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The species that inhabit systems highly affected by anthropic activities usually exhibit
this external influence in their gene pool. In this study, we investigated the genetic
patterns of populations of Heleobia atacamensis, a freshwater microgastropod endemic
to the Atacama Saltpan, a system historically exposed to environmental changes,
and currently subjected to conditions associated with metallic and non-metallic mining
and other anthropic activities. Molecular analyses based on nuclear and mitochondrial
sequences indicate that the saltpan populations are highly fragmented and that the
genetic structure is mainly explained by historical geographic isolation, with little
influence of contemporary factors. The microsatellite results suggest a moderate genetic
diversity and sharp differentiation mediated by isolation by distance. Additionally, despite
the high environmental heterogeneity detected and the marked historical dynamism
of the region, our data reveal no signs of demographic instability. The patterns of
contemporary gene flow suggest a change in the current genetic structure, based on
the geographic proximity and specific environmental conditions for each population.
Our results, highlight the role of fragmentation as a modulator of genetic diversity, but
also suggest that the historical persistence of isolated populations in naturally dynamic
environments could explain the apparent demographic stability detected.

Keywords: connectivity, conservation, historic fragmentation, isolation by distance (IBD), isolation by
environment (IBE), microgeographic differentiation

INTRODUCTION

During centuries, anthropogenic activities have modified natural environments worldwide, and
have usually fragmented the habitats of various species, which has impacted the gene pool of
populations by reducing gene flow and driving genetic drift (Charlesworth and Willis, 2009;
Schlaepfer et al., 2018). Likewise, the increased risk of extinction of some species due to the loss
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of genetic diversity, inbreeding depression, and other
consequences of population isolation, has also been documented
(Wilcox and Murphy, 1985; Thomas, 2000; Reed, 2004).
A little-studied issue corresponds to determining the effect
of environmental degradation, that is, any change or harmful
disturbance on the environment and on populations that have
historically been exposed to natural fragmentation at different
time scales. The answer to this question invites studies that lie
at the interface between population genetics and evolutionary
biology (Coates et al., 2018; Ralls et al., 2018).

In the context of global change, the persistence of a
population requires an adaptive response to rapid changes in
the conditions that generate environmental stress in organisms.
However, the response to this stressor will largely depend on
the conditions to which a population has previously adapted
(Fitzpatrick and Reid, 2019). For example, it is expected that
habitat fragmentation erodes genetic variability and increases
genetic divergence between remaining populations (Reed and
Frankham, 2003; Lowe et al., 2005). It is also expected that
certain life history traits (e.g., low vagility) could imply an
increase in the vulnerability of an organism to fragmentation
(Schlaepfer et al., 2018). On the other hand, in the populations
that inhabit environments that have historically been subject
to cycles of fragmentation and connectivity (e.g., the Andean
Highlands), it is very likely that they have developed strategies
that have allowed them to persist under these conditions (Chevin
and Lande, 2010). In this way, this mixture of strategies
(and factors) could have a relevant role in the possibilities of
adaptive responses in the current scenario of climate change
and ecosystem impoverishment at the global level. Additionally,
under certain conditions, the development of these adaptive
strategies can come from foreign populations through migrants,
but on other occasions, they can be generated in situ, giving
rise to adaptations that allow the population to persist in a
dynamic environment (Chevin et al., 2010; Furness et al., 2015;
Wong and Candolin, 2015).

Therefore, research is needed to broaden our understanding
of the response of populations that have historically persisted in
systems that present cycles of fragmentation and reconnection
and that are currently exposed to abrupt modifications as a
result of global change. An interesting system to evaluate these
predictions corresponds to the Atacama Saltpan, located in
northern Chile. In the hypersaline lagoon systems of this saltpan,
different species not only have had to respond to the stress
related to the physicochemical changes of an active saltpan (e.g.,
changes in salinity, temperature, pH) (Alonso and Risacher, 1996;
Risacher and Alonso, 1996; Risacher and Fritz, 2009), and to
the successive cycles between hyperarid and arid periods that
characterized the region during the Pliocene, Pleistocene and
Holocene (Wirrmann and Mourguiart, 1995; Betancourt et al.,
2000; Bobst et al., 2001; Sáez et al., 2012; González-Silvestre
et al., 2013; Ritter et al., 2018), but also to the extraction of
water for metal (copper) and non-metal (lithium and potassium)
mining, in addition to other anthropogenic activities such as
tourism and recreation. A recent study indicated that during the
last 20 years, there has been a significant degradation of saltpan
ecosystems, and these changes have been reflected in a decline in

vegetation cover, an increase in temperature, a decrease in soil
moisture and an intensification of drought conditions in these
systems (Liu et al., 2019). Another study conducted in Tilopozo,
an aquifer located in the southern margin of the Atacama
Saltpan, indicates that the changes in vegetation cover would be
mediated by changes in soil moisture and aquifer structure (type
of soil, its fissures, and its permeability), along with sustained
water extraction in the system (Soto et al., 2019). In this way,
the possibility of evaluating both historical factors (arid and
hyperarid cycles) and contemporary factors (anthropic effects
and global change) position the Atacama Saltpan as an interesting
system to evaluate the effect of fragmentation and environmental
dynamism on the pattern of genetics differentiation of the species
that inhabit this ecosystem.

The extreme conditions (high solar radiation and surface
water evaporation, high daily thermal oscillation, low oxygen
pressure) that predominate in the hydrological systems of the
Atacama Saltpan have generated a biotic assembly characterized
mainly by bacterial communities (Demergasso et al., 2010;
Cubillos et al., 2018; Dorador et al., 2018) and macroinvertebrates
(Zúñiga et al., 1991). Among the latter is Heleobia atacamensis
(Philippi, 1860), a strictly aquatic microgastropod that inhabits
Tilopozo, one of the brackish and saline aquifers of the
saltpan. Heleobia atacamensis is categorized as Data Deficient
by the International Union for Conservation of Nature (IUCN),
however, according to environmental legislation in Chile, the
species is classified as Critically Endangered by the Ministry of
the Environment (RCE DS52/2014). The classification criteria
were based mainly on the decrease in habitat quality and given
that the species occupies less than 1 km2 (Ministerio del Medio
Ambiente, 2014). Although H. atacamensis was described in
Tilopozo, populations of Heleobia have recently been detected
in several hydrological systems of the saltpan with varying
degrees of connectivity; to date, the identity or relationship and
structure of these populations of the saltpan have not been
described or evaluated.

Previous phylogenetic studies show that H. atacamensis
corresponds to a monophyletic lineage different from other
species of the genus (Collado et al., 2013), and that the
cladogenesis event between this taxon and its closest lineage
would have occurred 1.7 (2.5–1.0) Ma (Collado et al., 2016b),
a date much later than the establishment of the hyperarid
conditions of the Atacama Desert that occurred during the
late Oligocene and early Miocene (Muñoz et al., 1997; Clarke,
2006). Therefore, these antecedents suggest that the population
divergence process of H. atacamensis would have occurred
in hypersaline and highly fragmented hydrological systems.
This condition of isolation in saltpan populations could
have changed temporarily during periods of higher rainfall
mainly as a consequence of glacial cycles (Ammann et al.,
2001; Fornari et al., 2001; Nester et al., 2007; Mujica et al.,
2014) and intensification of the South American Summer
Monsoon (Quade et al., 2008; Marengo et al., 2012; Baker and
Fritz, 2015); therefore, the connectivity between populations
of H. atacamensis would present dynamic cycles, although
fragmentation would predominate. Based on the above, this
study attempts to answer the following questions regarding the
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evolutionary history and persistence of historically fragmented
and currently threatened populations:

1. What is the connectivity, genetic diversity pattern and
degree of coincidence of demographic events among
the populations of H. atacamensis? It is predicted
that the genetic flow will be related to the spatial
position of the systems, that the genetic diversity will
be similar between the populations, and that there will
be demographic stability reflecting resilience to historical
events of fragmentation and environmental degradation.

2. To what extent are geographic isolation and environmental
heterogeneity related to genetic differentiation between
populations? Considering the low vagility of Heleobia
species and the sensitivity to environmental conditions
(Iannacone and Alvariño, 2002; Cazzaniga et al., 2011;
Souza et al., 2013; Magalhães et al., 2014; Collado et al.,
2021), it is hypothesized that there will be a pattern of
isolation by distance and signs of isolation by environment.

3. Is there a change between the historical and contemporary
structuring of populations? It is predicted that there will
be a change and that the current structure will have
components of the past structure, the physiography of the
saltpan and differentiation of the ecosystems.

MATERIALS AND METHODS

Study Area
The Atacama Saltpan is the largest salt deposit in Chile and
is located on the eastern margin of the Atacama Desert at
2,300 masl. The hydrological system extends approximately
100 km long by 80 km wide at its maximum, representing a
total surface area of approximately 3,000 km2, whose lagoon
area reaches 12.6 km2 (Alonso and Risacher, 1996; Lowenstein
and Risacher, 2009). The surface water contributions come
mainly from permanent courses that drain from the Andes
Mountains to the north and east of the saltpan, while the
underground contributions come from the Andean slope of the
saltpan (Alonso and Risacher, 1996; Marazuela et al., 2019).
Precipitation is concentrated during the austral summer and
averages 10 mm/year; however, considering the high evaporation
potential (2,000 mm/year), there is a negative water balance
(Alonso and Risacher, 1996; Risacher and Alonso, 1996). On the
eastern margin of the saltpan, there are different hydrological
subsystems with different degrees of connectivity, and most of
these aquifers drain in the center of the saltpan in layers different
from the evaporites (Alonso and Risacher, 1996). In this study,
eight hydrological systems located on the eastern and southern
fringes of the Atacama Saltpan were analyzed (Figure 1).

Sample Collection
The specimens of Heleobia were collected from hydrological
systems of the Atacama Saltpan between 2017 and 2018, and
even when the sampling periods were in different years, the
gene pool and morphological features of the individuals from
the same system were shared, and thus, were considered as
the same population. The snails were collected by hand or

using a sieve of 1 mm mesh opening from the sediment or
macrophytes present in the systems. The authors of this study
were authorized to collect specimens of the genus Heleobia in
the Atacama Saltpan according to Authorization No. 620195
of the National Forest Corporation (CONAF) and Exempt
Resolution No. 1253/2018 of the Undersecretary of Fisheries
and Aquaculture (SUBPESCA). According to the geography,
the sampling points within the saltpan were divided into
eight systems: Tebenquiche, Chaxa, Puilar, Quelana, Salada, La
Punta, La Brava and Tilopozo (Figures 1A–H; photographs
of the systems are shown in Supplementary Figure 1). The
conformation of these systems was determined by grouping
sampling sites that belong to the same watercourse, that
is, that correspond to transects within the same tributary
or body of water.

Molecular Methods
DNA extraction was performed using the Cetyl Trimethyl
Ammonium Bromide (CTAB) method (Winnepenninckx et al.,
1993). The amplification was performed by polymerase chain
reaction (PCR) considering three mitochondrial markers and
three nuclear markers. The methodology applied followed the
protocols of Collado and Méndez (2012) and Valladares et al.
(2018). The details of the markers and primers used in the
study are shown in Supplementary Table 1. Both strands
of the amplified products were sequenced by Macrogen Inc.
(Seoul, South Korea). The sequences were edited and then
aligned using the algorithms ClustalW (Larkin et al., 2007) and
MUSCLE (Edgar, 2004) in the program CodonCode Aligner
v3.6.1 (CodonCode Corporation, Dedham, MA).

Phylogenetic Analysis of DNA Sequences
Phylogenetic reconstructions were performed under the
Maximum Likelihood (ML) and Bayesian Inference (BI)
algorithms using the mitochondrial sequences (COI, 12S, and
16S). For ML and BI, the best model of sequence evolution
was previously selected using bModelTest (Bouckaert and
Drummond, 2017). Reconstruction by ML was performed in
RAxML v8.0 (Stamatakis, 2014), and node support was obtained
by performing a bootstrap analysis of 1,000 pseudoreplicates.
Bayesian reconstruction was performed in MrBayes v3.2.6
(Ronquist et al., 2012) using the Markov Chain Monte Carlo
(MCMC) method. The BI analysis was run three times for 100
million generations each time, with a sampling of trees every
10,000 generations. The consensus tree considered a burn-in
period of 25%. The reconstructions of ML and BI were performed
in the CIPRES cluster of the San Diego Supercomputer Center
(Miller et al., 2010).

In the phylogenetic reconstructions, the species Heleobia
chimbaensis (Biese, 1944), H. ascotanensis (Courty, 1907)
and H. carcotensis Collado, Valladares, and Méndez, (2016)
were used as a sister group considering its geographical
proximity to the Atacama Saltpan. Together, Heleobia sp.
of Parinacota was used as an external group sensu lato to
root the phylogenetic tree. Additionally, two H. atacamensis
sequences obtained from the National Center for Biotechnology
Information (NCBI-GenBank) database were included in the
analyses (Supplementary Table 2).
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FIGURE 1 | Map showing the Atacama Saltpan. The boundary of the saltpan is depicted in the central figure. The eight systems analyzed and the sampling points
considered for each system are indicated (A–H). Maps created in QGIS Geographic Information System v3.4.9 with ESRI world imagery (ESRI, DigitalGlobe,
GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community).
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The reconstruction of the species tree and estimation of
divergence times were performed using Bayesian inference in
the program BEAST v2.5.2 (Bouckaert et al., 2019). For this
analysis, the mitochondrial and nuclear genes (complete set;
6 loci) were considered. The analysis was performed using
a multispecies coalescent tree (MSCT) reconstruction in the
StarBEAST2 v0.14.0 package (Ogilvie et al., 2017). For the
MSCT inference, the Yule tree model was implemented with a
strict clock model using Heleobia australis (d’Orbigny, 1835) as
outgroup. For this analysis, the individuals were assigned to its
system of origin. For the StarBEAST2 analysis, a mutation rate
of 1.7% per million years proposed for the cytochrome oxidase
subunit 1 (COI) gene in Cochliopidae (Wilke et al., 2009) and
three independent runs of 100 million generations, sampling
every 10,000 generations was used. For the MSCT analyses, five
individuals were selected per system, the missing sequences were
coded as missing, and the alignment was partitioned by gene.
The convergence of the results was analyzed in Tracer v1.7.1
(Rambaut et al., 2014) and the results were summarized in a
single ultrametric tree using TreeAnnotator v2.5.1 (Drummond
et al., 2012). To assess the phylogenetic congruence between
the mitochondrial and nuclear loci, phylogenetic trees were
estimated for the datasets separately using the same parameters
as the analysis of the complete dataset.

Phylogeographic Analysis of
Mitochondrial Sequences
The genetic diversity of each system was characterized from
the COI gene due to its greater variability using the following
diversity indices estimated in Arlequin v3.0 (Excoffier and
Lischer, 2010): Number of polymorphic sites (S), number of
haplotypes (KH), haplotype diversity (H) and the average of
differences between pairs of sequences (5). The relationships
between the haplotypes were visualized by constructing a
haplotype network through the median-joining algorithm
(Bandelt et al., 1999) using PopART v1.7 (Leigh and Bryant,
2015). Genetic distances between hydrological systems were
estimated in MEGA11 v11.0.8 (Tamura et al., 2021). To
determine the number of genetic groups and spatial population
structure within the saltpan, an analysis was performed in the
GENELAND v4.0.7 package (Guillot et al., 2005) in R v3.6.1
software (R Development Core Team, 2019). The most likely
number of clusters (CT) was identified by performing fifteen
independent MCMC analyses of 108 iterations and thinning
every 10,000 iterations. The range was limited between CT = 1
and CT = 8 (total of systems analyzed), and a burn-in of 25%.

Amplification of Microsatellite
Sequences
For this study, the specific primers and PCR conditions for
H. atacamensis developed by Fabres et al. (2020) were used. The
standardization of the PCR was performed using the protocol
described by Schuelke (2000). The amplification products
were analyzed by the Pontificia Universidad Católica de Chile
(Santiago, Chile) sequencing services. Subsequently, fragment
analysis was performed using GeneMapper v4.0 software

(Applied Biosystems, Waltham, MA). The excess homozygotes
or heterozygotes was evaluated with the program MICRO-
CHECKER v2.2.3 (van Oosterhout et al., 2004), and for each
locus, the presence of stuttering and null alleles were searched.

Genetic Analysis of Microsatellite
Sequences
Genetic diversity indices including number of alleles (A),
number of private alleles (AP), percentage of polymorphic loci
(% PL), observed heterozygosity (HO), expected heterozygosity
(HE) and fixation index (F) were calculated in GenAlEx v6.5
(Peakall and Smouse, 2012). The allelic richness (AR) was
estimated in the PopGenReport v3.0.4 package (Adamack and
Gruber, 2014), performing a rarefaction based on the smaller
sample size (n = 32). To evaluate whether the individuals
within each population were significantly more or less related
under the assumption of random mating, we calculated the
population average of relatedness (R) and the estimated
significance considering 10,000 permutations in GenAlEx. The
degree of genetic structuring between pairs of populations was
calculated using the FST indices in the GENETIX v4.0.5 program
(Belkhir et al., 2004).

The number of genetic groups (K) was evaluated using
the genotypes of the individuals through a Bayesian analysis
implemented in STRUCTURE v2.3.4 (Pritchard et al., 2000;
Falush et al., 2003, 2007). From 1 to 8 groups, 600,000 replicates
were analyzed by performing an MCMC analysis considering
a burn-in period of 300,000 parameters, and the results were
obtained based on 15 runs. The structuring parameters were
calculated for each K-value under the admixture model, allelic
frequencies correlated between groups and using locality of origin
information as LocPrior (Pritchard et al., 2000; Falush et al.,
2003). The most likely number of populations (K) was evaluated
considering the value of the log-likelihood of the observed data
[LnP (D)] and the second-order change rate of the log-likelihood
of the data in different runs of K (1K) described in Evanno
et al. (2005); the results were analyzed using the Pophelper
v2.3.0 package (Francis, 2017). The consistency between the
different STRUCTURE runs was evaluated using CLUMPP v1.1.2
(Jakobsson and Rosenberg, 2007).

The estimation of recent bottlenecks for each of the eight
systems of the Atacama Saltpan was performed independently
using BOTTLENECK v1.2 (Piry et al., 1999), based on the
graphical analysis of Luikart et al. (1998) and Wilcoxon signed-
rank tests (WSRs) used to compare the heterozygosity observed
with that expected from the number of alleles observed given the
sample size, assuming mutation-drift equilibrium for each locus
of each system. The two-phase model (TPM) and the stepwise
mutational model (SMM) were used to simulate mutation-
drift equilibria. For TPM, two values (10 and 30) were tested
to estimate the variance of the geometric distribution with
a low probability of single-step mutations (70%). Finally, to
estimate the contemporary genetic flow between populations, a
Bayesian analysis was performed using the software BAYESASS
v3.0.8 (Wilson and Rannala, 2003). This analysis was performed
using 50 million iterations and a burn-in period of 25%, and
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sampling was performed every 5,000 iterations. The mixing
parameters for allelic frequencies, migration rates and inbreeding
coefficients were defined as 0.35, 0.25, and 0.60, respectively. Ten
independent runs with different seed values were performed to
examine the consistency in the results.

Isolation by Distance and Isolation by
Environment
The existence of a pattern of genetic divergence associated
with IBD and IBE phenomena was simultaneously tested by a
multiple matrix regression with randomization (MMRR) analysis
on genetic distance matrices (dependent variable), environmental
distance matrices and geographic distance matrices (independent
variables) (Wang, 2013). This analysis allowed us to evaluate
whether spatial distances (denoted by coefficient βD) and
environmental heterogeneity (denoted by coefficient βE) have
an effect on the genetic divergence of the populations in the
saltpan. The result of the MMRR analysis is a multiple regression
that explicitly indicates whether the response variable changes
significantly with respect to the independent variables and the
direction of this relationship. In this way, the result indicates
the fit of the model (using r2) and the significance of the
model coefficients. The spatial distance matrix corresponded
to the standardized geographic distance between the systems
studied. The FST microsatellite matrix (FST(SSR)) was used as
a proxy for genetic distance. The FST matrix was linearized
according to the formula [FST/(1-FST)] proposed by Rousset
(1997). The environmental distance matrix was constructed
based on six physicochemical parameters measured in the study
systems. The variables considered were temperature, salinity,
conductivity, dissolved oxygen, oxygen saturation and pH. Each
parameter was measured at least three times (different seasons
when possible) to obtain an adequate description of the systems
(Supplementary Table 3). The measurements per system were
averaged, and the variance was described by a PCA. Subsequently,
the environmental distances matrix was generated using all
the main components in the vegan v2.5-5 package (Oksanen
et al., 2007). The MMRR analysis was performed using the
lgrMMRR function with 10,000 permutations in PopGenReport.
In addition, to investigate the relative influence of the
independent variables (geographic distance and environmental
heterogeneity) on genetic dissimilarity, we used multiple
regression on distance matrices (MRM) (Lichstein, 2007) to
evaluate the relationship between each explanatory variable and
the dependent variable. The values for the MRM models were
obtained through 10,000 permutations in the ecodist v2.0.1
package (Goslee and Urban, 2007).

RESULTS

Genetic Sequences
The results of bModelTest indicated that the best model of
nucleotide substitution for the mitochondrial genes 12S and 16S
was HKY, and for COI TN93; on the other hand, for the nuclear
markers H3 and ITS2, the best model was GTR + I + G, and
for ITS1, it was HKY + G. Original sequences obtained in the

present study were submitted to GenBank (accession numbers in
Supplementary Table 1).

Phylogenetic Analysis
The BI analysis produced a consensus tree that recovered the
same lineages as the ML analysis (-ln Likelihood = –3232.276)
using mitochondrial sequences. The phylogenies obtained using
BI and ML were concordant, and in both, the samples from the
Atacama Saltpan were recovered in a clade differentiated from
the rest of the Altiplano localities (Figure 2A and Supplementary
Figure 2). Considering node support and spatial distribution,
among the samples from the saltpan, four main lineages were
recovered. The first lineage contains individuals from Puilar and
Chaxa and some from Tebenquiche (Lineage 1); the second
group contains individuals from Tilopozo and the rest of the
representatives of Tebenquiche (Lineage 2); a third lineage
groups all individuals from Quelana and Salada, in addition
to some of the individuals from La Punta and one specimen
from Puilar (Lineage 3); and the fourth lineage recovered the
remaining individuals from La Punta specimens and all the
individuals sampled at La Brava (Lineage 4). Two individuals
from Quelana were recovered in a polytomy with lineages 1 and 2.

The results of the MSCT estimation using the six markers
(mitochondrial and nuclear) were consistent in the different
runs performed. The topology of the tree showed a strong
spatial component of the systems analyzed (Figure 2B). The
reconstruction presented high values of node support, and
the lineages agreed with the geographic arrangement of the
saltpan, with the exception of the lineage from Tebenquiche
(system located in the extreme north of the saltpan), which
was recovered with the samples from Tilopozo (type-locality
of H. atacamensis). The topology of the MSCT estimated
from the nuclear sequences was partially different from the
mitochondrial MSCT (Supplementary Figure 3). However,
despite this inconsistency, neither dataset disproportionately
influenced the reconstruction of the complete set, since features
from both trees were recovered in the phylogeny obtained using
concatenated sequences. Finally, the divergence times suggest
that the diversification process in the saltpan would have begun
170 (110–250) ky ago during the late Pleistocene; however, the
wide range covered by the highest posterior density (HPD)
region estimated for each node reflects that the estimation of
the divergence times requires more information (e.g., fossil
calibration or mutation rates for all markers).

Phylogeographic Study Using
Mitochondrial Sequences
The values of the genetic diversity indices estimated from the
COI sequences (252 individuals) are shown in Table 1. The
results suggest that the lowest genetic variability was found
in the La Brava System (southern sector), where a single
haplotype was observed for the entire system. In contrast, the
greatest variability was found in La Punta (also southern sector),
with thirteen haplotypes. Genetic distances between Heleobia
individuals grouped by hydrological system ranged from 0.3%
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FIGURE 2 | Phylogenetic relationships of Heleobia populations of the Atacama Saltpan (A) Bayesian inference tree of Heleobia using three mitochondrial loci (12S,
16S, and COI). Tree is rooted with different species of Heleobia of the Atacama Desert and southern Altiplano (see full results in Supplementary Figure 1).
(B) Maximum clade credibility (MCC) tree of Heleobia obtained from StarBEAST2 analysis based on nuclear and mitochondrial loci (H3, ITS1 and ITS2; 12S, 16S,
and COI). Heleobia australis (Buenos Aires, Argentina) was used as outgroup. Mean divergence time estimates are shown with 95% highest posterior density (HPD;
blue bars). For both phylogenetic estimations (A,B), black, gray, and white filled circles indicate nodes that were recovered with posterior probability (PP) ≥ 0.95,
0.75– < 0.95, and < 75, respectively. Sampling sites are color-coded (as in other figures) to assist comparisons.

TABLE 1 | Indices of genetic diversity obtained from partial sequences of the COI gene for each sampling system of the Atacama Saltpan.

System Latitude (S) Longitude (W) N S KH H 5

Tebenquiche 23.130 68.263 24 4 2 0.489 1.957

Puilar 23.293 68.138 20 15 8 0.774 2.216

Chaxa 23.282 68.173 20 3 4 0.668 1.105

Quelana 23.444 68.104 35 15 7 0.629 3.654

Salada 23.677 68.146 18 9 10 0.810 1.098

La Brava 23.721 68.250 31 0 1 0.000 0.000

La Punta 23.713 68.237 69 25 13 0.671 5.196

Tilopozo 23.767 68.236 35 6 6 0.269 0.343

Total 252 47 43 0.887 5.904

The geographic coordinates of each system, sample size (N), number of polymorphic sites (S), number of haplotypes (KH), haplotype diversity (H) and average of
differences per sequence pair (5) are indicated.

(Chaxa-Puilar) to 1.7% (La Brava-Salada) with a mean genetic
distance of 1.1% (Supplementary Table 4).

The haplotype network (Figure 3) showed that most
haplotypes were shared between different localities, with the
exception of Tilopozo (southern margin of the saltpan), which
exhibited exclusive haplotypes. The individuals from La Punta
were recovered in two main haplogroups, one associated with
the La Brava samples and another separated by ten mutational
steps that contained the rest of the La Punta samples and all of
the Salada samples.

The analysis of the number of genetic groups and the spatial
population structure obtained with GENELAND indicate the
existence of five genetic groups (posterior probability = 0.82).
However, the posterior probabilities associated with the
definition of the boundaries and spatial belonging between

the detected clusters were moderate (on average 0.7), which
suggests that the populations would be in a process of divergence
(Supplementary Figure 4). The first cluster would be composed
of individuals from Tebenquiche and Tilopozo (systems at the
geographic edges of the saltpan). The second cluster recovered
the individuals collected in Puilar and Chaxa. The third group
contains only individuals from Quelana (center of the saltpan).
The fourth cluster corresponded to the specimens collected in
Salada. The fifth cluster contained the individuals analyzed from
La Punta and La Brava.

Nuclear Markers Microsatellites
Eleven microsatellites of 303 individuals from the eight systems
of the Atacama Saltpan were analyzed (Supplementary Data
Sheet 1). This dataset corresponds to the total number of
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FIGURE 3 | Haplotype network of Heleobia populations of the Atacama Saltpan obtained from partial sequences of the COI gene. The segments on the lines
represent the number of mutational steps. Circle sizes are proportional to haplotype frequencies and colors represent the respective sample localities.

individuals in the mitochondrial set, except for two individuals
of Salada, which did not amplify satisfactorily. In addition, the
sample size was increased in most of the systems (except Salada)
for the estimation of demographic and population structure
parameters. The variability of the populations, the values of
heterozygosity (HO, HE), the number of alleles per population
and the values of FIS are presented in Table 2. None of the
populations deviated from the Hardy-Weinberg equilibrium
(no significant FIS values). The results show low values of
heterozygosity in all the populations studied. On the other hand,
high levels of population average of relatedness (R) were found
in most of the populations of the saltpan, with Tilopozo showing
the highest value (R = 0.290) and La Brava the lowest (R = 0.038).

All the paired comparisons of FST were significant, and the
results showed that the closest systems had lower differentiation
values (Table 3). Salada presented moderate differentiation values
in all comparisons (between 0.224 and 0.490), and Tilopozo
showed the highest differentiation values with respect to the rest
of the systems (between 0.302 and 0.490).

Population Genetic Structure
The most likely number of populations in the saltpan, determined
using the Evanno method, was K = 4 (Figure 4). The four
populations defined were: Population 1 contained samples from
the Tebenquiche, Chaxa and Puilar systems (northern systems of

the saltpan); Population 2 recovered individuals from Quelana
(center of the saltpan); Population 3 recovered the individuals
collected in the Salada, La Brava and La Punta systems (south-
central of the saltpan); finally, Population 4 recovered all
individuals from Tilopozo (type-locality of H. atacamensis).

No significant signs of genetic bottlenecks were detected in
any of the systems analyzed, using both the TPM and SSM models
(all p-values > 0.1 from the Wilcoxon tests); in the same way, all
systems presented L-shaped normal distributions, indicating the
absence of abrupt demographic declines in populations.

Landscape Genetic Structure
The environmental characterization based on the six
physicochemical features (temperature, pH, dissolved oxygen,
oxygen saturation, salinity and conductivity) showed high
environmental heterogeneity between and within systems
(Supplementary Figure 5). Tilopozo differed from the rest of
the systems mainly by temperature and salinity, Tebenquiche
and Chaxa showed similar conditions of high salinity, Salada
showed a high environmental heterogeneity mainly due to
temperature and oxygen concentrations, La Punta and La Brava
showed environmental similarity, as well as Puilar and Quelana.
The MMRR analysis for the complete set of variables showed
a significant and positive correlation between geographic and
genetic distance (βD = 0.23, p < 0.05), indicating a pattern
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TABLE 2 | Genetic diversity parameters determined from the analysis of the 11 microsatellite loci of eight populations of H. atacamensis.

System N A AP AR % PL HO HE F R (95% CI)

Tebenquiche 32 24 1 2.84 81.8 0.19 ± 0.06 0.23 ± 0.06 0.09 ± 0.09 0.180 (0.194, 0.166)

Puilar 20 23 0 2.35 72.7 0.19 ± 0.08 0.24 ± 0.08 0.11 ± 0.10 0.151 (0.174, 0.129)

Chaxa 23 27 2 2.67 72.7 0.26 ± 0.09 0.27 ± 0.07 0.22 ± 0.17 0.198 (0.213, 0.180)

Quelana 42 30 0 2.80 90.9 0.24 ± 0.07 0.33 ± 0.07 0.24 ± 0.11 0.104 (0.114, 0.093)

Salada 16 22 0 2.56 72.7 0.16 ± 0.05 0.26 ± 0.07 0.28 ± 0.12 0.132 (0.163, 0.098)

La Brava 36 31 0 3.17 100 0.31 ± 0.07 0.37 ± 0.05 0.25 ± 0.14 0.038 (0.050, 0.026)

La Punta 91 33 2 2.99 100 0.25 ± 0.07 0.31 ± 0.06 0.23 ± 0.09 0.067 (0.072, 0.062)

Tilopozo 43 31 4 3.06 100 0.24 ± 0.07 0.31 ± 0.05 0.25 ± 0.14 0.290 (0.299, 0.280)

Total 303 59

Mean ± SE 86.4 ± 4.6 0.23 ± 0.02 0.29 ± 0.02 0.21 ± 0.04

Shown are the number of samples (N), number of alleles (A), number of private alleles (AP), average allelic richness (AR), percentage of polymorphic loci (% PL), observed
heterozygosity (HO), expected heterozygosity (HE ), fixation index (F) and pairwise relatedness (R) with upper and lower confidence intervals. For% PL, HO, HE , and F, the
population mean of the parameter and its standard error are shown.

TABLE 3 | Genetic structuring among populations of the Atacama Saltpan obtained using 11 microsatellite loci.

Tebenquiche Puilar Chaxa Quelana Salada La Brava La Punta Tilopozo

Tebenquiche < 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Puilar 0.171 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Chaxa 0.242 0.048 <0.001 <0.001 < 0.001 <0.001 <0.001

Quelana 0.222 0.242 0.201 <0.001 <0.001 <0.001 <0.001

Salada 0.357 0.378 0.395 0.270 <0.001 <0.001 <0.001

LaBrava 0.220 0.178 0.212 0.176 0.243 <0.001 <0.001

La Punta 0.199 0.203 0.249 0.172 0.224 0.019 <0.001

Tilopozo 0.428 0.464 0.481 0.458 0.490 0.302 0.358

The FST values are shown between each pair of sampling sites (under the diagonal) and their significance values (over the diagonal).

FIGURE 4 | Population structure inferred for gastropods of the genus Heleobia of the Atacama Saltpan obtained from 11 microsatellite loci using STRUCTURE.

of isolation by distance; however, a significant relationship
between environmental heterogeneity and genetic differentiation
was not detected (βE = 0.06, p > 0.05), suggesting an absence
of isolation by environment. The model considering both
predictive variables, was significant but had a low coefficient of
determination (r2 = 0.22, p < 0.05). The relative contribution
of environmental variables to genetic differentiation determined
by the MRM analysis generated a significant model with a
high coefficient of determination (r2 = 0.77, p < 0.05), and
was consistent with the MMRR analysis regarding that the
geographic distance showed a positive and significant correlation

with genetic distance (b = 0.05, p < 0.05). With respect to the
rest of the predictive variables, both oxygen saturation and pH
showed a significant and positive relationship (b = 1.11, p < 0.05;
and b = 6.05, p < 0.05, respectively) with genetic differentiation.

Contemporary Gene Flow
The estimated migration rates showed a high value of self-
recruitment in the Tebenquiche, Quelana, La Punta and Tilopozo
systems, indicating a reduced genetic flow between these systems
and the rest of the localities. In contrast, in Chaxa, an evident
mixture of genotypes from Puilar was observed. Similarly, Salada
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TABLE 4 | Estimated contemporary migration rate for Heleobia populations of Atacama Saltpan obtained using 11 microsatellite loci.

From/to Tebenquiche Chaxa Puilar Quelana Salada La Punta La Brava Tilopozo

Tebenquiche 0.9103 (0.0279) 0.0114 (0.0095) 0.0121 (0.0127) 0.0097 (0.0090) 0.0129 (0.0118) 0.0235 (0.0196) 0.0127 (0.0117) 0.0075 (0.0072)

Chaxa 0.0105 (0.0097) 0.6778 (0.0113) 0.2562 (0.0248) 0.0126 (0.0116) 0.0111 (0.0107) 0.0106 (0.0102) 0.0104 (0.0100) 0.0108 (0.0110)

Puilar 0.0311 (0.0221) 0.0116 (0.0104) 0.8918 (0.0325) 0.0133 (0.0129) 0.0119 (0.0112) 0.0157 (0.0155) 0.0126 (0.0120) 0.0120 (0.0114)

Quelana 0.0110 (0.0099) 0.0068 (0.0070) 0.0170 (0.0137) 0.9170 (0.0269) 0.0087 (0.0083) 0.0261 (0.0195) 0.0068 (0.0066) 0.0066 (0.0065)

Salada 0.0188 (0.0179) 0.0122 (0.0116) 0.0142 (0.0143) 0.0253 (0.0208) 0.7571 (0.0541) 0.1353 (0.0581) 0.0242 (0.0229) 0.0128 (0.0126)

La Punta 0.0056 (0.0054) 0.0037 (0.0038) 0.0058 (0.0056) 0.0070 (0.0059) 0.0063 (0.0060) 0.9327 (0.0202) 0.0354 (0.0177) 0.0035 (0.0034)

La Brava 0.0108 (0.0095) 0.0081 (0.0077) 0.0102 (0.0096) 0.0108 (0.0095) 0.0152 (0.0120) 0.0370 (0.0218) 0.8999 (0.0264) 0.0080 (0.0084)

Tilopozo 0.0066 (0.0062) 0.0089 (0.0083) 0.0070 (0.0069) 0.0078 (0.0073) 0.0099 (0.0085) 0.0075 (0.0076) 0.0081 (0.0077) 0.9441 (0.0174)

Standard deviation is shown in parentheses. The self-recruitment rate is highlighted in bold along the diagonal.

presented a unidirectional flow of migrants from La Punta.
With respect to the type-locality of H. atacamensis (Tilopozo),
this system presents the highest value of self-recruitment of the
sample, which indicates that there is a contemporary isolation of
this locality compared to the rest of the saltpan (Table 4).

DISCUSSION

The analysis of nuclear and mitochondrial sequences, in
addition to the study of microsatellites of eight isolated systems
of the Atacama Saltpan, showed a high level of genetic
structuring among Heleobia populations studied. In addition,
this genetic structuring would be recent if we consider that
there is a significant relationship between the level of genetic
divergence and the geographic distance between the systems.
It is likely that the combination of genetic drift and reduced
gene flow, added to endogenous factors such as adaptation to
environmental dynamism, has shaped the underlying complex
genetic pattern of Heleobia populations that inhabit the saltpan.
In this sense, the results of the study show the existence of
previously undetected cryptic diversity in historically fragmented
populations of the genus.

Phylogenetic Relationships and
Divergence Times
The results of the phylogenetic analysis suggest that the
populations of Heleobia of the Atacama Saltpan correspond to
a genetic and evolutionary unit differentiated from the rest of
the species of the Altiplano and the Atacama Desert. Even when
the tree was reconstructed based on mitochondrial sequences, the
reciprocal monophyly and the high node support values indicate
that the diversification process of Heleobia in the Atacama
Saltpan would correspond to an in situ process. This would be
an expected pattern considering the limited vagility of Heleobia
species (Cazzaniga et al., 2011). In this sense, multiple studies
have shown that, in general, each species of the genus is restricted
to a single hydrological system or basin (Kroll et al., 2012; Collado
et al., 2013, 2016a,b). In addition, the study revealed a genetic
structure within the system congruent with the geographic
separation of the sampled sites (latitudinal differentiation), a
result similar to that reported in H. ascotanensis, a species that
inhabits the Ascotán Saltpan located approximately 200 km
north of the Atacama Saltpan (Valladares et al., 2018). The

mitochondrial tree also showed that two samples from Quelana
(Lineage 3) were recovered in polytomy with Lineage 1 (Puilar,
Chaxa and Tebenquiche) and Lineage 2 (Tilopozo and the rest
of the individuals from Tebenquiche). Similarly, an individual
from Puilar was recovered in Lineage 3 (Quelana, La Punta, and
Salada). The branching pattern indicate that individuals with
gene pools from other systems persist in these lineages, suggesting
a connection between localities. This makes sense considering
that Quelana is located in the center of the saltpan, therefore, it is
possible that there is (or has been) gene flow between this system
and adjoining systems.

The topology of the phylogenetic tree with the complete
dataset (mitochondrial and nuclear sequences) was partially
discordant with respect to that generated only based on
mitochondrial markers. The main difference was in the position
of the snails from La Brava and La Punta in comparison with
the other lineages; however, in both phylogenetic estimations,
the influence of the spatial arrangement of the systems
was noticeable. According to the MSCT reconstruction, the
diversification process started approximately 170 ky ago (late
Pleistocene), which could be related to the wet periods that
have been reported for the area (Sáez et al., 2012; Ritter
et al., 2018), although the lack of fossil calibration prevents a
more robust dating.

Genetic Diversity and Structure in
Heleobia
The mitochondrial diversity indices obtained for the populations
of Heleobia of the Atacama Saltpan were substantially lower
than those reported in other Heleobia species that present
fragmented populations (Valladares et al., 2018). On the other
hand, the genetic distances between systems (COI sequences)
were comparable to previous studies in closely related species of
Heleobia and that also used mitochondrial information (Collado
et al., 2013, 2016b). Although there are no studies based on
microsatellites for the genus, the microsatellite diversity indices
obtained in the present study are also lower than those obtained
in fragmented populations of other taxa of the Altiplano region
(Cruz-Jofré et al., 2016; Guerrero-Jiménez et al., 2017). A unique
situation occurs in the south-central systems of the saltpan,
since in La Punta, two highly differentiated haplogroups were
detected, one which also constituted the only haplotype of La
Brava and the second was shared with Salada. Considering the
poor genetic diversity of La Brava relative to La Punta and the
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phylogenetic relationships between the populations showing that
they are closely related. These results suggest that the individuals
of La Brava would have originated from La Punta migrants and
that, in turn, a portion of the haplotypes recovered in La Punta
would have come from Salada. This hypothesis is compatible
with a model of fluctuating connectivity in the saltpan, a pattern
proposed for aquatic organisms that inhabit hypersaline systems
in the region (Morales et al., 2011; Collado and Méndez, 2013;
Cruz-Jofré et al., 2016; Valladares et al., 2018). Something similar
occurs between Chaxa and Puilar, although the relationship is
more diffuse, since both share a main haplotype.

The fluctuating connectivity model proposed for the Atacama
Saltpan mainly considers the topography of the saltpan (see
Munk et al., 2018) and the occurrence of extreme rainfall events
in the region (Wirrmann and Mourguiart, 1995; Betancourt et al.,
2000; Bobst et al., 2001; Sáez et al., 2012; González-Silvestre
et al., 2013; Ritter et al., 2018). In the case of Heleobia, these
components are even more critical given that it is a strictly
aquatic microgastropod, therefore, migration between systems
could have occurred exclusively as a result of a passive movement
associated with flood events that would connect hydrologically
isolated systems.

The results obtained using mitochondrial sequences and
nuclear microsatellites indicate that the genetic variability found
in the populations of Heleobia of the saltpan can be divided into
three levels: first, the systems located in the northern region of
the saltpan (Tebenquiche, Puilar and Chaxa) and the systems
located in the south (Salada, La Punta and La Brava), which host
most of the genetic variability, and in the case of Chaxa-Puilar
and Salada-La Punta, are inhabited by individuals with shared
haplotypes (suggesting genetic flow). Second, Quelana presents
intermediate genetic diversity and mainly haplotypes not shared
with other systems, indicating genetic isolation from the rest of
the systems, even when it is located in the geographic center of
the saltpan. Third, Tilopozo has low gene flow values compared
with other populations and reduced genetic variability. The low
genetic diversity detected in this system is probably explained by
various historical demographic events that affected its population
size. A particular case was detected in La Brava, since this system
presented the lowest mitochondrial genetic diversity (a single
haplotype shared with La Punta), but a high number of alleles
and the highest allelic richness estimated from microsatellites. If
it is also considered that La Brava presented the lowest level of
relatedness (R = 0.038), no private alleles and was recovered in
the same population with La Punta and Salada (microsatellite
results), it is probable that a recent colonization has occurred
from a nearby system to La Brava.

Genetic Structure Reflects Habitat
Modulation
According to the microsatellite analysis, five distinct populations
are recognized in the Atacama Saltpan. In Tilopozo (type-locality
of H. atacamensis), the population with the lowest levels of
contemporary gene flow was recovered, suggesting that this
population has remained isolated from the rest (supporting what
was obtained in the MSCT reconstruction and COI haplotype
network). The individuals of the northern systems of the saltpan

(Tebenquiche, Puilar and Chaxa) formed a delimited group,
although they present some genotypes associated with the
Quelana population. Specimens from the Salada, La Punta and La
Brava systems formed a genetic cluster, which would correspond
to a population limited to the south-central sector of the saltpan.
Gene flow analyses suggest that the movement of individuals
mainly occurs between nearby systems (Puilar-Chaxa and Salada-
La Punta); however, this also reflects the environmental similarity
of the systems that present the highest values of connectivity.
Tilopozo presents unique environmental conditions (measured
as physicochemical variation), and at the same time, it presents
the lowest values of gene flow. This pattern is repeated in the
northern systems, which overlap in the environmental space and
have high degrees of connectivity.

Similarly, temporal habitat influence in terms of connectivity
and fragmentation can be inferred by comparing the multilocus
phylogenetic estimation (i.e., historical genetic structure) and
the results of microsatellite analyses (i.e., contemporary genetic
structure). Although both results show the relationship between
genetic structure and physiography, the main difference is the
relationship between Tebenquiche (north of the saltpan) and
Tilopozo (south of the saltpan). These systems are the most
distant (∼70 km), however, in all phylogenetic reconstructions
they were recovered in the same lineage. In contrast, the analyses
using microsatellites grouped Tebenquiche with Chaxa and
Puilar (all are systems located in the north of the saltpan) and
Tilopozo was defined as an independent population. In the
case of phylogenetic reconstruction, the Tilopozo/Tebenquiche
relationship is likely due to polymorphism retention, considering
the geographic distance between the systems, which would
prevent the connection between them even in extreme
rainfall events. On the other hand, the contemporary genetic
pattern is consistent with the spatial arrangement of the
systems and with the possible migration routes in extreme
rainfall events. This if we consider that the differences in
altitude between localities (see Munk et al., 2018) would only
promote the connection of nearby systems and toward the
center of the saltpan.

Landscape Genetic Structure Suggests
Mainly Isolation by Distance
The results indicate that the genetic differentiation pattern of
Heleobia throughout the saltpan is intimately related to the spatial
isolation of the populations. This pattern of IBD was significant
in all analyses and is consistent with studies in hydrological
systems within desert environments (Murphy et al., 2012, 2015;
Valladares et al., 2018). Consequently, high levels of population
relatedness were detected in most of the systems, which is
probably not only related to the geographic isolation but also to
the low vagility and reproductive biology reported for Heleobia
atacamensis (Collado et al., 2021). In this sense, hydrological
systems composed of springs with a certain degree of isolation
and in a desert environment, are habitats where endemic species
have evolved into a variety of taxa, which apparently maintain
species in relatively stable and isolated conditions (Moline et al.,
2004; Murphy et al., 2009; Sei et al., 2009; Trajanovski et al.,
2010). The present study shows how in an endemic gastropod, the
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identification of genetically differentiated populations provides
information on the hydrological structure underlying a complex
system of lagoons and aquifers such as the Atacama Saltpan.

Implications for Conservation
The results show that much of the current genetic diversity of
the populations of Heleobia of the Atacama Saltpan is related
to different degrees of connectivity and geographic isolation.
In addition, the low indices of diversity and high degree of
fragmentation indicate that the saltpan populations of Heleobia
are highly differentiated. This is crucial when establishing
management plans for H. atacamensis, given that much of the
genetic diversity detected resides in small isolated populations.
Therefore, inappropriate management that does not consider
the evolutionary history of these lineages could trigger an event
of outbreeding depression or a depletion of the genotypic pool
(Cook and Sgrò, 2019). For example, the low diversity and
high degree of isolation detected in Quelana is of concern; all
the analyses detected it as a highly differentiated population
with a low degree of connectivity, and clearly repopulating
with other populations does not align with the recommended
procedure (Waller, 2015; Ralls et al., 2018). On the other hand,
in Tilopozo, in addition to the genetic differentiation detected,
the environmental variables (e.g., temperature and salinity) were
different from all other systems of the saltpan. This condition
turns the type-locality of H. atacamensis into a unique habitat
in the system, whose ecological imprint is strongly related to
the degree of genetic differentiation of the population. Therefore,
an artificial restoration of genetic flow in the Atacama Saltpan
should be restricted to populations that present a population
decline or an extreme decline in genetic diversity. Finally, based
on the present results, there was no evidence of contemporary
changes in the saltpan impacting demographic stability of the
Heleobia populations. We propose that this may be explained by
different strategies that this species has developed in response
to the historical environmental dynamism that has occurred in
the system. However, it is necessary to note that this fragile
equilibrium largely depends on the local conditions for each
lineage in the saltpan. Therefore, conservation plans for the
species that are distributed in the Atacama Saltpan should
be geared toward the preservation and characterization of the
conditions (biotic and abiotic) that characterize each system.
In addition, it is necessary to implement studies that allow

monitoring the temporal change in terms of diversity and genetic
connectivity of the of Heleobia populations of the saltpan.
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