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Abstract
Hypersaline lakes or brines are unique ecosystems with unique value and biodiver-

sity that provide economic (mining) and noneconomic services (waterbird habitat).

As they are shrinking around the world due to brine diversion and climatic oscilla-

tions, this article alerts on the fragility of Andean high-altitude hypersaline lagoons

in Salar de Atacama in the hyperarid Atacama Desert, northern Chile. As an inte-

gral part of the world's largest lithium exploitation from brine pumped from

beneath the Salar, brine diversion and water shortage should compromise lagoons

structure, functioning, and their high ecological value as habitat for endangered

migratory birds like flamingos. Conserving the unique biodiversity and properties

of these lagoons require long-term monitoring, including keystone taxa like the

brine shrimp Artemia. How Chile will combine biodiversity agreements, treaties on

wetlands and endangered birds conservation under the soaring lithium demand to

support electromobility? Chile's government has granted new lithium extraction

quotas to mining companies until 2030, which raises a concern and shows the diffi-

culty to reconcile profit-driven economic development with nature conservation.

As these lagoons may be shrinking and their food web altered, a problem only

noticed so far by the declining flamingos, there is an urgent need to consider them

in the environmental impact assessment legislation.
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1 | BACKGROUND

Hypersaline lakes or brines are unique ecosystems with
unique biodiversity and scientific value, which also have
economic, aesthetic, cultural and recreational value, and rep-
resent ~45% of the volume of inland waters (Jellison, Wil-
liams, Timms, Alcocer, & Aladin, 2008; Oren, Naftz,
Palacios, & Wurtsbaugh, 2009; Williams, 2002). However,

saline lakes around the world are shrinking due to climate
variability and brine diversion for mineral extraction, affect-
ing noneconomic services like waterbird habitat
(Wurtsbaugh et al., 2017). Under this scenario, this article
highlights the vulnerable situation of small high-altitude
Andean hypersaline lakes or Lagunas (lagoons) located in
the Atacama salt flat (Salar) in the Atacama Desert in north-
ern Chile (Figure 1). These lagoons are an integral part of
the world's largest lithium reserves and exploitation from
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brine pumped from beneath the Salar surface to concentrat-
ing lithium in evaporating pools. Brine diversion and cli-
matic oscillations in this hyperarid desert are likely to affect
the hydrological balance of the Salar aquifer, and therefore
the natural dynamics, salinity and unique biodiversity of
these hypersaline lagoons, including the diversity of birds
inhabiting them. Regulatory agencies, policymakers respon-
sible for compliance with international agreements on biodi-
versity and wetland conservation as well as companies
exploiting lithium should be aware how such effects could
affect the structure, functioning, and overall stability of these
unique extreme ecosystems, and the noneconomic service
they provide (waterbird habitat).

Saline lakes generally found in arid and semiarid regions
where high evaporation rates and a combination of

geological, geomorphological, and hydrological conditions
allow natural brines to persist as an integral part of salt flats,
or closed endorheic basins. There are also relatively small
and permanent saline lakes in unusually cold places such as
Tibet in China and Patagonia in southern Chile and Argen-
tina (Gajardo, Abatzopoulos, Kappas, & Beardmore, 2002;
Van Stappen, 2002). Their wide ecological diversity stems
from geographical location, altitude, salinity, temperature,
and ionic conditions, and hence they contain regionally
endemic biodiversity and have unique limnological features
that need to be studied and monitored on a regular and long-
term basis to preserve them in a scenario of climatic change
and increased human perturbation, that is, water and brine
diversion for mineral extraction (Williams, 2002).
Wurtsbaugh et al. (2017) recently warned that saline lakes

FIGURE 1 Saline lagoons or brines in Salar de Atacama (inset) are natural laboratories to understand how simple ecosystems produce
noneconomic services like waterbird habitat. These lagoons have unique extremophile biodiversity and are an integral part of the world's largest
lithium exploitation from brine, which is pumped in huge volumes from beneath the Salar surface to concentrate this white gold in evaporating pools
(satellite photo). Brine diversion and climatic oscillations in this hyperarid desert may affect size, salinity and functioning of the lakes which may
explain the abundance of endangered migratory flamingos feeding and reproducing (nest, center photo) in the lakes (marked nestlings, photo right)
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around the world are “shrinking at an alarming rate.”
Williams had anticipated such risk in 2002 when he
predicted that by 2025, permanent saline lakes “will have
become smaller and more saline, with extensive if not com-
plete exposure of their beds to the atmosphere.” Urmia Lake
in Iran and Great Salt Lake in the United States are cases of
receding lakebeds, and so represent Williams' prophecy
(Williams, 2002; Wurtsbaugh et al., 2017).

2 | GREAT SALT LAKE:
COEXISTENCE OF ECONOMIC AND
NONECONOMIC SERVICES

The Great Salt Lake (GSL) in Utah is a large and perma-
nent hypersaline lake with high economic value stemming
from salt mining evaporating ponds and from harvesting
resting eggs (cysts) of the brine shrimp Artemia
franciscana, a keystone species in the food web of this
ecosystem. The exploitation of this salt-tolerant extremo-
phile organism (Artemia) (Gajardo & Beardmore, 2012) to
produce biomass and cysts is a multimillion dollar busi-
ness because cysts are exported worldwide for aquaculture,
as Artemia is the most commonly used live diet for rearing
fish and shrimp larvae in hatchery facilities (Lavens &
Sorgeloos, 2000). However, GSL also provides waterbird
habitat, a vital noneconomic service for maintaining global
birds diversity. In GSL thousands of waterbirds, such as
grebes, gulls, avocets, phalaropes, and ducks, forage
mainly on Artemia and compete indirectly with the cyst
harvest industry. To minimize the risk, managers halt har-
vest when densities fall below 20,000 cysts/m3 to ensure
food availability and energy requirements (nearly 30,000
adult brine shrimp daily) for approximately 1.5 million
Black-necked grebes Podiceps nigricollis, which use the
lake during their autumn migration to the Southern Hemi-
sphere (Conover & Caudell, 2009).

However, the Great Salt Lake and many other saline
lakes around the world are under threat by climatic oscilla-
tions, and brine diversion that impacts salinity and reduces
lakes size (Wurtsbaugh et al., 2017), affecting their ecosys-
tem structure and functioning (Golubkov, Shadrin,
Golubkov, Balushkina, & Litvinchuk, 2018). This article
expresses concern on the fragility of high-altitude hyper-
saline lagoons in the Atacama Desert due to hyper dryness
of the Desert, that could get worse, water shortage due to
low rainfall and mining activities (including cooper compa-
nies in the area) and the huge volume of brine diverted for
lithium exploitation. The lack of a baseline is also a matter
of concern as it is needed to correlate changes in the lagoons
dynamics with waterbird abundance.

3 | LITHIUM-RICH BRINES: THE
NEW GOLD

Hypersaline lagoons (>40 g/L; Hammer, 1986) spread over
the Salar de Atacama basin (Lat/Long: −23.50069/
−68.24984), the largest salt flat and lithium reservoir of the
Atacama Desert in northern Chile. The Salar (3,067 km2),
located over 2,300 m above sea level in the Altiplano-Puna
region of the Central Andes, is flanked by the Pacific Ocean
to the west and the mountains to the east. It contains the
world's largest lithium reserves and exploitation from brines
(Cubillos, Aguilar, Grágeda, & Dorador, 2018) with the
highest average lithium concentration: 1,400 mg/L; range:
900–7,000 (Munk et al., 2016).

Mining companies from Chile (Soquimich, SQM), North
America (Albemarle) and recently China (Tianqui Lithium)
are expected to obtain huge profits under the current lithium
boom, “the new or white gold” (Draper, 2019; Tarascon,
2010). Indeed, lithium has become one of the world's hottest
commodity, which explains why Tianqui recently closed a
US$ 4.3 million deal to buy a 24% stake in Chile's SQM,
one of the world's largest lithium producer from brine, which
is a highly cost-effective business. However, the scientific,
ecological, recreational, and cultural (for 18 indigenous
communities) importance give the Salar a significant non-
economic value not to underestimate. For example, the Salar
is a target area for researchers all over the world looking to
better understand the ecology of extreme ecosystems
(Demergasso et al., 2004; Gajardo & Beardmore, 2012).
Likewise, for those studying the origin and limits of life on
Earth as an analog to life on Mars (Azua-Bustos et al.,
2018), searching microorganisms with medical and biotech-
nological applications or for those looking for new species
in lithium evaporating pools (Cubillos et al., 2018). Except
in Tibet and Andean countries like Perú (Laguna Lagunita)
and Bolivia (Lake Uyuni, another huge but less exploited
lithium reservoir, see Draper, 2019), there are no other salty
lagoons over 2,300 m of altitude which makes them
extremely vulnerable to water or brine diversion due to arid-
ity of the place (evaporation largely exceeding rainfall).
Hypersaline lagoons are integral part of salt deposits of the
Salar de Atacama basin that receive surface freshwater from
the increasingly diminished river San Pedro and under-
ground water input mainly from the High Andes, but also
from occasional flooding due to the “Bolivian or Altiplano
winter” occurring between December and March (Azua-
Bustos et al., 2018).

Salar de Atacama's lithium richness originated by a com-
bination of geological and climatic factors commonly found
in lithium-producing countries in the Andes such as Argen-
tina, Chile, and Bolivia, the so-called lithium triangle. These
are: arid climate, a closed evaporitic basin containing a salt
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flat and salty lagoons or brines, volcanic and hydrothermal
activities that leach lithium from volcanic rocks that is dra-
ined underground to the basin floor (aquifer), and a pro-
longed history that has allowed to concentrate brines (see
Munk et al., 2016). Several channels and small shallow
hypersaline lagoons are important staging areas for inter-
hemispheric migrations for birds such as Baird's Sandpiper
(Calidris bairdii), Greater yellowlegs (Tringa melanoleuca),
Lesser yellowlegs (Tringa flavipes), and Wilson's phalarope
(Phalaropus tricolor), but also are habitat for three South
American flamingo species: Chilean flamingo (Pho-
enicopterus chilensis), James's flamingo (Phoenicoparrus
jamesi), and Andean flamingo (Phoenicoparrus andinus).
Indeed, this is an important reproductive site for the latter
species (CONAF, 2000). Four Ramsar sites exist in the area:
Salar de Aguas Calientes IV, Salar de Tara, Salar de Pujsa,
and Soncor hydrologic system of Salar de Atacama. The lat-
ter three sites are part of “Los Flamencos National Reserve,”
also in the Salar basin, created in 1990 as a protective mea-
sure by the Ministry of Agriculture.

Despite the international recognition of these hypersaline
lagoons and wetlands as invaluable natural resources, con-
servation efforts are needed to maintain their intrinsic value
and biodiversity under a future scenario of continued or even
increased aridity, water shortage and increased brine diver-
sion by lithium companies. Salar de Atacama has long-
standing arid climate stability (aridity index: 0, 0326) with
evaporation rate (1,440 mm/year) exceeding rainfall
(39 mm/year) (Munk et al., 2016; see also Cubillos et al.,
2018). Nevertheless, highly unusual summer rains
(December–March) have flooded the area in recent years
(Azua-Bustos et al., 2018).

4 | HYPERSALINE LAGOONS:
NATURAL BIODIVERSITY
LABORATORIES

Due to high salinity, hypersaline lagoons have reduced bio-
diversity and relatively simple trophic webs compared to
other aquatic systems, making them particularly sensitive to
brine diversion, hydrological, and salinity fluctuations.
These lagoons are therefore considered low-diversity natural
laboratories (Gajardo, Sorgeloos, & Beardmore, 2006) use-
ful for scientists to demonstrate policy makers, environmen-
tal regulators, local communities and miners how a unique
and extreme ecosystem functions to produce noneconomic
services like habitat for aquatic birds. Such knowledge is
required to implement integral management and conserva-
tion measures to mitigate adverse anthropogenic or climate
impacts (Figure 2). Thus, a way to counterbalance the
impact of lithium activities in the Salar de Atacama basin
would be monitoring on a regular and long-term basis the

dynamics of these hypersaline ecosystems with emphasis on
critical indicators such as Artemia abundance. The role of
Artemia becomes relevant in the food web as the animal reg-
ulates the presence of other food items, for example, it
grazes on bacteria and phytoplankton biomass to obtain
energy and nutrients to complete its life cycle under the
stringent conditions that challenge survival and reproduc-
tion. Bacterial diversity in brines is high but depending on
salinity (Demergasso et al., 2008; Dorador et al., 2009), a
subsample being represented in the gut microbiota of
Artemia (Quiroz, Triadó-Margarit, Casamayor, & Gajardo,
2015), which in turn affects its fitness (Nougué, Gallet, Che-
vin, & Lenormand, 2015). This means that salinity changes
affecting the gut microbial communities would very likely
affect Artemia survival and reproduction. Different copepods
species also control Artemia abundance, at lower or high
salinities (Anufriieva, 2015), as reported by the long-term
studies of salt lakes in Crimea, Ukraine (Belmonte et al.,
2012; Shadrin, Yakovenko, & Anufriieva, 2019) as well as
waterbirds, as explained previously for GSL, and parasites
(Redón, Amat, Sánchez, & Green, 2015). Thus, any change
in salinity or other brine parameters should affect the whole
food web. Regretfully Artemia is known by specialists
mainly, but it is somewhat invisible to most people, which is
not the case with waterbirds. Therefore, waterbird presence
in the area, mostly flamingos, are the flagship to promote
conservation of hypersaline lagoons (Green &
Elmberg, 2014).

5 | THREATS TO THE ECOSYSTEM

What can be expected for the high-altitude lagoons of
Salar de Atacama under the increasing lithium demand to
support the future fleet of electric vehicles? Of course,
production will increase and so the volume of the
lithium-rich brine pumped from beneath the Salar salt
crust (about 50 m depth), estimated to be ~185,100 m3/
day, according to Jerez (2018), while the amount of fresh-
water used by lithium companies is also significant,
~22,800 m3/day. The Chilean government recently granted
SQM a new contract to expand lithium production to
reach a total of 2.2 million tons by 2030 (Soquimich,
2018), after years of dispute for alleged brine overdrawn
and other contract-related matters that according to
CORFO, Chile's Development Agency, could cause a
severe risk to the ecosystem and its brine reserves. As
brine reserves are undetermined, concern has raised
among regulators on what would be the reasonable or
sustainable level of brine sucked under the new expansion
agreement. The brine and freshwater conflict could trans-
late into detrimental and perhaps irreversible effects on
the biodiversity and dynamics of hypersaline ecosystems
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and their noneconomic services (Figure 2). Freshwater is
a critically limiting factor in Salar de Atacama, which is
shared by indigenous communities, lithium and copper
companies, and tourist resorts.

6 | BIODIVERSITY INDICATORS

Potential impacts expected on these unique extreme natural
laboratories are difficult to quantify in advance without long-
term monitoring programs and critical indicators to detect bio-
logical and limnologic effects, such as changes in species
composition, functional roles, biotic interactions, water levels,
and salinity increases or severe fluctuations (Figure 2). Those
effects can be particularly notable for charismatic species like
flamingos that are common in hypersaline wetlands or lakes
of the Andean Altiplano (Hurlbert & Keith, 1979; Hurlbert,
López, & Keith, 1984). For instance, reduced reproductive
success in the Andean flamingo was detected during the
2017–2018 period at several nesting sites (Figure 1) in the
National Flamingos Reserve, according to professionals of
the National Forestry Corporation (CONAF), the administra-
tive body in charge of the place. The reproductive season was
extremely poor compared to historical records, as the

flamingo population hardly reached the minimum number of
1,000 “polluelos” (nestlings) and “pre-volantones” for safe
tagging (Figure 1). Due to the low number observed, CONAF
halted tagging animals in 2018 and expressed concern for the
situation considering the Andean flamingo's conservation sta-
tus is designated as vulnerable by the International Union for
the Conservation of Nature (IUCN) (BirdLife International,
2016a, 2016b). This situation repeated the summer of 2019,
and according to local people's knowledge, it would be a con-
sequence of the shrinking of wetlands in Los Flamencos
Reserve, where an important conservation program exists.
The probable shrinking of the lagoon's surface should affect
the quality of shore sediments flamingos use to build their
nests, and the lagoon dynamics and food availability. Indeed,
flamingo's distribution depends on food abundance and qual-
ity. While some species feed on Artemia, others have a bill
adapted to feed a range of small organisms found in shallow
waters. Species are highly selective and food items found in
their feces vary (bacteria, microalgae, and invertebrates)
(Hurlbert, 1982; Tobar et al., 2012).

Therefore, long-term monitoring of the crustacean
Artemia should help to get a more comprehensive picture of
the ecosystem dynamics considering its crucial role in the
trophic ecology of these lagoons as well as to predict

FIGURE 2 A conceptual framework for conserving hypersaline lagoons and waterbird habitat in Salar de Atacama in a scenario of increasing
lithium exploitation from brine and climate change
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cascading effects at different trophic levels. The brine
shrimp Artemia is a particular case of an invertebrate dis-
playing unique adaptation to cope with salt and other
stresses brine impose on survival and reproduction
(Gajardo & Beardmore, 2012). The dispersal of Artemia and
other halophilic invertebrates and parasites is tightly linked
to waterbirds, either by attaching themselves to birds or by
surviving the passage of cysts through their guts (Green &
Figuerola, 2005; Muñoz, Amat, Green, Figuerola, & Gómez,
2013). Flamingos are long-distance Artemia dispersers com-
monly found in the Andean Altiplano feeding or breeding
(Hurlbert, 1982; Hurlbert et al., 1984; Hurlbert & Keith,
1979). Thus, brine shrimp presence and abundance in a
given brine depend on waterbirds and the interaction with
many other species or regulators, including other inverte-
brates (Anufriieva, 2015; Shadrin et al., 2019) and parasites
(Redón et al., 2015). The crustacean is, therefore, an indica-
tor of habitat degradation, one of the main causes of biodi-
versity loss in Artemia in the western Mediterranean (Amat,
Hontoria, Navarro, Vieira, & Mura, 2007), and is a probable
predictor of waterbirds presence and reproduction. For
example, the introduction of Artemia in salty lakes in Tibet
generated a new ecosystem dynamics that attracted birds not
previously present in the lake (Jia, Anufriieva, Liu, Kong, &
Shadrin, 2015).

In short, the risk attached to the lack of knowledge on how
hypersaline lakes function to produce noneconomic services like
waterbird habitat, and how water and brine diversion may be
affecting such service would prevent stakeholders from under-
standing a biodiversity-related problem, and hence to take ade-
quate corrective measures. Thus, scientific efforts on
hypersaline ecosystems and their diversity should be prioritized
(Figure 2), looking for ecological strategies to maintain a healthy
food web structure. Although joint efforts do exist between
SQM, CONAF and researchers to conserve terrestrial flora and
fauna, including flamingos (SQM sustainable report 2017), sys-
tematic studies on the dynamics of hypersaline lakes are inexis-
tent. Their vulnerable situation is due to the inherent difficulty to
reconcile profit-driven economic development with the conser-
vation of nature, a problem underlying the current global biodi-
versity crisis. Likewise, this case shows the often disconnected
relationship between scientists, conservation practitioners, indus-
try (miners), and policymakers. Therefore, the role of scientists
is essential to preserve these unique hypersaline ecosystems and
their waterbird diversity of global importance. These lakes or
brines should be an integral part of the environmental impact
assessment legislation.
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