
163

Chapter 8
Mercury in Aquatic Systems of North 
Patagonia (Argentina): Sources, Processes, 
and Trophic Transfer

María del Carmen Diéguez, Marina Arcagni, Andrea Rizzo, 
Soledad Pérez Catán, Carolina Soto Cárdenas, Milena Horvat, 
and Sergio Ribeiro Guevara

1  Overview of Mercury in the Environment

Mercury (Hg) is a global pollutant of serious concern due to its toxicity, persistence, 
and mobility in the environment. Currently, regions of the world that are remote and 
devoid of natural and/or anthropogenic sources of Hg show the impact of this toxic 
metal due to its long-range atmospheric transport and deposition (Driscoll et  al. 
2013; Obrist et al. 2018). As a consequence of the global presence of Hg, different 
Hg compounds have become ubiquitous in the environment and in food (Fernándes 
et al. 2020). The organic species monomethyl- and dimethylmercury (CH3Hg and 
(CH3)2Hg, respectively) are potent neurotoxins that affect primarily the central ner-
vous system. Elemental Hg (Hg0) and inorganic mercury species (i.e., Hg salts) are 
also dangerous for human health, and their absorption through inhalation, contact, 
and ingestion can damage the gastrointestinal tract, the lungs and kidneys, the skin, 
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as well as the nervous and immune systems (Lehnherr 2014; WHO 2017). Due to its 
lipophilic nature, CH3Hg bioaccumulates and biomagnifies in aquatic food webs 
more readily than other Hg species. Methylmercury causes long-term consequences 
at the ecosystem level and affects wildlife and human populations with fish-based 
diets (Driscoll et  al. 2013; Eagles-Smith et  al. 2016; Evers 2018; Whitney and 
Cristol 2018; Chételat et al. 2020). Several factors are determinant of the effects of 
Hg on wildlife and humans, including the type of Hg, the dose, the route and dura-
tion of exposure, and the developmental stage. The presence of CH3Hg in wildlife 
is the result of the combination of ecological processes influencing dietary exposure 
and physiological processes regulating assimilation, transformation, and elimina-
tion (Ackermann et al. 2016; Chételat et al. 2020).

Mercury has a complex biogeochemical cycle involving its circulation among 
the lithosphere, the atmosphere, and the hydrosphere (Driscoll et al. 2013; Obrist 
et al. 2018). This element is naturally mobilized from lithospheric reservoirs to the 
atmosphere through volcanic and geological activity, rock weathering, and also 
volatilizes from surface waters, soils, and vegetation (Selin 2009; Driscoll et  al. 
2013). Humans have mobilized Hg from reservoirs to the atmosphere through min-
ing, coal combustion, and industrial processes, altering its biogeochemical cycling 
by increasing drastically the atmospheric concentrations (~450%) and further depo-
sition in ecosystems (Pirrone et al. 2010; Driscoll et al. 2013; UNEP 2018). Recent 
estimates indicate that anthropogenic Hg emissions (~2000 Mg yr−1) exceed by far 
natural emissions (76–300 Mg yr−1) (Streets et al. 2017, 2019). In addition to emis-
sions, anthropogenic sources of Hg include direct releases to the aquatic environ-
ment, particularly from point sources, and the remobilization of historical deposition 
of Hg, and from legacy Hg deposits in contaminated sites (AMAP/UNEP 2013; 
Kocman et al. 2013). Archives of Hg deposition such as peat and lake sediments 
from remote regions indicate up to fivefold enrichment of Hg due to atmospheric 
deposition from the beginning of the industrial era (Streets et  al. 2017; Gustin 
et al. 2020).

The behaviors of the different chemical forms of Hg play critical roles in its bio-
geochemical cycling. Gaseous elemental Hg (Hg0), the predominantly emitted spe-
cies and the one with the highest concentration in the atmosphere, has high chemical 
inertness facilitating its long-range transport before deposition (Sprovieri et  al. 
2010; Driscoll et al. 2013; Obrist et al. 2018; Lyman et al. 2020). Reactive gaseous 
Hg (mostly gaseous chloride and oxide forms of ionic Hg) and particle-bound Hg 
are more soluble in water and reactive than Hg0, having a shorter residence time in 
the atmosphere (0.5 to 2 days and 0.5 to 3 days, respectively), depositing in local 
and regional ecosystems (Driscoll et al. 2007, 2013; Sprovieri et al. 2016; Obrist 
et al. 2018). Although there is uncertainty regarding the atmospheric redox chemis-
try of Hg, the halogen atoms are potentially important Hg0 oxidants in the atmo-
sphere with binding energies of the Hg compounds produced in the order 
HgCl > HgBr > HgI (Selin 2009; Driscoll et al. 2013). Therefore, depending on the 
speciation of the emissions and on the residence time in the atmosphere, Hg deposi-
tion may impact locally, regionally, or globally (Dastoor and Larocque 2004; 
Driscoll et al. 2007, 2013). Wet deposition consists mostly of reactive Hg2+, gaseous 
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oxidized Hg (GOM), and particulate-bound Hg (PBM), scavenged by water drop-
lets in the air, whereas Hg0 is a major component of the total Hg in dry deposition 
along with Hg2+ in gaseous or particulate phase. Dry deposition of Hg0 via plant 
uptake (stomatal gas exchange) is dominant in terrestrial vegetated ecosystems 
(Gustin et al. 2020). Thus, in forested ecosystems, litterfall is considered a major 
component of atmospheric deposition and its decomposition results in large inputs 
of Hg and organic matter (OM) to the soil (Grigal 2002). Also, gaseous and particu-
late Hg2+ depositing directly to the canopy are washed off by throughfall contribut-
ing to soil deposits (Graydon et  al. 2008; Bishop et  al. 2020). Conversion of 
deposited Hg2+ to the organic species monomethyl (CH3Hg) and, to a limited extent, 
to dimethylmercury ((CH3)2Hg) occurs through biotic and abiotic processes in 
anoxic and/or oxygen-deficient sites of soils, wetlands, and aquatic systems. Sulfur, 
iron, and OM affect Hg2+ chemical speciation (Ravichandran 2004; Bravo and 
Cosio 2019).

Lakes receive atmospheric Hg inputs (mostly Hg2+) directly through the surface, 
and, due to their lower position in the landscape, concentrate the Hg deposited in 
their catchments which is mobilized by runoff (Fig. 8.1). In particular, remote lakes 
at high elevation are currently subject to remarkable biochemical changes due to 
deposition of different elements, including C, N, S, and Hg, among others (Driscoll 
et al. 2007, 2013; Mladenov et al. 2011, 2012). The relative importance of atmo-
spheric and watershed Hg sources varies depending on land use, hydrology, and the 
content and composition of dissolved organic matter (DOM) (Hsu-Kim et al. 2018; 
Obrist et al. 2018; Braunfireun et al. 2020). The C pool of the catchment plays a 
crucial role in the transport and cycling of Hg from terrestrial and aquatic systems. 

Fig. 8.1 Mercury cycling in catchments. References: Hg0, elemental mercury; Hg2+, ionic mer-
cury; CH3Hg, methylmercury; DOM, dissolved organic matter
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Natural OM contains different amounts of thiols, which sulfhydryl group has a high 
capacity to complex Hg2+ and CH3Hg. The concentration and molecular composi-
tion of the DOM pool determine Hg fractionation, availability, and biotic uptake, as 
well as the net Hg2+ methylation in aquatic systems (Ravichandran 2004; Bravo and 
Cosio 2019; Lavoie et al. 2019; Branfireun et al. 2020). In these ecosystems, Hg2+ 
can be either (i) reduced to Hg0 and reemitted to the atmosphere, (ii) methylated to 
the organic form CH3Hg, or (iii) bound to OM and inorganic particles, depositing on 
bottom sediments. CH3Hg formed in aquatic ecosystems can also deposit on the 
sediments, be methylated, and/or form volatile (CH3)2Hg, although the latter path-
way is still a matter of debate (Fig. 8.1) (Paranjape and Hall 2017; Zhu et al. 2018; 
Braunfireun et al. 2020). Part of (CH3)2Hg can be reemitted to the atmosphere or 
degraded to CH3Hg, which can also be biotically and/or abiotically demethylated 
(Marvin DiPasquale et al. 2000; Barkay et al. 2003; Schaefer et al. 2004; Fernández-
Gómez et al. 2013). Most of the CH3Hg present in headwaters is formed in situ or 
in the surrounding catchment and is subsequently transported into rivers, lakes, and 
oceans, concentrating in aquatic food chains (Chételat et al. 2020 and references 
therein).

2  Freshwaters in the Patagonian Landscape

Patagonia is a vast territory characterized by wide environmental gradients that 
reflect in the different landscapes from the Pacific to the Atlantic coast, from north-
ern to southern locations, and from lowlands to high altitudes in the Andes. The 
headwaters of the region comprise complex fluvial networks of glacial origin born 
in the Andes, including mountain streams and lakes, deep and shallow piedmont 
lakes draining through large rivers toward the Atlantic and Pacific oceans (Chap. 9). 
In Andean North Patagonia (Argentina), aquatic systems occur along a bioclimatic 
gradient characterized by a west-to-east sharp decrease in the precipitation caused 
by the rain shadow effect of the Andes on the westerlies, which generates a transi-
tion from temperate forests near the Andes to a semidesert in less than 100 km to the 
east (Fig. 8.2a,b).

The Andean sector of Patagonia is located within the Southern Volcanic Zone, 
under the influence of active volcanoes (Andean volcanic belt) with several erup-
tions during the Holocene (Singer et al. 2008; Stern 2008). The Andean volcanic 
belt extends from 33° S to 46° S, and the emissions of gaseous elements and 

Fig.  8.2 (continued) DH, Dina Huapi; PC, Puerto Cisne; BRC, San Carlos de Bariloche City; 
PCCVC, Puyehue Cordón Caulle Volcanic Complex. Red triangles indicate volcanoes. Numbers 
indicate sites in NHNP in which point measurements of atmospheric mercury have been performed 
(Horvat and Kotnik 2007). Sites 1, 2, 5, and 7 to 10: ~1 to ~3 ng m−3; Point 3: ~15 ng m−3; Point 4: 
~15 and ~18 ng m−3; Point 6: ~10 ng m−3
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Fig. 8.2 (a) Map of Nahuel Huapi National Park, Patagonia, Argentina (green area) (Aerial Image 
from Google Earth). (b) Longitudinal section of the bioclimatic gradient within Nahuel Huapi 
National Park (North Patagonia, Argentina). References: BR, Brazo Rincón; BL, Bahía López; 

8 Mercury in Aquatic Systems of North Patagonia (Argentina): Sources, Processes…
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pyroclastic material from active volcanoes impact the surrounding landscape, par-
ticularly at the eastern side of the Andes due to the action of the westerlies that 
promote transport and deposition. Consequently, in Andean Patagonian catchments, 
soils and lake sediment profiles show the historical accumulation of volcanic ash 
resulting from the intense volcanic activity of the Patagonian Andes (Ribeiro et al. 
2005, 2010; Daga et al. 2008; Pereyra and Bouza 2019). Volcanic eruptions and for-
est fires are frequent disturbances in Andean Patagonia, shaping the structure and 
function of terrestrial and aquatic ecosystems and ultimately reflecting in biogeo-
chemical cycling (Veblen and Kitzberger 2002; Diaz et al. 2013; Modenutti et al. 
2013, 2016; Berenstecher et al. 2017; Holz et al. 2017; Beigt et al. 2019; Du Preez 
et al. 2020; see also Chaps. 3 and 7).

In North Patagonia, headwater catchments are included in protected areas since 
they are unique biomes and reservoirs of biodiversity. The Nahuel Huapi National 
Park (NHNP, 40° 08'–41° 35’ S; 71° 01’–71 57’ W; 7,173 km2 surface) is the largest 
natural reserve of North Patagonia and comprises the Nahuel Huapi lake catchment, 
which includes the headwaters of the major fluvial network of North Patagonia 
(Fig. 8.2a). The topography of NHNP is characterized by Andean mountains and 
valleys at the western stretch, grading in altitude toward formations of sierra and 
meseta at the east (Fig. 8.2b). Glacial and volcanic processes shape the landscape. 
The climate is cold temperate and precipitation ranges from ~3500 mm yr−1 at the 
west to ~500 mm yr−1 at the east of the park. The precipitation pattern is highly 
seasonal with ~60% of the annual precipitation, concentrated between May and 
September (austral autumn and winter). Along this environmental gradient, three 
bioclimatic units can be distinguished from west to east: the High Andean district 
above the tree line, forested areas including hyperhumid, humid, and subhumid for-
ests of Nothofagus spp., and the steppe (Fig. 8.2b) (Ferreyra et al. 1998; Mermoz 
et al. 2009; Queimaliños et al. 2019).

Topography, vegetation, climate characteristics (i.e., seasonality and precipita-
tion), and lake morphometry are chief drivers of airshed-watershed interactions, 
determining the circulation patterns of materials within the landscape. Linkages 
between terrestrial and aquatic environmental matrices depend on ecosystems prop-
erties and climate, and, thereby, they are influenced by regional and global trends. 
In NHNP, the marked bioclimatic gradient reflects in the biogeochemical patterns of 
lakes. In fact, climate-vegetation co-effects have been shown to drive the timing, 
quantity, and quality of the terrestrial inputs to deep and shallow lakes and running 
waters, as revealed through changes in their DOM pools (Queimaliños et al. 2012, 
2019; García et al. 2015a, b; Soto Cárdenas et al. 2017; Zagarese et al. 2017). DOM 
is a main transporter of terrestrial C, nutrients, and Hg toward aquatic systems. In 
NHNP, lakes at the western end of the gradient display comparatively higher ter-
restrial signatures (particularly during the wet season), due to the enhanced hydro-
logical connectivity and the contribution of native forests. Despite differences in the 
amount and quality of terrestrial inputs, deep Andean lakes show similar properties 
in nutrient and dissolved organic carbon (DOC) concentrations corresponding to 
oligo- and ultraoligotrophic conditions, whereas shallow lakes are a more heteroge-
neous group, encompassing ultraoligo- to mesotrophic systems (Díaz et al. 2007; 
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Queimaliños et al. 2012, 2019; Soto Cárdenas et al. 2017, 2018a). Deep lakes are 
warm monomictic, showing thermal stratification in late spring and summer, and 
developing the thermocline between 30 and 40 m (Queimaliños et al. 1999; Pérez 
et al. 2002). In contrast, shallow lakes are usually polymictic, freezing occasionally 
in harsh winters and showing thermal stratification in late spring or early summer 
(Soto Cárdenas et al. 2017).

The waters have low specific conductivity (<50  μS  cm−1) and circumneutral 
pH. Low DOC (~0.25–4 mg L−1) and chlorophyll a (~0.1–1.5 μg L−1) concentra-
tions determine optically thin water columns, resulting in high underwater irradi-
ance and extended euphotic zones (ca. 40 m) in deep lakes, and in water columns 
illuminated up to the bottom in the case of shallow lakes (Morris et  al. 1995; 
Queimaliños et al. 2012, 2019; Soto Cárdenas et al. 2017). Chlorophyll a concentra-
tion shows remarkable variation in the vertical profile, especially in deep lakes, 
which characterize by the occurrence of metalimnetic peaks in summer due to the 
patchy vertical distribution of algae-bearing mixotrophic ciliates and flagellates 
(Queimaliños et al. 1999, 2002, 2012, 2019; see also Chap. 3).

3  Mercury in Andean Patagonian Catchments

Understanding the fate of Hg in aquatic systems requires a comprehensive approach 
due to the nature and ubiquity of this pollutant and to the fact that aquatic systems 
concentrate materials from their catchments, reflecting atmospheric as well as ter-
restrial processes. For two decades and in the light of the pieces of evidence gath-
ered, the focus of Hg research in Andean Patagonian environments moved 
progressively toward a catchment perspective. Ecosystems of the region still have 
many areas to be explored and processes to be unveiled. Studies of Patagonian eco-
systems usually face the need to step back from a goal to resolve fragmentary envi-
ronmental information essential to move forward. The following sections aim at 
providing the reader with critical elements to understand the occurrence and cycling 
pathways of Hg in a large and pristine headwater catchment of North Patagonia, 
involving studies on different environmental compartments of NHNP (Fig. 8.2a).

3.1  First Records of Mercury in Andean Patagonian 
Catchments: Evidence from the Analysis of Lake Sediment 
Sequences (Legacy Mercury/Historical Mercury)

Most Hg research in the Argentinean Patagonia has been carried out in pristine 
headwaters including high-altitude lakes (mountain lakes) and deep and shallow 
piedmont lakes of Northwestern Patagonia. The most extensive body of work has 
been gathered in NHNP. Early research focusing on the occurrence of metals in 
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Lake Nahuel Huapi (764 m a.s.l; 557 km2 surface; 464 m maximum depth) detected 
the presence of Hg above background levels in sedimentary sequences and in the 
suspended load in the water column at different lake sites (Ribeiro Guevara et al. 
2002). Later, a screening of shallow and deep lakes belonging to the Nahuel Huapi 
catchment (Nahuel Huapi, Moreno West, Morenito, Espejo Chico, and Escondido) 
and Lake Traful evaluated Hg concentrations in sediment profiles, revealing two 
background Hg levels. Lower total Hg (THg) levels, ranging from ~0.08 to 
0.21 μg g−1, were associated with preindustrial times, while higher levels, ~0.17 to 
0.32 μg g−1, were associated with modern times (Ribeiro Guevara et al. 2005). In the 
upper layers of sediment cores from most of the studied lakes, dated to the second 
half of the twentieth century, the THg concentrations were even higher (from 0.5 to 
3 μg g−1) indicating moderate Hg contamination. In deeper layers, Hg concentra-
tions three- to fivefold above background levels were observed, suggesting natural 
Hg inputs during the past millennium. Other studies based on sediment cores from 
the mountain lake Tonček and the piedmont lake Moreno West also detected high 
preindustrial Hg levels. In the Hg concentration profiles of both lakes, two sections 
were identified in the core with values up to tenfold the background level 
(0.05 μg g−1), corresponding to the thirteenth century, and to the eighteenth and 
nineteenth centuries, with values compatible with contamination (0.40 to 
0.65 μg g−1), suggesting the impact of regional events (Ribeiro Guevara et al. 2010). 
Increased Hg concentrations were detected immediately above some tephra layers, 
pointing to a link with volcanic events. Besides, deep Hg peaks were found coincid-
ing with charcoal peaks, both matching with evidence arising from tree-ring data 
and historical records of extended forest fires (Ribeiro Guevara et al. 2010). Thus, 
in the studied catchment (Fig.  8.2a), lake sediment archives reflect the frequent 
disturbances caused by volcanic eruptions and forest fires and the departure of Hg 
concentrations from background levels attributable to the global cycling of Hg in 
modern times.

At a wider regional scale, the analysis of sediment sequences from other lakes in 
southern Patagonia supported the connection between increased THg levels in the 
sediments, volcanic events, and widespread fires (Daga et al. 2016), as well as with 
environmental and climate changes (Hermanns and Biester 2011, 2013a,b; 
Hermanns et al. 2013; Biester et al. 2018).

3.2  Mercury in the Nahuel Huapi Catchment

 Atmospheric Mercury: Assessments Through Bioindication and Ambient 
Concentration Monitoring

Lichens have been extensively used as bioindicators of atmospheric pollution since 
they can store nonessential elements from the surrounding environment with little 
to negligible effects on their biological functions (Garty 2001; Bargagli et al. 2016). 
Atmospheric Hg bioindication studies in NHNP using native lichen species have 
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reported THg levels in thalli ranging from 0.06 to 1.38 μg g−1 dry weight (DW), 
reflecting both natural and human-related Hg sources (Ribeiro Guevara et al. 1995, 
2004; Bubach et al. 2012, 2014). Translocation experiments initiated with thalli of 
native lichen species from pristine areas of the park and transplanted to urban set-
tings in San Carlos de Bariloche city showed a substantial increase in their natural 
(background) THg levels (from ≤0.107 μg g−1 DW to ≤0.280 μg g−1 DW), reflecting 
the influence of Hg emissions due to local human activity (Bubach et al. 2001).

The first instrumental assessment of atmospheric mercury levels in North 
Patagonia was performed in 2007, during an international survey that included mea-
surements of gaseous elemental mercury (GEM) in different sites of South America. 
During this campaign, GEM concentrations were measured on different transects 
within NHNP, using a portable cold vapor atomic absorbance system (Lumex 
RA-915M). GEM concentrations ranged from 1 to 18 ng m−3, displaying a large 
spatial variability with high levels (~15 to ~18 ng m−3) close to the Traful area and 
to the volcanic complex Puyehue-Cordón Caulle (PCCVC), and also in the adjacen-
cies of the Huemul branch of Nahuel Huapi lake (~10 ng m−3). Other sectors of the 
park showed much lower GEM levels, ranging between ~1 and ~3 ng m−3 (Fig. 8.2a) 
(Horvat and Kotnik 2007; Higueras et al. 2014).

The continuous monitoring of atmospheric mercury in NHNP started in 2011, 
when the Global Mercury Observation System (GMOS: http://www.gmos.eu/) 
established the EMMA Station (41° 07’ S, 71° 25’ W; 800 m a.s.l) in the suburbs of 
San Carlos de Bariloche City. Currently, this station integrates the GOS4M global 
network (http://www.gos4m.org), a flagship of the Group of Earth Observation 
(GEO). Gaseous elemental Hg (Hg0, GEM), oxidized mercury compounds (GOM 
comprising mostly Hg halides and HgO), and particle-bound mercury (PBM)] are 
measured using an automated Hg cold vapor atomic fluorescence spectrometer cou-
pled to speciation modules (Tekran Instrument Corp., Canada). High-resolution 
data of atmospheric Hg obtained from 2012 to 2019 indicated low mean GEM con-
centrations (0.86 ± 0.16 ng m−3) with a seasonal pattern characterized by the highest 
level in spring (0.95 ± 0.13 ng m−3) and the lowest in autumn (0.80 ± 0.15 ng m−3). 
GOM concentration averaged 4.61 ± 4.00 pg m−3, fluctuating seasonally with the 
highest levels in autumn and the lowest in winter. PBM averaged 3.74 ± 3.41 pg m−3, 
with the highest mean level recorded in autumn and the lowest in spring. THg and 
also its fractions (GEM, GOM, and PBM) displayed overall higher concentrations 
during daytime hours. Total Hg showed a minimum concentration in the early morn-
ing, high values from midday toward the afternoon, and overall lower levels during 
nighttime. The dynamics of the different atmospheric Hg species have been found 
to be influenced by the direction and speed of the winds as well as by the tempera-
ture and humidity (Diéguez et al. 2019). In order to study the influence of atmo-
spheric transport from local and regional sources in the sector of NHNP covered by 
the EMMA station, the hybrid single-particle Lagrangian Integrated Trajectory 
model (HYSPLIT) was applied to calculate air mass backward trajectories (BWT). 
This analysis indicated that atmospheric Hg concentrations in NHNP are simultane-
ously affected by local and regional sources (forest fires and volcanoes). Noteworthy, 
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lower concentrations were recorded with the inflow of clean oceanic air masses 
corresponding to long-range transport. A Potential Source Contribution Function 
analysis (PSCF) showed that emissions in the marine boundary layer from remote 
areas in the Pacific Ocean are also sources of GEM and GOM. Thus, the results 
obtained through the monitoring of atmospheric Hg inside NHNP confirmed the 
influence of volcanic sources and forest fires previously reported in studies based on 
lake sediment sequences. Low levels of atmospheric Hg, such as those recorded 
coinciding with the influx of clean air masses from the Pacific Ocean and corre-
sponding to long-range transport, indicate the influence of circulating Hg in the 
global atmosphere (Diéguez et al. 2019).

 Mercury in Vegetation and Soils

The distribution of Hg in the landscape has been found to correlate to latitude, 
annual precipitation, soil organic matter, leaf area, and vegetation greenness. Studies 
at landscape scale have shown that forested watersheds and their drainage network 
(including riverine and lacustrine sediments) show comparatively higher concentra-
tions of Hg2+ compared to other ecosystems. Forest vegetation and soils store huge 
quantities of Hg and, thus, largely determine the Hg levels at the watershed scale 
(Fleck et al. 2016; Obrist et al. 2018). In particular, soil compartments have been 
extensively studied to assess historical atmospheric deposition because soil is the 
most important terrestrial repository of contaminants. In mountain regions, which 
are prone to atmospheric deposition, soil Hg concentrations are the result of the 
natural background due to local mineral composition and from natural and anthro-
pogenic atmospheric inputs (Zhang et al. 2013). Vegetation patterns largely deter-
mine Hg levels in soils due to the importance of the plant-funneled Hg0 deposition 
process, being atmospheric deposition to forests up to four times higher than wet 
deposition in open sites (Grigal 2002). Consequently, forest soils show much higher 
Hg levels than shrublands and deserts in which the smaller contribution of the veg-
etation and higher reemission of Hg0 lead to lower Hg accumulation. Nevertheless, 
accumulation and retention of Hg in soils are determined by several intrinsic vari-
ables such as morphology and genesis, texture, pH, organic matter (OM) content, 
and stability (reviewed in Obrist et al. 2018).

Soils of Andean Patagonia display original features due to the accumulation of 
volcanic ash resulting from the intense volcanic activity of the region and the pres-
ence of temperate-cold humid forests (Pereyra and Bouza 2019). Andisols have 
scarce differentiation of their horizons and a high content of allophanes (amorphous 
clays derived from the weathering of volcanic glass), showing high capacity for 
water retention, OM stabilization, P retention, and pH buffering (Mazzarino et al. 
1998; Pereyra and Bouza 2019). Little is known about the occurrence and dynamics 
of Hg in Patagonian soils. In this sense, a first evaluation of Hg levels in connected 
environmental matrices (including soils) within NHNP focused in the subcatchment 
of Brazo Rincón (BR, 40° 44’ S, 71° 46’ W), a western branch of Nahuel Huapi lake 
situated at ~30 km southeast of the active PCCVC (Fig. 8.2a). This lake branch 
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(surface: ~11 km2, maximum depth: 100 m) drains a catchment of ~227 km2 and 
displays a high watershed to lake area ratio (20/6). The landscape is characterized 
by steep slopes covered (>70%) by a dense forest of deciduous and evergreen 
Nothofagus spp. Previous studies showed the presence of high THg levels in envi-
ronmental compartments and aquatic biota of this subcatchment, reaching concen-
trations found in contaminated sites worldwide, and contrasting with much lower 
levels recorded in other locations of the park (Rizzo et al. 2011, 2014). These condi-
tions indicate that the subcatchment of BR can be considered as a hotspot of Hg 
within NHNP, encouraging further studies focused on soils, vegetation, and water 
bodies draining to BR. Total Hg concentrations measured in rainfall samples col-
lected in the BR catchment varied between 21 and 27 ng L−1, suggesting a minor 
contribution of wet atmospheric deposition. Soil profiles under the canopies of 
Nothofagus spp. showed scarce development below the upper volcanic ash layer 
deposited during the 2011–2012 PCCVC eruption and characterized by the occur-
rence of O, A, and 2A horizons. The C horizon which separates the A and 2A hori-
zons corresponded to the weathered parent material with tephra characteristics that 
correlated with the PCCVC eruption of 1960 and the Calbuco volcano eruption of 
1961. OM content in the O horizons ranged from 14.2 to 25.3 %, and THg concen-
trations varied from 19 to 106 ng g−1, with THg:OM ratios ranging from 1.3 to 4.6 
(Rizzo et al. submitted). A direct relationship between THg and OM concentrations 
in the O horizon and with the altitude suggests that altitudinal vegetation patterns 
could drive THg levels in soils. The native forest is characterized by the dominance 
of the evergreen Nothofagus dombeyi at the piedmont (from ~670 to ~900 m.s.s.l.) 
and the prevalence of the deciduous N. pumilio above 900 m a.s.l. These tree species 
have distinct litterfall and throughfall contributions of Hg to soils due to species- 
specific Hg storage and timing of leaf fall. In fact, the foliage of the evergreen spe-
cies N. dombeyi has been found to contain higher THg concentrations (19 to 
190 ng g−1) compared to the deciduous N. antarctica (17 to 45 ng g−1) (Juárez et al. 
2016). Evergreen foliage incorporates Hg yearlong, while deciduous foliage incor-
porates it during the growing season, releasing differential amounts of Hg to soils 
through litterfall (leaf turnover and/or leaf fall) and throughfall, showing also sea-
sonal differences in the contribution (Bushey et al. 2008).

Future studies of Hg dynamics in the area should evaluate key processes such as 
the uptake of atmospheric Hg by the forest vegetation, its storage, and the factors 
involved in its transference to soils and aquatic ecosystems, pathways underrepre-
sented in the research carried out in the region up to the moment.

 Mercury in Freshwaters

Mercury is naturally present in waters at very low levels. As it has a high tendency 
to adsorb on surfaces, a large proportion in the water phase is attached to suspended 
particles, which play an important role in the transport of Hg in aquatic systems. 
Inorganic Hg tends to bind strongly to mineral particles and detrital OM, whereas 
CH3Hg tends to be more strongly associated with biogenic particles, including 
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organisms such as bacteria, algae, and phytoplankton. Settling of this particulate 
matter is considered a major delivery mechanism to the sediments which are thus 
considered as a sink for Hg (Ullrich et al. 2001; Ravichandran 2004; Gallorini and 
Loizeau 2021). An important part of the biogeochemical cycle of Hg in aquatic 
systems involves its reemission from the sediments to the water column, which may 
be substantial in shallow lakes and running waters (Yang et al. 2020).

Between 2011 and 2020, Hg levels in streams and lakes of different areas of 
NHNP have been surveyed along with physical and chemical water variables, 
including the concentration and quality of DOC and suspended solids, in order to 
evaluate Hg availability and fractionation taking into account the THg:DOC ratios. 
DOC concentration affects the supply and bioavailability of Hg in aquatic systems, 
and the THg:DOC ratio determines the sorption of Hg to particles and dissolved 
compounds, which in turn influence the kinetics of Hg reduction, the transference 
of Hg to the sediments, and its entry to food webs (Ravichandran 2004; Bravo and 
Cosio 2019; Branfireun et al. 2020; Gèntes et al. 2021). Until now, total mercury 
(THg) and speciated Hg levels (Hg2+, Hg0, and CH3Hg) have been assessed in dif-
ferent water bodies of NHNP alternatively through cold vapor atomic absorption 
and fluorescence spectroscopy (CVAAS and CVAF, respectively) (Soto Cárdenas 
et al. 2018a and references therein). In a survey of aquatic systems performed at the 
western sector of the BR, during the eruption of the PCCVC in 2011, high THg 
levels were detected, ranging from 41 to 363  ng  L−1 in streams and from 16 to 
268 ng L−1 in lakes. High Hg availability in these systems was indicated by the large 
THg:DOC ratios (from 60 to 1205 ng mg−1 in streams and from 52 to 785 ng mg−1 
in lakes) (Table  8.1, Soto Cárdenas et  al. 2018a). Noteworthy, much lower THg 
concentrations (0.7–9.4 ng L−1) were recorded in the water column of BR a few 
years afterward (2018 to 2020) suggesting that the large inputs of Hg deposited in 
the catchment during the last eruption of PCCVC may have been stabilized in the 
terrestrial environment and buried in lake sediments. In fact, the low THg levels 
detected in porewater (<0.5–22.6 ng L−1; Pérez Catán et al. 2016) could be taken as 
an indication of Hg immobilization in the sediments. In the eastern section of the 
park, levels of THg were much lower (0.48–52 ng L−1 in streams and 0.02–56 ng L−1 
in lake water), resulting in THg:DOC ratios from 0.8 to 105 ng mg−1 and from 0.005 
to 55 ng mg−1, respectively (Soto Cárdenas et al. 2018a; Arcagni et al. 2019).

High THg concentrations have been detected also in other sites of Nahuel Huapi 
lake influenced by human-associated pollution. THg concentrations as high as 1750 
(±160) ng L−1 and 640 (±20) ng L−1 were recorded in surface waters of Nahuel 
Huapi lake in front of the outlet of the sewage treatment plant of San Carlos de 
Bariloche City and in Villa la Angostura City port, respectively (Pérez Catán 
et al. 2003).

In natural waters from the BR catchment, THg concentrations measured after the 
last eruption of the PCCVC in 2011 (Table 8.1) are among the highest concentra-
tions reported in the literature for pristine sites and comparable to those found in 
impacted environments (Shanley et al. 2008; Kocman et al. 2011). Hg2+ was the 
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prevailing species in all waters, accounting for up to 99.8 % of THg. CH3Hg levels 
were down to 0.12% of THg. This probably relates to the combination of high pre-
cipitation, low temperature, and steep slopes that promote rapid runoff preventing 
Hg methylation in soil and streambeds (Soto Cárdenas et al. 2018a). DOC levels 
were low, fluctuating between 0.31 and 1.02 mg L−1. THg:DOC ratios ranged from 
50 to 1204, indicating high Hg2+ availability, with high partitioning coefficients (log 
Kd: Hg availability for binding particles). Overall, low DOC levels and high Hg2+ 
concentrations in these systems promote a high adsorption of Hg2+ to abiotic and 
biotic particles. In fact, particulate THg (PTHg) took values up to 76.6 ng L−1 and 
was associated with inorganic particles in the streams and with phytoplankton in the 
lakes (Soto Cárdenas et al. 2018a).

In streams, Hg fractionation and speciation related directly with DOM terrestrial 
signatures (high molecular weight and aromatic DOM), indicating coupled 
Hg-DOM inputs from the catchment. In BR, DOM quality and photochemical and 
biological processing were found to determine Hg fractionation, speciation, and 
vertical levels. Dissolved gaseous Hg (DGM) reached higher values in BR (up to 
3.8%), particularly in upper layers likely due to photochemical weathering resulting 
in the photolysis of Hg-DOM complexes and reduction of Hg2+ (Fig.  8.1; Soto 
Cárdenas et al. 2018a).

Box 8.1 Information
Trends arising from different Hg studies in aquatic systems of Nahuel Huapi 
National Park

 (i) Hg2+ comprises up to 98% of the THg concentrations the water phase, 
while those of CH3Hg are below 3%

 (ii) THg levels in waters directly relate with terrestrial DOC signatures, par-
ticularly in streams, indicating lateral transport of tied DOC-Hg inputs 
from the terrestrial environment

 (iii) THg:DOC ratios in waters are high in a global context, indicating 
remarkable high Hg availability (mostly as Hg2+)

 (iv) High THg levels coincide with chlorophyll a peaks in the water column 
of lakes, indicating high Hg levels stored in phytoplankton, whereas in 
streams Hg is adsorbed to inorganic particles

 (v) CH3Hg levels in streams relate with allochthonous DOM inputs indicat-
ing a terrestrial source, while in lakes, the higher levels in deep layers 
can be attributed to diffusion from and resuspension of sediments

 (vi) In the depth profile of lakes, internal processing (photo- and biodegrada-
tion) tracked through optical DOC proxies, was found to favor the pro-
duction of dissolved gaseous mercury (Hg0). Particularly, the optically 
thin water column of deep ultraoligotrophic lakes promotes high light 
penetration and photolytic transformations of Hg

M. C. Diéguez et al.
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 Mercury in Lacustrine Sediments

Mercury deposited directly on the lake surface is rapidly scavenged by settling par-
ticles and sequestered to the sediments, and Hg deposited on the watershed is trans-
ported to the lakes mainly bound to OM and fine-grained mineral matter (Kainz and 
Lucotte 2006; Cooke et al. 2020 and references therein). Its cycling and distribution 
between the sediment and the water phase can be physically, chemically, and/or 
biologically mediated and, therefore, may be influenced by several factors such as 
pH, dissolved oxygen concentration, temperature, redox conditions, nutrients, and 
complexing agents (Ullrich et al. 2001; Ravichandran 2004; Bravo and Cosio 2019; 
Branfireun et al. 2020).

The prevalence of inorganic and organic Hg2+ complexes, as well as redox pro-
cesses involving Hg2+ and Hg0, and the partitioning of Hg between particulate, aque-
ous, and gaseous phases are important in the sediments (Beckers and Rinklebe 
2017). Methylation of Hg2+ can occur in the sediments and in the water column of 
stratified lakes, with higher net methylation rates occurring mainly at the oxic/
anoxic interface (reviewed in Dranguet et al. 2017; Bravo and Cosio 2019; Gallorini 
and Loizeau 2021). Moreover, CH3Hg from terrestrial sources may contribute to the 
pool of Hg present in riverine and lacustrine sediments. In this sense, lake sediments 
dominated by OM derived from the catchment show higher CH3Hg concentrations 
but lower rates of in situ methylation, in contrast with sediments dominated by 
autochthonous OM (Branfireun et al. 2020 and references therein).

In NHNP, differences in Hg background levels in sediment cores from different 
lakes were associated with lake productivity. Background mercury levels in sedi-
ment cores obtained in Bahía López (BL; Nahuel Huapi lake), Moreno West, and 
Traful lakes ranged from <0.08 to 0.210 (± 0.044) μg g−1 in preindustrial times, and 
twice as much in modern times. Higher Hg concentrations were detected in sedi-
ment cores of lakes El Trébol (7.02 ± 0.84 μg g−1), Escondido (2.80 ± 0.36 μg g−1), 
and Morenito (1.52 ± 0.32 μg g−1). These lakes are small, shallow (maximum depth 
<12 m), and closed systems and display higher productivity than deep lakes of the 
area (OM between 22.5 and 26.5%). In the deep, ultraoligotrophic Nahuel Huapi 
lake branch BR, the highest THg concentration was recorded in the uppermost layer 
(1.10 ± 0.27 mg g−1) corresponding to the period 1987–1994, displaying a positive 
correlation with OM (Ribeiro Guevara et al. 2002, 2003, 2005).

Studies focused on the THg content in suspended particles in the water column 
of different sites in Nahuel Huapi lake collected along with sediment cores indi-
cated that both OM and Hg inputs from the catchment are highly seasonal and vari-
able depending on the precipitation pattern. In this lake, the concentration of Hg in 
the suspended load was higher in the wettest sector (BR) compared to the dryer sites 
Puerto Cisne (PC) and the coast of San Carlos de Bariloche City (BRC) (Ribeiro 
Guevara et al. 2002), suggesting that the steep precipitation gradient observed in the 
area reflects in higher deposition and mobilization of materials from the landscape 
at the wetter BR catchment.

The production of CH3Hg from Hg2+ in lake sediments was evaluated through 
laboratory experiments with the short-lived radioisotope 197Hg (t1/2 = 64.14  h) 

8 Mercury in Aquatic Systems of North Patagonia (Argentina): Sources, Processes…



178

using surface sediments and biofilms from different lakes of NHNP (Pérez Catán 
et al. 2004, 2007; Ribeiro Guevara et al. 2004, 2009). Mercury methylation poten-
tials showed a seasonal trend due to variations in biotic and abiotic contributions. 
An increased abiotic contribution was observed during winter, at a moment of low 
biological productivity. Slightly higher methylation potentials were recorded in 
autumn, possibly associated with fresh terrestrial inputs due to increased seasonal 
runoff (Pérez Catán et al. 2009). Such inputs may include CH3Hg produced in the 
terrestrial environment (soil) and could promote changes in the concentration and 
quality of the OM and nutrient pools, influencing Hg methylation processes in lakes 
(Bravo et al. 2017). Experiments on mercury methylation using radiolabeled Hg2+ 
showed that top sediments and rocks yielded lower methylation rates than autotro-
phic and heterotrophic biofilms, stressing the importance of biotic production of 
CH3Hg (Pérez Catán et al. 2011).

4  Mercury Trophodynamics in Lakes

Mercury entry, speciation, cycling, and accumulation in food webs are influenced 
by a multiplicity of variables, such as levels of Hg2+ in the dissolved phase, DOM 
concentration and quality, levels of Hg2+and CH3Hg at the base of the food web, 
activity of microbial methylators, among others. In addition, several ecological fea-
tures such as primary productivity, habitat use, bioenergetics, and food web struc-
ture affect the efficiency of Hg uptake and its biomagnification (Arcagni et al. 2018; 
Eagles-Smith et al. 2018; Braaten et al. 2020; Chételat et al. 2020). In lakes, the 
habitat where fish feed can affect the amount of Hg that they accumulate. In large, 
deep lakes with extended pelagic zones, fish belonging to the same trophic position 
feeding in the pelagic habitat usually present higher Hg than fish foraging in the 
littoral (Chételat et al. 2011; Gèntes et al. 2021, and references therein). In contrast, 
in some lakes, fish feeding in the littoral habitat show higher Hg concentrations than 
pelagic-feeding fish (e.g., Chumchal et al. 2008; Finley et al. 2016; Hanna et al. 
2016). Differential bioaccumulation of Hg between pelagic and benthic habitats 
may be related to Hg concentrations in prey and/or with differences in bioenergetic 
processes at the base of the food web (Kidd et al. 2003; Karimi et al. 2016).

The structure of pelagic food webs of deep Andean Patagonian lakes is simple 
and characterized by high endemicity and low diversity and abundance of organ-
isms (Modenutti et al. 1998, 2010; Chap. 3). Limiting nutrient and C concentrations 
as well as high solar radiation and low temperature are the main challenges faced by 
pelagic communities. The picoplanktonic fraction is dominated by heterotrophic 
bacteria and picocyanobacteria (Callieri et  al. 2007; Izaguirre et  al. 2014; Soto 
Cárdenas et al. 2014, 2019; Gerea et al. 2019). Phytoplankton is mainly composed 
by nanoplanktonic flagellates (Chrysochromulina parva, Rhodomonas lacustris, 
etc.), dinoflagellates (Gymnodinium spp., Dynobryon spp., Peridinium spp.), and 
diatoms (i.e., Aulacoseira granulata, Rhizosolenia eriensis, and Cyclotella stellig-
era) (Diaz et al. 1998; Modenutti et al. 1998; Queimaliños et al. 1999, 2002; Soto 
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Cárdenas et al. 2014). Mixotrophy (photosynthesis + phagotrophy) is a common 
trait to different species of flagellates and ciliates (Hansen et  al. 2019), and, in 
Andean lakes, this nutrition mode allows compensating the C and nutrient limita-
tion through bacteria consumption and/or through the photosynthesis of endosym-
biotic algae (Queimaliños et  al. 1999; 2002; Modenutti et  al. 2010; Gerea et  al. 
2017). The zooplankton community is composed of ciliates, rotifers, and crusta-
ceans including cladocerans (Bosmina longirostris, Ceriodaphnia dubia, and the 
less abundant Daphnia sp.), calanoid (Boeckella gracilipes), and cyclopoid cope-
pods (Modenutti et al. 1998; Arcagni et al. 2015).

Benthic food webs are also simple and in littoral areas characterized by the pres-
ence of the submerged macrophytes Myriophyllum sp. and Nitella sp., the emergent 
sedge Schoenoplectus californicus, and periphyton communities dominated by dia-
toms. The littoral zoobenthos assemblages are usually composed of insect larvae 
and nymphs of Trichoptera, Ephemeroptera, Plecoptera, Odonata, and Diptera (fam. 
Chironomidae, midges); Chilina sp. (snail) and Diplodon chilensis (mussel) mol-
lusks; Aegla spp. (crab), Samastacus spinifrons (crayfish) and Hyalella sp. (amphi-
pod) crustaceans, and annelids (hirudineans and oligochaetes) (Modenutti et  al. 
1998; Arcagni et  al. 2013a, 2015). Fish assemblages include five native species, 
Percichthys trucha (creole perch), Galaxias maculatus (small puyen), G. platei (big 
puyen), Olivaichthys viedmensis (velvet catfish), and Odontesthes hatcheri 
(Patagonian silverside), and three introduced species of salmonids, Salmo trutta 
(brown trout), Oncorhynchus mykiss (rainbow trout), and Salvelinus fontinalis 
(brook trout) (Arcagni et al. 2015, and references therein).

Pelagic microbial assemblages of Andean lakes are included in the plankton 
fractions with higher THg levels (Table 8.2). Heterotrophic and autotrophic bacte-
ria, flagellates (Gymnodinium spp.), and mixotrophic ciliates (Stentor araucanus 
and Ophrydium naumanni) incorporate substantial amounts of dissolved Hg2+ pas-
sively (adsorption) and actively (bacteria consumption or attachment), differing in 
Hg internalization and thus, in their potential for Hg transfer (Soto Cárdenas et al. 
2014, 2018b, 2019). Morphological features of protists such as surface area and 
surface to volume ratio, as well as the concentration and quality of DOC control 
their passive uptake (Diéguez et al. 2013; Soto Cárdenas et al. 2014). Active incor-
poration of Hg2+ depends on bacteria consumption in the mixotrophic ciliates, or on 
bacteria association to surface. Therefore, Hg2+ accumulated by pelagic protists can 
transfer to higher trophic levels through their consumption by plankton and fish, can 
regenerate to the dissolved phase, and/or be transferred within the water column and 
to the sediments by vertical movements (diel vertical migration), excretes and par-
ticle sinking (debris, resting stages, etc.) (Chiaia-Hernandez et al. 2013; Aydin et al. 
2015, Soto Cárdenas et al. 2018b, 2019). In aquatic food webs, microbes have a 
chief influence on Hg pathways and speciation, since they can scavenge different 
Hg species, reduce Hg2+, oxidize Hg0 and produce and degrade CH3Hg (Gregoire 
and Poulain 2014, 2018; Bravo and Cosio 2019). The conversion of inorganic Hg2+ 
to CH3Hg in the environment is mostly carried out by microbial assemblages pres-
ent in anaerobic sediments, saturated soils, anoxic bottom waters, and also in 
oxygen- deficient microenvironments (biofilms and microbial flocks) in oxygenated 

8 Mercury in Aquatic Systems of North Patagonia (Argentina): Sources, Processes…



180

Table 8.2 Range, mean, and standard deviation of total mercury (THg) and methyl Hg (CH3Hg) 
concentrations in biota from Lake Nahuel Huapi and surrounding sites (BL, Bahía Lopez; BR, 
Brazo Rincón; DH, Dina Huapi; BRC, San Carlos de Bariloche City)

Taxa Site
THg (μg g−1) CH3Hg (μg g−1)

ReferenceMean (± SD) Range Mean (± SD) Range

FISH

Galaxias maculatus
(small puyen)

BL 0.169 ± 0.077 
(11, 30)

0.031–
0.286a

0.139 ± 0.041 
(5, 19)

0.089–
0.188

1, 2, 3

BR 0.278 ± 0.118 
(23, 73)

0.077–
0.650a

0.184 ± 0.079 
(7, 48)

0.027–
0.272

1, 2, 3

DH 0.257 ± 0.264 
(17, 48)

0.040–
1.00a

0.051 ± 0.016 
(6, 20)

0.024–
0.071

1, 2, 3

Galaxias platei
(big puyen)

BR 0.673 ± 0.454 
(8, 8)

0.298–
1.72b

0.745 ± 0.444 
(6, 6)

0.354–
1.76

1, 2

DH 1.43 (1, 1) – – 1
Olivaichthys 
viedmensis
(velvet catfish)

BL 0.499 (1, 1) 0.447 (1, 1) – 1, 2
DH 0.719 (1, 1) 0.748 (1, 1) – 1, 2

Oncorhynchus 
mykiss
(rainbow trout)

BL 0.087 ± 0.047 
(7, 7)

0.039–
0.180b

0.082 ± 0.041 
(7, 7)

0.033–
0.157

1, 2

BR 0.166 ± 0.063 
(5, 5)

0.105–
0.264b

0.147 ± 0.073 
(4, 4)

0.106–
0.257

1, 2

DH 0.090 ± 0.063 
(10, 10)

0.027–
0.252b

0.049 ± 0.020 
(8, 8)

0.019–
0.082

1, 2

O. mykiss, juveniles BL 0.083 ± 0.016 
(6, 6)

0.066–
0.102b

0.066 ± 0.005 
(4, 4)

0.060–
0.072

1, 2

DH 0.146 ± 0.177 
(3, 3)

0.041–
0.350a

0.022 (1, 1) – 1, 2

Percichthys trucha
(creole perch)

BL 0.706 ± 0.296 
(9, 9)

0.137–
1.09b

0.714 ± 0.390 
(8, 8)

0.145–
1.27

1, 2

BR 1.13 ± 0.56 (13, 
13)

0.573–
2.33b

1.08 ± 0.41 
(11, 11)

0.559–
1.83

1, 2

DH 0.430 ± 0.317 
(5, 5)

0.090–
0.761b

0.070 ± 0.01 
(2, 2)

0.063–
0.076

1, 2

Salmo trutta
(brown trout)

BL 0.256 ± 0.174 
(2, 2)

0.133–
0.379b

0.235 ± 0.186 
(2, 2)

0.105–
0.364

1, 2

BR 0.216 ± 0.110 
(23, 23)

0.053–
0.467b

0.213 ± 0.144 
(13, 13)

0.054–
0.536

1, 2

DH 0.241 (1, 1) – – 1
S. trutta, juveniles BR 0.259 ± 0.051 

(5, 13)
0.206–
0.335a

0.243 ± 0.033 
(3, 7)

0.220–
0.280

1, 2

Macroinvertebrates

Aegla sp. (crabs) BL 0.246 ± 0.172 
(13, 84)

0.110–
0.786b

0.096 ± 0.014 
(2, 9)

0.086–
0.106

1, 2

BR 0.592 ± 0.722 
(12, 63)

0.168–
2.72b

0.223 ± 0.026 
(3, 17)

0.198–
0.249

1, 2

(continued)
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Table 8.2 (continued)

Taxa Site
THg (μg g−1) CH3Hg (μg g−1)

ReferenceMean (± SD) Range Mean (± SD) Range

Chilina sp. (snails) BL 0.564 ± 0.401 
(12, 66)

0.115–
1.04b

0.018 ± 0.003 
(2, 20)

0.016–
0.019

1, 2

BR 0.166 ± 0.064 
(38, 188)

0.069–
0.296b

– – 1

Diplodon chilensis
(mussel)

BL 0.160 ± 0.118 
(15, 77)

0.063–
0.560b

0.018 ± 0.01 
(5, 28)

0.013–
0.031

1, 2

Hyalella sp. 
(amphipods)

BL 0.424 ± 0.033 
(2, 22)

0.400–
0.447b

– – 1

BR 0.346 ± 0.163 
(4, 123)

0.234–
0.584c

– – 1

Insect larvae 
(various spp.)

BL 0.374 ± 0.496 
(26, 195)

0.042–
1.15c

0.007 ± 0.001 
(2, 24)

0.0062–
0.0081

1, 2

BR 0.326 ± 0.192 
(29, 335)

0.062–
0.806c

0.034 ± 0.004 
(3, 86)

0.031–
0.039

1, 2

Samastacus 
spinifrons
(crayfish)

BL 0.113 ± 0.040 
(15, 30)

0.058–
0.191b

0.083 ± 0.020 
(5, 14)

0.061–
0.109

1, 2

BR 0.480 ± 0.251 
(18, 33)

0.185–
1.10b

0.561 ± 0.448 
(6, 9)

0.165–
1.43

1, 2

DH 0.123 ± 0.086 
(6, 8)

0.038–
0.249b

0.080 ± 0.058 
(4, 6)

0.029–
0.136

1, 2

Aquatic Communities

Biofilm BL 0.4454 (1) – – – 1
BR 0.128 ± 0.064 

(2)
0.083–
0.173d

– – 1

Plankton, fraction 
10–53 μm

BL 18.4 ± 14.6 (2) 8.07–
28.7d

– – 1, 2

BR 81 ± 123 (4) 0.930–
260d

– – 1, 2

DH 26.4 ± 1.6 (2) 25.2–
27.1d

– – 1, 2

Plankton, fraction 
53–200 μm

BL 4.76 ± 4.44 (5) 0.372–
9.81d

0.0057 (1) – 1, 2, 3

BR 7.14 ± 10.92 (6) 0.340–
31.2d

0.004 ± 0.001 
(3)

0.003–
0.006

1, 2, 3

DH 8.37 ± 7.77 (4) 1.47–
19.1d

0.0039 (1) – 1, 2, 3

Plankton, fraction > 
200 μm

BL 3.82 ± 6.71 (5) 0.344–
15.8d

0.012 ± 0.02 
(2)

0.011–
0.013

1, 2, 3

BR 1.88 ± 2.71 (10) 0.131–
9.56d

0.016 ± 0.009 
(4)

0.009–
0.029

1, 2, 3

DH 10.1 ± 16.3 (6) 1.00–
43.1d

0.130 ± 0.174 
(2)

0.007–
0.253

1, 2, 3

(continued)
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Table 8.2 (continued)

Taxa Site
THg (μg g−1) CH3Hg (μg g−1)

ReferenceMean (± SD) Range Mean (± SD) Range

Tree leaves

Submerged tree 
leaves debris 
(various spp.)

BL 0.085 ± 0.045 
(6)

0.038–
0.144e

– – 4

Tree leaves from the 
canopy (various 
spp.)

BL 0.056 ± 0.026 
(9)

0.0300–
0.119e

– – 4

BR 0.052 ± 0.043 
(15)

0.016–
0.174e

– – 4

Lichens

Candelaria vitellina 
(crustose areolate 
lichen)

BRC – 1.65–
2.67f

– – 5, 6

BRC – 0.28–
0.92f

– – 5, 6

Hypotrachyna 
brevirhiza
(foliose lichen)

BRC – 1.02–
1.51f

– – 5, 6

BRC – 0.30–
0.85f

– – 5, 6

Physcia adscendens 
(hooded rosette 
lichen)

BRC – 0.18–
2.81f

– – 5, 6

Protousnea 
magellanica (beard 
lichen)

BRC – 0.096–
0.280f

– – 5, 7

Usnea sp.
(old man’s beard)

BR 0.197 ± 0.020 0.09–
0.23f

– – 8, 9

BR 0.669 ± 0.089f – – – 5
DH 0.203 ± 0.015f – – – 8, 9

Total Hg and CH3Hg concentrations are presented on a dry weight basis. Numbers in parentheses 
indicate the number of samples and organisms analyzed; in the case of plankton, biofilm, and tree 
leaves, only the number of samples is indicated
References: 1-Arcagni et al. (2017); 2-Arcagni et al. (2018); 3-Rizzo et al. (2014); 4-Juárez et al. 
(2016); 5- Ribeiro Guevara et al. (2004); 6-Ribeiro Guevara et al. (1995); 7- Bubach et al. (2001); 
8- Bubach et al. (2012); 9- Bubach et al. (2014)
ano head and guts
bmuscle
cwhole
dbulk sample
eleaves
fthalli

surface waters (Lehnherr et al. 2011; Lamborg et al. 2014; Gionfriddo et al. 2016; 
Bravo and Cosio 2019; Gallorini and Loizeau 2021).

The transference of Hg between abiotic and biotic compartments is a critical 
aspect to understand and delineate the concentration dynamics in the pelagic (water 
column) and benthic (bottom) habitats. Soto Cárdenas et al. (2018a) showed that in 
different aquatic systems from the BR catchment (Nahuel Huapi lake), THg con-
centrations ranged from moderate to high (16.8–268  ng  L−1), with Hg2+ as the 
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predominant Hg species (from 96.1 to 99.6 %), whereas CH3Hg concentrations 
were low (from 0.03 to 0.12%) indicating reduced methylation in the catchment and 
in the aquatic systems despite high Hg availability (Soto Cárdenas et al. 2018a). In 
BR, most of the THg measured in the plankton was Hg2+, and its concentration 
decreased abruptly with trophic level, from phytoplankton to zooplankton and small 
puyen. In turn, the concentration of CH3Hg was comparatively very low but 
increased with trophic level (Rizzo et al. 2014; Arcagni et al. 2017). This is due to 
the fact that at the base of the trophic chain, Hg2+ adsorbs to the membrane of algal 
cells, while CH3Hg is sequestered in their cytoplasm. Zooplankton digest algal cells 
readily incorporating their cytoplasmic content and excreting the membranes. In 
this way, CH3Hg is more efficiently transferred than Hg2+ from phytoplankton to 
zooplankton grazers (Mason et al. 1995, 1996; Diéguez et al. 2013).

In Nahuel Huapi lake, THg and CH3Hg concentrations in fish species vary by 
foraging habitat, increasing with a greater proportion of benthic diet over pelagic 
diet (Arcagni et  al. 2017, 2018). Native creole perch, a predominantly benthic 
feeder, shows higher THg and CH3Hg levels in muscle than introduced salmonids 
such as the more pelagic rainbow trout and the benthopelagic brown trout, although 
the three species are positioned at the highest trophic level of the food web. The 
native galaxiid known as big puyen is a benthic feeder positioned at a lower trophic 

Fig. 8.3 Mercury transference in a typical food web of deep ultraoligotrophic Andean Patagonian 
lakes. Solid line arrows: CH3Hg pathway. Dashed line arrows: THg pathway (arrow thickness 
indicates magnification). Species references: Percichthys trucha (creole perch), Galaxias macula-
tus (small puyen), Galaxias platei (big puyen), Salmo trutta (brown trout), Oncorhynchus mykiss 
(rainbow trout), Samastacus spinifrons (crayfish)
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level than the creole perch and exotic trout and usually displays higher THg and 
CH3Hg concentrations than the salmonids (Table 8.2, Fig. 8.3; Arcagni et al. 2015, 
2017, 2018; Juncos et al. 2015).

The distinctive patterns in THg and CH3Hg bioaccumulation in different fish 
species could be explained by the niche segregation among native and introduced 
fish (Juncos et al. 2015) leading to different pathways of Hg transference: a benthic 
pathway (from sediments to benthic macroinvertebrates and benthivorous fish) and 
a pelagic pathway (from water, plankton, foraging fish, and piscivorous fish) 
(Fig. 8.3). At first sight, in deep Andean lakes, the pelagic habitat appears to be a 
more important source of Hg to the food web than the benthic habitat. THg levels in 
size-fractionated plankton samples typically decrease from the smaller fraction 
(10–53 μm) comprising mixotrophic ciliates and dinoflagellates, toward the fraction 
between 50 and 200 μm composed of large mixotrophic ciliates and rotifers, and the 
fraction >200 μm made up of copepods and cladocerans (Table 8.2; Arribére et al. 
2010; Rizzo et al. 2011, 2014; Arcagni et al. 2013b, 2015, 2017), whereas macroin-
vertebrates belonging to benthic food webs usually present lower THg concentra-
tions than the different plankton fractions (Table 8.2, Fig. 8.3; Arcagni et al. 2015, 
2017). Noteworthy, regardless of the high THg concentrations present in different 
plankton size fractions, their CH3Hg concentrations are low, ranging from 0.021 to 
6.8% of THg, while those in benthic macroinvertebrates are higher, between 1.5 and 
100 %. These levels are reflected in the different Hg pathways mentioned before. In 
the pelagic trophic chain, O. mykiss, which feeds mostly on the planktivorous forage 
fish G. maculatus, shows lower THg and CH3Hg concentrations than the benthivo-
rous native fishes P. trucha, G. platei, and O. viedmensis; however, over 62% of 
THg is in the form of CH3Hg (mean concentration: 81 ± 13%). In the benthic tro-
phic chain, P. trucha and G. platei feed mostly on crayfish and other macroinverte-
brates, resulting in the highest THg and CH3Hg concentrations in the fish community, 
with CH3Hg over 64% (89 ± 12%) of THg. Salmo trutta, which relies on G. macu-
latus at smaller sizes and shifts to a diet composed mainly of crayfish at larger sizes, 
shows intermediate THg concentrations between native fishes and O. mykiss and 
also a high proportion of CH3Hg (88 ± 11%%) (Fig. 8.3; Juncos et al. 2015; Arcagni 
et al. 2017, 2018). The trend of increasing CH3Hg and decreasing Hg2+ with trophic 
level in the pelagic habitat ends in the G. maculatus–O. mykiss feeding link, as the 
latter species displays lower to similar concentrations of Hg2+ and similar CH3Hg 
level compared to its prey. On the contrary, in the benthic habitat, both THg and 
CH3Hg increase with increasing trophic level, from insect larvae and crayfish to 
P. trucha and S. trutta, with intermediate CH3Hg and THg concentrations between 
O. mykiss and P. trucha, which has lower Hg2+ concentrations than its benthic diet 
(crayfish) and similar concentrations than its pelagic diet consisting of G. maculatus 
(Fig. 8.3; Arcagni et al. 2017, 2018).

In the sediments, Hg2+ can be methylated and taken up by benthic organisms by 
direct absorption from the porewater and/or from the water passing through the gills 
during respiration, or indirectly through deposit-feeding, thus reaching benthic 
predatory fish (Chen et al. 2014 and references therein). Benthic biofilms may also 
contribute to the CH3Hg present in benthic feeders, since they are chemically 
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particular microsites where microbial assemblages include microorganisms with 
physiological capability for Hg methylation and demethylation (Bravo and Cosio 
2019). In fact, biofilms from different Andean Patagonian lakes have been shown to 
yield high methylation rates, as was discussed in Sect. 4. For example, crayfish, 
which are polytrophic, may acquire Hg remobilized from the benthic habitat by 
feeding on small benthic macroinvertebrates and on plant and animal detritus 
(Rudolph 2002) and then transfer the accumulated Hg to the benthivorous fish, 
P. trucha, or G. platei (Fig. 8.3).

5  Perspectives on Mercury Cycling in Andean Patagonian 
Catchments in a Context of Climate Change

In the northern and central sections of Patagonia, long-term drying and warming 
trends are driving major hydrological changes affecting headwaters (Masiokas et al. 
2008; Garreaud et al. 2013; Barros et al. 2015). Annual and seasonal temperature 
and precipitation records indicate significant warming and decreasing precipitation 
since 1912. These climate alterations have been implied as drivers of large-scale 
changes in Andean Patagonian catchments including the drastic reduction of glacial 
fields (Chap. 4), the decrease in streams and rivers discharge (Masiokas et al. 2008, 
2009; Wilson et  al. 2018; Chap. 9), as well as the increase in the frequency of 
extended wildfires (Mundo et al. 2017). Such climate-related changes may interact 
with those arising from population and urban expansion at a regional scale and also 
be influenced by global changes (Chaps. 9 and 11). Hydroclimatic changes stress 
internal processes of terrestrial, wetland (Chap. 10), and aquatic ecosystems and 
affect the fluxes of materials from the catchment to the fluvial network. Reduced 
precipitations and changes in the precipitation pattern lead to changes in the strength 
of the linkages within the catchment that reflect on the mobilization of materials 
from the terrestrial environment toward the fluvial network, thus affecting biogeo-
chemical cycling (Battin et al. 2008). Terrestrial inputs drive physicochemical fac-
tors controlling the dynamics and function of aquatic communities. Freshwaters of 
Andean Patagonia, particularly the oligo-/ultraoligotrophic systems, rely tightly and 
respond rapidly to seasonal terrestrial inputs of C and nutrients (Queimaliños et al. 
2012, 2019). Due to the affinity of Hg for organic ligands present in natural OM, the 
C and Hg biogeochemical cycles are tied (Ravichandran 2004; Lavoie et al. 2019). 
C and Hg pools are washed from the land by precipitation and runoff, draining 
through the aquatic network. In fact, changes in the volume, type, and timing of 
precipitation reflect rapidly in the OM, nutrient, and Hg pools of aquatic systems 
(Queimaliños et al. 2012, 2019; Rizzo et al. 2014). The magnitude of the impact 
would depend on the severity of the climate changes and also on the hydrogeomor-
phic features of the catchment (topography, vegetation cover, soil development, lake 
morphometry, etc.). If warming and drought patterns sustain over time, aquatic sys-
tems will undergo profound changes due to reduced inputs of water and materials 
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from the catchment affecting several different aspects. Their morphometry may suf-
fer changes due to reduction in depth and surface, implying the loss of littoral zones 
and related communities. Water retention time in lakes may increase following the 
reduction of water inputs and water turnover. This would impact water clarity due 
to DOM photobleaching (Queimaliños et al. 2019; Chap. 3), ultimately enhancing 
light penetration, particularly the UV wavelengths. In turn, the higher impact of 
underwater irradiance will increase photochemical processing. Autotrophic and het-
erotrophic production will likely react to changes in the terrestrial C and nutrients 
supplies, causing community changes. Moreover, the potential loss of cold-adapted 
organisms would imply modification of the trophic pathways in which they inter-
vene. All these changes are likely to synergize, affecting the diversity and function 
of aquatic communities which in turn impact biogeochemical cycling.

Progress in glacial melting due to warming is expected to release large quantities 
of Hg locked in ice into the atmosphere and downstream ecosystems. However, it is 
possible that the opposite process will occur and that the glacier-to-vegetation suc-
cession already going on will increase the capture of atmospheric Hg, as it has been 
observed in areas experiencing glacial retreat (Wang et al. 2020). Additionally, the 
increase of wildfires may also contribute to unlocking Hg stored in natural forests; 
however, this would depend on concomitant changes in land cover and use due to 
population growth and urban expansion. In this regard, predictive models of future 
Hg emissions forecast significant perturbations due to increased wildfire Hg emis-
sions, driven by the changes in climate, land use, and Hg anthropogenic emissions. 
Modeled scenarios for the 2000–2050 period indicate an increase of Hg emissions 
by 14% globally and by 18% in South America. The potential increase of Hg in ter-
restrial ecosystems in response to changes in global Hg anthropogenic emissions 
and deposition could enhance global Hg emissions due to wildfires. However, this 
scenario may depend on changes in land use by 2050, since agricultural land expan-
sion in detriment of natural vegetation could decrease global Hg emissions from 
wildfires (Kumar et al. 2017).

The changes in Hg cycling are expected to be manyfold because Hg stored in 
ecosystems, processing rates, the lateral transport to aquatic end points, and meth-
ylation are climate-sensitive (Obrist et al. 2018). Evidence arising from sediment 
cores of a remote lake in southern Patagonia (Lake Hambre, Chile) suggests that Hg 
accumulation over the past 4000 years has been influenced by cyclic changes in 
climate, total solar irradiance, and lake productivity. The accumulation of Hg was 
higher in dry periods coinciding with high solar irradiance and lake productivity. In 
such environmental conditions and assuming low Hg fluxes from the atmosphere to 
the catchment and to the lake due to drier conditions, Hg burial in the sediments 
may have reduced the concentration of Hg in the water column as well as the eva-
sion of Hg0 from the system (Biester et al. 2018).

Given the global reach of Hg pollution, climate-related changes in Hg cycling in 
the Andean Patagonian region would have to be foreseen in the context of the evolu-
tion of global anthropogenic emissions, and, above all, having in mind the stochas-
tic impact of volcanism which is the main source of Hg to regional landscapes. 
Nevertheless, it can be inferred that the forecasted warming and drying trends would 
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increase Hg reemission due to enhanced photoreduction processes in terrestrial and 
aquatic systems, will decrease the lateral transport due to the reduction in the 
terrestrial- aquatic linkages, and will trigger changes in terrestrial and aquatic meth-
ylation due to the reduction of allochthonous C and Hg inputs and changes in micro-
bial communities. Extreme events such as intense rainfall, floods, and droughts, 
among others, affect South America regardless of the seasons (Marengo et al. 2009). 
Exceptional floods, which have been forecasted as a component of climate change 
in the region, could provide unusual pulses of terrestrial materials to aquatic sys-
tems, whereas drought would reduce the land-water linkage, shrinking the flow of 
terrestrial materials within catchments.

These changes would impact the amounts of terrestrial C, nutrients, and Hg 
reaching the aquatic environment, which in turn drive the uptake, accumulation, and 
transfer of Hg in aquatic food webs. Moreover, changes in terrestrial subsidies are 
expected to affect the structure and dynamics of aquatic communities, with poten-
tially profound consequences on the trophic pathways of the biogeochemical 
cycling of Hg.
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