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g r a p h i c a l a b s t r a c t
� High THg levels were found in a
stream-lake network placed within a
volcanic area.

� High THg:DOC ratios determined
high Hg2þ binding to abiotic and bi-
otic particles.

� Stream Hg species are related to
terrestrial DOM, reflecting inputs
from the catchment.

� Lake Hg speciation related to DOM
quality and photochemical and bio-
logical processes.

� Hg0 was higher in the upper lake
layers due to photo- and biological
reduction.
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a b s t r a c t

Lake Nahuel Huapi (NH) is a large, ultraoligotrophic deep system located in Nahuel Huapi National Park
(NHNP) and collecting a major headwater network of Northwestern Patagonia (Argentina). Brazo Rinc�on
(BR), the westernmost branch of NH, is close to the active volcanic formation Puyehue-Cord�on Caulle. In
BR, aquatic biota and sediments display high levels of total Hg (THg), ranging in contamination levels
although it is an unpolluted region. In this survey, Hg species and fractionation were assessed in asso-
ciation with dissolved organic matter (DOM) in several aquatic systems draining to BR. THg varied be-
tween 16.8 and 363 ng L�1, with inorganic Hg (Hg2þ) contributing up to 99.8% and methyl mercury
(MeHg) up to 2.10%. DOC levels were low (0.31e1.02mg L�1) resulting in high THg:DOC and reflecting in
high Hg2þ availability for binding particles (partitioning coefficient log Kd up to 6.03). In streams, Hg
fractionation and speciation related directly with DOM terrestrial prints, indicating coupled Hg-DOM
inputs from the catchment. In the lake, DOM quality and photochemical and biological processing
drive Hg fractionation, speciation and vertical levels. Dissolved gaseous Hg (Hg0) reached higher values
in BR (up to 3.8%), particularly in upper lake layers where solar radiation enhances the photoreduction of
Hg2þ and Hg-DOM complexes. The environmental conditions in BR catchment promote Hg2þ binding to
ob.ar (C. Soto C�ardenas).
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abiotic particles and bioaccumulation and the production of Hg0, features enhancing Hg mobilization
among ecosystem compartments. Overall, the aquatic network studied can be considered a “natural Hg
hotspot” within NHNP.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Mercury (Hg) is a global pollutant with a biogeochemical cycle
involving pathways in different compartments of the Earth
(Ravichandran, 2004; Selin, 2009). The atmospheric deposition of
Hg (mostly Hg2þ) in catchments is the dominant Hg source to
aquatic environments, driving the production of methyl mercury
(MeHg) that biomagnifies in aquatic food webs, affecting wild life
and humans through fish consumption (Chen et al., 2005; Driscoll
et al., 2007, 2013; Eagles-Smith et al., 2016). The combination of
local and/or regional factors (i.e. climate, landscape, vegetation
cover, wetland area, etc.) can define Hg-sensitive areas and also
promote wide spatial variation in Hg levels and methylation po-
tential in aquatic systems and their biota (Driscoll et al., 2007;
Brigham et al., 2009). The mobilization of Hg within watersheds
is coupled with the transport of particles and dissolved organic
matter (DOM), major binding agents of Hg (Grigal, 2002; Shanley
et al., 2008; Dittman et al., 2010; Eagles-Smith et al., 2016). The
kinetic and strength of the Hg-DOM binding depend on several
environmental factors such as the concentration of particles, col-
loids, dissolved organic carbon (DOC), total Hg (THg), pH, among
others (Haitzer et al., 2003; Adams et al., 2009; Gerbig et al., 2012).
Particularly in clear, low-DOC aquatic systems, Hg speciation can be
determined by photochemical reactions. These processes influence
Hg fractionation, bioavailability and toxicity, by controlling the
interconversion Hg2þ-Hg0-Hg2þ and MeHg-Hg0-MeHg, and also
through changes in DOM quality and functionality related to its Hg-
binding capability (Haitzer et al., 2002; Krabbenhoft et al., 2002;
Fleck et al., 2014).

In Patagonia (Southern South America) headwaters are remote
and pristine systems, located at both sides of the Andes, comprised
in the Southern Volcanic Zone (Naranjo and Stern, 2004; Bertrand
et al., 2014). Along the eastern stretch of the Patagonian Andes
(Argentina) the catchments receive Hg inputs from volcanic activ-
ity, forest fires, biomass burning (Ribeiro Guevara et al., 2010;
Bubach et al., 2012; Daga et al., 2008, 2014, 2016) and long-range
atmospheric transport and deposition (Hermanns et al., 2013;
Hermanns and Biester, 2013a,b). In lakes of Nahuel Huapi Na-
tional Park (NHNP, Northwestern Patagonia, Argentina), highly
variable Hg deposits have been found in sediment profiles (Arrib�ere
et al., 2008; Ribeiro Guevara et al., 2010). In the large and deep Lake
Nahuel Huapi (NH) which concentrates most headwaters systems
of NHNP, aquatic biota shows moderate to high total Hg (THg)
levels. Large spatial differences in the THg content of lake sedi-
ments, plankton, benthos and fish have been reported among lake
branches (Rizzo et al., 2014; Arcagni et al., 2017). This marked
spatial pattern in Hg levels has been connected to heterogeneous
Hg inputs in lake branches due to proximity to the active volcanic
complex Puyehue-Cord�on Caulle (PCC; last eruption 2011) as well
as to branch-specific hydrogeomorphic features (i.e. lake:catch-
ment area, soils and vegetation) (Rizzo et al., 2014; Arcagni et al.,
2018). NH lake covers a sharp environmental gradient character-
ized by an abrupt west-east decrease in precipitation (ca.
3500e700mmy�1) and vegetation (rainforest to steppe) (Paruelo
et al., 1998; Bianchi et al., 2016). The proximate lake branch to
PCC, Brazo Rinc�on (BR), is located in a geologically-active area
displaying deposits of pyroclastic materials dispersed in recent
eruptions (Daga et al., 2014), gaseous seeps fields in the lake bottom
(Vigliano et al., 2011) and receiving permanent atmospheric inputs
of volatile pollutants including Hg (Bubach et al., 2012; Higueras
et al., 2013). In BR, concentrations of THg (largely Hg2þ) in
plankton and MeHg in benthic macroinvertebrates and fish are the
highest recorded whithin NH (Rizzo et al., 2014; Arcagni et al.,
2018) and thus, this branch may be considered a “natural Hg hot-
spot”. Two main Hg pathways have been recognized in BR: i-a
pelagic pathway inwhich dissolved Hg2þ is accumulated by pelagic
bacteria, auto and mixotrophic protists (nanoflagellates and cili-
ates) and transferred to zooplankton and planktivorous fish and, ii-
a benthic pathway through which MeHg is concentrated from the
sediments by macroinvertebrates and transferred to foraging fish
(Arcagni et al., 2018).

In this investigation, we studied Hg species along a stream-lake
network draining the catchment of the BR branch of Lake NH. We
studied Hg fractionation between the particulate and dissolved
phases in relation to DOM in order to track sources and processes
affecting Hg fate. We propose that DOM and suspended particles
will be determinant of Hg fate in the stream-lake network and that
photochemical and biological processes will promote Hg speciation
and vertical heterogeneity in the water column of BR.

2. Materials and methods

2.1. Study site

Lake Nahuel Huapi (40�150e41�340 S; 71�040e72�540 W; Fig. 1) is
a large (557 km2) and deep (464m maximum depth) piedmont
system (764m a.s.l.), with seven branching arms (Quir�os, 1988),
located inside NHNP (Patagonia, Argentina). The northwestern
branch of Lake NH, called Brazo Rinc�on (BR), is located close to the
PCC (~35 km), one of the most active volcanic complexes of the
southern Andes. Lake NH is ultraoligotrophic, with low dissolved
organic carbon (DOC) concentration and exposed to high levels of
solar radiation (see Supplementary Material). BR branch (~12 km2)
is situated in a mountain valley surrounded by steep slopes and its
catchment is ~235 km2 (73% covered by the dense Andean-
Patagonian rainforest) (Rizzo et al., 2014), resulting in a large
watershed-to-lake area ratio (~20). Three mountain streams,
Totoral, Pireco and South West (SW), drain the catchment towards
the lake branch (Fig. 1; see Supplementary Material).

2.2. Sample collection and processing

Water samples of lotic and lentic environments were collected
in November 2013 in BR catchment (Fig. 1). Three major tributary
streams, Totoral, Pireco and SW, and some of their own tributaries,
were surveyed at different distances from their outflow in BR.
Water samples from Lake Pire were obtained in two near shore
sites. BR (Zmax¼ 100m) was sampled in a pelagic station, at nine
different depths. Overall, 22 samples were obtained in this stream-
lake system (Fig.1; see SupplementaryMethods for details). At each
site, water samples for the determination of Hg species and DOM
characterizationwere collectedwith a Kemmerer bottle suitable for



Fig. 1. Subcatchment of Brazo Rincon (BR), Lake Nahuel Huapi, Nahuel Huapi National Park (Northwestern Patagonia, Argentina). Numbers indicate the aquatic systems draining
towards BR: 1) Pantojo; 2) Pereyra-2; 3) Pereyra-1; 4) Cascada Diana; 5) Pireco-1; 6) Pireco-2; 7) L Pire-1; 8) L Pire-2; 9) Pireco-3; 10) Totoral-1; 11) Totoral-2; 12) South West
stream and, 13) BR sampling site. Geographic location of the sampling points and ancillary geographic data were obtained from GeoNode (National Parks Bureau, Argentina; http://
mapas.parquesnacionales.gob.ar) and Google Earth® maps.
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trace metal analysis. Samples for Hg and DOM analyses were
poured into Teflon® (PTFE) bottles and acid-cleaned polycarbonate
carboys, respectively, and transported to the laboratory thermally
insulated and in darkness. At each site, temperature, dissolved
oxygen (DO), pH and conductivity were measured using a multi-
parameter probe (YSI 6600 V2-2).

In the laboratory, standard volumes of whole water samples
were filtered through predried (20 �C) and preweighted PVDF
(polyvinylidene difluoride; Millipore) membranes (0.45 mm pore
size) in order to obtain the total suspended solids (TSS, particulate
phase >0.45 mm) and the filtrates (dissolved and colloidal phases
<0.45 mm). TSS filters were dried at room temperature in a
container with silica gel. TSS' net weight was determined by sub-
tracting the weight of the filters before and after filtration. Samples
for DOM characterization were filtered through PVDF membranes
(0.22 mm) and analyzed within the following 48 h after collection.

2.3. Analytical procedures

THg, MeHg, and dissolved gaseous mercury (Hg0) concentra-
tions were measured on unfiltered water samples. THg was also
determined in TSS samples. In water samples, THg was measured
after oxidationwith BrCl followed by reduction with SnCl2 in a cold
vapor atomic absorption spectrometer (CVAAS). MeHg was deter-
mined following ethylation and back extraction, applying cold va-
por atomic fluorescence (CVAF). Hg0 was determined few hours
after sampling by purging water samples, trapping Hg0 by gold
amalgamation followed by thermal desorption and CVAAS detec-
tion. THg in the particulate phase (PTHg) was determined on the
TSS retained on filters after digestion with HNO3/HF/HCl, reduced
with SnCl2, and detected by CVAAS. These methods are detailed in
Kotnik et al. (2015, 2017). In order to control for potential
contamination during samples preparation, filter blanks (PVDF)
were set up by filtering a standard volume of ASTM1water (MilliQ).

The concentrations of the filtered total mercury (FTHg), inor-
ganic Hg (Hg2þ) and partition coefficient between the particulate
(PTHg) and aqueous phases (FTHg) (Kd¼ (PTHg/FTHg) were calcu-
lated following Watras et al. (1998) and Dittman et al. (2010) (See
Supplementary Methods).

Chlorophyll a (Chla) concentration at the different depths
sampled in BR was assessed by filtering 2e2.5 L whole water
samples according to Nusch (1980; See Supplementary Methods).

Dissolved organic carbon (DOC) concentration was measured in
filtered samples using a Shimadzu TOC-L high temperature
analyzer with a high sensitivity catalyst (manufacturer's detection
limit of 0.004mg L�1) (Supplementary Methods).

The chromophoric and fluorescent fractions of DOM (CDOM and
FDOM, respectively) were characterized on filtered water samples
using Milli-Q water as reference blank for both techniques. Ab-
sorption coefficients were calculated from absorbance scans and
applied as proxies of CDOM composition (Supplementary
Methods). The spectral slope for the interval of 275e295 nm
(S275e295) was applied as a surrogate of DOM molecular size
relating also with photodegradation processes (Helms et al., 2008,
2013). The a254:DOC (SUVA254) and a350:DOC were applied as in-
dicators of DOM aromaticity (Weishaar et al., 2003) and lignin
content (Spencer et al., 2008, 2009), respectively. The humification
index (HIX; Ohno, 2002) and the biological or freshness index (BIX;
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Huguet et al., 2009) were calculated to describe the relative degree
of humification and autotrophic FDOM production, respectively.
BIX values> 1 associate with a dominant autochthonous DOM
source, those below 0.6 indicate a lower autochthonous production
(Huguet et al., 2009). HIX takes values from 0 to 1, and higher values
are indicative of increased DOM humification (Ohno, 2002).

Excitation-emission matrices (EEMs) were measured in filtered
water samples and analyzed applying Parallel Factor Analysis
(PARAFAC) to obtain DOM components (Stedmon et al., 2003;
Murphy et al., 2014). Further details are provided in the Supple-
mentary Methods.

2.4. Statistical analysis

Correlation analysis was applied to study the relationship be-
tween Hg species and DOC concentration, and DOM quality
[aromaticity (SUVA254), lignin content (a350:DOC), molecular size
(S275e295), and fluorescence indexes BIX and HIX].

Multivariate analyses were carried out to explore the relation-
ship between environmental variables and Hg species in the
aquatic systems draining towards BR. First, a principal component
analysis (PCA) was conducted to determine the most influential
physic-chemical parameters explaining the variability among the
different aquatic systems, taking into account conductivity, TSS,
DOM quality proxies (a350:DOC, S275e295, SUVA254, BIX, HIX and
percentages of the fluorescent components C1, C2 and C3), and DOC
concentration. All response variables were log-transformed,
centered and standardized before performing the PCA. Second, a
redundancy analysis (RDA) was performed to explore the rela-
tionship between physic-chemical features and Hg speciation. We
analyzed the effect of TSS, DOC and DOM quality parameters on the
relative contribution of Hg species in the aquatic systems. Two data
matrices were used, one including TSS, DOC and DOM quality
proxies (a350:DOC, S275e295, BIX, HIX and percentage of fluorescent
components C1, C2 and C3) and the other including Hg response
variables (log Kd, Hg2þ, MeHg and Hg0). Environmental variables
were log-transformed, centered and standardized. The environ-
mental variables highly correlated with other variables were
removed from the RDA when variance inflation factors (VIF) were
higher than 20. The PCA and RDA analyses were performed using
the software CANOCO 4.5 (ter Braak and �Smilauer, 1998), applying
forward selection. Variables not contributing significantly to the
model after forward selection (Hall et al., 1999) were considered as
supplementary. In the RDA, the significance of the canonical axes
was tested through Monte Carlo permutations (Leps and �Smilauer,
2003).

3. Results

3.1. Physic-chemical variables

In general all physic-chemical parameters differed between the
streams and BR lake branch, however, streams showed a broader
variation (See Supplementary Results; Table S1; Fig. S1). TSS fluc-
tuated between 0.03 and 22.07mg L�1 in the streams whereas in
the lake the range was lower (0.54e1.16mg L�1) with the upper
strata showing higher values (maximum at 50m) (Fig S1c;
Table S1). In the water column of BR, Chla fluctuated between 0.3
and 1.2 mg L�1 displaying higher values up to 40m depth (photic
zone), the maximum concentration at the limit of the photic layer
and decreasing downwards (Fig. S1d). DOC was overall low
(0.21e1.02mg L�1) with a decreasing pattern from the streams
towards the lake (Table S1). In the lake, DOC was similar in the
upper and deeper strata, showing a maximum at 50m (Fig. S1e;
Table S1). CDOM and FDOM characterization indicated DOM quality
differences between the streams and the lake (Supplementary
Results; Table S1; Fig S2). Stream DOM showed higher aromaticity
(SUVA254), molecular weight (S275e295), lignin content (a350:DOC)
and humification (HIX) and lower biological production (BIX) than
lake DOM (Table S1). Three fluorescent components were identi-
fied, C1 and C2 (humic-like and terrestrially-derived compounds)
and C3 (protein-like and/or aliphatic compounds) which showed
different contributions in the streams and in the lake profile
(Table S1; Fig. S2). Nevertheless, the C1 and C2 prevailed in all the
sites (Fig. S2aec), suggesting a high contribution of terrestrial DOM.
In the lake, C1 and C2 increased downward in the profile, whereas
C3 showed a higher contribution (up to 39.4%) in the upper illu-
minated strata (Supplementary Results; Fig. S2d; Table S1). CDOM
and FDOM parameters indicated consistently a DOM quality hori-
zontal gradient from the streams towards the lake. Also, a vertical
gradient in the lake was apparent and supported by the DOM
proxies S275e295 and BIX, reflecting photodegradation and biolog-
ical processes in the upper strata. This pattern was captured clearly
by the PCA, which clustered separately the streams and the lake
and differentiated the upper and deeper strata, based on DOC
concentration, CDOM and FDOM features (Supplementary Results;
Fig. S3).

3.2. Mercury in the stream-lake network

Overall, our survey showed remarkable high Hg concentrations
in BR catchment. In the streams, THg varied between 40.7 and
363 ng L�1 (Fig. 2a left panel; Table S1). In the lake, THg levels were
significantly higher in the upper layers, varying between 114 and
268 ng L�1 from surface to 60m; and between 16.8 and 35.6 ng L�1

from 70 to 90m (F¼ 24.27, p< .05; Fig. 2a, right panel). In the
streams, THg varied independently of DOC (p> .05), however,
correlated positively with DOM terrestrial signatures (lignin con-
tent and aromaticity) and negatively with DOM molecular weight
(Table 1). In the lake, THg was also independent of DOC (p> .05),
but correlated positively with the non-humic component C3
(Table 1). In general the THg:DOC ratios were high; streams showed
a wider variation in THg:DOC (60.3 and 1204.4 ngmg�1) compared
to the lake (51.9e785 ngmg�1) (Fig. S4a left panel; Table S1). In the
lake profile, the upper layers displayed higher THg:DOC (Fig. S4a
right panel) with a maximum value at 60m and decreasing from
70 to 90m (Fig. S4c; Table S1).

PTHg varied from 7.1 to 67.9 ng L�1 in streams and from 0.3 to
76.6 ng L�1 in the lake, attaining higher values in the upper strata
(F¼ 79.94; p< .05; Fig. 2b, Table S1). In the streams, PTHg showed a
positive relationship with DOM lignin content and aromaticity
(Table 1). In the lake PTHg was negatively related with DOM
aromaticity, lignin content, humification, C1 and C2; whereas
correlated positively with DOM molecular weight, biological pro-
duction, C3, TSS and Chla (Table 1). Overall, these relationships
indicate that lower molecular weight DOM and biological activity
enhance Hg concentration in the particulate fraction.

FTHg varied between 14.6 and 303.8 ng L�1 in streams and be-
tween 16.51 and 202.1 ng L�1 in the lake, with the upper strata
showing higher values than the deeper layers (F¼ 10.57; p< .05)
(Fig. 2c; Table S1). FTHg related directly with DOM aromaticity and
lignin content and negatively with the molecular weight in the
streams, while in the lake was independent of DOM quality
(Table 1).

The partitioning coefficient (log Kd) ranged similarly in streams
and in the lake (Fig. 2d left panel), displaying higher values in the
lake upper layers than in deeper ones (F¼ 79.04; p< .001; Fig. 2d
right panel; Table S1). In the streams the log Kd correlated nega-
tively with TSS and C2 (Table 1). In contrast, in the lake the log Kd
correlated positively with TSS and also with the S275e295, Chla and



Fig. 2. Hg species concentration in the aquatic ecosystems draining BR subcatchment of Lake Nahuel Huapi: a) Total Hg (THg); b) Particulate Total Hg (PTHg); c) Filtered Total Hg
(FTHg); d) Partition coefficient (log Kd) between Particulate Total Hg (PTHg) and Filtered Total Hg (FTHg); e) inorganic mercury (Hg2þ); f) Methyl mercury (MeHg); g) Dissolved
gaseous Hg (Hg0). References: STR þ LP: Streams and L PIRE; BR: Brazo Rinc�on (Lake Nahuel Huapi); BR UL: Upper layers of BR (surface to 60 m depth); BR DL: Deeper layers of BR
(70e90 m depth).
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C3 (Table 1) reflecting a high binding of Hg to particles and an
enhancement due to the biotic fraction. At the same time, the
negative correlations between log Kd and terrestrial signatures
(Table 1) suggest that Hg binds preferentially to DOM of higher
lignin and humic content, and thus is retained in the dissolved
phase.
The concentration of Hg2þ ranged between 16.5 and

362.1 ng L�1, being higher in streams (40.4e362.1 ng L�1) than in
the lake (16.7e262.8 ng L�1) (Fig. 2e left panel; Table S1). Preva-
lence of Hg2þ was recorded in all the systems, reaching up to 99.8%



Table 1
Pearson's correlation (r) betweenTotal Hg (THg), Particulate Total Hg (PTHg), Filtered Total Hg (FTHg), inorganic Hg (Hg2þ), Methyl Hg (MeHg), Dissolved Gaseous Hg (Hg0), and
coefficient of partitioning (log Kd) and Chla, Total Suspended Solids (TSS), DOC concentration, CDOM parameters (S275-295, SUVA254, a350:DOC) and FDOM parameters (HIX, BIX)
and fluorescent components in streams and BR lake branch. Significant correlations are indicated in bold (p< .01) and italic (p< .05).

Chla TSS DOC S275-295 SUVA BIX HIX a350:DOC C1 C2 C3

Stream THg e e ¡0.72 0.74 e e 0.85 e e e

PTHg e e e 0.66 e e 0.59 e e e

FTHg e e ¡0.75 0.68 e e 0.82 e e e

Hg2þ e e ¡0.72 0.74 e e 0.85 e e e

MeHg e e e 0.70 e e 0.63 e e e

Hg0 e e e e e e e e e e

log Kd ¡0.68 e e e e e e e �0.56 0.56
Lake THg e e e e e e e e e e 0.652

PTHg 0.68 0.68 e 0.70 �0.65 0.62 ¡0.82 �0.71 ¡0.82 �0.71 0.85
FTHg e e e e e e e e e e e

Hg2þ e e e e e e e e e e 0.641
MeHg e 0.70 0.78 e �0.68 e e e e e e

Hg0 0.64 e e 0.75 e 0.71 ¡0.88 �0.67 ¡0.82 �0.76 0.89
log Kd 0.81 0.65 e 0.82 �0.71 e ¡0.83 ¡0.79 ¡0.93 ¡0.83 0.88

Fig. 3. Redundancy analysis (RDA) including DOC, total suspended solids (TSS), DOM
quality proxies (a350:DOC, S275-295, HIX, percentage of fluorescent components C1, C2
and C3) as environmental variables and percentage of Hg species (Hg2þ, MeHg) and
Hg0) and the partition coefficient (log Kd) as response variables (blue arrows). Sig-
nificant (light brown solid arrows) and non-significant (light brown dashed arrows)
environmental variables are indicated. References: PAN: Pantojo; PER-1, PER-2: Pereyra
stream, DIANA: Cascada Diana; PIRECO-1, PIRECO-2, PIRECO-3: Pireco stream; L PIRE-1,
L PIRE-2: Pire lake; TOT-1; TOT-2: Totoral stream; SW: South West stream; BR: sam-
pling depth. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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of the THg (%Hg2þ) (Table S1). In the streams, Hg2þ correlated
positively with DOM aromaticity, lignin content and negatively
with the S275e295 (inversely related with the molecular weight)
(Table 1). In the lake, the %Hg2þ was slightly lower in the upper
layers (96e98%) than in the deeper layers (99%) with amaximum at
60m (F¼ 23.12; p< .05; Fig. 2e right panel; Table S1). Hg2þ showed
a positive correlation with C3 predominant in the upper strata
(Table 1).

The MeHg:THg (%MeHg) was overall low; however, concentra-
tions were higher in the streams (up to 0.21%) than in the lake (up
to 0.12%) (Fig. S5a,b; Table S1). In the streams, MeHg ranged from
0.01 to 0.30 ng L�1 whereas in the lake varied between 0.01 and
0.16 ng L�1 (F¼ 4.45; p< .05; Fig. 2f, left panel; Table S1), displaying
higher values in the upper strata (F¼ 9.33; p< .05; Fig. 2f, right
panel; Table S1). Streams showed a wider variation of the MeHg:-
DOC ratio (0.06e0.83 ngmg�1) than the lake (0.03e0.31 ngmg�1)
(Fig. S4b left panel; Table S1), and the upper layers displayed higher
values than deeper strata (Fig. S4d; Table 1). In the streams, MeHg
was independent of DOC (p> .05); however, showed a positive
correlation with terrigenous DOM proxies (aromaticity and lignin
content). In the lake MeHg concentrations correlated positively
with DOC and TSS, and negatively with DOM aromaticity (Table 1).

Hg0 was up to four-fold higher in the lake (0.12e6.63 ng L�1)
than in the streams (0.19e1.33 ng L�1) (F¼ 17.09; p< .001; Fig. 2g
left panel), representing around 3.8% and 1.3% of THg (Hg0:THg),
respectively (Table S1). In the lake, Hg0 was up to two-fold higher in
the upper strata than in the depper ones (up to 3.8% and 1.9%,
respectively) (F¼ 32.6; p< .001; Table S1; Fig. 2g right panel),
correlating directly with the molecular weight, BIX, C3 and Chla
concentration. Low molecular weight DOM with biological contri-
bution prevailing in the lake upper layers coincided with higher
levels of Hg0, whereas, more humic DOM signatures in deeper
layers were related with lower Hg0 levels (Table 1). In contrast, in
the streams the concentration of Hg0 was independent of CDOM
and FDOM variables (p> .05) (Table 1).

The RDA analysis conducted with Hg species relative to THg as
response variables and DOM concentration and quality parameters
as environmental variables, explained 99.2% of the dataset variation
(axis 1¼94.1%; axis 2¼ 5.1%) (Fig. 3). DOM quality parameters
separated the upper from the deeper layers of the lake and the
streams. Axis 1 showed a gradient of DOM quality associating
higher levels of Hg2þ and MeHg in the streams and deeper layers of
the lake to predominantly terrigenous DOM proxies (lignin content,
humification and humic components C1 and C2) (Fig. 3). Besides,
the upper layers of the lake clustered apart, with higher Hg0 values
and high partitioning (log Kd) associated with non-humic, low
molecular weight DOM (component C3 and S275e295). Axis 2
correlated negatively with DOC and positively with the lignin
content (Fig. 3).

4. Discussion

The aquatic systems of the BR catchment characterize by their
low DOC concentrations (Table S1) with a high contribution of
terrestrial DOM. At the time of this survey, the BR catchment was
the area of NHNP showing the highest impact of a recent eruption
(2011) of the PCC complex, characterized by high deposition and
loads of volcanic ash. This reflected inmost aquatic systems close to
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the PCC, which showed increased TSS, turbidity and phosphorus
concentration (Modenutti et al., 2013; Balseiro et al., 2014;
Lallement et al., 2014). In fact, TSS was particularly high in the
studied streams, whereas in the lake higher values were recorded
up to 60m showing the contribution of planktonic algae, as re-
flected by the positive relationship between TSS and Chla.

In BR catchment, moderate to high THg concentrations were
measured (16.8e363 ng L�1) and Hg2þ was found as the prevailing
species accounting up to 99.8% of THg. In contrast, MeHg concen-
trations were extremely low, representing less than 2% of THg
(Table S1). The THg and high Hg2þ levels recorded in this study can
be considered within those present in contaminated unproductive
surface waters in forested regions of North America with high Hg
deposition (Driscoll et al., 2007; Eagles-Smith et al., 2016). How-
ever, the lowMeHg levels found in the BR catchment may be due to
the combination of small wetlands' surface, high precipitation, low
temperature and steep slopes that promotes the rapid runoff,
preventing Hg methylation in soil and streambeds. The production
of MeHg can vary widely under conditions of high THg loading,
depending on the methylation efficiency of a particular ecosystem
(Krabbenhoft et al., 1999; Driscoll et al., 2007).

The direct association of different Hg fractions (PTHg and FTHg)
and species (THg, Hg2þ and MeHg) with terrestrial DOM signatures
highlighted the major contribution of the catchment. Downslope in
the lake branch, Hg speciation and fractionation in the depth profile
seemed to be controlled by a combination of factors such as DOM
quality, exposure to sunlight, biological uptake, microbial processes
and interactions with lake sediments, favored by the higher water
residence time. Particularly, MeHg was very low in the water col-
umn of BR, although slightly higher levels were recorded in the
upper layers. This pattern may indicate a positive balance between
abiotic methylation and demethylation processes, which in
mountain lakes are favored by high underwater UV levels
(Krabbenhoft et al., 2002; Graham et al., 2013; Fleck et al., 2014).
MeHg showed a positive correlation with TSS but was unrelated
with Chla, suggesting that bacteria and the abiotic fraction of TSS
also scavenge this Hg species. Thus, particles and DOM play a major
role in the entrance, fractionation and speciation of Hg in the
studied catchment. In fact, DOMquality allowed tracking accurately
the source and the processes affecting Hg in the studied systems.
The high flow and steep slopes of these low order streams produce
the rapid downstream transport of particulate and dissolved ma-
terials preventing in-stream processing (i.e. photobleaching), as has
been observed in nearby systems (Albari~no et al., 2009; Garcia et al.,
2015). Consequently, stream DOM displays terrestrial prints and
low processing, while in contrast, lake DOM shows clear signals of
photochemical and biological processing (i.e. higher C3 and BIX,
lower S275e295, among others), especially in the upper layers
(Fig. S3).

In general the systems surveyed have extremely low DOC con-
centrations, and high THg levels, resulting in high to very high
THg:DOC ratios (Table S1; Fig. S4a). In a range of natural waters,
THg:DOM ratios have been reported to take values between 0.01
and 10 ngmg�1 (Haitzer et al., 2002; Mitchell et al., 2008; Zheng
and Hintelmann, 2009), remarkably lower values than those
calculated for our systems. DOC affects the supply and bioavail-
ability of Hg in aquatic systems (Ravichandran, 2004; Gorski et al.,
2008; Luengen et al., 2012). The THg:DOC ratio determines the
sorption of Hg to aquatic particles and dissolved compounds, which
are known to influence the kinetics of Hg reduction, the trans-
ference of Hg to the sediments and its entry to food webs (Zheng
and Hintelmann, 2009). Overall, the low DOC levels and high
Hg2þ concentrations in the studied systems promote a high
adsorption of Hg2þ to abiotic and biotic particles, as indicated by
the high log Kd and high PTHg. In fact, the fractionation of Hg
between the dissolved and particulate phases was high and related
mainly with TSS, DOC and DOM quality (Table S1). In streams, the
increase in TSS decreased the adsorption of Hg into particles, which
has been described in the literature as “particle concentration ef-
fect” (Babiarz et al., 2001; Adams et al., 2009; Dittman et al., 2010).

The coupled dynamics of Hg, particles and DOM showed some
interesting patterns in the water column of the lake. In the profile,
the concentration of PTHg related negatively with terrestrial DOM
proxies (Table 1; Fig. 3). In the upper layers DOM signatures re-
flected photochemical degradation and biological processing.
Higher levels of PTHg were recorded in the upper strata, likely due
to the patchy distribution of pelagic algae, as indicated by the
positive correlation between Chla and PTHg. In contrast, in the
deeper layers, PTHg was lower which may relate to the fact that the
prevailing humic DOM retains Hg in the dissolved phase and also
due to the lower contribution of algae to the TSS. Particle surface
quality can be a critical factor controlling Hg fractionation, with
organic coats in biotic particles providing more binding sites than
inorganic ones (Chadwick et al., 2013; Jang et al., 2014; Soto
C�ardenas et al., 2014). In fact, pelagic organisms, including bacte-
ria, phyto and zooplankton bioaccumulate Hg2þ actively and
passively from the dissolved phase in natural low DOC water of
different lakes of NHNP (Di�eguez et al., 2013; Soto C�ardenas et al.,
2014).

The photoreduction of Hg2þ-DOM complexes was clearly indi-
cated by the negative relationship between Hg0 and terrestrial
DOM proxies, and was also supported by the positive relationship
with S275e295, a proxy of DOM photochemical processing. In the
upper layers of the lake, DOM characterized by low molecular
weight, low aromaticity, relatively lower contribution of humic
compounds and clear signals of photodegradation. In Andean lakes,
the high penetration of solar radiation and UV levels promote
photochemical reactions in the upper layers conducting to DOM
breakdown, reflected in CDOM and FDOM photobleaching
(Zagarese et al., 2001; Soto C�ardenas et al., 2017). In lowDOC, highly
transparent waters, photochemical weathering contributes to DOM
break down enhancing C mineralization and the generation of
photo-reactive intermediates that can influence the redox state of
Hg (García et al., 2005; Haverstock et al., 2012; He et al., 2012).

Several investigations have reported the photoproduction of
Hg0 depending on the availability of photo-reducible Hg2þ, which
in turn is regulated by the THg:DOC ratio (Haitzer et al., 2002;
Zheng and Hintelmann, 2009). In our systems the high THg:DOC
ratios and the impact of photochemical reactions in the upper
layers (Morris et al., 1995; Zagarese et al., 2001) may conduct to a
relatively low stability of the HgeDOM complexes leading to higher
photoreduction rates and higher Hg0 levels in the upper layers of
the lake. At high THg:DOC ratios the stability of Hg2þeDOM com-
plexes decreases sharply, thereby enhancing the potential for Hg2þ

reduction (Haitzer et al., 2002). Additionally, the positive relation-
ship between Hg0 and Chla indicated that photosynthetic organ-
isms concentrated in the upper strata enhanced Hg0 production.
Phototrophic organisms can reduce Hg in processes dependent on
the generation of reductants inside the cells and/or on the excretion
of reductants into the surrounding water (Ben-Bassat and Mayer,
1978; Poulain et al., 2004; Lanzillotta et al., 2004). Interestingly,
in Lake NH the accumulation of Hg2þ in small planktonic fractions
including autotrophic and mixotrophic species is extremely high
(Rizzo et al., 2014; Arcagni et al., 2017). Thus, the production of Hg0

by photosynthetic organisms could add to Hg reduction in the
water column. Further, the extremely windy conditions of the
Patagonian region affect the rates and distribution of photoreac-
tions in the water column (Zagarese et al., 2001), which could favor
Hg0 production, eventually enhancing Hg0 emission to the atmo-
sphere, as has been shown by Garcia et al. (2005). The Hg0
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production and the subsequent emission to the atmosphere rep-
resents a significant pathway for reducing the level of this poten-
tially toxic element in aquatic ecosystems.

5. Conclusions

The aquatic network draining BR catchment can be considered a
“natural Hg hotspot” within NHNP because THg in water and biota
are the highest within the lake, reaching levels found in contami-
nated sites. BR catchment is densely forested, has the highest
precipitation of the area, and is characterized by a high water-
shed:lake area. The steep slopes determine the fast downstream
transport of terrestrial DOM and Hg species towards the lake. THg
in the studied systems is moderate to high (16.8e363 ng L�1;
96e99.8% Hg2þ) whereasMeHg is overall low (up to 2.10%) having a
terrestrial origin. DOC concentrations in the studied systems are
extremely low (0.31e1.02mg L�1) resulting in very high THg:DOC.
This condition determines a high tendency of Hg to bind abiotic and
biotic particles (log Kd 3.94e6.03), promoting its transference into
food webs and the mobilization within the ecosystem, i.e. water
column-bottom (sedimentation); water column-atmosphere
(photo and bioreduction and emission). In the water column, Hg,
DOM and particles are subjected to biological and photochemical
reactions acting differentially in the upper and deeper layers. High
Hg2þ levels and photochemical processes affecting DOM-Hg com-
plexes could promote the dynamic generation of Hg0 and abiotic
methylation and demethylation, especially in the upper layers.
Additionally, pelagic photosynthetic organisms intervene in the
cycling of Hg since they scavenge dissolved Hg2þ and incorporate it
in the pelagic food web, mobilize Hg to the sediments through
senescence and sinking, and mineralize Hg2þ contributing to Hg0

production and export.
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