lavoie et al., 2019). Step by step, the strong link between Hg in water and the carbon cycle in aquatic systems has been clarified in the last 20 years. Because studies of carbon speciation along the river continuum are more common than those of mercury speciation, and because mercury measurement methods are more complicated and expensive than methods for measuring carbon, studies on the fate of mercury in aquatic environments would benefit from quantitative determination of the relationship between OM and Hg. To do this, we need to determine the gaps in our knowledge, whether they be in understanding the chemical or biological processes involved in Hg and carbon cycles or in our knowledge of the ecosystem characteristics related to these processes.
This article thus aims to provide an overview of studies of the transport and fate of mercury along the river continuum and in estuaries, focusing on how this affects potential mercury transfer to organisms. The objective is to demonstrate the fundamental link between mercury and carbon cycles and the need to systematically integrate this perspective in future studies on the fate of mercury in aquatic systems. The focus is neither on reservoir science nor on specific values but rather on the processes occurring from source (reservoir or natural lake) to downstream estuary. In terms of boreal systems in Québec, Canada, the question is whether existing studies can be used by scientists and managers to assess the impacts of Hg transport from reservoir to estuary and whether these impacts are limited and cease where the influence of freshwater is no longer detected.
MEHG AND ORGANIC MATTER, A PARALLEL FATE IN LAKES AND RESERVOIRS
The data found in the literature on mercury concentrations in natural waterbodies are wide-ranging and difficult to compare, not only because of natural variations in the concentrations and species of this metal in water but also due to analytical difficulties and differences (Boszke et al., 2002). Owing to the temporal and spatial scales involved, there is a paucity of studies comparing natural and anthropogenic systems, especially those that target the entire aquatic continuum from lake or reservoir to estuary. Therefore, the knowledge on biological and chemical processes in natural systems is often generalized, modelled (Zhu et al., 2018) and tentatively applied to reservoirs, as a first step to new studies. In this section, the extent to which processes involving OM in lakes and in reservoirs can elucidate those involving mercury compounds will be explored. The carbon cycle has been in the spotlight for the past 10 years and the tremendous advances made in determining OM composition have improved our understanding of the strong links between OM and mercury compounds. This review thus attempts to combine carbocentric limnology (Prairie, 2008) and “mercury-centric” knowledge on reservoirs and lakes as a first step in understanding the downstream fate of these molecules in rivers and estuaries.
Although boreal lakes and reservoirs differ in many respects, including age, residence time, mean water temperature, and the origin and quality of the OM available (Kalff, 2002; Tadonléké et al., 2012), carbocentric science teaches us that planktonic food webs in northern temperate and boreal lakes as well as in reservoirs are subsidized by allochthonous OM in a large proportion (Del Giorgio et al., 1999; Cole et al., 2002; Cole et al., 2006; Tadonléké et al., 2012; Emery et al., 2015; Grosbois et al., 2020). In fact, terrestrial soils typically provide very active loci for the decomposition of OM, which is exported to and through aquatic systems (Cole et al., 2007). Allochthonous OM is more recalcitrant to biodegradation and more susceptible to photochemical mineralization, but this last process is limited by the high proportion of humic acids (vs. fulvic acids) that dominate in the OM of boreal lakes and reservoirs (Bastien, 2005). When terrestrial ecosystems are flooded for reservoir creation, allochthonous carbon and nutrients are rapidly released in the water column, enhancing bacterial productivity and stimulating overall biological production in the reservoir ecosystem (“trophic upsurge,” Kalff, 2002; Figure 1A), including the plankton and fish communities (Marty and Planas, 2005; Planas et al., 2005; Tadonléké et al., 2005). However, because of the lower carbon stock compared to temperate and tropical areas, this trophic upsurge is limited in time and amplitude in the northeastern boreal region of Quebec, Canada (Blais et al., 2005). As a result, reservoirs remain oligotrophic even in the first few years after flooding, resembling natural lakes in the region in this respect (Schetagne, 1994; Bogard and Del Giorgio, 2016). Autochthonous labile (easily degradable) OM (phytoplankton-derived organic compounds), although present in smaller quantities, has been shown to enhance overall bacterial activity and thus promote the incorporation of flooded allochthonous OM, which is less labile, at the bacterial level (Guillemette et al., 2015) or at a higher level in the trophic chain. In fact, Grosbois et al. (2020) recently demonstrated that the efficiency of zooplankton in a boreal lake in transferring autochthonous and allochthonous carbon is equivalent, suggesting that the breakdown of terrestrial detritus and recalcitrant dissolved high-molecular-weight humic substances may be facilitated by co-metabolism using carbon of algal origin (labile autochthonous carbon). The Hg-centric science led to the same findings: the bioavailability of labile carbon in newly flooded areas or in productive lakes promotes bacterial activity (and, in some cases, in deep or warm temperate/tropical waters, anoxia), which, in turn, results in increased mercury methylation rates in the water column and in sediments, and an increase in its final byproduct, MeHg (Mailman et al., 2006; Bo et al., 2016; Bravo et al., 2017; Figures 1A–C). The biological processes and bacterial groups involved in mercury methylation in anoxic sediments or in the water column are similar in natural lakes (Morel et al., 1998), reservoirs (Hall et al., 2005) and interestingly also in coastal systems (Skrobonja, 2019). In fact, a variety of anaerobes (particularly iron and sulfate-reducing bacteria) share a common gene pair (hgcAB) that encodes proteins essential for Hg methylation (Regnell and Watras, 2019; Xu et al., 2021). The diversity of the methanogenic bacterial community in streams is positively linked to water temperature (Nagler et al., 2020), which suggests a lower diversity in boreal lakes and reservoirs, but one that should be quite similar throughout the boreal ecozone. Although mercury bioaccumulation occurs in both reservoirs and natural boreal lakes under the influence of many biotic and abiotic factors (Depew et al., 2013), in reservoirs, this phenomenon is distinguished by a drastic increase in nutrients and in the OM pool available in the water column in, approximately, the first ten years (Lucotte et al., 1999; Schetagne and Verdon, 1999) after their creation due to flooding and erosion. This results in a trophic upsurge, an increase in OM degradation demonstrated by higher dissolved CO2 concentrations (Tremblay et al., 2005) and substantial MeHg production (Louchouarn et al., 1993; Mucci et al., 1994; Houel et al., 2006; Turgeon et al., 2016). Interestingly, in a recent major study of numerous natural and flooded systems along the Romaine river in the boreal ecozone of Québec, Canada, De Bonville et al. (2020) found a strong correlation between two byproducts of OM degradation in aquatic systems: MeHg and pCO2 (Figures 1A–C). Photooxydation would only account for 6–28% of the OM degradation, while biological processes would dominate (Bastien, 2005). To our knowledge, no strong evidence has been discovered of an increase in methylation rates per unit of bacterial biomass during the trophic upsurge phase. Instead, an increase in bacterial biomass leading to higher MeHg production per unit of time has been found in reservoirs compared to natural systems. This is likely linked to the higher proportion of anoxic zones in reservoirs (deep parts of the highly dynamic main channel and shallower hypolimnia in the flooded bays) than in natural systems, which is conducive to the growth of the sulfate-reducing bacterial community. In addition, the fact that MeHg production increases with a trophic upsurge implies that the sulfate-reducing bacterial community was present in soils before impoundment or that a transfer of the community from upstream non-flooded sites occurred and that, due to its functional and metabolic plasticity, this community rapidly responded to environmental changes (deeper waters, for example) to reach a metabolically stable state similar to that in natural lakes (Comte and Del Giorgio, 2011).
[image: Figure 1]FIGURE 1 | Conceptual summary of the fate of carbon and mercury compounds in their transport from reservoirs and lakes to estuaries through different river continuums. The magnitude of the physical, chemical and biological processes and fluxes depends on ecosystem type: young reservoir (A), old reservoir (B), lake (C), river with or without riverine lakes (D,E), and estuary (F). Young reservoirs (<10 years) present higher bacterial activity, which leads to higher concentrations of the studied components, namely total mercury and methylmercury (T-Hg/MeHg) linked to particulate organic carbon (POC) or to dissolved organic carbon (DOC). The dissolved fraction is detailed according to its speciation, i.e., molecular size and lability: colloids (size fraction between a few nanometers and 0.45 µm); truly dissolved (size fraction <0.45 µm) but refractory OC; and truly dissolved (size fraction <0.45 µm) labile OC, this latter being rapidly consumed by heterotrophs. As indicated in the Conclusion herein, T-Hg/MeHg linked to POC rapidly decreases along the aquatic continuum owing to settling and flocculation. As for T-Hg/MeHg linked to DOC, the concentration decrease along the aquatic continuum is intimately related to DOC speciation: colloids tend to flocculate; labile DOC enters the bacterial loop and food chain; and the truly dissolved refractory fraction dominates at the river mouth. In the estuary, the changes in ionic strength promote flocculation and the scavenging effect, which immobilize Hg in the sediment and reduce its bioavailability to the entire food web.
Therefore, since the pool and bioavailability of MeHg entering food webs through lower-trophic-level aquatic organisms (e.g., primary producers, zooplankton, insect larvae, and benthic organisms) is greater in reservoirs, MeHg concentrations measured in reservoir fish can reach maximum values of up to one order of magnitude greater than values recorded in natural lakes (Tremblay et al., 1996; Tremblay and Lucotte, 1997; Tremblay et al., 1998; St. Louis et al., 2004; Drott et al., 2008; Bilodeau et al., 2017). Data from several studies conducted in boreal lakes and reservoirs illustrate this difference in the initial pool of MeHg available (concentration) at the bottom of food webs (Figure 2). These data also show that, although different initial MeHg concentrations can be observed in food chains in natural and anthropogenic freshwater systems, similar slopes (i.e., biomagnification rates) are found, which supports equivalent levels of mercury transfer efficiency in both systems (Lucotte et al., 1999; Schetagne and Therrien, 2013).
[image: Figure 2]FIGURE 2 | Schematic representation of the transfer of mercury through the food chain in boreal lakes and young reservoirs (<10 years; data adapted from Lucotte et al. (1999), Schetagne and Therrien (2013).
Finally, wetlands, an important portion of the boreal landscape (e.g., 30% in Ontario, Canada, McLaughlin, 2004; Gingras et al., 2016), represent a source of OM and MeHg for the catchments (St. Louis et al., 2004; Xu et al., 2021). Their hydrology and connectivity with the large watersheds typical of boreal biomes is not addressed here. It is assumed, however, that the lakes, reservoirs and rivers whose processes are described herein are the receptacles of net exports from these wetlands.
To summarize, the current knowledge tends to demonstrate that the chemical and biological pathways involved in the production of mercury compounds and the processing of OM are parallel and occur in a similar way in natural lakes and manmade reservoirs. Overall, in freshwater systems, the concentration of mercury compounds increases concomitantly with the increasing concentration of OM (Wetzel, 2001). Specifically, MeHg and/or total mercury (T-Hg) concentrations have been shown to be positively related to DOC (dissolved organic carbon), and more precisely to the concentration of aromatic molecules in the OM pool (Watras et al., 1998; Braaten et al., 2014; Lavoie et al., 2019; De Bonville et al., 2020), with the latter often considered to be of allochthonous origin (Lapierre and Del Giorgio, 2014). In fact, Hg has a high affinity for molecules containing reduced sulfur such as thiols, and the availability of these molecules in the system may control Hg–DOC associations and co-transport (Skyllberg et al., 2003; Ravichandran, 2004; French et al., 2014). This knowledge is crucial in understanding exportation processes downstream of lakes or reservoirs, as discussed in the following section.
FROM RESERVOIRS OR LAKES TO ESTUARIES: EVIDENCE OF THE JOINT EXPORT OF CARBON AND MERCURY
In the 1990s, our growing understanding of the chemical cycle and mercury bioaccumulation in several terrestrial and aquatic compartments of the biosphere led to questions about mercury transfer in lotic systems. Some of this research focused on the distance traveled by mercury compounds, while other substantial efforts targeted the chemical interactions between mercury compounds and organic/inorganic molecules or free ions. As for studies done on lakes and reservoirs, advances in knowledge in riverine systems underline the need to integrate the different approaches, in order to improve our understanding of the possible effects of anthropogenic disturbances on Hg/MeHg availability in rivers.
T-Hg and MeHg Export Downstream of Reservoirs
MeHg accumulation in fish downstream of boreal hydroelectric reservoirs has been measured in a few studies in the last 30 years, particularly in Canada. In 1994, in the Baie-James region, Brouard et al. reported the phenomenon in lake whitefish (Coregonus clupeaformis) 42 km downstream of La Grande 2 reservoir, in the La Grande River. The authors found that the feeding behavior of whitefish caught downstream of reservoirs switched from insectivory to piscivory. This kind of opportunistic behavior in whitefish was also suspected in a recent study by Moriarity et al. (2020b) in the Baie-James region. The finding of Brouard et al., led to a larger study investigating the export of mercury downstream in general, not only in the most common fish species in the region (longnose sucker, white sucker [Catostomus commersoni], lake whitefish, lake cisco [Coregonus artedii], northern pike, walleye and lake trout) but also in water quality throughout the entire La Grande complex (Schetagne and Verdon, 1999; Schetagne et al., 2000). These authors studied the impact of spills from Caniapiscau reservoir, 15 years after its creation, when dissolved MeHg concentrations had returned to values comparable to those in nearby natural lakes. The main result of this study was the demonstration of two conceptual axes of change for MeHg in freshwater systems according to residence time: 1) a vertical axis (bottom-up), with MeHg bioaccumulation in the trophic food webs of lentic systems, in which OM decomposition is promoted; and 2) a horizontal geographical axis, with MeHg transport from one lentic system to another through more dynamic lotic systems, in which MeHg speciation and linkage to the OM carrier may be modified by the chemical processes. In fact, the study results show greater MeHg accumulation in fish caught in riverine lakes downstream of the reservoir, up to 275 km away from the source, than in fish caught in a riverine station 355 km downstream of the reservoir. In this system, where total suspended solid (TSS) concentrations are very low (approx. 1 (NTU); Schetagne et al., 2006), MeHg was exported downstream of the reservoir mainly in the dissolved phase (64.3%); suspended particulate matter (SPM) accounted for 33.2% of the MeHg exported, while zooplankton and phytoplankton represented only 1.54 and 0.85% of SPM respectively (dry weight; Schetagne et al., 2000). However, phytoplankton has been shown to represent more than 80% of drifting organisms by volume (Brouard et al., 1994). Schetagne et al. (2000) suggest that, in large riverine lakes, the increased residence time would allow the completion of the life cycle of the drifting zooplankton, and the filtration of the drifting SPM by local zooplankton, with both phenomena leading to MeHg accumulation in non-piscivorous and piscivorous fish. The authors also suggest that sedimentation of the heavier SPM would occur in the lentic areas and contribute to MeHg turnover (Figures 1D,E); this hypothesis is supported by Temnerud et al. (2007), who found that lakes can be loci of TOC-concentration decreases along the river continuum. However, these studies of the La Grande complex do not shed any light on the fate of the OM itself or on its role in promoting MeHg accumulation in riverine lakes. In fact, the spilling of a large amount of water, like that occurring during reservoir creation, would result in an increase in allochthonous OM in downstream riverine lakes, consisting of labile carbon from the large volume of algae exported. As discussed earlier, this input typically results in increased bacterial activity and a trophic upsurge in the receiving waterbody. Since MeHg was linked to the OM, it would have prompted its bioaccumulation in the lakes food web. The fact that bioaccumulation was observed in two distant riverine lakes of the La Grande system provides evidence of the key role of the dissolved fraction in the fate of mercury downstream of the reservoir and lakes studied. It could be hypothesized that, in the system studied, MeHg was horizontally transferred through the river without a major change in speciation, and vertically accumulated by similar bacterial communities (see Introduction) dealing with similar Hg bioavailability. More recently, De Bonville et al. (2020) describe cumulative carbon processing in the Romaine complex, illustrated by an increase in dissolved CO2 concentrations along the cascade reservoirs, which would lead to environmental conditions more favorable to Hg methylation from the upstream to the downstream reservoirs. However, the average dissolved MeHg concentrations measured at stations in a 50 km stretch downstream of the last reservoir were significantly lower than in the four reservoirs further upstream. This suggests that export to the estuary was limited because the net MeHg production was negative in that downstream stretch of the river, with loss processes faster than accumulation (production) mechanisms.
However, this pattern seems to be specific to oligotrophic boreal systems. In fact, rivers cannot be considered to be passive pipes transporting OM and mercury (Cole et al., 2007). Dominique et al. (2007) showed that, in a river downstream of the productive tropical Petit-Saut reservoir (French Guyana), MeHg concentrations in biofilms and associated invertebrates and benthivorous fishes (Curimata cyprinoides) were much higher than in the reservoir itself. Similar observations were made downstream of the tropical Samuel and Balbina reservoirs (Kasper et al., 2012; Kasper et al., 2014); in these warm, productive rivers, higher cyanobacteria biovolumes induced higher MeHg production in periphyton (Lázaro et al., 2019). In these settings, the turbined water released downstream is extracted from the warm anoxic hypolimnion of the reservoir, where very favorable conditions for methylation are encountered, leading to dissolved MeHg concentrations of around 0.5 ng/L (Coquery et al., 2003; Kasper et al., 2014), i.e., ten times higher than what is observed in boreal systems (approx. 0.05 ng/L; Schetagne et al., 2000). Since the range of MeHg concentrations and the limnological aspects are drastically different in equatorial and boreal ecozone, this review mainly focuses on the latter one.
T-Hg and MeHg Links With Organic Matter in Rivers
While the small number of available studies cited above undoubtedly support the fact that MeHg is exported from lakes and reservoirs toward estuaries, a larger number of studies have attempted to elucidate MeHg speciation and molecular linkage in rivers. Once again, advances in this area have been closely linked to our understanding of the carbon (and OM) cycle in freshwater. In the 1990s, a number of authors found that MeHg concentrations in rivers and streams were related to the color of the water, and thus potentially to OM (Lee and Iverfeld, 1991; Mierle and Ingram, 1991). The positive relationship between T-Hg or MeHg and OM (particularly DOC) has been demonstrated in a number of river systems, although it has not been observed in all lotic systems, and the underlying principles were not studied (Lavoie et al., 2019, for a global analysis; Zolkos et al., 2020, for major arctic rivers; De Bonville et al., 2020, for the boreal Romaine river watershed). Bravo et al. (2018) studied 29 streams across Europe at latitudes ranging from 41 to 64°N and demonstrated that autochthonous DOM and the availability of electron acceptors for Hg-methylating microorganisms (e.g., sulfate) drive the percentage of MeHg, and potentially MeHg concentrations, in water. As has been observed in lakes and reservoirs, autochthonous carbon seems to stimulate bacterial metabolism and community plasticity in riverine systems (Comte and Del Giorgio, 2011). Through a crossover effect, this local carbon source would increase mercury methylation by enhancing the assimilation of allochthonous DOM (the main carbon source for prokaryotic communities in inland waters), which gradually becomes less reactive along the river continuum (Massicotte et al., 2017; LaBrie et al., 2020). On the other hand, Bravo et al. (2018) also found that allochthonous DOM inputs, i.e., dissolved organic matter probably originating from organic-rich catchment soils, control T-Hg concentrations in streams; however the authors do not mention the probable mechanisms underlying this interaction, described below.
Although most studies on mercury in lentic systems have focused on its bioaccumulation, in lotic systems, the question of its speciation arose rapidly due to the link between the mercury phase and downstream transport. When the initial evidence of the connection between mercury concentrations and OM in river system s was found, other studies had already linked mercury distribution to iron or manganese concentrations (Gobeil and Cossa, 1993; Quémerais et al., 1998). Concomitantly, Stordal et al. (1996) investigated the mercury bioavailability in the entire dissolved phase (defined as the entire fraction passing through a 0.45-µm filter), since they demonstrated that, in the environments studied, 57% (on average) of the dissolved fraction of T-Hg was associated with macromolecules, forming so-called colloids (the size fraction between a few nanometers and 0.45 µm, which includes macromolecules and microparticles; Droppo, 2006; Buffle et al., 1992). An important characteristic of colloids is their ability to become involved in aggregation reactions, as well as in hydrophilic (e.g., metal ions) and hydrophobic (e.g., oil and other hydrophobic pollutants) binding interactions (Wetzel, 2001; Santschi, 2018). The size and structure of colloids are heavily influenced by changes in water chemistry such as pH, redox potential, ionic strength, and DOM concentration and type, causing aggregation or dispersal of the components and associated elements (Cuss et al., 2020). In 2002, Pokrovsky and Schott revealed the presence, in boreal Russian rivers, of two pools of colloids composed of organic-rich and Fe-rich particles, considered to be the most important potential carriers for other elements, which they divided into four groups with different distribution patterns: 1) dissolved simple anions; 2) elements mainly adsorbed on carbon-based colloids; 3) elements mainly adsorbed on iron-rich colloids; and 4) elements almost equally distributed between carbon colloids and iron colloids (the last being more common; Lyvén et al., 2003). Following this finding, iron and carbon colloidal carrier phases were shown to transport rare earth and trace elements in boreal and subarctic rivers (Anderson et al., 2006; Dahlqvist et al., 2007; Pokrovski et al., 2010; Krickov et al., 2019; Cuss et al., 2020). Complexation of trace elements by OM in colloidal form would decrease their lability (Aiken et al., 2011; Stockdale et al., 2014; Cuss et al., 2020). Recently, technical advances have allowed the two iron-colloid phases to be distinguished (Herzog et al., 2020): Fe-OM complexes and Fe(oxy)hydroxides (as nanoparticles or associated with chromophoric molecular matter) and especially ferrihydrite, which is a common weathering product of Fe-bearing minerals in boreal regions and an efficient trace metal sorbent in the aquatic environment (Wetzel, 2001; Jokinen et al., 2020). Despite our improved knowledge of the iron and carbon colloidal carrier phases, their specific association with mercury along the freshwater continuum is still unknown. Recently, colloids were shown to promote the photodegradation of organic contaminants (Cheng et al., 2021). It becomes clear that further investigations are required on metallic and organic carriers and their capacity to drive Hg transport and settling along the aquatic continuum from source to estuary.
To sum up, mercury in boreal rivers, which is mainly found in the dissolved phase, likely come from the microbial loop, that feeds on allochthonous OM in lakes and reservoirs. It would be interesting to test this hypothesis, through existing mechanistic model on the reactivity of allochthonous DOM (Vachon et al., 2017), in studying the link between the strength of allochtony and the concentration in Hg in different compartments of the river foodwebs. The exported dissolved phase, which is subject to changes in water chemistry, is partitioned between truly dissolved and iron or carbon colloidal carrier phases. It could be hypothesized that the observed decrease in OM lability/reactivity from the lotic source to the estuary is at least partly due to an increase in the proportion of the colloidal phases, the most reactive part of DOM being simply lost due to biological and photochemical degradation. In this case, the proportion of mercury entering the estuaries through colloidal carriers would be preponderant and should be quantified in river systems using the new techniques available. In fact, as discussed in the next section, most studies on this topic do not deal with the riverine continuum but focus instead on the fate of OM and mercury in the saltwater plumes of estuaries.
ESTUARIES: TRAP OR EXTENDED LIFE CYCLE?
Fluvial systems terminate in river mouths, which are transitional environments subject to active biogeochemical transformations. The riverine influence is illustrated by the freshwater plume, which depends on the river discharge and the tidal range. Therefore, understanding this plume is fundamental to comprehending the fluvial contributions to the biogeochemistry of the river mouth (Delannoy et al., 2016). The opposing forces of freshwater and saltwater define the type of river mouth found: ria, estuary, or delta. In Canada, strong marine dynamics and relatively low sediment loads favor the presence of estuaries rather than deltas and major hydropower utilities are located on rivers forming estuaries in the St. Lawrence River, James Bay, Hudson Bay and the Atlantic and Pacific oceans.
To our knowledge, most studies dealing with metal speciation or carbon fate in river mouth systems have been conducted in estuaries rather than in rias or deltas, probably because it is easier to study estuaries (a single channel) than deltas (multiple channels). As discussed in the previous section, studies on mercury phase speciation in fluvial systems are scarce, while studies dealing with mercury behavior in estuarine ecosystems are more common, partly because of the intriguing question of the fate of the organic matter, particularly the colloid phases, during estuarine mixing. Consequently, the objective of this section is to determine the most probable fate of mercury at the end of the freshwater continuum and influence.
Organic Matter Loadings in the Estuarine Carbon Cycle: The Relative Importance of Flocculation
In 1988, at a time when the interest in mercury in freshwater was waning after twenty years in the spotlight, Cossa et al., highlighted the importance of estuarine biochemical processes in determining the mass balance budget for dissolved mercury at river-ocean margins. These authors were among the first to observe decreasing dissolved Hg concentrations across the salinity gradient of the St-Lawrence estuary; they concluded that 50–85% of the dissolved Hg was linked to OM and hypothesized that Hg removal was due to flocculation of the colloid phase of the OM, which was enhanced by iron. As explained in From Reservoirs or Lakes to Estuaries: Evidence of the Joint Export of Carbon and Mercury, the role of iron as a colloidal carrier has been recently demonstrated. The aggregation/flocculation of OM in estuaries, triggered by the change in ionic strength and increased cation concentrations, had already been demonstrated in laboratory experiments by Sholkovitz (1976), and had also been used to explain the decrease in trace elements in seawater (Li et al., 1984). Flocculation alters the chemical composition of DOC by removing the humic compounds and reducing its molecular size, transforming DOC into particulate organic flocs, which can sediment and/or be consumed by grazers and filter feeders, and also stimulates the bacterial degradation of the flocculated DOC (Tranvik and Sieburth, 1989).
Subsequently, the conversion of dissolved OM into terrestrial-origin particulate organic matter (POM) through colloid-phase flocculation was demonstrated in subtropical (Benner and Opsahl, 2001), temperate (St. Pierre et al., 2020), boreal (Asmala et al., 2014; Kritzberg et al., 2014; Herzog et al., 2020) and arctic (Gonçalves-Araujo et al., 2015; Soerensen et al., 2017; Kipp et al., 2020) coastal waters. Flocculation is one of the marginal filter (or coastal filter) processes described by Lisitsyn (1995), who estimated that, in the world’s rivers, 93–95% of the suspended matter and 20–40% of the dissolved matter in river discharge (pollution included) is deposited in mixing areas on average. Key parameters influencing the DOM pool and consequently the flocculation process include DOM quality and quantity, flow conditions and residence time (Asmala et al., 2016). For example, Palmer et al. (2015), in a study in the United Kingdom, examined estuarine mixing in rivers with peatland catchments, where carbon concentrations are dominated by DOC. These authors did not find any evidence of the consistent estuarine processing of riverine carbon. Instead, they found “hot moments” during which untransformed peat-derived DOC was more susceptible to flocculation and other removal processes. According to their results, DOC flocculation is more likely to happen in autumn, when terrestrial DOC inputs peak and shorter residence times in the freshwater system likely limit the breakdown of the humic acid component of DOC. The authors observed 30% DOC loss during estuarine freshwater mixing under these conditions. Photodegradation has also been shown to be one of the marginal filters that promote the flocculation of DOC into particulate organic carbon in saltwater environments (Jones et al., 2015). Subsequently, colloidal flocculation was examined and then integrated in global carbon budgets (Bauer et al., 2013) and models (Anderson et al., 2019). However, in freshwaters, the dissolved phase is not necessarily dominated by carbon colloids, and iron colloids are also critical (Pokrovsky and Schott, 2002; Lyvén et al., 2003). Concomitant to these advances in carbocentric science, several important studies on iron fate demonstrated the importance of the flocculation process and of estuarine burial. Unsurprisingly, Herzog et al. (2017) obtained contrasting results to those described above: their experiments, with water sampled from six boreal rivers in Sweden, demonstrated the absence of DOC flocculation with increased salinity (in this case, DOC may be primarily composed of truly dissolved carbon rather than colloid carbon), and instead found a targeted aggregation process dependent on iron speciation. Iron is known to be a key colloidal carrier in rivers and also behaves non-conservatively along the river-ocean continuum, i.e., it undergoes aggregation and sedimentation in estuaries. Several mechanisms could be responsible for the destabilization and flocculation of Fe colloidal carrier phases along salinity gradients (Kritzberg et al., 2014). A higher iron:organic carbon ratio would make Fe more prone to aggregate; and the dissolved Fe loss through aggregation in boreal estuaries can vary between 46 and 99% (Kritzberg et al., 2014; Herzog et al., 2017). More precisely, increased salinity leads to a selective loss by aggregation of Fe (oxy)hydroxide colloids, which have been shown to dominate Fe speciation in boreal rivers (Herzog et al., 2017; Herzog et al., 2019). The presence of these Fe (oxy)hydroxide colloids (ferrihydrite particles) in the freshwater Fe pool is responsible for the observed decoupling of Fe and OM flocculation and sedimentation in boreal estuaries; in other words, Fe removal during estuarine mixing is far more efficient than that of DOC (Jilbert et al., 2018).
In short, according to the current knowledge, OM is essentially exported from boreal lakes and reservoirs in the dissolved phase, which can be divided into a truly dissolved and a colloidal phase. Both organic-rich and Fe-rich colloids, which are the main carriers of many rare earth elements and trace metals, have been shown to aggregate in response to salinity (Figure 1F), leading to a colloid loss that may reach almost 100%. So, given its strong link to OM in freshwaters, what happens to mercury in estuaries?
Hg Fate Related to Organic Matter Speciation in Estuaries: Importance of the Particulate vs. Dissolved Phases in Hg Settling and Burial
Only a few studies specifically deal with mercury fate in estuaries and the possible sedimentation of mercury through the flocculation of the colloidal carrier phases. These studies can be distinguished from one another by the relative importance of the suspended and dissolved OM concentrations in the area studied. In estuaries in Texas (Stordal et al., 1996), France (Coquery et al., 1997) and California (Choe et al., 2003) disturbed by anthropogenic activities, where suspended particulate material (SPM) is more predominant than dissolved material, mercury (forms detailed below) has been found to have a high affinity for SPM, but occurs to a much lesser extent in the dissolved OM phase. The dissolved phase of T-Hg was found to be mainly bound to carbon-colloid phases (57 ± 20% in Texas rivers; 46–88% in French rivers; 38–57% in San Francisco Bay), as shown by the strong relationship between colloidal T-Hg and carbon. In these areas dominated by SPM, no evidence was found of colloidal mercury (T-Hg) flocculation accompanying an increase in salinity, and the authors argue instead that a simple dilution of colloidal Hg and truly dissolved Hg occurs in seawater (i.e., conservative estuarine mixing) at the edges of the freshwater plume. In these systems, the role of bacterial and phytoplankton biomass in controlling particulate mercury by its direct sorption on cell surfaces would likely be a determining factor in the bioaccumulation of Hg in food webs (Jang et al., 2014). However, Choe et al. (2003) found a different speciation for MeHg; although MeHg represented a small portion of the total Hg flux in San Francisco Bay (12.9%), its fate was important because of its bioaccumulation potential and its toxicity. The authors suggest that colloidal abundance is more important than SPM abundance in influencing MeHg cycling and transport in the estuary studied. In addition, colloids would have a similar binding capacity with T-Hg and MeHg, whereas suspended solids would have a greater binding capacity with Hg. Consequently, in this region, MeHg was mainly bound to the dissolved phase (54% of the total annual MeHg flux) and was primarily associated with colloidal material (63% of the annual riverine flux of dissolved MeHg). The authors also found that significant amounts of colloidal (73%) and dissolved (108%) MeHg were removed during estuarine mixing, and that MeHg removal may be also coupled with iron removal by flocculation (Flegal et al., 1991). Finally, estuaries receiving large amounts of SPM are more productive and can therefore contain hypoxic or anoxic waters. Soerensen et al. (2018) showed that anoxic seawaters with high concentrations of dissolved sulfide cause the formation of dissolved species of HgII available for methylation, which exposes zooplankton to MeHg. To summarize, rivers with a high SPM load appear to export particulate mercury to estuaries, where its lifetime is extended through biological or chemical processes that lead to probable methylation and bioaccumulation in the food webs.
In boreal rivers, the fate of mercury is likely quite different, since the vast majority of the total organic carbon in these systems occurs in the form of DOC (94%), because of the retention capacity of the organic matter of the numerous lakes and wetlands found in the boreal biome (Mattsson et al., 2005). Consequently, Hg and MeHg are probably greatly influenced by the colloidal phases and to a lesser extent by the truly dissolved phase, while SPM would be negligible. To our knowledge, no recent study has tested these hypotheses in boreal areas. The most similar study in terms of the ecosystem studied was conducted by Soerensen et al. (2017) in the northern Baltic Sea. The authors found that, in the subarctic river examined, which has a low SPM content, dissolved total Hg accounted for 87–99% of the total Hg pool. The flocculation and subsequent settling of dissolved OM allowed 16–35% of the total Hg to be removed from the estuary, while 2–22% was lost through SPM settling; lastly, 43–82% of the total Hg pool was lost through Hg0 evasion (Amyot et al., 1994; Amyot et al., 1997; Guentzel and Tsukamoto, 2001). Regarding SPM settling, it should be noted that freshwater diatoms may dominate the pelagic algal communities in boreal rivers in Quebec in terms of biovolume (Deblois et al., 2020). These organisms would sediment in estuaries (Sculley et al., 2017; Bukaveckas et al., 2019) due to the change in salinity (Gonçalves et al., 2006), and would thus contribute to local OM turnover, based on the same process as flocculation (Figure 1F).
In the bays studied by Soerensen et al. (2017), MeHg only represented from 4 to 4.5% of total Hg in freshwater, and only 2.1% in offshore saltwater, which corresponds to a roughly 50% reduction in the MeHg pool through particle and flocculated DOM settling and other competing processes, such as methylation and demethylation. MeHg concentrations have been positively linked to concentrations of labile DOC, which can thus be used as a proxy for OM remineralization. Interestingly, the authors found a “baseline” concentration of labile DOC in the studied bays (300 μM, eq. to 3.6 mgC.L−1), below which MeHg demethylation outcompetes MeHg production, resulting in net water column demethylation and a depletion of the MeHg pool. In parallel, they showed that humic substances most likely decrease HgII availability for methylation, either by forming stable complexes with HgII or by converting HgII to Hg0 (Soerensen et al., 2017; Soerensen et al., 2018). French et al. (2014) also demonstrated the negative effect of humic acids in Arctic lakes and found that DOC concentrations above 11.7 mgC.L−1 restrained Hg bioavailability; they also support older studies showing that the DOC-Hg (bioavailability or bioaccumulation) relationship is not linear. Together, the studies dealing on DOC-Hg underline the fact that in a given river continumm, the origin (allochthonous vs. autochtonous) and lability of the OM will determine thresholds and range for which methylation and bioaccumulation are possible and optimal or on the contrary restricted by the DOC concentrations (Figure 3). In order to focus on the more critical and sensitive habitats in the future, this hypothesis should be tested on boreal watersheds showing a large range in DOC concentration (as done by French et al., for Arctic lakes) related to watershed management or seasonal changes in runoff. Not only do humic substances have a negative effect on MeHg production, but the bicarbonate component of sea salts noticeably slows the methylation of HgII under both aerobic and anaerobic conditions (Compeau and Bartha, 1985) and the methylation process mainly occurs in anoxic or hypoxic waters (Soerensen et al., 2018). Consequently, based on current knowledge, a decrease in total Hg availability in the water column would occur in pristine normoxic boreal estuaries, especially in terms of MeHg bioavailability to food webs.
[image: Figure 3]FIGURE 3 | Conceptual representation of the influence of DOC concentration on net aquatic MeHg flux in freshwater. HA: Humic acids (adapted from French et al. (2014), Soerensen et al. (2017)). Dash lines represent the limit of the probable variation of the net MeHg flux.
But what happens to settled particles containing T-Hg and MeHg? According to several studies, MeHg concentrations in bulk estuarine/marine sediments are not related to MeHg concentrations in the water column (Taylor et al., 2019) and are not the primary determinants of MeHg entry into the food web (Amirbahman et al., 2013; Buckman et al., 2019). Instead, in some north Atlantic estuaries with low SPM concentrations and a high proportion of dissolved MeHg relative to particulate MeHg, MeHg levels in biota were found to be strongly related to dissolved MeHg concentrations (Taylor et al., 2019). This suggests that, once settled, Hg particles are not susceptible to rapid recycling and that remaining MeHg loads from catchment runoff (rather than direct exposure to the sediment itself), is the main source of bioaccumulation in food webs (Jonsson et al., 2014; Buckman et al., 2019). This corroborates the results obtained by Jokinen et al. (2020), which show sediment sequestration in the estuary for terrestrial OM, ferrihydrite, Cd, Pb, Sn, and Zn. The authors argue that trace metals in boreal rivers and estuaries are often associated with Fe-rich organo-mineral colloids and that their sedimentation through flocculation constitutes a substantial long-term sink for trace metals, a process widely referred to as colloids’ scavenging effect (Santschi, 2018). Consequently, we hypothesize that total Hg and MeHg should have the same fate in boreal estuaries, since most HgII and MeHg present in the environment is dissolved and complexed by OM (Ravichandran, 2004; Soerensen et al., 2017).
CONCLUSION
Although more targeted studies are required, this literature review sheds light on the most probable fate of Hg along the fresh to saltwater continuum in boreal systems. A schematic representation of the different compartments of the river continuum attempts to summarize the main processes that come out the review (Figure 1). The literature demonstrates that, whether or not rivers are affected by reservoir impoundment, Hg is mainly transported in the dissolved phase combined with iron or carbon colloidal carriers, therefore limiting its bioavailability along the aquatic continuum to the estuary. Increased mercury concentrations in the dissolved phase, SPM and plankton resulting from reservoir creation are limited to the 10 year period after impoundment. Fish do not contribute significantly to Hg transport along the continuum. Owing to Québec’s geography, the estuaries of most rivers are small in comparison to the vast expanses of saltwater found in the St.-Lawrence River, James Bay and Hudson Bay, resulting in a very limited freshwater influence at the river mouths. Consequently, it is unlikely that Hg exports to estuaries have an influence beyond the limited area of rivers’ freshwater plumes. In this mixing zone, changes in ionic strength appear to promote flocculation and the scavenging effect, which immobilize Hg in the sediment, reducing its bioavailability to the entire food web. In these circumstances, our main findings suggest that reservoir-derived Hg should not lead to significant, long-term increases in coastal foodwebs in boreal regions characterized by cold, oligotrophic systems. In other words, reservoir impoundment would have a limited impact on human health risks from mercury, which are determined not only by bioavailability in fish but also by communities’ consumption habits.
Finally, this study highlights the fact that carbocentric and “mercury-centric” knowledge must be combined to exhaustively understand the processes involved in Hg transport in watersheds and ultimately be able to use easily measurable parameters to model MeHg bioaccumulation.
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