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A B S T R A C T

Arsenic (As) and mercury (Hg) are highly toxic contaminants whereas selenium (Se) is both an essential trace 
element and potentially harmful at higher concentrations. The hyper-saline lakes of southern Bolivian Altiplano, 
which are ecological niches for endemic species, are also expected to be enriched in these toxic trace elements. 
The biogeochemistry of As, Hg, and Se in such high-altitude extreme environments (e.g., high UV radiation and 
salt content) remains poorly understood. In this study, we investigated the concentrations and chemical forms 
(speciation) of As, Hg, and Se in sediment, water, and air samples of Lagunas Colorada (LC), Verde (LV), and 
Blanca (LB) in the South Lipez region (>4200 m a.s.l.). We compared them with the repartition of biodiversity 
(invertebrates, algae, and bacteria). Extreme As concentrations were found in water (up to 82 mg L− 1), and the 
main As species was inorganic As(V), with neither biogenic methylated As nor volatile As forms being detected in 
water and air, respectively. Se concentrations in water were of 0.1 to 1.4 μg L− 1, and Se existed under different 
redox states, i.e., Se(IV), Se(VI), and reduced Se (0, -II), including biogenic methylated Se(-II) (trimethyl sele
nonium). Volatile Se compounds (e.g., dimethyl selenide) were detected in water and air samples. Hg was 
enriched in the surface water (6 to 30 ng L− 1) compared to other regional water bodies, and a significant amount 
of methyl-Hg and gaseous Hg(0) was detected. The drastic disparity between As, Se and Hg concentrations and 
speciation between lakes has important implications for their cycling in these extreme aquatic systems. While As 
mostly accumulated in its oxidized and non-volatile form, Hg and Se concentrations can be controlled by sig
nificant conversion to reduced and methylated forms, allowing efficient evasion to the atmosphere. Finally, the 
salinity, including major ions, and high levels of As were among the main drivers of biodiversity repartition 
between lakes.

1. Introduction

The concentrations and chemical forms (speciation) of trace ele
ments in the environment are key factors for human health and the 
functioning of ecosystems. Arsenic (As) and mercury (Hg) are two highly 
toxic elements for humans, animals, and microorganisms (Bissen and 
Frimmel, 2003; Chang, 1977; Dopp et al., 2004; Gadd, 1993). In 
contrast, selenium (Se) is an essential trace element for humans and 
(micro)organisms that can be a potential antagonist of As and Hg 

toxicity depending on its speciation (Wang et al., 2004). At elevated 
concentrations, Se can, however, be toxic, and elevated waterborne Se 
concentrations represent an environmental problem in some aquatic 
ecosystems, such as the Kesterson Reservoir in California (Maier and 
Knight, 1994). The toxicity of As, Hg, and Se in water depends on, not 
only their concentrations, but also their speciation, with trivalent As [i. 
e., arsenite (As(III))] compounds, selenomethionine (SeMet), selenite 
[Se(VI)], and selenate [Se(IV)], and Hg methylated forms [i.e., mono- 
methylmercury (MMHg)] being the most toxic species of As, Se and 
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Hg (Clarkson and Magos, 2006; Duker et al., 2005; Rohn et al., 2018). 
Hence, understanding the distribution and chemical forms of trace ele
ments in the environment is important in assessing human health, 
biodiversity, and ecosystem functioning (Maier and Knight, 1994; 
Mandal and Suzuki, 2002; Zwolak and Zaporowska, 2012).

Volcanic regions are geologically enriched in As, Hg, and Se and thus 
play a particular role in local (i.e., catchment) and/or regional wildlife 
and biodiversity. These regions are also important at larger scales as 
they represent an important source of these elements to the global at
mosphere (Floor and Román-Ross, 2012; Nriagu and Becker, 2003; 
Tapia et al., 2019). As, Se and Hg are naturally released into the envi
ronment from geogenic sources including volcanic rocks, atmospheric 
emissions (gas and volcanic ashes), and geothermal fluids ascending 
from deep geothermal reservoirs (Bagnato et al., 2014; Bundschuh et al., 
2020). This is the case in the high-altitude aquatic ecosystems (above 
3500 m a.s.l.) of the south-central Andean Altiplano, where high geo
genic As levels ranging between 5.2 and 250 μg L− 1 have been reported 
in ground and surface waters, originating primarily from the alteration 
of volcanic rocks and re-dissolution of ancient evaporites (Ormachea 
Munoz et al., 2013; Ramos Ramos et al., 2012; Ramos Ramos et al., 
2014; Sarret et al., 2019; Tapia et al., 2019). Such high As levels are 
critical for wildlife and humans, with regional As-related adverse human 
health effects for the local population reported for at least 7000 years 
(Arriaza et al., 2009; De Loma et al., 2019). However, with the exception 
of some investigations on total As concentrations (Figueroa, 2018), the 
speciation and biogeochemistry of redox reactive and volatile trace el
ements such as As, Hg, and Se have never been studied jointly in such 
extreme environments.

In the South Lipez region, one of the driest cold deserts in the world, 
the extreme salinity and insolation impairing the ability of microbial 
organisms to repair DNA (Cockell, 2001), has resulted in singular ad
aptations of biological life, as revealed by the identification of new 
species of nitrogen-fixing cyanobacteria and completely novel taxa un
related to any known cyanobacteria (Fleming and Prufert-Bebout, 
2010). In addition, because of the singularity of this extreme environ
ment (i.e., low average temperature, high-daily temperature amplitude, 
high-UV radiation, ice, reduced yearly precipitation, volcanic and hy
drothermal environment), it has been chosen as an analog to study the 
putative life in early Martian lakes (Cabrol et al., 2009). Apart from the 
bright colors from which their names come from, these lakes constitute a 
unique ecological niche for endemic flora and fauna, including migra
tory water bird species (Caziani et al., 2001; Lopez and Zambrana- 
Torrelio, 2006; Williams et al., 1995), which makes them a very popu
lar place for tourism. However, there is a great biodiversity disparity 
between the different lakes, which could result from contrasted 
geochemical context, particularly associated with the relative abun
dance of contaminants such as As and Hg versus beneficial micro
nutrients such as Se.

In this study, we investigated the concentration and speciation of As, 
Hg, and Se in three saline lakes in the South Lipez region (i.e., Laguna 
Colorada, Verde, and Blanca). Our exploration was conducted in and 
between the different compartments of these aquatic systems, i.e., the 
sediment, the water column, the atmosphere, and biomats to document 
Hg, As, and Se biogeochemical behavior in these extreme aquatic en
vironments. Finally, we conducted a preliminary biodiversity inventory 
(invertebrates, algae, and bacteria) of these lakes and related them to 
environmental parameters, including levels of major and trace elements. 
Our hypothesis was that expected high concentrations of As, Hg and/or 
Se in the saline lakes of the South Lipez region may influence (micro) 
organisms abundance and biodiversity because of their toxicity and/or 
essentiality for (micro)organisms.

2. Material and methods

2.1. Environmental settings and sampling locations

The large endorheic Altiplano basin located between the Oriental 
and Occidental Cordilleras of the tropical Andes encompasses both the 
world's largest high-altitude lake (Lake Titicaca) in the seasonally wet 
northern Altiplano and the large salt flats (Salars de Uyuni and Coipasa) 
in the arid southern Altiplano (Fig. 1). Located in the southern part of 
the Bolivian Altiplano, the South Lipez region (21 to 23◦ S) is a basaltic- 
andesite environment with numerous shallow and saline lakes mostly 
fed by volcanic hydrothermal settings (Figueroa, 2018) and weakly 
precipitations (3 to 60 mm y− 1). These high-altitude aquatic ecosystems 
are temporary or permanent but always subject to wide variations in 
area. Several prospections performed in the 1970s and 1980s have 
briefly described and documented their ecology and basic physico- 
chemistry (Hurlbert and Chang, 1988; Risacher and Fritz, 1992; 
Risacher and Fritz, 1991; Servant-Vildary et al., 2002). Three salt lakes 
were sampled in this area (Fig. 1). To the North, Laguna Colorada (LC: 
22◦11′55″S 67◦46′52″W, 4298 m asl, ~60 km2 in surface, 0.35 m depth 
in average) is composed of brackish waters colonized by algae (mainly 
flagellate Dunaliella salina) and mud Islands [Fig. 1a, (Hurlbert and 
Chang, 1984)]. Due to massive phytoplanktonic development, the 
transparency is only a few centimeters (Iltis et al., 1984). A great di
versity of avifauna feeds in this water, including Chilean flamingos 
(Hurlbert et al., 1986).

In the South, Lagunas Verde and Blanca (4328 m asl, Fig. 1b) are two 
shallow (<0.5 m depth on average) and saline lakes located at the foot of 
the Licancabur volcano (5920 m asl). Laguna Blanca (LB: 22.800◦S 
67.794◦W; ~11 km2 in surface) is white and is separated from Laguna 
Verde (LV: 22◦47′38″S 67◦48′44″W; ~5.2 km2 in surface) by a narrow 
isthmus. Numerous water birds and invertebrates occupy LB, whereas 
LV is exempt from fauna (Hurlbert and Keith, 1979). Finally, samples 
were also collected at Titicaca Lake (LT: 16◦12′41″S 68◦45′57″W), which 
was only used as a reference for biodiversity comparison.

2.2. Sample collection and conditioning

All samples were collected during a field sampling campaign in April 
2016 (from 27th to 29th).

2.2.1. Water
All water samples were collected following ultra-clean techniques 

and published protocols (Guédron et al., 2017a), and 7 sub-samples 
were taken to analyze the concentrations of: 1) filtered major anions, 
2) dissolved organic carbon (DOC); 3) unfiltered (UNF) total Hg (noted 
THgUNF) and Hg species; 4) filtered (F) total Hg (noted THgF); 5) unfil
tered As, Se, and other trace and major elements; 6) filtered As, Se and 
other elements as well as As species; 7) filtered Se species; and 8) volatile 
As, Hg and Se species. All samples were stored at 4 ◦C until analysis 
except for sub-samples 1 (anions), which were collected in 15 mL 
polyethylene trace grade falcon tubes and frozen within an hour after 
collection. The sub-samples 2 (DOC) were collected in pre-burnt 
(550 ◦C) amber borosilicate vials, acidified with HCl (0.5 %, v/v, 
Ultrex grade - JT Baker). The sub-samples 3 (THgUNF and HgUNF species) 
and 4 (THgF) were collected respectively in 250 mL and 30 mL acid- 
washed FEP Teflon containers and acidified with HCl (0.5 %, v/v, 
Ultrex grade - JT Baker). The sub-samples 5 (unfiltered As, Se, and other 
elements) and 6 (filtered As, Se, and other elements and As species) were 
collected respectively in 50 mL and 15 mL PVDF trace-grade falcon tubes 
and acidified with HNO3 (2 %, v/v, Ultrex grade - JT Baker). The sub- 
samples 7 (Se species) were filtered at 0.22 μm (PVDF syringe filters), 
collected in 15 mL PVDF trace-grade falcon tubes without leaving 
headspace, and stored frozen within an hour after collection to avoid 
bacteria activity and thus biological transformation of Se species. 
Indeed, acidification with HCl or HNO3 cannot be performed as for Hg 
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and As speciation sub-sample (see below), because this leads to Se 
species transformation. For the other filtered sub-samples, filtrations 
were performed with 0.45 μm (PVDF syringe filters). Finally, the sub- 
samples 8 (volatile Hg and Se speciation) were collected without 
headspace in 500 mL FEP acid-washed bottles, subsequently connected 
to a two-way transfer closure equipped with a Teflon frit, allowing 
purging of the gaseous species under a controlled N2 gas flow (500 mL 
min− 1, during 30 min). Dissolved gaseous mercury (DGM) was thus 
collected on gold-coated sand traps (Brooks Rand), whereas dime
thylmercury (DMHg) and Se volatile compounds were trapped on 
graphitized carbon (Carbotrap®, Supelco) packed columns. All adsor
bent traps have been thermodesorbed, sealed with Teflon caps, and 
stored under a laminar flow hood before use. The purge and trap setup 
and the operating conditions are described in detail elsewhere 
(Lanceleur et al., 2019; Duval et al., 2023; Kleindienst et al., 2023).

2.2.2. Sediments and algal biomats
Surface sediment at LC and LB was collected using a UWITEC gravity 

corer equipped with a 90 mm PVC tube and sliced as described else
where (Guédron et al., 2017b). After slicing, the sediments were trans
ferred to a zip bag and were kept frozen until being freeze-dried in the 
laboratory. In LC, algal biomats were collected at the surface of sedi
ments in zip bags with a plastic spoon and kept frozen until being freeze- 
dried in the laboratory. All solid samples (sediments and algal biomats) 
were then freeze-dried and crushed to obtain a fine powder (smaller 
than 63 mm) for all chemical analyses.

2.2.3. Air
Volatile As species were trapped from the air using a chemotrapping 

technique following published protocols (Mestrot et al., 2011; Mestrot 

et al., 2009; Müller et al., 2022; Tessier et al., 2002). Briefly, volatile As 
species present in the atmosphere were preconcentrated on silver nitrate 
impregnated (1 % w/v AgNO3) chemotrapping tubes (ref. 226–10, SKC 
Ltd. Dorset, UK), which contained silica gel and glass wool (Mestrot 
et al., 2009). Silver-nitrate-impregnated silica gel from the traps was 
stored at 4 ◦C until analysis in the lab.

Total Gaseous Hg (TGM) and volatile Se species were trapped from 
the air by pumping through an online quartz fiber filter (0.1 μm, 
Whatmann) at a regulated flow rate of 500 mL min− 1 during 1 h, ac
cording to published operating protocols (Amouroux et al., 1998; 
Amouroux et al., 1999; Bouchet et al., 2011). The adsorbent traps used 
were similar to those operated for the collection of the dissolved gaseous 
Hg and Se species, as described above. No moisture trap was installed on 
the sampling line due to the short sampling duration (ca. 1 h) and the 
low relative humidity recorded in the air (ca. 20 % and 30 % on daily 
average for LC and LB/LV, respectively). A portable weather station 
(Kestrel 4000) was also deployed at 2 m height during the sampling 
operations to record the basic meteorological parameters needed for the 
water/air exchange assessment (air temperature and relative humidity, 
wind speed, and wind direction).

2.3. Measurement methods

2.3.1. General physico-chemical analysis of water and sediment
The water column physico-chemistry (pH, conductivity, salinity, 

electrical conductivity, salinity, and temperature) was characterized on- 
site using a submersible multiparameter probe (HANNA HI-9828; Hanna 
Instruments, Woonsocket, RI, USA) immersed in the surface water.

Anions and cations (ammonium, nitrate, chloride, sulfate, phos
phate) were measured by ionic chromatography using a 332 Metrohm 

Fig. 1. a) The location of the South Lipez region in the Bolivian Altiplano and of the three salt lakes studied. Sampling locations for surface water, sediment, biomats 
and atmosphere in b) Laguna Colorada (LC) and c) Laguna Blanca (LB) and Laguna Verde (LB). Letters W, and E refer to the west and east position of sampling 
location, and letter S to spring. Aerial image modified from Google Earth.
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apparatus. Accuracy was evaluated with the Carl Roth 2668.1 standard. 
Samples with elevated dissolved salts were diluted before measure
ments. Calcium (Ca), potassium (K), magnesium (Mg) and sodium (Na) 
were measured by ICP-AOS (Varian model 720ES) within the analytical 
chemistry platform of ISTerre (OSUG-France).

DOC concentrations were determined using a Non-Dispersive Infra- 
Red (NDIR) CO2 Shimadzu® (Kyoto, Japan) (Model VCSN) spectrometer 
after wet oxidation in a sodium persulfate solution at 100 ◦C within the 
Geochemistry and Mineralogy platform at ISTerre. Total organic carbon 
(Corg) and total carbon [from which carbonate content was calculated, 
(Guédron et al., 2023)] were quantified by Cavity Ring-Down Spec
trometer (Picarro, Inc.®) coupled with Combustion Module (Costech, 
Inc.®) (CM-CRDS) using previously reported analytical methods, cali
bration, and sample preparation (Heredia et al., 2022).

Acid volatile sulfides (AVS) in surface sediment were measured using 
a purge and trap system (Tisserand et al., 2021) and analyzed following 
the methylene blue (MB) method (Cline, 1969). Simultaneously 
extracted metals (Al, Fe, Mn, Zn, As, Li, and Si) were then measured from 
the extraction solution by ICP-AOS (Varian model 720ES) within the 
analytical chemistry platform of ISTerre (OSUG-France).

2.3.2. Elemental quantification and speciation analyses in liquid and solid 
phases

Total Hg concentrations in filtered (THgF) and unfiltered (THgUNF) 
surface water were determined by cold vapor atomic fluorescence 
spectrometry (CV-AFS) after conversion of all Hg species into Hg0 fol
lowed by detection using a Tekran® [Model 2500 (Guédron et al., 
2017a; Guédron et al., 2014)]. THg in solid samples was determined by 
combustion and atomic absorption spectrophotometry using an AMA 
254 analyzer (Altec), following the procedure described elsewhere 
(Guédron et al., 2021). All Hg CRMs data are provided in Table S1. Total 
As, Se, and other trace elements (i.e., boron (B), bromine (Br), cadmium 
(Cd), copper (Cu), lithium (Li), manganese (Mn), and antimony (Sb)) 
were quantified by inductively coupled plasma mass spectrometry (ICP- 
MS) in filtered waters directly (sub-sample 6), in unfiltered waters (sub- 
sample 5) after their digestion (HNO3/H2O2), and in sediments and 
biofilms after acid extraction. Detailed information, including QA/QC, is 
provided in S.I.1.a and Table S2.

2.3.3. Hg, As, and Se speciation in liquid, solid, and gas phases
Dissolved non-volatile mercury species, including inorganic Hg (Hg 

(II)) and monomethyl-Hg (MMHg), were analyzed in unfiltered water 
samples, and microwave digested solids (HNO3, 6 N solution) by species- 
specific isotope dilution after derivatization by propylation and detec
tion by Gas Chromatography coupled to an inductively plasma mass 
spectrometry (GC-ICPMS) (Alanoca et al., 2016a; Monperrus et al., 
2008; Monperrus et al., 2005). Dissolved non-volatile As and Se species 
were analyzed in filtered waters (sub-samples 6 and 7, respectively) 
using HPLC-ICP-MS coupling and following previously published 
methods (Chen et al., 2013; Roulier et al., 2021). For As, targeted species 
were arsenate (AsO4

3− (V)), arsenite (AsO3
3− (V)), monomethyl-arsenate 

(MMAs), and dimethyl-arsenate (DMAs). For Se, targeted species were 
Se oxyanions, i.e., selenate (SeO4

2− (IV)) and selenite (SeO3
2− (VI)), seleno- 

amino acids (i.e., seleno-methionine and seleno-cystine; Se(-II)), and 
trimethylselenonium ion (TMSe+(-II)). As a fraction of Se is known to 
not elute out of used (and other existing) chromatographic separation, 
likely corresponding to a reduced Se pool (Red.Se) (Roulier et al., 2021), 
we estimated the reduced Se (Red.Se) pool as the difference between 
total Se concentrations and the concentrations of detected Se species. In 
samples that did not contain quantifiable Se oxyanions species, one-half 
of their quantification limit (with 100 % associated error) was used to 
calculate the Red.Se pool. Further details on the used methods, including 
QA/QC, are provided in S.I.1.b, S.I.1.c and Table S3.

Gaseous Hg species (DGM, TGM, DMHg) as well as Se species (DMSe, 
DMDSe, and DMSeS) in atmosphere and water samples were analyzed 
after thermodesorption of their respective adsorbent traps, i.e., by CV- 

AFS for DGM and TGM and by Cryo-focusing GC-ICPMS, for DMHg 
and volatile Se species, following published protocols (Alanoca et al., 
2016a; Bouchet et al., 2022; Kleindienst et al., 2023; Lanceleur et al., 
2019). No DMHg was detected in the analyzed samples, hence DGM and 
TGM are essentially constituted of dissolved elemental Hg (Hg0). To 
analyze the gaseous As species trapped on-site from the air, the silver- 
nitrate impregnated silica gel from the traps was microwave-extracted 
with 4.8 mL of 1 % (v/v) HNO3 and 0.2 mL of 30 % (v/v) H2O2 using 
a MARS 6 microwave (CEM, Matthews, NC, USA) (Müller et al., 2022), 
and total As concentration in the extracts was determined by ICP-MS.

2.3.4. Water-air gas exchange calculations
The exchange fluxes of gaseous As, Hg, and Se species across the 

water-air interface of the 3 lakes were assessed as described in Duval 
et al. (2023) and Sharif et al. (2013). The flux densities (FD) calculations 
were derived from the Fick's Law diffusion model and based on the 
saturation ratio, the difference between dissolved and atmospheric 
concentrations, and wind speed. The transfer velocity calculations for 
the volatile analytes at the water-air interface were adapted from the 
Nightingale et al. (2000) model and according to the specific in situ 
water temperature and salinity conditions. The unique characteristics of 
the studied sites (high altitude non-sheltered shallow lakes exposed to 
intense wind regime) justified this latter choice, assuming that the gas 
exchange is mainly driven by the wind speed, generating turbulences at 
the lake surface. Thus, the FD were calculated using the following 
equations [example given for Hg species with dissolved gaseous Hg 
(DGM) and total gaseous Hg in air (TGM)]: 

FD = k×

(

DGM −
TGM

H

)

k =
(
0.222×U2

10 +0.333×U10
)
×

(

Sc Hg/Sc CO2

)− 0.5

,

where k is the gaseous Hg transfer velocity (cm h− 1) at the water-air 
interface and H its dimensionless Henry's law constant. U10 is the 
wind speed at 10 m height, derived from field recording at 2 m height 
and corrected using the Schwarzenbach et al. (2016) equation. Sc rep
resents the Schmidt number of the target volatile species corrected for in 
situ salinity and temperature conditions.

2.3.5. Benthic macroinvertebrates
Due to the large heterogeneity of sediment granulometry between 

lakes, the benthic zone was sampled with the kick net method to recover 
macroinvertebrates. These qualitative samples were preserved in the 
field with 96◦ alcohol and sorted in the laboratory under a microscope 
(Wild 10×). Macroinvertebrate identification was performed by mor
phoanatomical shape recognition following systematic keys (Domínguez 
and Fernández, 2009; Merritt and Cummins, 1996).

2.3.6. Algae sampling and identification
Superficial water samples were collected in 500 mL wide-mouth 

Nalgene® pre-clean flasks and preserved with 5 % Lugol in the dark 
until analysis. Once at the laboratory, algae were pre-concentrated by 
centrifugation at 6000 rpm for 5 min. Identification and quantification 
were conducted with a light microscope in a Neubauer plate using 
identification keys (Bourrelly, 1966; Wehr, 2003) and visual comparison 
(Díaz and Maidana, 2005; Entwisle et al., 1997).

2.3.7. Microbial community evaluation
A sediment subsample was collected into sterile DNAase-free 2.5 mL 

cryogenic tubes during sediment core processing in situ. No neighboring 
samples were considered to prevent cross-contamination, and sampling 
devices were sterilized between samples. Collected samples were stored 
in liquid nitrogen for transport. Samples were then freeze-dried at 
− 50 ◦C to be later shipped to Omega Bioservices (Norcross, Georgia, 
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US), where DNA was purified using Soil DNA Kit (Omega Bio-Tek) for 
later metagenomics16S sequencing in a MiSeq platform (Illumina, Inc.) 
with primers for V3 V4 region (Klindworth et al., 2013). Sequences were 
analyzed using an open reference UCLUST pipeline using EzBioCloud 
(Yoon et al., 2017). Again, using available pipelines in EzBioCloud 
(Yoon et al., 2017), samples from each lake were grouped for functional 
markers comparison (Segata et al., 2011). Further analysis and graphics 
with taxonomic groups and functional markers were conducted using 
PAST 4 software (Hammer et al., 2001).

2.3.8. Statistical analysis
Correlation and regression analyses were used to evaluate the 

covariance and the nature of the relationships between abiotic variables 
and between biological and abiotic variables. Biodiversity was evalu
ated by considering richness at different taxonomic levels and different 
indicators of biodiversity such as Phylogenetic diversity (Faith, 1992). 
The diversity between locations was evaluated with one-way ANOVA 
and all pairwise multiple comparisons with the Turkey test. Given the 
number of variables and the nature of the biodiversity variables, 
multivariate principal component analysis was employed, together with 
canonical correspondence analysis using Past 4.03 (Hammer and 
Harper, 2001).

3. Results and discussion

3.1. Physico-chemistry of South Lipez hypersaline lake waters

Surface water temperature in the three studied saline lakes ranged 
between 0 and 9 ◦C during the sampling period (April 27th to 29th 
2016), reflecting the high temperature fluctuations (− 25 ◦C to +13 ◦C) 
at this altitude (Cabrol et al., 2009). The lake waters were all alkaline 
(pH 7.6 to 8.6, Table 1) as in other high-altitude lakes of the Altiplano [e. 
g., Lakes Titicaca and Uru-Uru; pH = 8.5 ± 0.6 (Achá et al., 2018; 
Alanoca et al., 2016b)]. Electric conductivity was high and increased 
from Laguna Blanca (LB, 29 ± 7 mS cm− 1) to Laguna Colorada (LC, 192 
± 37 mS cm− 1) and Laguna Verde (LV, 1128 ± 32 mS cm− 1). The high 
salinity of the lake waters results from low precipitation and high 
evaporation occurring in the study region at this altitude, which con
centrates ions such as halogens, alkali and alkaline-earth metals in water 
(Table S4). Dissolved salts were mainly dominated by B, Li, Cl, Br, and 
sulfates in the 3 lakes (Table S4). Average phosphate, nitrite, and sulfate 
concentrations were also elevated and typical of volcanogenic emissions 
of nutrients into groundwater (Jones and Gislason, 2008). The large 
variability in salinity between the three lakes results from the dilution of 
endorheic waters with spring waters. Indeed, the conductivity of two 
monitored spring waters (LCSE and LCSW, Table 1) going into LC was at 
least 100 times lower than the one of the lake itself, in agreement with 
data reported in the late 80's (Scandiffio and Alvarez, 1992).

The large number of springs on the eastern side of LB also explains 
the differences in salinity between LB and the adjacent LV, which does 
not receive any spring waters (Cabrol et al., 2009; Hurlbert and Keith, 
1979). Surface sediment composition (Table S5) also reflects the overall 

high salinity, with carbonate content increasing from ~30 % at LC to 
>85 % at LV. In contrast, organic carbon (Corg) decreased from LC (Corg 
= 1.2 %) to LB (0.9 %) and LV (0.3 %). In surface water, the highest DOC 
content was consistently found at LC. Still, DOC was higher in LV than 
LB (Table S4). Such a trend probably results from enhanced organic 
carbon preservation in high salinity lakes resulting from lower bacterial 
activity and weaker OM recycling by organisms (Jellison et al., 1996).

3.2. Biodiversity repartition between lakes

The pelagic and benthic repartition of invertebrates, algae, and 
bacteria provides a glimpse into the differences in biodiversity and 
abundance of genera or species in the 3 studied lakes. Benthic inverte
brate taxa (Fig. 2 and Table S6) decreased with increasing salinity in 
surface water from LB to LC, and no invertebrates could be identified in 
LV. Taxa and taxa numbers were consistent with previous studies per
formed in the region (Williams et al., 1995) and highlighted that these 
hypersaline lakes are at least 3 times more impoverished in diversity 
compared to the slightly saline Lake Titicaca (MMAyA, 2016). Although 
salinity at LC has increased by a factor of 2 since 1987 (Dejoux, 1993), 
this does not seem to have impacted the diversity.

The highest algal (Fig. 3a) and bacterial (Fig. 3b and c) diversity in 
surface water and sediment were found in Lake Titicaca (LT) and LB, 
whereas the lowest was found in LC and LV (p < 0.05). Bacterial 
phylogenetic diversity was significantly higher at LT than at LB (p <
0.004) and LC (p < 0.006). Shannon and Chao diversity indexes also 
showed a significant difference between LT and LB or LC (p < 0.001) but 
were not significant between LB and LC (p = 0.052 and 0.076 

Table 1 
Physico-chemical parameters [temperature (Temp.), electrical conductivity (EC.), pH, and redox potential (Eh)] for the Laguna Colorada (4298 m a.s.l.) and two of its 
springs, the Laguna Blanca (4328 m a.s.l.) and the Laguna Verde (4328 m a.s.l.) measured with a multiparameter Hanna probe. N.A. refers to not analyzed samples.

Location Sampling site GPS coordinates Sampling date (time) Temp. (◦C) EC (mS cm− 1) pH Eh (mV)

Laguna Colorada LCW S 22◦12.720′ W67◦47.897′ 04/27/2016 (07:00) 2 165.2 8.5 − 135
LCW S 22◦12.753′ W67◦48.200′ 04/27/2016 (13:22) 9.6 182.5 8.1 − 118.1
LCE S 22◦13.160′ W67◦44.007′ 04/27/2016 (17:53) N.A. 172.8 8.1 N.A.
LCE S 22◦13.160′ W67◦44.007′ 04/28/2016 (10:01) N.A. 246.2 N.A. N.A.
LCSE S 22◦12.786′ W67◦47.863′ 04/27/2016 (11:43) 29.8 1.3 6.9 − 69.5
LCSW S 22◦ 12.928′ W 67◦ 47.762′ 04/27/2016 (14:00) 20.9 1.4 8.4 − 115.5

Laguna Blanca LBE S 22◦48′4.26″ W67◦48′1.99″ 04/28/2016 (11:34) 0.3 34.5 8.6 − 85
LBW S 22◦49.269′ W67◦47.245′ 04/28/2016 (14:00) N.A. 24.0 8.4 − 80

Laguna Verde LVE S 22◦47′54″ W67◦49′471″ 04/29/2016 (14:00) N.A. 1150 7.6 N.A.

Fig. 2. Biplots of the number of invertebrate taxa identified in surface sediment 
versus lake salinity for samples collected in Laguna Blanca (LB), Laguna Colo
rada (LC), Laguna Verde (LV), and Lake Titicaca (LT). *Data for Lake Titicaca 
are taken from the literature (MMAyA, 2016).
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respectively), which probably reflects on the magnitude of the differ
ences both in biodiversity as well as in the metal and metalloid 
concentrations.

The diversity of algae in LV could be overestimated. No significant 
amounts of DNA could be extracted from LV samples, explaining the lack 
of bacterial diversity data. The algae in LV may not be active or alive but 
could result from dead algae transported from dust or nearby LB. All 
algae found in LV are diatoms, which could be long dead and still 
identifiable because of their valves. Such a group is also frequent in soils 
and temporary ponds (Pfister et al., 2017). The green algae Dunaliella 
salina dominated the algal community (up to 75 %) at LC, which is 
consistent with findings in similar environments of the region (Angel 
et al., 2016). Likewise, the green algae Streptophyta was the most 
abundant at LB, which agrees with Charophyte green algae being highly 
tolerant to extreme conditions such as intense light radiation (Holzinger 
and Pichrtová, 2016). However, diatoms are also important at LB, which 
is unsurprising since this group is known to be abundant in such extreme 
environments (Angel et al., 2016; Cadima et al., 2005).

Hence, although LC is the likely most productive lake according to its 
high content in suspended solids and OM content in the sediments, the 
highest algal and bacterial biodiversity (i.e., beta and phylogenetic 

diversities) were found in LB surface water and sediments and sharply 
decreased in LC and LV. The higher productivity at LC seems primarily 
related to higher algae abundance, which may be explained by higher 
temperatures than at LB (Table 1), sustained by more abundant hot 
springs. On the contrary, lower diversity at LC than at LB seems to be 
driven by higher salinity (Fig. S1), which favors the predominance of a 
few highly specialized species (e.g., Dunaliella). The less saline LB favors 
higher diversity with more diverse algae and bacteria with intermediate 
tolerance to salinity. In the case of LV, salinity and metal concentrations 
may be too high to allow significant or detectable amounts of life by the 
means employed here.

3.3. Extreme arsenic content in lake water and sediment

The total arsenic concentration in surface waters ranged between ~8 
and ~80 mg L− 1, with 81 to 100 % of total As found in the dissolved 
fraction (Table 2). As was found entirely in the form of arsenate (As(V)) 
at LV and LB, and As(V) represented between 57 and 100 % of TAs at LC 
(Table 2). Hence, the reduction of As(V) to As(III) mainly occurred in the 
eutrophic lake LC, and was negligible in the more oligotrophic lakes LV 
and LB. Consistently with the peculiar geochemical conditions of such 

Fig. 3. Representation of the general algal and bacterial biodiversity for samples collected in Laguna Blanca (LB), Laguna Colorada (LC), Laguna Verde (LV), and 
Lake Titicaca (LT). 
a) relative abundance of the main algal genus (with abundance >3 %) identified optically (microscope identification and counting) in surface water (SW) and by e- 
DNA in surface sediment (SS). The complete list of genera is provided in Table S7. b) Principal component analysis (PCA) of bacterial Beta diversity (left) and 
phylogenetic diversity of identified bacteria in surface sediments (right). N.A. indicates not analyzed samples.
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alkaline and moderately reducing waters enriched in carbonate, sulfate, 
and chloride, the adsorption of As onto Fe or Al oxides is unlikely, and As 
is thermodynamically found as a free As(V) ion (Stollenwerk, 2003). In 
addition, the relatively high phosphate and silica content (Table S4) may 
have enhanced As(V) mobility through competition for adsorption sites 
(Radu et al., 2005; So et al., 2012; Su and Puls, 2001). Although As 
concentrations were extremely high, we did not find any methylated As 
forms [i.e., DMAs(V) and MMAs(V)] in the surface water of all three 
lakes. As methylation is a microbial mechanism that has been linked to 
different environmental parameters such as high temperatures (Chen 
et al., 2021; Müller et al., 2022; Zhao et al., 2013), low redox conditions 
(Frohne et al., 2011; Mestrot et al., 2009), low pH (Baker et al., 1983; 
Müller et al., 2022; Wang et al., 2020; Zhao et al., 2013), and sulfate 
concentrations (Chen et al., 2021; Müller et al., 2022). While the redox 
conditions and sulfate concentrations in the lakes would enhance As 
methylation, low temperatures, and high pH would not favor it. Of 
course, the environmental conditions are only proxies for the microbial 
species present in the studied environment, and the absence of meth
ylating microorganisms, those expressing the As(III) methyltransferase 
gene (arsM), would result in no methylation (Viacava et al., 2020).

Apart from surface waters, extreme As concentrations (Assed) were 
also found in sediments of LV, reaching 6506 ± 307 mg kg− 1. Assed were, 
however, lower in LC, i.e., 267 ± 62 mg kg− 1. Only 0.2 to 1 % of As was 
found associated with AVS at LC and LV, showing that As was weakly 
associated with reduced sulfur forms (e.g., mackinawite) and poorly 
crystalline Fe-Al (hydr)oxides (Table S8). Unfortunately, total Fe or S 
concentrations were not measured in these sediments. Still, one can 
speculate that, in such sulfate-rich sediments with active sulfate- 
reducing conditions, sulfur-bearing As phases such as realgar or orpi
ment are the most likely primary arsenic-bearing phases as observed for 
similar environments (Day et al., 2004; Khosravi et al., 2019; Ryu et al., 
2002). In parallel, As concentrations in biomats collected on the shores 
of the lake Islands at LC showed values from 224 ± 5 to 1576 ± 19 mg 
kg− 1 dw (Fig. S2), which are in the range of those reported in hyper
accumulating periphyton collected in Lake Titicaca [1452 ± 66 to 2647 
± 1263 mg As kg− 1 dw (Sarret et al., 2019)].

In summary, As concentrations are high in the three studied lakes 
and are mainly encountered as free As(V) in surface waters, a highly 
available form for microorganisms (Roane et al., 2015), which may 
impact living organisms.

3.4. Lower methylmercury accumulation in the lake with increasing 
salinity

Total mercury concentrations in filtered (THgF = 6.6 ± 2.3 ng L− 1) 
and unfiltered (THgUNF = 34.5 ± 21.3 ng L− 1, average ± SD) waters 
(Fig. 4 a and b) were among the highest values reported in the Altiplano 
region including the most eutrophic areas of Lake Titicaca (Achá et al., 
2018; Guédron et al., 2020b; Guédron et al., 2017a), the mine- 
contaminated Lake Uru-Uru (Alanoca et al., 2016b; Guédron et al., 
2020a), and the Great Salt Lakes (Johnson et al., 2015; Peterson and 
Gustin, 2008). THgUNF concentrations increased from LB to LV and LC 
(Fig. 4) following increasing DOC concentrations (R2 = 0.96, p < 0.01, 
Fig. S3), and THg was mainly bound to suspended particles at LC (87 ±
7 %) and LV (84 ± 20 %), and a lesser extent at LB (63 ± 11 %). In 
contrast, MMHgUNF concentrations were at least 10-fold higher at LB 

(0.69 ± 0.42 ng L− 1) and LC (0.37 ± 0.04 ng L− 1) than at LV (0.02 ±
0.01 ng L− 1) and represented respectively 6 ± 4 % of THgUNF at LB, and 
below 1 % at LC (0.8 ± 0.2 %) and LV (0.08 ± 0.04 %). Such differences 
in Hg speciation between the 3 lakes likely result from the decrease in 
diversity and microbial activities with increasing salinity (Fig. S3), 
which was previously reported to impose constraints on Hg-methylating 
populations and to affect the availability of Hg(II) for methylation (Boyd 
et al., 2017). In addition, higher adsorption of inorganic Hg by algae [i. 
e., Dunaliella sp. (Fisher et al., 1984; Singh et al., 2019)] in the hyper
saline LC might also restrict Hg availability for methylation.

In surface sediments, THg concentrations were relatively low 
compared to values reported in the Great salt lakes (Johnson et al., 
2015) and at least 5 times higher at LC (62 ± 56 μg kg− 1) than at LB (12 
± 7 μg kg− 1) and LV (11 ± 6 μg kg− 1). MMHg never exceeded 1 % of THg 
(i.e., on average, MMHg = 0.5 ± 0.2 and 0.26 ± 0.04 μg kg− 1, at LC and 
LV, respectively). In biomats collected on the shores of LC, both THg 
concentrations and the percentage of MMHg were in the range of values 
measured in surface sediments (Fig. S2). This likely supports enhanced 
Hg scavenging onto OM and transfer to the sediment in the most pro
ductive lakes by Dunaliella green algae (Fisher et al., 1984; Singh et al., 
2019).

3.5. Selenium speciation in lake water driven by primary productivity

Total selenium (TSe) concentrations in unfiltered surface water 
decreased from LC (2.5 ± 0.2 μg L− 1) to LV (0.9 ± 0.2 μg L− 1) and LB 
(0.26 ± 0.05 μg L− 1, Fig. 5).

The concentrations at LC and LV are in the range of reported values 
for contaminated waters (Luoma and Rainbow, 2008), and in the highest 
range of values reported in saline lakes like the Salton Sea [0.5 to 2 μg 
L− 1 (Schroeder et al., 2002)], the Great Salt lake [0.3 to 1 μg L− 1 (Diaz 
et al., 2009)], and 16 freshwater lakes from mining areas in Canada 
[0.035 to 3.1 μg⋅L− 1 (Ponton and Hare, 2013)]. Selenium likely origi
nates from the erosion of volcanic rock in the South Lipez, and thus, Se 
inputs to the lakes probably occur dominantly as selenate (Floor et al., 

Table 2 
Total arsenic concentrations in filtered (F) and unfiltered (UNF) surface waters and arsenic speciation in filtered surface waters of the three studied saline lakes.

Location Sampling site TAsUNF (mg L− 1) TAsF (mg L− 1) As (III) (mg L− 1) As (V) (mg L− 1) As (V) %TAs

Laguna Verde LVE 68 ± 4 72 ± 9 1.1 ± 0.2 81 ± 1 113 ± 14
Laguna Colorada LCE 79 ± 2 84 ± 11 17 ± 1 78 ± 3 93 ± 6

LCW 77 ± 3 N.A. 6.4 ± 0.2 87 ± 1 112 ± 4
Laguna Blanca LBE 9.2 ± 0.6 10.2 ± 0.9 0.1 12 ± 2 113 ± 9

LBO 8.7 ± 0.4 8.7 ± 0.7 <D.L. 10 ± 1 116 ± 10

Fig. 4. Mercury distribution in surface water of Laguna Colorada (LC), Verde 
(LV), and Blanca (LB); total mercury in a) unfiltered and b) filtered water, c) 
monomethylmercury in unfiltered water, and d) dissolved gaseous mer
cury (DGM).
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2011; Winkel et al., 2012). The partitioning of Se differed between lakes 
with a higher partitioning onto solid phase in the most productive lakes 
LC (TSeF = 33 ± 5 %) and LB (TSeF = 62 ± 8 %), whereas at LV, 100 % 
of TSe was in the filtered (dissolved) fraction (Fig. 5). Such difference in 
Se partitioning in surface water likely results from changes in the OM 
binding capacity and Se speciation in relation with the lake's physico- 
chemical characteristics and biological activities (Nancharaiah and 
Lens, 2015).

At LC, Se in the filtered water was dominantly found as reduced Se 
species [i.e., Red.Se = organic Se(-II) + Se(0) ≈ 61 ± 16 %, Fig. 5] and as 
selenite [Se(IV) ≈ 34 ± 6 %]. Se(VI) was not detected, and the con
centrations of the organic Se form trimethyl selenonium were close to 
quantification limits (TMSe ≈ 9 ± 6 %), meaning that the Red.Se pools 
included organic Se compounds or elemental Se(0) nanoparticles that 
did not elute out of our chromatographic separation. In contrast, Se 
speciation at LV was dominated by selenite [Se(IV) = 58 ± 9 %] and 
trimethyl selenonium (TMSe = 36 ± 5 %) in the oxygenated surface 
water. At LV, the Red.Se pool (35 ± 15 %) was thus mainly composed of 
TMSe. At LB, TMSe was not detected, and Se was mostly found as 
selenite and Red.Se, as in lake LV, but with reversed proportions, i.e., 
higher proportions of Red.Se (54 ± 15 %) than selenite (28 ± 6 %). 
Selenate was detected in one sample out of two in these two lakes, 
resulting in marginal proportions of this most oxidized Se species (on 
average, 18 ± 12 and 7 ± 4 % at LB and LV, respectively). Hence, the 
surface waters decreased in oxidized Se forms (i.e., selenate and sele
nite) from LV to LB and to LC, which may be related to increased Se 
reduction by sulfate-reducing bacteria in lakes enriched in OM, and 
where the installation of reducing conditions is favored (Nancharaiah 
and Lens, 2015). Consistently, higher partitioning of Se onto organic- 
rich suspended solids results from adsorption onto OM-rich suspended 
solids and algal (e.g., Dunaliella) Se uptake (Reunova et al., 2007; Singh 
et al., 2023; Yamaoka et al., 1990). This is consistent with the high TSe 
content in biomats at LC ranging from below 50 to 767 ± 33 μg g− 1 dw 

(Fig. S2). In opposition to unfiltered surface water, the highest total 
selenium (TSe) concentrations in surface sediments were found at LV 
(261 ± 13 μg kg− 1) and the lowest at LC (141 ± 67 μg kg− 1). These 
concentrations are in the mid-lower range of worldwide Se content in 
sedimentary rock [0.01–7.0 mg kg− 1 (WHO, 1987)] or in saline lake 
sediment like the Salton Sea [i.e., 0.2 to 2.9 mg kg− 1 (Schroeder et al., 
2002)]. Similar to As, the higher Se content in the sediment of the most 
saline LV lake suggests a higher contribution of inorganic carrier phases 
(e.g., carbonates) in the adsorption of Se (Wang and Gao, 2001). In 
contrast, concentrations decrease for Hg, which has only a low affinity 
for these phases.

3.6. Lagunas Colorada and Verde as sources of volatile Hg and Se to the 
atmosphere

Volatile As compounds in air were below the detection limit of the 
chemotrapping method we used (i.e., below 77 ng m− 3) at the three 
studied lakes. This supports that even in the most productive and rela
tively N- and P-rich lake LC, As methylation and volatilization by 
freshwater micro-organisms were not a significant route of detoxifica
tion for living organisms (Mestrot et al., 2013). This also confirms recent 
findings showing that organisms harboring an efficient As(III) efflux 
system do not drive As methylation, which probably serves a primary 
function other than detoxification in anaerobes (Viacava et al., 2020).

Total gaseous Hg concentrations (TGM) in the air were also low at 
the less productive LV and LB lakes (1.3 ± 0.7 ng m− 3) and the more 
productive LC lake (1.4 ± 0.6 ng m− 3; Fig. 6a). They were within the 
regional background levels [1.1 ± 0.2 ng m− 3 (Guédron et al., 2017a)] 
and similar to the TGM concentrations reported for Great Salt Lakes 
(Peterson and Gustin, 2008).

In all three lakes, DMHg measurements in water and air samples 
were found below the detection limit of the chemotrapping method (ca. 
0.01 pg L− 1 and 0.3 pg m− 3 for water and air samples, respectively). 
Thus, gaseous elemental mercury (GEM) remained the main contributor 
to both the DGM and TGM. This finding is also consistent with the 
reducing conditions monitored in the lakes and the previous discussion 
on the MMHg distribution in water. Moreover, the three lakes' surface 
waters were supersaturated with gaseous Hg, with DGM concentrations 
reaching 161, 83, and 20 pg L− 1 in LV, LC, and LB surface water, 
respectively.

There was thus a net evasion flux of mercury to the atmosphere with 
average fluxes densities (FD) three to eight times higher at LV (957 ng 
m− 2 d− 1) than at LC (314 ± 132 ng m− 2 d− 1) and LB (96 ng m− 2 d− 1), 
showing that the yields of Hg reduction and release to the atmosphere 
increased with increasing salinity rather than productivity (Fig. 6). In 
these high altitude lakes, intense UV-A and visible radiation [i.e.; 
averaging annually between 200 and 400 W.m− 2 (Alanoca et al., 2016a; 
Bouchet et al., 2022)] are favorable for the photo-mediated reduction of 
Hg(II) to Hg(0) in waters with high concentrations of DOC (Amyot et al., 
1997; Amyot et al., 1994). On the other hand, the higher DGM fluxes at 
LC than LB could reflect higher biological Hg reduction (Siciliano and 
Lean, 2002; Vandal et al., 1991) at LC and may involve microbes that 
expressed the merA gene (Barkay et al., 1989) and potentially photo
trophic organisms, such as algae [e.g., Chlorella, (Poulain et al., 2004)]. 
When the DGM fluxes are extrapolated to the lake area, our dataset in
dicates annual emissions of 1.0 kg y− 1 at LB, 6.0 kg y− 1 at LC, and 5.6 kg 
y− 1 at LV.

As for Hg, significant concentrations of volatile Se were detected in 
water (Fig. 6b), whereas they were low in air samples and close to the 
detection limit of the analytical method. Background atmospheric con
centrations average 0.012 ± 0.008 ng m− 3 for LV and LB and 0.014 ±
0.007 ng m− 3 for LC. Unsurprisingly, the highest volatile Se concen
trations in water were found at LC and were dominated by the species 
dimethylselenide (DMSe = 206.2 ± 1.3 ng m− 3) with traces of dime
thylselenylsulphide (DMSSe = 5.0 ± 1.2 ng m− 3) and other unidentified 
species (XSe = 3.6 ± 0.2 ng m− 3). In contrast, only DMSe was detected 

Fig. 5. Total selenium concentration in a) filtered and b) unfiltered surface 
water of Laguna Colorada (LC), Verde (LV), and Blanca (LB). Percentages in the 
bars indicate the respective average percentage of SeF in the UNF fraction. 
Bottom panel: Se speciation in filtered water with the respective average per
centage of SeF, for c) selenite [Se(IV)], d) Se (VI), e) trimethyl selenonium 
(TMSe), and f) reduced selenium (Red.Se). (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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in the waters of LV (66.4 ± 9.4 ng m− 3) and LB (16 ng m− 3). These 
values are much lower than the ones obtained in the nearby Lakes Poopo 
and Uru-Uru, where total volatile Se (TVSe) ranges were 1038–1740 and 
42–1679 ng m− 3, respectively (Lanceleur et al., 2019). Calculated FD of 
water-air volatile Se exchanges confirmed that the eutrophic and 
reducing lake LC was a relatively important source of Se to the atmo
sphere (516 ± 2 ng m− 2 d− 1). In contrast, the oligotrophic lake LV was a 
moderate source (192 ± 81 ng m− 2 d− 1) and LB a low one (60 ng m− 2 

d− 1).
When the estimated volatile Se fluxes are extrapolated to the lake 

area, our dataset indicates annual emissions reaching 9.8 kg y− 1 at LC 
and 1.1 and 0.7 kg y− 1 at LV and LB. Such annual emissions of volatile Se 
at LC are an order of magnitude lower than those measured in the great 
salt lakes [1455 kg y− 1 (Diaz et al., 2009)], and Lake Poopo (600 to 
1000 kg y− 1) and Lake Uru-Uru [2 to 120 kg y− 1 (Lanceleur et al., 
2019)]. The ten times higher fluxes of volatile Se measured at LC 
compared to LV and LB are consistent with previous studies conducted 
in estuarine and saline environments, which showed that volatile 
methylated Se increased with decreasing salinity and increasing con
centrations of phytoplankton and zooplankton (Diaz et al., 2009; Tessier 
et al., 2002). Hence, although more saline than LB, the highly productive 
LC is the main source of volatile Se species to the atmosphere.

4. Conclusions

Hypersaline lakes of the Altiplano are unique high-altitude ecosys
tems where extremophiles have adapted to the high insolation and 
exposure to high salinity and contaminant concentrations due to high 
water evaporation. In particular, extreme As concentrations in surface 
waters (up to ~80 mg L− 1) and sediments (up to 6.7 g kg− 1) were found 
in the three studied hypersaline Lakes, with declining As concentrations 
with increasing spring water inputs. Such spring sources are also sug
gested to favor the abundance and biological diversity (i.e., benthic 
biota, water birds…) through nutrient loads (e.g., phosphate and ni
trate), favoring the biodilution of contaminants. In contrast, in hyper
saline Lake weakly renewed by spring water inputs, high proportions of 
oxidized As and Se species in the dissolved phase result in low biodi
versity or even a nearly absence of life. In the most productive lakes, the 
high biological productivity creates positive feedback through the 
scavenging of dissolved species, the reduction and/or methylation of Hg 
and Se, and subsequent volatilization to the atmosphere and/or export 
to the sediments.

This is the first study to provide information on total, dissolved 
species, and volatile species of As, Hg, and Se jointly in the high-altitude 
southern central Altiplano region. Further investigations must rely on 

the adaptative capacity and strategy of organisms living in these hy
persaline lakes to assess the impact and defense mechanisms developed 
in such a toxic environment.

CRediT authorship contribution statement
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gation, Formal analysis. Maïté Bueno: Writing – review & editing, 
Validation, Methodology, Formal analysis, Data curation. Adrien Mes
trot: Writing – review & editing, Validation, Methodology, Formal 
analysis, Data curation. Delphine Tisserand: Methodology, Formal 
analysis. Dario Acha: Writing – review & editing, Validation, Supervi
sion, Resources, Project administration, Methodology, Investigation, 
Funding acquisition, Formal analysis, Data curation.

Declaration of competing interest

The authors declare the following financial interests/personal re
lationships which may be considered as potential competing interests: 
Acha reports financial support was provided by Swiss Agency for 
Development and Cooperation. Amouroux financial support was pro
vided by French National Research Agency. If there are other authors, 
they declare that they have no known competing financial interests or 
personal relationships that could have appeared to influence the work 
reported in this paper.

Data availability

All data are provided in supplementary tables

Acknowledgments

This work is a contribution to the “Identificación de Bioindicadores 
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sity (FD).
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