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Abstract: Aquatic biota in high altitude Andean wetlands is exposed to extreme
environmental conditions that influence ecological parameters at population and

community levels. We analyzed changes in occurrence, taxa richness and relative

abundance of diatom and invertebrate assemblages in four saline wetlands located at
the same altitude (approx. 3,330 masl), in the Salar de Antofalla (Catamarca, Argentina).
Biological samples were taken seasonally during a 1-year period, together with

water variables, which were used in ordination techniques to characterize the sites.

Water ionic content and biological variables, such as microcrustacean abundance

and diatom richness, were evaluated as possible factors affecting the assemblages’
distribution. The wetlands ranged from meso- to hyperhaline habitats and showed
distinctive morphological, physical and chemical characteristics. Diatoms (42 taxa)

and invertebrates (15 taxa) were collected from all sites, and diatom taxa richness

was negatively correlated with water conductivity. According to multivariate analysis,
the distribution of both communities was significantly explained by water hardness,
whereas copepod abundance also influenced the diatom flora. We conclude that, at

the same altitude and, consequently, UV radiation exposure, variables related to ionic

content and/or biological parameters of the aquatic habitat may act as determinants of

the biota distribution in these extreme environments.
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INTRODUCTION

The Argentinian Puna plateau is located at
altitudes around 4,000 masl, and constitutes the
southern termination of the Andean Altiplano
(Auge et al. 2006, Ramos 1999). The climate is
dry and cold, with precipitations decreasing
from north to south and from east to west,
occurring mostly during the winter months,
as snowfall (Alonso 2006, Valero-Garces et al.
2000). Hydrologically, the Puna region consists
of a set of endorheic basins, separated by N-S
trending ranges and transversal volcanic chains.
The main hydrogeological units are represented
by free and semi-confined aquifers in modern

alluvial fans, whereas Precambrian and early
Paleozoic aquifers are placed in the basements
rocks (Auge et al. 2006). Climatic conditions (low
recharges vs. high evaporation rates) are the
main factor limiting freshwater reservoirs in the
Puna (Auge et al. 2006, Garcia et al. 2013), and
they are important for economic activities such
as agriculture, cattle raising and mining. In fact,
due to the increasing demand of lithium and
potassium worldwide, many salares from the
Puna region are being explored (Izquierdo et al.
2015).

High altitude wetlands in the Puna region,
although they show varied morphometric
and hydrological characteristics, are generally
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shallow environments exposed to high salinity,
large thermal fluctuations, high UV radiation, and
presence of metalloids, such as arsenic (Ordofez
et al. 2009, Flores et al. 2009, Albarracin et al.
2012). Recently, diverse microbialites deposits —
organic sedimentary structures formed during
the growth and metabolism of microorganisms,
especially cyanobacteria (Rishworth et al. 2016),
— have been reported covering the shores
of high altitude wetlands like the Socompa
Lake, in Salta (Farias et al. 2013), and Laguna
Negra, in Catamarca (Gomez et al. 2014, 2018).
Microbialites comprise the mineralized record
of early life on Earth (Gomez et al. 2014), and
the existence of modern systems in the Puna
has a great ecological importance since they
may represent trophic pillars, acting as oxygen
sources for the aquatic environment through
oxygenic photosynthesis (Farias et al. 2013,
Rascovan et al. 2016, Rasuk et al. 2014, 2016).
Due to the extreme environmental
conditions, saline wetlands tend to have simple
food webs, with fewer trophic levels as salinity
increases (Por 1980, Alcorlo et al. 2001). Among
eukaryotic photosynthetic organisms, diatoms
arecommon componentsofsalineenvironments,
where they can represent a dominant item in
algal biomass (Iltis et al. 1984), and constitute
a diverse taxonomic group (Angel et al. 2016).
Morphological plasticity has been suggested as
an important factor in diatom ecological success
in these environments (Leterme et al. 2013). In
saline environments of the Andean Altiplano,
benthic diatoms play an important role in food
webs, and represent the main food resource for
two of the three vulnerable or near threatened
flamingo species (Bayly 1993, Fernandez-Zenoff
et al. 2015, Marquez Garcia et al. 2009, IUCN 2019).
On the other hand, aquatic invertebrates
are known to be represented by relatively few
taxonomic groups in saline wetlands, exhibiting
variable abundances, according to the gradients
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of biotopes with different physical and chemical
conditions present (Dejaux 1993, Williams et al.
1995). An important fraction of the invertebrate
biomass in saline wetlands of the Puna region
is represented by microcrustaceans, like
planktonic copepods of the genus Boeckella
sp. (Locascio de Mitrovich et al. 2005, Mufoz-
Pedreros et al. 2013, 2015). They feed mainly on
algae (Moeller et al. 2005), bacteria, detritus
and other copepods (Hurlbert et al. 1986) and
constitute an important food item for flamingo
species (Hurlbert et al. 1986, Bayly 1995, Locascio
de Mitrovich et al. 2005). Other important
components of saline wetlands biota include
larval stages of diptera Chironomidae (Marquez-
Garcia et al. 2009), Ephydridae (Williams et al.
1995), ostracods, nematodes (Scheihing, et al.
2010), and anostracans (Dejoux 1993, Williams
et al. 1995).

Ecological studies in Andean Puna wetlands
have focused on archaeal and bacterial
communities (Ordofez et al. 2009, Farias et al.
2013, Rascovan et al. 2016, Rasuk et al. 2014,
2016), algae (Mirande & Tracanna 2009, Maidana
& Seeligmann 2006, 2015, Seeligmann et al.
2018), zooplankton (Locascio de Mitrovich et
al. 2005, Frau et al. 2015), and birds (Caziani &
Derlindati 2000, Caziani et al. 2007). However,
most of these studies correspond to punctual
samplings, and only few of them provide
information about the relation between aquatic
biota and environmental variables.

While altitude, UV radiation and salinity/
conductivity have been studied as important
environmental pressures in these extreme
wetlands, affecting species richness, biomass
and/or abundance of algae and invertebrates
(Hammer 1986, Williams et al. 1990, Helbling et
al. 2006, Mirande & Tracanna 2009, Sommaruga
2001, Frau et al. 2015, Gutierrez et al. 2018), other
environmental factors, like water chemistry,
have received less attention. Based on this, we
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attempt to determine the environmental factors
that may contribute to diatom and invertebrate
distribution, when altitude, and, consequently,
UV radiation variables are uniform across the
saline wetlands. For this purpose, the Salar de
Antofalla was considered as a good study model,
since preliminary exploration field campaigns
revealed that several salar-associated water
bodies were located within a narrow altitudinal
range (mean altitude of 3,330 masl).

The objectives of this study were to (1)
describe physical, chemical and morphological
characteristics of four high altitude wetlands in
the Salar de Antofalla; (2) determine diatom and
invertebrate assemblages in these wetlands and
their seasonal variations during a 1-year period;
and (3) identify main environmental variables
that significantly affect the distribution of the
aquatic biota studied. Given that the wetlands
share a close association with the salar, and
are located at the same altitude, we expect
differences in other aspects, such as aquatic
chemistry, which could influence the diatom
and invertebrate communities structure. To the
best of our knowledge, this work represents
the first description of diatom and invertebrate
assemblages in wetlands of the Salar de
Antofalla.

MATERIALS AND METHODS

Study area

Salar de Antofalla (Fig. 1a and b) is one of the
largest salt flats in South America, stretching for
~150 km long, 6 km wide, and with an average
altitude of 3,900 masl (Voss 2002, Izquierdo
et al. 2016). It is located in the northwestern
Argentinian Puna, between the Andes mountain
range and Sierra de Calalaste, in the province of
Catamarca (Voss 2002).
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Sites description

Laguna Verde (LV, Fig. 1c) is a small sub-rounded
pond, mainly fed with salar brine and evaporitic
halite and gypsum deposits covering the clay-
silt sediments in the bottom and shores. Pozo
Bravo (PB, Fig. 1d) has an elongated shape, and
homogeneous grayish-blackish microbial mats
cover the sandy substratum almost completely.
The entire margin of this lake presents
microbialites of varied morphology. Ojo de
Campo Azul (OCA, Figle)isarounded pond whose
substrate includes sand, silt and gravel covered
by aquatic undetermined rooted vegetation in
almost all of its extension. A small section at
the north of this site presented whitish-pink
microbial mats of reduced extension. Finally,
Ojos de Campo Naranja (OCN, Fig. 1f) are two
different sized water bodies joined into one
eight-shaped wetland. The substrate is fine, silty
and blackish, and the narrow union area between
both wetlands presents lithified microbial mats.
The bright orange color of the water is probably
due to the presence of pigmented bacteria and/
or algae (Oren 2009).

Sampling and laboratory analysis

Sampling campaigns were conducted seasonally
(May 2017, fall; August 2017, winter; November
2017, spring; and January 2018, summer), in the
four previously described aquatic environments
at Salar de Antofalla. In each wetland, three
littoral sampling sites (marked with dots in
embeded images in Figure 1c, d, e and f), were
selected according to water depth and substrate
type. At each sampling site, and in order to
represent the spatial variability of each wetland,
we collected one benthic replicate for diatom
analysis, one benthic replicate for invertebrates
analysis, and one planktonic replicate for
invertebrates analysis, accounting for a total of
9 samples per lake at each sampling occasion.

An Acad Bras Cienc (2022) 94(1) €20200070 3| 24



MARIA FLORENCIA COLLA et al.

AQUATIC DIVERSITY IN HIGH ALTITUDE SALINE WETLANDS

67°4OI'0"W 67°37'30"W 67°35'0"W

SALAR DE ANTOFALLA
3

25 "Z‘II'BO"S

POZO BRAVO

25"3:]'0"5

25°32'30"S

25°35'0"S

y J’ 0JOS DE CAMPO NARANJA [}

'V:‘T.; ? lf
7
gy

67°40'0"W 67°37'30"W 67°35'0"W

67°32'30"W

67°32'30"W

T
25°30'0"S

25°3730"S

Figure 1. Geographical location of the study area. (a) Location of the Salar de Antofalla in the Catamarca province,
Argentina, South America. (b) Location of the four wetlands in the Salar de Antofalla. (c) Laguna Verde (LV). (d)
Pozo Bravo (PB). (e) Ojo de Campo Azul (OCA). (f) Ojos de Campo Naranja (OCN). Sampling sites at each wetland are

marked with dots in Fig. 1c, d, e and f.

Diatom samples were obtained from
the sediment surface (approximately 0-1 cm
sediment depth) of each wetland using a 7 cm
diameter core. The material was fixed in situ with
4% (v/v) formalin. Samples preparation followed
standard procedures involving treatment with
H,0, (30 %) for the elimination of organic matter,
followed by heating and rinsing the resulting
suspension with distillated water until pH
was neutral (Battarbee 1986). The samples
were dried onto coverslips and permanently
mounted using a Naphrax©® mounting medium.

A minimum value of 400 frustules per sample
was counted using a Leica DM500 microscope
at 1000x magnification, and mean relative
frequencies (%) were calculated. Benthic
diatoms were identified to the lowest possible
taxonomic level following specialized literature
(Round et al. 1990, Kramer 2000, Lange-Bertalot
2000, 2001, Maidana & Seeligmann 2006, Levkov
2009, Levkov et al. 2013).

Invertebrate samples consisted of two
collections for each wetland: a benthic collection
formed by 3 replicates extracted with a 7 cm
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diameter core with a volume of 200cm?, and a
planktonic collection formed by 3 replicates,
from the same site, obtained by filtering 100
L of superficial water through a conventional
conical plankton net (20 um mesh size). The
material was fixed in situ with 70% (v/v) ethanol.
Benthic samples were completely analyzed with
a stereoscopic microscope, and invertebrates
were identified to the lowest possible
taxonomic level. Planktonic samples were
analyzed under a microscope using a Sedgwick-
Rafter chamber with 1ml of capacity, and mean
abundance (individuals/l) was calculated. Mean
relative frequencies (%) of the three replicates
were obtained for benthic and planktonic
invertebrates at each site. Identification of
invertebrates followed specialized literature for
each group (Brinkhurst 1971, Tarjan et al. 1977,
Bayly 1992, Fernandez & Dominguez 2001, Bruno
et al. 2005, Schmelz & Collado 2010).

Geographical coordinates (DMS) and
altitude (masl) were measured with GPS, and
the area of each wetland was estimated using
ArcMapTM 10.6.1 2019 (ArcGIS®-ESRI). Superficial
water variables, such as temperature (C°), pH,
conductivity (mS/cm) and dissolved oxygen
(mg/l) were registered seasonally in situ using
a HANNA HI 9828 multi-sensor probe. Salinity
(g/1) was estimated from conductivity following
Dejaux (1993). Classification of the wetlands
according to salinity followed Hammer (1986):
subhaline (0.5-3 g/l), hypohaline (3-20 g/l),
mesohaline (20-50¢g/1) and hyperhaline (>50 g/1).
Dissolved oxygen values measured in situ were
corrected for salinity, temperature and altitude
according to Rounds et al. (2013), and therefore,
they must be considered as relative values. As
part of the general limnological characterization
of the wetlands, temperature and conductivity
vertical profiles were also measured at each
study site in winter and summer using a sensor
with a 10-meter long cable.
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Additionally, superficial water samples were
taken during winter and summer at all four
aquatic environments for chemical analysis.
The samples were stored in sterile recipients
in the dark and refrigerated (4 °C) until further
analysis in laboratory INDUSER, Buenos Aires,
Argentina, within 1-2 weeks. The following
analyses were performed following APHA (2012)
standardized methods. Analyses for chloride,
nitrate, sulfate and bromide were performed
by ionic chromatography. Total hardness was
obtained by calculation method. The analyses
for arsenic, lithium, boron, manganese, copper,
iron and nickel were performed by microwave-
assisted acid digestion and inductively coupled
plasma induction/mass spectrophotometry
(ICP/MS). Total phosphorus was estimated by
digestion methods usingthe persulfate oxidation
technique, and phosphate was determined by
colorimetric vanadomolybdophosphoric acid
method. Nitrite was estimated by colorimetric
method, and ammoniacal nitrogen was
calculated by phenate method with a preliminary
distillation step into sulfuric acid. Magnesium,
potassium, sodium and calcium were calculated
using ion chromatography (1SO14911, 1998).
Dissolved silica was determined by inductively
coupled plasma/optical emission spectrometry
(ICP-OES) technique (US. EPA 2015).

Data analysis

To test for differences between the annual mean
values of the four water variables measured
in situ at each study, an Analysis of Variance
(ANOVA) with a post-hoc Bonferroni test (p<0.05)
was conducted. Variables used in ANOVA were
previously analyzed for normality (Shapiro-Wilk;
p<0.05). All physical and chemical variables
(except pH) were log transformed (log, x+1) prior
to the statistical treatment, since they differed
in several orders of magnitude. Chemical
variables measured in laboratory were analyzed
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for significant correlations (Pearson, r; p<0.05),
using the SPSS v. 22.0 software.

A Principal Component Analysis (PCA) was
conducted in order to analyze the relation
between the environmental variables measured
in situ, and to characterize the study sites. The
analysis was performed with the PAST v3.25
software (Hammer et al. 2001), and included
the seasonal values of water temperature (°C),
pH, conductivity (mS/cm) and dissolved oxygen
content (mg/1).

Species richness, expressed as taxa number,
was obtained for diatoms and invertebrates at
each site and season. In order to evaluate the
relations between taxa richness and the four
variables measured in situ, the non-parametric
Spearman correlation coefficient (rho; p<0.05)
was calculated using the SPSS v. 22.0 software.
The Non-Metric Multidimensional Scaling
(NMS), based on Jaccard’s Similarity Index (for
presence/absence data), was used to ordinate
samples in two dimensions based on diatom
and invertebrate communities structure (Leps &
Smilauer 2003). Analysis of similarities (ANOSIM)
was used to identify significant differences
between assemblages belonging to the four
wetlands. Both analysis (NMS and ANOSIM) were
performed using the PAST software. ANOSIM R
statistics were interpreted according to Clarke
et al. (2014): large values (close to unity) are
indicative of complete separation of the groups,
small values (close to zero) indicate little or no
segregation.

At each study site, relative frequencies (%)
of diatoms and invertebrates were calculated
in two contrasting seasons, winter and summer.
For statistical analysis, numerical biological data
were square roottransformed in orderto stabilize
the variances, and to downweight for rare taxa.
Diatom and invertebrate relative frequencies
were considered separate response variables in
multivariate analysis. For the selection of the
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explanatory variables, the original dataset of 21
chemical variables measured in laboratory was
reduced to 12 after the extraction of those with
values under the measurement detection limit,
such as total phosphorus, nitrite, phosphate,
etc. If the chemical variables were mutually
correlated (Pearson; p<0.05), like chloride and
sodium, hardness and calcium, etc,, only one of
them was included in the analysis.

In order to determine the length of the
environmental gradients and decide if linear
or unimodal methods were applicable to
analyze the data, a preliminary Detrending
Correspondence Analysis (DCA) was performed
for each biological data set (frequencies of
diatoms and invertebrates, separately). Since
the length of environmental gradients was >3
standard deviationsin both analyses, a Canonical
Correspondence Analysis (CCA) was chosen to
interpret the environmental factors that could
act as predictors of the diatom and invertebrate
community composition (Leps & Smilauer
2003). Both analyses were performed with the
CANOCOO© software for Windows v. 4.5. (ter Braak
& Smilauer 1998). Before running the CCA, a
forward selection of 14 variables was conducted
with 12 water chemical variables (highlighted
in bold in Table II), water temperature and
maximum depth of the aquatic environment.
For the diatom community, two biological
variables were also added: copepod abundance
(Harpacticoidea + Calanoidea) and Artemia
sp. abundance, both square root transformed,;
whereas for the invertebrate community, the
diatom richness variable was included. The
significance of each potential predictor was
assessed by means of a Monte Carlo permutation
test calculated by randomly sampling 499
permutations under a reduced model (Leps
& Smilauer 2003). The variables included in
the CCA were those that better explained the
variation in the composition of each biological
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dataset (diatoms and invertebrates), and those
with low variance inflation factors (VIF <10 to
avoid multicollinearity).

RESULTS

Environmental characteristics of the wetlands

The main environmental characteristics of the
study sites together with four water variables
measured in situ (mean annual values
standard deviation) are summarized in Table I.
In general, pH was neutral to slightly alkaline,
and mean values showed statistically significant
differences between LV and OCA (F=3.86; p<0.038).
OCA registered the highest values for dissolved
oxygen compared with the other sites (F=26.45;
p<0.000014), and the lowest mean conductivity
(F=36.9; p<0.000002). According to this variable,
the environments analyzed are classified as
hyperhaline (salinity >50 gr/l) except for OCA,
which can be considered mesohaline (salinity
between 20-50 g/l) (Dejaux 1993). Conductivity
and dissolved oxygen values were negatively
correlated (r=-0.919; p=4.93 *107).

The PCA showed that components 1 and
2 accounted for 78.45% of the data variability
(C1: 46.26% and C2: 32.19%, Fig. 2). Component
1 reflects the variability in water conductivity
and pH. Samples located on the left side of this
component had higher conductivity values and
lower pH. Samples located near the center of
the graph had intermediate values for the four
variables measured, like OCN in fall and winter,
and PB in winter, spring and summer. The fall
sample from this site was located separately
because of its high pH value registered at this
season (9.6). In OCA, the four seasonal samples
were related to alkaline, less saline waters and
higher dissolved oxygen content.

The analysis of the vertical profiles in the
four study sites showed that in LV (Fig. 3a), a
thermocline and halocline were registered only
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in the deepest part of this environment (2.5 m)
during winter. In summer, temperature values
increased at bottom depth, while conductivity
decreased. However, the changes were more
gradual than in winter, and no thermo- or
halocline were registered. Sites PB (Fig. 3b)
and OCA (Fig. 3c) presented thermal and saline
vertical homogeneity, with subtle variations
of both variables in the water column. Finally,
OCN (Fig. 3d) registered thermal and saline
stratification during both seasons studied.

The water ionic composition of the four
environments showed that all of them were
sodic-chlorinated (Na™>K’, Ca® and Mg*; Cl™>
S0,”) (Table I1). Regarding the cations, the water
of OCA and OCN showed a higher concentration
of potassium than calcium and magnesium in
winter and summer, whereas in the LV and PB
lagoons, calcium was the second important
cation after sodium. Water ionic content was
different between OCA and OCN, with higher
values for total hardness and boron in OCN.
With respect to nutrients, the levels of total
phosphorous (TP) were below the detection
limit (010 mg/1) in the four study sites, whereas
nitrate was the predominant form of inorganic
nitrogen, and ranged from below detection limit
(5.0 mg/l) to 670 mg/L.

Diatom and invertebrate occurrence and taxa
richness

Forty-two diatom taxa were recorded in the 48
benthic samples collected from the four high
altitude aquatic environments. The seasonal
occurrence of taxa and taxa richness per study
site are presented in Supplementary Material
- Table SI. Diatom taxa richness was negatively
correlated with water conductivity (rho=-0.66,
p<0.01). The NMS ordination of the seasonal
samples of each wetland, based on diatom
assemblages structure, is presented in Figure
4a. The diatom composition showed differences
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Table I. Geographical coordinates, morphological variables and aquatic parameters measured at each study site
of the Salar de Antofalla, Catamarca. Classification of the wetlands according to salinity followed Hammer (1986).
Range, mean and standard deviation (SD) of four seasonal aquatic variables are presented (n=4). Values with at
least one letter in common did not differ statistically (ANOVA; Bonferroni post-hoc test; p >0.05).

DMS Coordinates

Laguna Verde
()

25°28'43.66" S
67°3316.25" W

Pozo Bravo
(PB)

25°30'58.20" S
67°34'41.33" W

Ojo de Campo Azul

(oca)

25°36'44.87" S
67°40'21.84" W

Ojos de Campo Naranja
(oCN)

25°36'4814" S
67°40'19.82" W

Altitude (masl) 3,334 3,327 3,331 3,332
Lake area (m?) 10,132 21108 1,813 8349
Maximum depth (m) 25 2.5 7 2.5
Mean annual salinity (g/1) 176.26 140.69 279 149.6
Classification of the water Hyperhaline Hyperhaline Mesohaline Hyperhaline
Temperature (°C)
7-26.4 8.76-23 4.7-27.3 4.4-29.6
Range
16.2(1017) a 1516 (7.36) a 14.82 (1117) a 15.82 (12.55) a
Mean (SD)
pH
Range 7.31-8.01 7.84-9.6 8.45-8.75 7.78-8.32
754 (0.31) a 8.37(0.82) ab 857(013) b 7.99 (0.23) ab
Mean (SD)
Dissolved o n (
xyge (mg/ ) 0.09-0.38 0.61-0.72 1.07-1.89 011-0.62
Range
0.23(013) a 0.65 (0.04) a 152 (037) b 0.33(0.22)a
Mean (SD)
Conductivity (mS/cm)
1991-216 150-184.9 30.10-34.20 108-215
Range
207.37 (9.06)a | 16542 (17.35) a 32.82(1.84) b 176 (46.78) a
Mean (SD)

between the groups formed by the seasonal
samples of each wetland, according to the
ANOSIM results (Global R-statistic= 0.786, p=
0.0001), and visualized by convex hulls in the
Fig. 4a. Pairwise comparisons were significant
in all cases (p<0.05) and showed differences in
species communities among all wetlands, with
the minimum dissimilarities found between LV
and PB (R=0.6) and the maximum between LV
and OCA's assemblages (R=1).

With respect to aquatic invertebrates, fifteen
taxa, considering planktonic and benthonic
organisms, were registered during the study

period at the four aquatic environments (Table
SI). The NMS ordination, based on invertebrates
taxa composition, showed that some samples
of the same wetland had identical scores due
to uniform fauna (Fig. 4b). The invertebrates
communities were different comparing the four
study sites, as revealed by the results of the
ANOSIM test (Global R-statistic= 0.925, p= 0.0001)
All pairwise comparisons were significant
(p<0.05) with minimum dissimilarities in the
species composition between LV and PB (R=0.8),
and major differences between OCA and all the
other sites (R=1 for all cases).
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Figure 2. Principal Component Analysis biplot. Variables: Temperature (°C), pH, Dissolved Oxygen (mg/l),
Conductivity (mS/cm). LV: Laguna Verde; PB: Pozo Bravo; OCA: Ojo de Campo Azul; OCN: Ojos de Campo Naranja. F:

fall; W: winter; Sp: spring; S: summer.

Diatom and invertebrate abundance and
seasonal variation

Considering the complete data set of diatom
taxa collected, 3 genera accounted for 84.64%
of the total abundance (relative frequencies):
Halamphora (38.05%), Nitzschia (33.07%) and
Navicula (13.50%). The remaining taxa had
frequencies oscillating between 0.05% (e.g.
Caloneis) and 6.7% (Cocconeis). The three
most frequent diatom genera also presented
the highest species richness; Nitzschia was
represented with 12 species; Navicula, with
10; and Halamphora, with 4 (Supplementary
Material-Table SI).

Species relative frequencies varied between
study sites and seasons. In Laguna Verde,
Halamphora coffeaeformis and Nitzschia sp.
5 were the best represented species in both
seasons. The diatom community structure of
PB was dominated by Halamphora sp., with
Halamphora coffeaeformis representing 49.32%
of the total abundance in winter, followed by

Nitzschia epithemoides var. epithemoides. In
summer, a variation in the community structure
of this lake was registered, with dominance
of Halamphora carvajaliana and Craticula
molestiforme. The taxa with least numerical
representation included seven species of
Nitzschia. In OCA, the most frequent species in
both seasons was Cocconeis placentula. Several
taxa were exclusively registered in OCA (Table SI).
Finally, in OCN, Navicula salinicola var. salinicola
accounted for the highest frequency during
winter, followed by Nitzschia sp. 7 and Navicula
sp. 2. During the summer months, Nitzschia sp.
5 dominated numerically. Nitzschia sp. 9 was the
only species registered in the four seasons at
this site, although with low frequencies.
Regardingtaxa composition of invertebrates,
the benthic fauna of all sites, except for OCA, was
represented by few taxa. Nematoda of the Order
Monhysterida were numerically dominant in LV
during both seasons analyzed. The immature
stages of Dimecoenia sp. (Ephydridae) accounted
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Figure 3. Vertical temperature (°C)
and conductivity (mS/cm) profiles
in winter and summer in (a) Laguna
Verde, (b) Pozo Bravo, (c) Ojo de
Campo Azul and (d) Ojos de Campo
Naranja.

for more than 97% of representation in both
seasons at PB, and this was the only taxon
registered in the benthos of OCN. On the other
hand, benthic composition and distribution in
OCA differed between seasons, and some taxa
were exclusively found at this site, like three
nematode genera, the oligochaete Lumbricillus,
larval stages of Ceratopogonidae (Diptera),
ostracods and Acari (Table SII).

Planktonic invertebrate taxa were less
diverse than benthonic taxa. Artemia sp. was the
only microcrustacean present at three of the
four environments studied, although with very
variable abundances. In PB, a well-developed
population was present during all seasons,
whereas in OCN, Artemia sp. was present during
the year, except in winter. A population peak of
this microcrustacean was notable during spring
at this site, with mean densities of 18 ind/l;
this value decreased in summer. The bright
red-pigmented calanoid copepod Boeckella
poopoensis was the main planktonic species in
OCA, with a constant occurrence during the year
and population mean densities of 36.3 ind/land
150 ind/l in winter and summer, respectively.
Planktonic foraminifers were found in OCA and
OCN, with low abundances (Table SII).

Distribution of diatom and invertebrate
communities and main environmental
variables

In order to analyze the distribution of diatoms
according to the environmental characteristics,
a CCA was conducted with the variables selected
by the Monte Carlo test, as the best predictors
of the variability in diatom composition. We
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AQUATIC DIVERSITY IN HIGH ALTITUDE SALINE WETLANDS

Table Il. Main chemical water variables (mg/l) of the four high altitude wetlands analyzed in winter (W) and
summer (S). Variables selected for statistical analysis are marked in bold.

Laguna Verde Pozo Bravo Ojo de Campo Azul Ojoilgsaﬁ?:po
w S w S w S w S
Chloride 122000 141300 78200 100620 13200 13030 103000 129400
Total hardness 11600 10930 8460 10250 621 574 2800 3840
Phosphate <3.0 <3.0 <3.0 <3.0 <3.0 <3.0 <3.0 <3.0
Nitrate 670 233 <50 <50 329 36.3 335 319
Nitrite <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
Ammoniacal nitrogen < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 <0.05 < 0.05
Sulphate 6490 5670 1920 1840 264 213 575 242
Arsenic 0.550 1.54 0.074 0.86 0.098 018 0.202 0.81
Calcium 2120 1610 1570 1910 103 74.6 387 560
Lithium 63.5 145 21.3 101 15.6 20.5 92.4 277
Total phosphorus <010 <010 <010 <010 <010 <010 <010 <010
Magnesium 1520 1680 1100 1330 88.6 829 446 590
Potassium 1420 1630 990 1140 420 384 3730 4700
Sodium 72600 86200 45100 57500 7830 7640 59200 77950
Bromide <05 <05 <05 <05 <05 <05 <05 <05
Boron T4 214 10.5 152 13.0 28.3 53.0 227
[ron <010 0.22 <010 0.33 <010 <010 <010 0.32
Manganese 0.89 13 <0.05 0.6 <0.05 <0.03 1.31 1.8
Copper 0.33 < 0.001 0.24 < 0.001 018 0.005 0.051 0.051
Dissolved Silica 98.5 123 83.2 158 41.2 46.2 26.7 145
Nickel 0.043 0.042 0.051 0.095 0.010 < 0.010 0.039 0.030

selected a model with four of the sixteen
variables considered in the forward selection of
variables analysis (see Materials and Methods),
since they explained most of the variability in
species data: hardness, abundance of copepods,
Si content in water, and water temperature.
Only two of these variables were significantly
related to the distribution of the species when
the 0.05 probability threshold level for entry
of a variable was adopted: hardness (F=2.11;
p=0.002) and abundance of copepods (F=210;
p=0.02). However, we included all four variables
in the model since they were independent from

the other variables (inflation factors <10), and
contributed to a better interpretation of the
diatom assemblages distribution.

The model selected explained 70.84% of the
variability in the frequencies of the diatom taxa
(F=1.822; p=0.024), with the first and second axis
accounting for 27.2% and 50.9% of the variability
of species data, and 38.4% and 71.8% of the
species-environment relation, respectively.
According to the first axis, the frequencies of
diatom taxa located in the right side of the graph,
suchas Nitzschiaepithemoides var.epithemoides
and Nitzschia sp. 5 were associated with water
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hardness and higher Si content in water. On
the contrary, the frequencies of taxa such as
Cocconeis placentula, Navicula atacamana,
Navicymbulla pusilla, Microcostatus sp.1, and
Halamphora atacamana were located in the
left side of the graph, and related to aquatic
environments with less ionic content and with
abundance of copepods. Finally, species such

An Acad Bras Cienc (2022) 94(1)

0.225

0300 0375

as Nitzschia bulnheimiana, Rhopalodia sp. 3
and Nitzschia sp. 7 were frequent in OCN during
winter, and associated with colder waters and
low abundance of copepods. The species located
near the center of the graph were associated
with intermediate values of these variables.
The diatom taxa with the same species weight
(and, therefore, displayed in the same species
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point in the graph) were grouped together and
named group 1, 2 and 3 for better interpretation
of the triplot. Group 1 includes Nitzschia sp. 1,
sp. 2, sp. 3, sp. 4 and sp. 6; Navicula salinicola
var. boliviana and Denticula kuestzingii. Group
2 contains Mastogloia sp. 1; Rhopalodia sp. 2,
Fragilarioides, Navicula veneta, N. parinacota;
Nitzschia hungdrica, Achnantes sp 1; Craticula
cuspidate var gracilis; Caloneis westii and
Frankophila sp 1. Group 3 is represented by
Navicula sp. 1, sp. 2 sp. 3 and sp. 4 and Denticula
sp. 1.

For invertebrates, the model selected
designated three variables as the best
predictors of the variability in taxa composition:
hardness, diatom richness and nitrate content
in water, being hardness the only variable
significantly related to the distribution of the
species (F=3.04; p=0.002). As with diatoms, we
included all the variables in the analysis for a
better understanding of the species ordination.
The CCA explained 62.57% of the variation in the
frequencies of the invertebrate taxa (F=2.229;
p=0.0080), with the first and second axis
accounting for 33.9% and 54.2% of the variability
of species data, and 54.2% and 86.7% of the
species-environment relation, respectively.

The CCA triplot (Fig. 5b) showed that the
taxa located in the lower right quadrant of the
graph, such as Monhysterida nematodes, were
related to waters with high content of nitrate.
On the other hand, those taxa located in the
left quadrant of the graph were associated with
aquatic environments with high diatom richness
and low water hardness, such as Boeckella
poopoensis, Lumbricillus sp., among others.
Taxa located near the center of the graph were
related to intermediate hardness and diatom
richness values, like the values registered in the
two remaining sites, PB and OCN. These sites
were mainly separated by their nitrate content,
according to the gradient of the second axis.

AQUATIC DIVERSITY IN HIGH ALTITUDE SALINE WETLANDS

Finally, taxa such as Artemia sp., Harpacticoidea
and Dimecoenia sp. tend to occur with higher
relative frequencies in waters with low nitrate
content.

DISCUSSION

Environmental characteristics of sites

The range of abiotic variables registered in the
four sites of the Salar de Antofalla was coincident
with the environmental characterization of
other high altitude lakes of the Argentinian
Puna region. They are meso- to hyperhaline,
frequently alkaline waters, with variable values
of superficial dissolved oxygen (Locascio de
Mitrovich et al. 2005, Maidana & Seeligmann
2006, 2015, Frau et al. 2015, Mirande & Tracanna
2017). Regarding this last variable, it has long
been known that water loses its ability to
absorb and hold oxygen as salinity increases,
hence saline lakes tend to have low dissolved
oxygen concentration (Cole 1983, Hammer 1986,
Jakher et al. 1990, Oren 2001). Low oxygen values,
like those we report here, were found in similar
environments in salt flats from Chile, like the
Tebenquiche Lake (0.6 mg/l) and Colorada Lake
(1.96 mg/l) (zGniga et al. 1991, Angel et al. 2016)
and in the Diamante Lake, inside the Galan
Volcano, Catamarca, at 4,600 masl (Maidana &
Seeligmann 2015).

According to the Principal Component
Analysis, the four high altitude aquatic
environments had distinctive physical and
chemical water characteristics, with OCA being
clearly different from the other sites, because
of its greatest dissolved oxygen content and
mesohaline waters. In addition, it presented
a homogeneous thermal and saline vertical
profile, despite its greater depth. According to
Hammer (1986), in saline lakes, mean depths
required for thermal stratification vary inversely
as salinity. Therefore, less saline waters require
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Figure 5. Canonical
Correspondence Analysis
(cca) triplot for: (a)
diatom community, sites
and four variables; Total
hardness (Hardness),
Dissolved silica (Silica),
Temperature and
Copepod abundance.
Diatom taxa included

in Group 1,2 and 3 are
explained in the text. (b)
invertebrate community,
sites and three
variables: Total hardness
(Hardness), Diatom
richness and Nitrate.
Taxa codes are listed in
Supplementary Material
- Tables Sl and SlI. Codes
for sites as in Fig. 2.
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higher depths to become stratified, and, since
they have lower density than high saline waters,
less wind energy is required for mixing the
water column, especially if the lake is exposed
to wind. In shallow environments, the exposure
to considerable wind allows the water column
to be mixed to the bottom, a condition called
polymixis (Hammer, 1986). This could be the case
of LV and PB, the latter had the greatest surface
area of the wetlands analyzed, 2.5 meters of
maximum depth, and displayed homogeneous
thermal and saline vertical profiles.

On the other hand, the strong stratification
of OCN during winter that persisted until
summer, although less markedly, could be
attributed to meromixis. In a saline meromictic
lake, part of the water column fails to circulate
through the rest of the lake due to a difference
in water densities, which is an effect of a higher
concentration of dissolved substances in the
bottom (Hammer 1986). According to Wetzel
(2001), of the many factors that can produce
this type of stratification, a variant of ectogenic
meromixis is found in many saline lakes of arid
regions, and is produced by the subsurface
inflow of saline and/or geothermal water to the
lake. This can produce meromictic stratification,
with warmer and more saline waters underlying
cooler and less saline superficial water layers.
Due to the volcanic influence of the study
area, the heat from subsurface geothermal
sources could be a possible explanation for the
thermal condition of this environment, like it
was proposed by Drago (1989) for volcanic lakes
in Antarctica. Further studies are necessary to
better understand this phenomenon.

With respect to nutrients, low TP values
had been reported for other saline lakes of the
Andean Altiplano (Dib et al. 2009, Demergasso
et al. 2010). According to Hammer (1986), this
could be related to the accumulation and
storage of phosphorus by aquatic plants

AQUATIC DIVERSITY IN HIGH ALTITUDE SALINE WETLANDS

(bacteria, algae and macrophytes) behind their
immediate physiological needs. Nitrate was the
main form of inorganic nitrogen in the wetlands
analyzed, and showed great variation at each
site. Unfortunately, data on water nutrients
content in high altitude saline lakes are scarce,
or not comparable with the values we found in
our study. According to Dorador et al. (2008),
salt flats located in the Andean Altiplano can
have high nutrient concentrations, especially
at the most saline sites. Although it has not
been analyzed in this paper, nitrification — the
biological oxidation of the most reduced form
of nitrogen (ammonia) to nitrite and nitrate —
could probably be associated with the nutrient
content we found in the wetlands of the Salar
de Antofalla. This process is active in high
altitude saline lakes and it is mediated by a
diverse community of bacteria and archaeal
microorganisms, as reported by several authors
in wetlands of the Chilean and Argentinian
Altiplano (Dorador et al. 2008, Farias et al. 2013,
Molina et al. 2018).

Diatom community

The NMS ordination showed that, in each wetland
studied, the diatom community composition
was similar during all seasons, except for
summer, where diatom richness decreased.
Besides, conductivity values where higher in
summer compared to cooler seasons of the year.
Evaporation-crystallization processes regulate
the hydrochemistry of high altitude saline lakes
of the Puna region (Drago & Quirds 1996); hence
increased summer water temperatures (up to
25 °(C) can lead to a saline concentration of the
water in these lakes (Hammer 1986). Several
authors also found a negative correlation
between algal richness and increasing salinity,
since diversity is limited to halotolerant species
(Hammer 1986, Williams et al. 1990, Larson &
Belovsky 2013).
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Most of the diatom taxa analyzed in the
aquatic environments of the Salar de Antofalla
had been reported for high altitude saline
wetlands of the Puna Altiplano of Bolivia and
Chile (Alvarez-Blanco et al. 2011, Angel et al.
2018), and also for high altitude wetlands in
Catamarca (Maidana & Seeligmann 2006, 2015).

Multivariate analysis showed that of the
14 chemical and 2 biotic variables tested, only
two, water hardness and copepods abundance,
were selected as the main factors that explained
most of the variation in diatom community
composition and structure. According to Servant-
Vildary & Roux (1990), strong modifications of
the diatom flora of 13 high altitude lakes of
Bolivia were explained by the salinity only when
it crossed the limit between fresh-oligohaline
to meso-hyperhaline conditions (around 2 g/1).
Within these limits, diatom flora changes were
better explained by other parameters, like ionic
composition. This could probably be the case for
the wetlands studied, where, with the exception
of the mesohaline OCA, the range of salinity of
the other sites analyzed is relatively short, and
it belonged to the hyperhaline class (>50 g/l).
Hardness and other related variables, such as
cation concentration, were also important in
influencing diatom species composition of lakes
from Costa Rica, where those environments with
low values of hardness tended to have greater
diatom diversity (Haberyan et al. 1997), as we
found in our study. Although it is known that
ionic composition affects diatom ecology, either
directly (e.g. via their influence on physiological
processes) and/or indirectly (e.g. via their
influence on biogeochemical cycles), the
actual mechanisms by which these parameters
influence diatom community structure in saline
lakes are yet not well understood (Saros & Fritz
2000).

The ecological preferences of most diatoms
recorded in high altitude lakes are poorly

AQUATIC DIVERSITY IN HIGH ALTITUDE SALINE WETLANDS

known. Some species, like H. coffeaeformis,
are common taxa found in brackish to highly
saline environments in subtropical-tropical
and arid areas, like the salt flats of the South
American Altiplano (Angel et al. 2016), although
they are able to support a wide salinity range
(Blinn 1993, Blinn et al. 2004). Halamphora
coffeaeformis, Navicula salinicola var. salinicola
and Denticula sp. 1 were the only diatom taxa
common to the four wetlands. The epiphytic
Cocconeis placentula is an euryhaline species
which can adapt itself to a wide range of
salinities (Davies 2002), from brackish and saline
waters to freshwater water bodies colonized by
macrophytes (Angel et al. 2018). In our study,
this species was only found in the mesohaline
OCA, together with other taxa exclusive of this
site, like Navicula atacamana and N. parinacota,
which had also been reported for high altitude
mesohaline waters (Seeligmann & Maidana
2013). One of the most distinctive characteristic
of OCA is that its substrate is covered with
submerged macrophytes. The environmental
heterogeneity generated by aquatic plants may
contribute to the species diversity in this site,
since more niches are available for species
exploiting different resources, as stated in the
‘habitat heterogeneity hypothesis’ (MacArthur &
MacArthur 1961, MacArthur & Wilson 1967).
According to our results, copepod
abundance also influenced diatom community
composition. Copepods represent an important
fraction of the crustacean fauna in high altitude
saline lakes (Locascio de Mitrovich et al. 2005).
Harpacticoid copepods feed on a wide variety of
items, including epipelic and epiphytic diatoms,
phytoflagellates and bacteria (De Troch et al.
2005). In the case of planktonic calanoids, like
Boeckella sp., the diet includes both planktonic
and benthonic cyanobacteria, diatoms, green
algae, and rotifers (Kleppel 1993, Burns &
Hegarty 1994, Modenutti et al. 1998, Almada et
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al. 2004). In our study, the relative frequencies
of some diatom taxa in OCA were positively
correlated with copepod abundance. This
could suggest that copepod grazing on benthic
diatoms is not an important factor to control
diatom abundance in this site. Frau et al. (2015)
reported a similar positive correlation between
abundance of microcrustaceans and algal
groups (Chlorophyceae and Euglenophyceae)
in other high altitude mesohaline lakes of
Catamarca. However, further studies on the gut
content of the copepod fauna from these sites
are necessary to better understand the relation
between copepod and diatom abundances.

Invertebrate community

Invertebrate taxa richness did not correlate
significantly with any of the variables measured
in the field. However, the hypersaline wetlands
had lower richness values than the mesohaline
site. This is probably attributable, for the most
part, to the low tolerance to increasing salt
concentration of many aquatic taxa, and it has
been reported for zooplankton assemblages
(Hammer 1986, De los Rios 2010, Echaniz et al.
2012, Vignatti et al. 2012, Larson & Belovsky 2013,
Frau et al. 2015), and zoobenthic communities in
saline lakes (Dejaux 1993, Williams et al. 1995).
As with diatoms, the mesohaline OCA accounted
for the highest taxa richness of benthonic
and planktonic invertebrates. According to
Waterkeyn et al. (2008), aquatic vegetation is
an important factor influencing invertebrate
community structure, presumably because the
vegetation creates structural heterogeneity, and
it can provide refuge and food resources.
Regarding the fauna composition, most of
the taxa registered in the wetlands analyzed are
common in saline aquatic environments. In the
benthos, brine flies (Diptera, Ephydridae) usually
dominate the macroinvertebrate fauna in salt
springs and lakes, and tolerate high salinity,
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high temperatures, and low concentrations of
dissolved oxygen (Hammer 1986, Stephens 1990,
Foote 1995), and both larvae and adults mainly
feed on mats composed of bacteria and algae
(Foote 1995). In our study, Dimecoenia sp was the
only invertebrate common to the four wetlands.

Nematodes were well represented in the
wetlands and accounted for the highest taxa
richness, with four taxa registered, three of
them coexisting in OCA. Although studies on
extremophile nematode taxa remain scarce,
new nematode species living in hyperhaline
environments have been recently described,
and an unexpected nematode diversity in
extreme environments has been observed
(Gagarin & Gusakov 2012, D'Almeida et al. 2019,
Shih et al. 2019). Some genera we registered
in the Salar de Antofalla have been reported
in sediments of saline aquatic environments,
such as Mononchoides sp. (Shih et al. 2019), and
Oncholaimus sp. (Gagarin & Gusakov 2012).

The benthic fauna of OCA was quite
distinctive and dominated by Lumbricillus sp.
(Oligochaeta), Cricotopus sp. (Chironomidae),
and harpacticoid copepods, in agreement with
taxa reported by other authors in mesohaline
lakes of the Bolivian Altiplano (Dejaux 1993,
Williams et al. 1995).

Regarding zooplankton, large-sized
crustaceans were dominant, as expected in
fishless lakes (Gutierrezetal.2018). The halophilic
anostracan Artemia sp. (either complete adult
individuals, nauplii or cuticle fragments) was
registered in three of four sites, although PB
was the only wetland where this crustacean
population was abundant year-round, and
ovigerous females were especially dominant
during the warmer months. The occurrence
and biogeographic distribution of Artemia sp.
populations in Argentinian saline lakes have
been reviewed by Amat et al. (2004) and Cohen
(2012), and to the best of our knowledge, this is
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the first report on Artemia sp. for high altitude
saline lakes in the Catamarca province.

Another main component of zooplankton
was the calanoid Boeckella poopoensis
registered during the four seasons and
exclusively in OCA. Populations of this copepod
had a bright red pigmentation, as it has been
reported by other authors for high altitude lakes
(Frau et al. 2015), which possibly represents
an adaptation for protection to UV exposure
(Persaud et al. 2007). This species is a common
component of zooplankton in saline lakes of
central Argentina (Echaniz et al. 2006, 2012,
Vignatti et al. 2012, Battauz et al. 2013), and it
was reported for high altitude mesohaline lakes
in Catamarca (Locascio de Mitrovich 2005, Frau
et al. 2015). The non-coexistence of Boeckella
and Artemia in the wetlands of the Salar de
Antofalla is in agreement with several reports
on the South American Altiplano (Hurlbert et al.
1984, 1986, Bayly 1993, Williams et al. 1995, De los
Rios 2005), where both crustaceans apparently
have different salinity range preferences.
Boeckella poopoensis mostly occurs in waters
with salinities between 5 and 90 g/l, while
Artemia sp. predominates in salinities greater
than 90 g/1. Moreover, some authors stated that
B. poopoensis adults predate on Artemia nauplii
in low salinity (Hurlbert et al. 1986, Williams et
al. 1998), and this could be another reason why
both crustaceans do not coexist.

Our results from CCA suggested that water
hardness was the main environmental factor
significantly influencing invertebrate community
assemblages in the wetlands analyzed. Few
studies examine the relation between hardness
and invertebrate distribution in saline lakes.
Bos et al. (1996) reported that zooplankton
composition of several lakes in Canada was
related not only to conductivity but also to ionic
composition. Populations of Artemia franciscana,
for example, were related to meso-hypersaline
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waters that are high in Mg, Ca, and sulphate, and
have a low pH.

Finally, diatom taxa richness and nitrate
content were also selected as predictors of the
variability in invertebrate communities, although
they were statistically not significant to the
ordination model. Therefore, higher frequencies
of different invertebrate taxa were associated
with higher diatom richness taxa in OCA.
Feeding habits of the aquatic fauna reported
for this mesohaline site mostly include benthic
diatom consumers, like oligochaetes, some
nematoda, ostracods and copepods, which can
graze selectively upon algae communities (Giere
2009). This could suggest that a high diatom
taxa richness, and, consequently, a better offer
of diatoms types and sizes, could be a bottom-
up factor controlling invertebrate frequencies,
although specific studies should be conducted
in order to analyze this relation.

CONCLUSIONS

Saline wetlands, located at the same altitude,
showed spatial and temporal heterogeneity of
physical and chemical conditions, mainly related
to salinity (from mesohaline to hyperhaline),
dissolved oxygen content and ionic composition
of the water. Each site represented a particular
niche forthe aquatic biota, which was distributed
according to the environmental variables. Forty-
two benthic diatom and fifteen benthic and
planktonic invertebrate taxa were registered in
the four high altitude saline wetlands analyzed.
We highlight the set of features registered in
the mesohaline Ojo de Campo Azul, which was
characterized by a distinctive aquatic biota and
the highest biological richness of the wetlands
analyzed. Among the variables studied, water
hardness explained most of the variation in
the composition of diatoms and invertebrates,
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suggesting that the ionic content of water
may be a significant determinant for aquatic
communities distribution in extreme meso-
hyperhaline environments located at the same
altitude. Further multidisciplinary research,
involving geological, chemical, microbiological,
genetic, and other approaches, are of great
importance for high altitude saline wetlands,
like the ones we studied, since current
anthropogenic activities in the area, such us
lithium exploring and tourism, may affect these
unique and still pristine aquatic systems and
the biota inhabiting them.
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SUPPLEMENTARY MATERIAL

Table SI. Seasonal occurrence (presence: X; absence:
-) and richness of benthic diatom taxa in the four high
altitude wetlands analyzed in the Salar de Antofalla.
F: fall; W: winter; Sp: spring; S: summer. Abbreviated
names used in statistical graphs are marked in
parenthesis and bold.

Table SII. Seasonal occurrence (presence: X; absence:
-) and richness of benthic and planktonic invertebrate
taxa in the four high altitude wetlands analyzed in
the Salar de Antofalla. F: fall; W: winter; Sp: spring;

S: summer. Asterisks (') show planktonic taxa.
Abbreviated names used in statistical graphs are
marked in parenthesis and bold.
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