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Abstract

The Andean Altiplano has served as a complex setting throughout its history, driving dynamic
processes of diversification in several taxa. We investigated phylogeographic processes in the
Telmatobius marmoratus species complex occurring in this region by studying the geographic
patterns of genetic variability, genealogies, and historical migration, using the cytochrome b
(cyt-b) gene as a marker. DNA sequences from Telmatobius gigas and Telmatobius culeus,
Bolivian species with an uncertain taxonomic status, were also included. Additionally, we
evaluated the phylogenetic diversity (PD) represented within Chilean protected areas and
the complementary contribution from unprotected populations. Phylogenetic reconstructions
from 148 cyt-b sequences revealed 4 main clades, one of which corresponded to T. culeus.
T. gigas was part of T marmoratus clade indicating paraphyletic relationships. Haplotypes
from Chilean and Bolivian sites were not reciprocally monophyletic. Geographic distribution
of lineages, spatial Bayesian analysis, and migration patterns indicated that T marmoratus
displays a weaker geographic structure than expected based on habitat distribution and
physiological requirements. Demographic and statistical phylogeography analyses pointed
out to a scenario of recent population expansion and high connectivity events of a more
recent age than the post Last Glacial Maximum, probably associated to more humid events
in Altiplano. PD of T marmoratus populations within protected areas represents 55.6% of
the total estimated PD. The unprotected populations that would contribute the most to PD
are Caquena and Quebe (21%). Recent evolutionary processes and paleoclimatic changes,
potentially driving shifts in habitat connectivity levels and population sizes, could explain the
phylogeographic patterns recovered herein.
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Resumen

El altiplano andino ha funcionado como un complejo escenario a través de su historia, el cual ha
involucrado procesos dinamicos de diversificacion en varios taxa. Nosotros investigamos los
procesos filogeograficos en el complejo de especies Telmatobius marmoratus que existen en esta
zona, mediante el estudio de patrones geograficos de variabilidad genética, genealogias y migracién
historica, mediante el uso del gen mitocondrial citocromo-b (cit-b). También incluimos secuencias
de ADN de Telmatobius gigas'y T culeus, especies bolivianas con un estatus taxonomico incierto.
Adicionalmente, evaluamos la diversidad filogenética (DF) representada dentro de las areas
protegidas de Chile y la contribucion por complementariedad de parte de areas no protegidas. Las
reconstrucciones filogenéticas de 148 secuencias de cit-b recuperaron cuatro clados principales, uno
de los cuales correspondid a Telmatobius culeus. La especie T gigasfue parte del clado T marmoratus,
sugiriendo una relacidon parafilética. Los haplotipos de localidades chilenas y bolivianas no
conformaron grupos reciprocamente monofiléticos. La distribucién geografica de linajes, analisis
bayesianos geografiamente explicitos y los patrones de migracion, sugirieron para . marmoratus una
menor estructura genética que la esperada en funcidn de su distribucién de habitat y requerimientos
ecoldgicos. Analisis demograficos y de filogeografia estadistica reconstruyeron un escenario de
expansion poblacional reciente y eventos de alta conectividad de edad menor que el término del
Ultimo Maximo Glacial, probablemente asociados a periodos mas lluviosos en el altiplano. La DF
de las poblaciones de T marmoratus dentro de las areas protegidas representan un 55,6% del total
estimado para Chile. Las poblaciones no protegidas que contribuirian con mayor DF son Caquena y
Quebe (21%). Cambios paleoclimaticos recientes habrian modulado variaciones en la conectividad
del habitaty en los tamanos poblacionales, lo que podria explicar el patrén filogeografico recuperado.

Subject areas: Conservation genetics and biodiversity; Population structure and phylogeography
Key words: Andean Altiplano, Chile, Phylogenetic Diversity, Telmatobius

Geological history and paleoclimatic fluctuations can be determi-

nants of the current patterns of genetic diversity and the geographic
16925

167°57

distribution of lineages within a species (Sérsic et al. 2011). Tectonic
uplift events that result in the formation of mountain ranges generally
lead to the occurrence of complex reliefs that could subsequently act
as barriers. Nevertheless, climatic fluctuations during the Quaternary
have been recognized as the main historic processes influencing spa-
tial patterns of genetic diversity (Hewitt 1996, 2004). According to
Gregory-Wodzicki (2000), the Altiplano Plateau extends from 15°S
to 24°S at over 3700 m.a.s.l. and about 250 km wide (Figure 1).
The Andean Altiplano is the second highest plateau on Earth and, -
while it originated during the Cretaceous period, it did not reach its 7]
current height until the Plio-Pleistocene (Gregory-Wodzicki 2000;
Moon 2008). Therefore, it has long existed as an element that, com-
bined with contrasting and cyclic climates (Ochsenius 1986), would
have acted as a dynamic generator of species diversity. Evidence for
the latter is the high degree of species richness within the fish genera
Orestias and Trichomycterus (Vila et al. 2011, 2013) and in aquatic
gastropods (Collado et al. 2013). Although high species diversity has
been noted, the evolutionary mechanisms related to the origin of this
diversity remain poorly understood. Previous studies suggest allopat- 177
ric speciation associated to vicariant events and historical fragmen-
tation of previously continuous aquatic environments as the main
drivers of this diversification (e.g., Vila et al. 2011; Collado et al.

2013). Unfortunately, few studies have explored the biodiversity and
diversification processes that occur in the Andean Altiplano system,

despite its interesting geological history and its peculiarities. Recent
studies have uncovered the occurrence of cryptic diversity in mol-
lusks within this region (Collado et al. 2013), suggesting that hidden
diversity could also be present in other biological groups in this area.

Figure 1. Sampled locations for the Telmatobius marmoratus species
complex considered in this study. The numbers correspond to the site
numbers detailed in Table 1. Color codes correspond to basin systems,
which are detailed in Table 1. *Locations within protected areas as detailed
inTable 1.
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Table 1. Sites of sampled mtDNA cyt-b haplotypes for the Telmatobius marmoratus species complex, grouped by country, region/district,

site name and geographical coordinates, and basin category

Site  Country  Region/district Locality Latitude Longitude Basin N  Cluster Haplotype
1 Chile Arica y Parinacota  Umaqui 17°44' 69°23' Altiplanic basin 3 2 H29, H31
2 Chile Arica y Parinacota  Surapalca 18°43' 69°25' Pacific basin 4 2 H7
3 Chile Arica y Parinacota  Allane 17°59 69°37" Pacific basin 10 2 HS
4 Chile Arica y Parinacota  Colpa 18°03' 69°13' Altiplanic basin 2 2 H1
5 Chile Arica y Parinacota  Caquena 18°03' 69°12' Altiplanic basin 6 2 H14
6 Chile Arica y Parinacota  Pacollo® 18°10' 69°30" Pacific basin 5 2 H18
7 Chile Arica y Parinacota  Lauca® 18°32! 69°09' Altiplanic basin 4 2 H3,H18
8 Chile Arica y Parinacota  Putre 18°11' 69°33' Pacific basin 4 2 H3
9 Chile Arica y Parinacota  Parinacota® 18°12! 69°16' Altiplanic basin 12 2 H3
10 Chile Arica y Parinacota  Malpaso® 18°15" 69°10" Altiplanic basin 1 2 H3
11 Chile Arica y Parinacota  Chungar4® 18°18' 69°8' Altiplanic basin 9 2 H3
12 Chile Arica y Parinacota  Chiriguaya® 18°20' 69°10" Altiplanic basin 10 2 H12, H18, H21, H30
13 Chile Arica y Parinacota  Ancuta® 18°26' 69°11' Altiplanic basin 5 2 H3,H12, H18, H29
14 Chile Arica y Parinacota  Lauca Vichuta® 18°30" 69°13' Altiplanic basin 1 2 H11
15 Chile Arica y Parinacota  Lauca Sur? 18°32! 69°09' Altiplanic basin 2 2 H25
16 Chile Tarapaca Pumiri 19°6' 69°8' Pacific basin 5 4 H2,H8
17 Chile Tarapaca Toculla 19°7 69°10" Pacific basin 3 4 H2,HS8
18 Chile Tarapaca Isluga® 19°15' 68°42! Altiplanic basin 20 3 H1,H10,H12,H13,H22
19 Chile Tarapaca Quebrada Tana 19°22! 69°32' Pacific basin 4 4 H2,H8
20 Chile Tarapaca Quebe 19°27' 68°48' Altiplanic basin 16 4 H4,H24
21 Chile Tarapaca Toroni 19°30' 69°42! Altiplanic basin 2 4 H1,H9
22 Chile Tarapaca Cancosa 19°57' 68°41' Altiplanic basin 8 4 H6,H17
23 Bolivia La Paz Rio Wasawayqo 15°10' 68°59' Amazon basin 1 1 Hie
24 Bolivia La Paz Charazani 15°10' 69°0" Amazon basin 1 1 H17,H16
25 Bolivia La Paz Charazani Escoma ~ 15°13' 69°2! Amazon basin 2 1 H20
26 Bolivia La Paz Lago Titicaca 16°15' 68°44' Altiplanic basin 1 1 H15
27 Bolivia La Paz Zongo 16°16' 68°6' Amazon basin 1 1 H1
28 Bolivia La Paz KkotaPata 16°16' 68°4' Amazon basin 1 1 H28
29 Bolivia La Paz Comanche 16°58' 68°25" Altiplanic basin 1 1 H19
30 Bolivia Oruro Huayllamarca 17°50' 67°57" Altiplanic basin 1 1 H27
31 Bolivia Oruro Sajama 18°6' 68°59' Altiplanic basin 1 1 H23
32 Bolivia Oruro Lago Macaya 18°33' 68°56' Altiplanic basin 1 2 H26
33 Bolivia Oruro Rio Packohaua 18°45' 68°41' Altiplanic basin 1 3 H18
148

Bold haplotypes are present in more than one site.

Cluster, genetic group assigned by Geneland; N, sample size.

“Locations within protected areas as indicated in Figure 1.

Genetic variation is widely recognized as one of several cur-
rencies for the evaluation of diversity (Ehrlich & Wilson 1991;
Humphries et al. 1995), and the protection of diversity is incor-
porated into many national and international conventions (Moritz
& Faith, 1998). For single species conservation, it is important to
identify the evolutionary relationship between populations in order
to retain the maximum genetic diversity and to incorporate infor-
mation on historical population processes (Avise 1989, Moritz
1994, 1995). The use of molecular data in phylogeographic studies
has led to the discovery of many cryptic phylogeographic lineages
(Daniels et al. 2003), usually not reflected in morphological vari-
ation. By combining the resulting gene trees with the geographic
location at which each individual was sampled, one can elucidate
the geographical distributions of major gene lineages that comprise
a gene tree (Arbogast and Kenagy 2008). This is a key issue for
the delimitation of evolutionary significant units and for defining
intraspecific biodiversity units for conservation purposes. Moritz
(1999) suggested that in order to define conservation units one
should identify and protect groups of historically isolated evolu-
tionarily significant units (ESUs) in the first place, and that groups

that would maximize the potential for evolutionary adaptation are
protected for each ESU (Fraser and Bernatchez 2001). The phyloge-
netic diversity (PD) (Faith 1992a) is a quantitative measure of phy-
logenetic diversity. Larger PD values are expected to correspond
to greater feature diversity (Faith 1992b; 1994). This index allows
a priority system to be established that reflects the value of the
taxonomic diversity, which is very important when resources are
limited or when the goal of conservation is to maintain the most
hierarchical variation (Faith 1992a); PD can also be used to meas-
ure the complementary diversity of a taxon (or taxa) that is not
covered by a reference set of taxa (Faith 1992b). For instance, for a
set of populations distributed outside protected areas, it is possible
to determine which of them would provide greater phylogenetic
diversity complementary to those already protected and prioritize
their conservation.

The genus Telmatobius Wiegmann 1834 constitutes a very diverse
genus that is associated with Andean landscapes, and distributed from
Ecuador, throughout the Bolivian and Peruvian highlands, reaching
southwards into Argentina and Chile (Aguilar and Valencia 2009).
These amphibians have aquatic and semi-aquatic habits, occurring in
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lakes, river systems, and shallow wetlands between 1000 and 5200
m.a.s.l. (De la Riva 2005). About 10 Telmatobius species are known
to occur in northern Chile, from which 8 are endemic to Chile.
According to recent studies (Sdez et al. 2014), the species group that
occurs in Chile is composed of 3 clades that does not form a reciprocal
monophyletic unit relative to the Telmatobius species from neighbor-
ing Andean regions. The latter makes the Telmatobius species an ideal
model for the inference of diversification processes and for the recon-
struction of evolutionary relationships. One of the northern Chilean
clades within this genus includes T. marmoratus (Duméril and Bibron
1841), a species with a wide distribution range in the highlands that
extends to the Bolivian provinces of Oruro and La Paz. Its taxonomic
history, characterized by a long list of synonyms, indicates that this is
a taxon whose delimitation has been challenging and it is currently
under development. Systematic uncertainties have led researchers to
include within this clade several putative species that show a low
degree of divergence from T. marmoratus, such as T. culeus (Garman
1875) and T. gigas Vellard 1969 from Bolivia (Benavides et al. 2002;
De la Riva et al. 2010). As a result, it becomes compulsory to consider
T. marmoratus as a species complex. According to recent results (Sdez
et al. 2014), some Chilean populations whose evolutionary relation-
ships were uncertain, belong to the T. marmoratus clade, T. gigas is
apparently part of T. marmoratus, and T. culeus could be the sister
species of T. marmoratus. As such, investigating the degree of genetic
differentiation between T. marmoratus sensu stricto and weakly dif-
ferentiated species like T. culeus and T. gigas, as well as the genea-
logical relationships within T. marmoratus sensu lato, becomes a very
interesting undertaking.

From a phylogeographic viewpoint, it would be interesting to
characterize patterns of diversity, both inter- and intrapopulations
belonging to this species complex and associate these with geological
and climatic historical processes that have occurred in the Andean
Altiplano. As Telmatobius species are aquatic, their distribution are
strongly associated with water bodies. The habitat range occupied
by the T. marmoratus complex in the Altiplano is highly fragmented
and shows low levels of connectivity. In general, amphibians display
low levels of vagility relative to other vertebrates, and many spe-
cies are philopatric (Correa et al. 2010), frequently generating high
levels of structure even in areas separated by narrow or moderate
distances. Additionally, this habitat can be assumed to be historically
unstable due to the dynamic paleoclimatic history of these highlands
that were subjected to recurrent glacial events and to cyclical dry
and wet periods. Unstable environments are often associated with
low levels of local genetic variability due to recurrent decreases in
effective population size (Carnaval et al. 2009). Therefore, based on
the factors described above, we predict low levels of local genetic
variability and high levels of structure coupled with low levels of his-
torical gene flow among populations of the T. marmoratus complex.

Regarding its conservation status, T. marmoratus is listed as vul-
nerable as its population is expected to decline by more than 30%
between 2010 and 2020 (Icochea et al. 2010). One of the major
threats for this species is chytridiomycosis, an infectious disease
caused by the chytrid fungus Batrachochytrium dendrobatidis that is
believed to be responsible for the decline of some Peruvian popula-
tions (Seimon et al. 2007). Another relevant threat for the Chilean
populations of T. marmoratus is habitat alteration due to increased
mining, groundwater withdrawals, and intensive grazing by domes-
tic livestock. The IUCN Red List provides scientific decision-making
guidelines to assign species into categories of threat based on thresh-
old values of population parameters, such as distribution range
and population decline (Mace and Lande 1991). However, these

criteria do not ensure the preservation of intraspecific biodiversity.
For example, many species with a broad distribution and high num-
ber of records are not listed as threatened. But in these cases, this
system of classification does not consider the geographic distribu-
tion of their genetic variability, or the evolutionary uniqueness of
their populations. Many species differ substantially in the amount
of unique genetic information they embody (Crozier 1997), which is
not commonly considered as a criterion in conservation measures.
The major goal of this study is to investigate from a phylogeo-
graphic standpoint, the spatial patterns of genetic diversity and line-
age distribution within the T. marmoratus species complex, and the
historical levels of connectivity among the populations assignable to
this species based on variants of a mitochondrial gene. Additionally,
we evaluate to which extent the patterns of PD are represented inside
the National System of Protected Areas of Chile (Sistema Nacional
de Areas Protegidas de Chile, SNASPE), and which unprotected
populations would contribute the most in increasing the amount of
protected PD if their range were to be included in the SNASPE.

Materials and Methods

Sample Collection

We analyzed a total of 148 sequences from specimens of the
Telmatobius marmoratus complex distributed in Chile and Bolivia.
From these, 136 corresponded to individuals collected in 22 sites
between the Arica and Parinacota Region and the Tarapacd Region.
DNA samples were obtained from buccal swabs, interdigital mem-
branes, or both. In some cases, muscular tissue was extracted and
preserved in absolute ethanol. All samples were catalogued with
the geographic coordinates of the sampling site recorded by GPS
(Table 1; Figure 1). For analyses, sites were grouped in 3 basin cat-
egories: Pacific, Altiplano, and Amazona basins (Table 1; Figure 1).
The Bolivian samples of T. marmoratus studied here are the same
that De la Riva et al. (2010) included in their work with Bolivian
Telmatobius. (GenBank accession codes GU060589 — GU060612).
In this work, we complemented the sampling coverage performed in
Sdez et al. 2014 by taking samples from sites outside of the Lauca and
Isluga National Parks and including samples from the Las Vicufas
National Reserve, which results in a relatively continuous sampling
of T. marmoratus specimens along the high Andean zone of the Arica
y Parinacota and Tarapaca regions. It is important to point out that
this work extends the actual known distribution of T. marmoratus in
Chile (from 11 to 22 localities; see Saez et al. 2014).

Data Archiving

All new sequences were deposited in GenBank (accession codes
KT156848--KT156960). We have deposited the primary data under-
lying these analyses in Dryad following data archiving guidelines
(Baker 2013).

Laboratory Protocols

Genomic DNA was extracted using the commercial Kit Wizard SV
Genomic (Promega). Subsequently, extraction was verified by elec-
trophoresis in a 2% agarose gel using 3 microlitres of extraction
products, followed by staining of the gel with SYBR Safe®. A frag-
ment of the mitochondrial gene (mtDNA) cytochrome b (cyt-b) was
amplified using the primers MVZ15 (GAA CTA ATG GCC CAC
ACW WTA CGN AA) (Moritz et al. 1992) and CYTBAR-h (TAW
AAG GGT CTT CTA CTG GTT G) (Goebel et al. 1999). DNA
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amplification was performed by polymerase chain reaction (PCR)
in a final volume of 30 pL containing: 1.5U of Taq polymerase
(Invitrogen), 3mM of MgCl,, 0.12mM of each dNTP, 0.1 pM of
each primer, and 10-50ng of genomic DNA. The PCR reactions
were performed using the following conditions: initial denaturation
at 94 °C for 2min, followed by 40 cycles (45 s at 94 °C, 1 min at
53 °C, and 1.3min a 72 °C), and a final elongation at 72 °C for
10 min.

PCR products were visualized using a 2% agarose gel stained
with SYBR Safe® and purified using a MultiScreen PCR ,, Filter
plate (Millipore) according to the protocol provided by the manu-
facturer. PCR products were sequenced on both directions through
automatic sequencing using the equipment ABI3730XL of Macrogen
(Korea). Sequences were aligned and edited using Codon Code
Aligner v. 3.0.3 (Codon Code Corporation 2007), and later trans-
lated into amino acids in order to corroborate the absence of stop
codons.

Saturation levels of the matrix were evaluated following the pro-
tocols described in DAMBE v. 5.0.11 (Xia and Xie 2001). Tests were
performed with 100 iterations using the proportion of invariant sites
informed by the software jModeltest v. 0.1.1 (Posada 2008).

Phylogenetic Analyses

Phylogenetic relationships were inferred using the Bayesian approach
implemented in MrBayes v. 3.1.2 (Ronquist and Huelsenbeck 2003).
Four Markov chains were run for 5 million iterations and sampled
at intervals of 1000 generations. The first 1250 trees (25%) were
discarded as burn-in. Posterior probabilities were obtained from
50% majority-rule consensus tree. The best-fit model of sequence
evolution for each gene was selected with JModeltest 0.1.1 (Posada
2008). The species Telmatobius bolivianus was selected as the out-
group (accession number of GeneBank GU060588).

The haplotype network was inferred using statistical parsimony
in TCS (Clement et al. 2000). Ambiguities within the network were
solved according to the criteria of Crandall and Templeton (1993):
1) Frequency criterion: haplotypes are more likely to be connected
to high-frequency haplotypes than to other sequences with lower
trequencies; 2) Topological criterion: haplotypes are more likely
to be connected to interior haplotypes than to tip haplotypes; and
3) Geographic criterion: haplotypes are more likely to be connected
to other sequences belonging to the same population or region, than
to haplotypes occurring in distant populations.

Neutrality Test, Population Genetic, and Historical
Demographic Analyses

To asses if cyt-b gene sequences behave neutrally (Ballard and
Whitlock 2004), the McDonald and Kreitman (1991) neutrality
test was performed using the program DnaSP v. § (Librado and
Rozas 2009). In order to detect deviations from a constant popula-
tion size under a neutral model, we applied Tajima’s D test (Tajima
1989) implemented in the program DnaSP, and Fu’s Fs (Fu 1997)
using the Arlequin program (Excoffier et al. 2005). Negative and
statistically significant values for these statistics suggest an excess
of low-frequency mutations, relative to what is expected under a
neutral model (e.g., strict selective neutrality of variants and con-
stant population size). Additionally, analyses of pairwise haplo-
type comparisons (“mismatch distribution”) were performed using
Arlequin. To test if the data deviate from what is expected under an
expansion model, the Raggedness index was calculated. In order
to determine the most likely number of populations (cluster), we

used a Bayesian approach implemented in the program Geneland
4.0.3 (Guillot et al. 2005a, Guillot et al. 2005b, Guillot 2008,
Guedj and Guillot 2011, Guillot et al. 2012). This program pro-
vides a frequency distribution graphic that indicates the most prob-
able number of populations and their approximate geographic
limits. We performed a preliminary run where K was allowed to
vary from 1 to 33 (number of localities collected) to determine the
modal number of clusters. All runs were conducted using the spatial
Dirichlet model for the priors in allele frequency and 5 runs with
fixed K were performed for the spatially explicit model, and for
each run, the posterior probability of subpopulation membership
was computed for each pixel of the spatial domain (100x 100 pix-
els). The Markov chain Monte Carlo (MCMC) repetitions were set
at 500,000, thinning was set at 100, and the burn-in period was set
at 200 iterations. Because use of Geneland with nonrecombining
DNA sequence data could incur a considerable loss of information,
it should not be viewed as a substitute for methods that model the
genealogy of genes (Guillot et al. 2012). For this reason we also use
coalescent methods to estimate the historical population connectiv-
ity. Four possible models of gene flow were tested using Migrate-n
v. 3.6 ( Beerli 2006) (see Supplementary Table A online). The mar-
ginal likelihood of the model was estimated followed by a ranking
of the Bayes factor of each one (Beerli and Palczewski 2010). The
starting genealogy was taken from a UPGMA tree and initial theta
and M values were derived from the FST calculation. Static heating
was applied to 4 independent chains using temperature settings of
1.0, 1.5, 3.0, and 1000000.0. A total of 500000 steps were run,
recorded every 100 generations, of which 12500 were discarded
as the burn-in. Stationarity was assessed by examining the effec-
tive sample size and distribution of each parameter in Tracer v 1.5
(Drummond and Rambaut 2007).

Genetic distance between and within clusters was calculated
using MEGA § (Tamura et al. 2011), while haplotype diversity (Hd;
Nei 1987), nucleotide diversity (7t; Nei 1987) and the average num-
ber of nucleotide differences (k; Tajima 1989) were estimated using
the program DnaSP.

Based on the results from the phylogenetic and gene flow
analyses, a hypothesis of postglacial gene flow was proposed and
tested against the alternative hypothesis of ancestral polymorphism
retained from an earlier divergence using a model-based phylogeo-
graphic approach. These hypotheses were tested by performing coa-
lescent simulations in the program Mesquite ver. 3.01 (Maddison
and Maddison 2008) to produce thousands of expected genealogies
under 2 models representing the 2 hypotheses being tested. For each
simulated genealogy, the s statistic (Slatkin and Maddison 1989) was
calculated and its frequency distribution from each of the 2 models
was then compared with the s-value obtained from the empirical
dataset. The s statistic is used here as a measure of departure from
reciprocal monophyly. The higher the value, the higher the lack of
monophyly. Support for a given model is assessed based on where
the observed s-value falls relative to the distribution of the simulated
s values, as the different models may produce different expectations
regarding the degree of reciprocal monophyly. Simulations were
initially performed for 2 models differing in the time since diver-
gence (14000 ybp vs. 7000 ybp) (Figure 2). However, based on the
preliminary results, additional divergence times were also simulated
(1000 and 400 ybp). For simplicity, we test our models with popula-
tions from cluster C2, which we divided in 2 subpopulations based
on the basin in which they were collected (west: Lluta River basin
or east: Altiplano basin). Simulations were performed assuming a
population size of 10000 individuals for each model. Models were
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Figure 2. Models of coalescent simulations performed in the program Mesquite ver. 3.01. Ne, effective sample size; tdiv, time since divergence; m, migration rate
between basins; C2 West, localities from cluster C2 collected in Lluta Pacific basin (west basin); C2 East, localities from cluster C2 collected in Altiplano basin.

also run assuming 2 scenarios of migration, a without-migration
scenario (m = 0) and a with-migration scenario (72 = 0.001; percent
of migrants per generation). These values of m are close to those
obtained by Migrate, and we selected a slightly larger m value for
the with-migration scenario to account for the larger uncertainty in
the estimation of this parameter when estimated from mtDNA only.

Phylogenetic Diversity and Its Representation in
Protected Areas in Chile

In order to evaluate how much of the T. marmoratus diversity is
sheltered by protected areas in Chile, we calculated the PD index
(Faith 1992b) for all populations within the SNASPE, and compared
it to the PD of populations outside protected areas. Protected and
unprotected sites are showed in Figure 1. Additionally, we deter-
mined which of the currently unprotected populations, if included
in the protected areas system, would contribute the most to raise the
total phylogenetic diversity contained in the SNASPE. This approach
enables the prioritization of those populations that could contribute
the most toward the PD while minimizing the number of popula-
tions to protect. These analyses were conducted using the Picante
package for R (Phylocom Integration, Community Analyses, Null-
models, Traits and Evolution in R) (Kembel et al. 2010) and the R
function “Phylorare” (Nipperes and Matsen 2013). The “Phylorare”
function calculates mean rooted phylogenetic diversity and can be
used to standardize a set of samples to a particular level of sampling
effort. This allows comparing PD between different sets (protected
and unprotected) with unequal sample size.

Results

The final alignment consisted of 148 sequences representing an
815 bp fragment of the gene coding for cyt-b, from 33 sampling sites.
All sequences (including the outgroup) showed low levels of satura-
tion according to Xia’s test. None of the cyt-b sequences presented
gaps or stop codons, which indicates they represent functional copies
of mtDNA. Neutrality test indicated the sequences evolve neutrally
instead of evolving as a response to selective processes. A total of 60
segregating sites were found among 31 haplotypes.

Phylogenetic Analyses

The phylogenetic tree obtained from Bayesian analysis is shown
in Figure 3. Four major clades can be delimited (A, B, C, and D),
but the relationship among them are not resolved, represented by

polytomies and low geographical structure. Clade A shows a strong
support (0.99) and it includes 10 haplotypes, from both one of the
2 Pacific basins and from part of the Altiplano basin. The speci-
men from Huayllamarca, Oruro, which was putatively assigned to
T. gigas in De la Riva et al. (2010), is nested within this group.
Clade B is represented by only one haplotype and corresponds to
specimens from Allane in the Lluta Pacific basin, whereas clade C
is constituted only by the specimen from Titicaca Lake, which was
designated as T. culeus prior to these analyses. Clade D was weakly
supported (PP = 0.57) and includes sequences from specimens
collected in most of the sampling sites in both Chile and Bolivia,
from Lluta Pacific basin, Altiplano, and Amazon basin. Within this
group, clade E includes haplotypes from Arica-Parinacota (Pacific
basin), and samples from part of the Altiplano basin. Clade F is also
strongly supported (PP = 0.98) and comprises haplotypes from a
wide geographic area, in which the haplotypes from the Amazon
basin are also included. In summary, the Bayesian genealogy shows
a lack of genetic structure and no reciprocal monophily according to
each river system.

The haplotype network showed 3 main haplogroups (Figure 4),
with low geographical structure. The haplogroups were designated
using the same codes as the Bayesian phylogenetic tree (Figure 3).
The haplotype from clade B (from the Lluta Pacific basin) is closely
associated with the haplogroup F that is distributed both in the
Altiplano and Amazon basins. Haplogroup E shows a clear star-like
shape with an internal high-frequency haplotype broadly distributed
in the Lluta Pacific basin and Altiplano. Both clades A and F present
a wider geographic distribution with no star-like shape, and without
a clear dominant haplotype. Within clade F, one haplotype (H1) pre-
sented the widest geographic distribution and was also the most fre-
quent. Overall, the network shows connections with few mutational
steps with the exception of the unique haplotype forming clade C
(preliminarily assigned to T. culeus), which is separated from the
nearest haplogroup (F) by 10 mutational steps.

Neutrality Test, Population Genetics, and Historical
Demographic Analyses

Analyses of population genetic structure (Geneland) indicated
that the most probable number of population units is K = 4, which
were largely, but not completely concordant with the basins lim-
its (Figure 5). Cluster 1 (C1 in Figure 5) represented all sites from
La Paz. This unit shows a wide north to south extension, suggest-
ing that in La Paz there is a low genetic differentiation among
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Figure 3. Bayesian majority-rule consensus tree depicting relationships of the Telmatobius marmoratus species complex based on sequences of the cyt-b gene.
Numbers above nodes represent Bayesian posterior probability values, and numbers between parentheses indicate the corresponding site number according to
Table 1.Tm = Telmatobius marmoratus.Tg = Telmatobius gigas, according to De la Riva 2010.Tc = Telmatobius culeus, according De la Riva 2010. H = haplotype
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Figure 4. Haplotype network inferred using cyt-b gene sequences by statistical parsimony (TCS), for the Telmatobius marmoratus species complex. Color codes
correspond to basin systems as shown in Figure 1. White circles indicate mutational steps, for details of haplotype codes seeTable 1.

local populations. Cluster C2 included localities mainly from group included only 2 sites, one from Tarapacd, near the Bolivian
Arica-Parinacota, with the exception of a bordering site adjacent border (site 18, Isluga), and the Bolivian site of Rio Packohaua
to Chile, in the Oruro province (Site 32, Macaya Lake). The C3 (site 33). Cluster C4 included only sites in Tarapacd, Chile.
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Haplotype (Hd) and nucleotide diversity (mt) for all cyt-b
sequences was Hd = 0.8148 and 7t = 0.0076, respectively (Table 2).
Diversity estimators were also calculated separately for each popula-
tion inferred by Geneland. Higher haplotype and nucleotide diversity
was observed for the group C1 which is distributed in La Paz with a

Density
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|
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0 5
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Pacific Ocean

wide geographic range, and the lowest estimated value corresponded
to cluster C3, composed by only 2 border localities between Chile
and Bolivia. Mostly, the above results were congruent with distance
values within and between clusters (Table 3); generally, such genetic
distance values were low (between 0.005 and 0.013). Pairwise

Figure 5. (a) Probability density for the number of populations simulated and obtained with Geneland. (b) Spatial distribution of each cluster (C1 to C4), defined by
Geneland at K = 4. Cluster codes and basins included in each cluster are detailed inTable 1. Arrows show the Migrate gene flows between basins (see details inTable 4).

Table 2. Nucleotide diversity statistics, tests for neutrality, and demographic expansion of mtDNA cyt-b sequences for the clusters re-
trieved by Geneland in the Telmatobius marmoratus species complex

N S H k Ragg Hd 7 Fs Fu D Tajima
Cluster 1 9 26 8 6.611111 0.15509259 0.9722 0.009391 -1.98453 -1.53992
Cluster 2 80 34 15 2.910759 0.20216452 0.4734 0.003058 -2.77868 -1.82096
Cluster 3 21 15 6 2.1 0.28272109 0.4286 0.002211 -0.04573 -1.80962
Cluster 4 38 23 9 6.042674 0.16540371 0.7895 0.006347 2.77071 0.3518
Total 148 60 32 7.291046 0.04313333 0.8148 0.007659 -3.55073 -0.99927

Basins included in each cluster are detailed in Table 1.

H, number of haplotypes; Hd, haplotype diversity; k, average number of nucleotide differences; N, number of sequences; 7, nucleotide diversity; Ragg, Rag-

gedness index; S, variable sites.

Bold values represent significance at P < 0.05.
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distance average within each group was lower than between groups,
except when comparing group C1 to group C3.

According to Fu’s Fs values and Tajima’s D, only groups C2
(D =-1.82096 from Arica-Parinacota) and C3 (D = -1.80962) show
signals of recent bottlenecks and are currently experiencing a demo-
graphic expansion, as suggested by the significant negative values of
one or both indicators (Table 2). As suggested by mismatch graphics,
although some populations showed a tendency toward a multimodal
distribution, a significant deviation from the expected curve under
a demographic expansion model was only observed for one of the
4 haplogroups (see Raggedness values in Table 2). The mismatch
graphics showing pairwise distances mostly in low values (Figure 6)
correspond to clusters C2 and C3. The former is in agreement with
the significant Fu’s Fs value.

Migration values between clusters are shown in Table 4 and rep-
resented in Figure 5. Comparison of migration models revealed that
the Bisected stepping stone model had the highest support from the
data, with a log Bayes Factor difference > 10° units relative to the
other migration model (where a difference of > 10 units provide very
strong support for one model over another; Kass and Raferty 1995).
According to these results, the historic migration scenario for the
analyzed populations shows a prevalence of asymmetric migration

Table 3. Pairwise sequence divergence for cyt-b haplotypes be-
tween clusters of the Telmatobius marmoratus complex, retrieved
by Geneland

Cluster 1 Cluster 2 Cluster 3 Cluster 4
Cluster 1 0.01 (0.002) 0.011 0.007 0.013
Cluster 2 (0.003) 0.003 (0.001) 0.009 0.012
Cluster 3 (0.002) (0.003) 0.004 (0.001) 0.013
Cluster 4 (0.003) (0.003) (0.003) 0.008 (0.002)

Basins included in each cluster are detailed in Table 1.

The values on the diagonal (in bold) represent mean differences within
clusters, while those above the diagonal represent mean differences between
clusters. Standard deviation values are shown in parentheses.

rates. Higher migration magnitudes correspond to gene flow from
C3 to C1, from C4 to C1, and from C2 to C1. Therefore, the cluster
that historically acts as a sink is cluster C1, distributed in the La
Paz highlands. Cluster C3 (formed by 2 sites, one in Oruro and the
other in Tarapaca) could have acted primarily as a source. Cluster
C4 distributed in Tarapacd, Chile, appears to have functioned more
as a source than as a sink, although at a lower scale when compared
to cluster C3.

Because patterns of historical migration can be commonly con-
founded with the process of incomplete lineage sorting, we per-
formed coalescent simulations to test how likely the later scenario
could be for a number of models with different population splitting
times. These analyses indicated that the low genetic structure found
in Telmatobius marmoratus was likely not due to incomplete lineage
sorting, but rather to migration. Simulations at 3 different times of
population splitting and no migration between the basins (Figure 7,
upper row) showed that all simulated gene genealogies produced
s values lower than the observed s value. Additional simulations
showed that only after 400 years it was possible to obtain s values
equal or higher than the observed s value in at least 5% of the cases
(data not shown). On the other hand, simulations that incorporated
the effect of migration produced a range of s values that were not
significantly different from the observed s value (P > 0.5), regardless
of the time of population splitting (1000, 7000, and 14000 ybp;
Figure 7, lower row). All together, these results indicate that only the
models incorporating migration account for the lack of reciprocal
monophyly observed across populations.

Phylogenetic Diversity and Its Representation in
Protected Areas in Chile

Faith’s Phylogenetic Diversity Index (1992b) was estimated with the
“phylorare” function in R and the PICANTE package for R, including
all T. marmoratus populations in Chile. The Phylorare analysis with
m = 110 showed that the PD for all Chilean populations was 1.87.
When considering only populations sampled from protected areas,
the index value decreases considerably to 1.04, representing 55.6%
of Chile’s phylogenetic diversity for T. marmoratus. We obtained the
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Figure 6. Mismatch distribution of haplotype lineages for each cluster (C1 to C4) in the Telmatobius marmoratus species complex. Raggedness index values

are detailed inTable 2.
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Table 4. Long-term female effective migration rates (M) among basins, estimated by MIGRATE-N

Donor basin

Receiver basin Amazon Altiplanic Lluta Pacific Camina Pacific
Amazon 0.20 (0.04-0.20) 3.21 (0-35.1) — —
Altiplanic 1.88 (0-337) 0.12 (0.06-0.19) 2.27 (0-28.1) 0.89 (0-5.38)
Lluta Pacific — 0.38 (0-13.8) 00.02 (0-0.09) —
Camifia Pacific — 0.05 (0-1.83) — 0.01 (0-0.07)

The 95% confidence interval is constructed from minimum and maximum estimates of 0.025 and 0.975 percentiles.

Theta values (©) for each basin is given on the identity diagonal in italics.
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Figure 7. Comparison of the s value from the reconstructed gene tree (observed for groups explained in Figure 2) to the expected distributions of s from gene
trees simulated by neutral coalescence with (lower row) and without (upper row) migration (m =0.001 and m =0, respectively) and Ne = 10000, over a range of

different times of population splitting (measured in generations). Vertical dashed line indicates the observed s value.

same results with the PICANTE package for R. The population from
Caquena, currently unprotected, was retrieved as the most likely to
complement at the highest degree the phylogenetic diversity included
in protected areas (see Supplementary Table B online). This population
is represented by one haplotype (H14) that, together with H19, would
form a sister-clade relationship with haplotypes from the locality of
Isluga, 150 km away (H1, H10, and H13). If this population was to be
included, the phylogenetic diversity of protected areas would increase
from 55.6% to 66.3%. Another population that would also con-
tribute to phylogenetic diversity is that located in Quebe. This local-
ity alone has a high phylogenetic diversity (PD = 0.53), potentially
due to the presence of 2 haplotypes belonging to well-differentiated
clades (H4 and H24). Providing protected status to the populations
in Caquena and Quebe would raise the phylogenetic diversity in pro-
tected areas to 76%.

Discussion

Although not all clades from our inferred phylogenetic tree dis-
play high support values, it is interesting to analyze the position
of T. culeus and T. gigas in the tree topology and in the haplo-
type network. From both species, only T. culeus, from the Titicaca
Lake, appears as a well-differentiated clade relative to the rest. On
the other hand, the specimen assigned to T. gigas prior to analyses
shows a relationship to the T. marmoratus clade that includes speci-
mens from the localities of Oruro, Arica-Parinacota, and Tarapaca.

The strong evolutionary relationship between T. marmoratus and
T. gigas has been noted in previous studies (e.g., Benavides 2005).
De la Riva et al. (2010), when analyzing Bolivian Telmatobius spe-
cies, could not find a relationship of reciprocal monophyly between
samples of T. marmoratus and T. culeus from Titicaca. These authors
also found evidence of relatively recent divergence between T. mar-
moratus and T. gigas (no more than 300000 to 600000 ybp), which
could explain the absence of complete lineage sorting in both taxa.
In conclusion, relative to taxonomy, the cyt-b gene suggests that
T. gigas could be cospecific with T. marmoratus, while T. culeus is
clearly a different species. However, the genetic variability analyzed
in this study relied on only one gene of uniparental inheritance. In
order to produce more robust results, a broader sampling in Bolivia,
and an integrative approach is needed in order to establish the defi-
nite characterization of T. gigas as a separate species, including the
use of nonlinked genomic markers (nuclear genes) and other charac-
teristics such as morphological markers (Sites and Marshall 2004).
Contrary to our expectations of high structured populations,
we found patterns of low genetic structure that suggest the occur-
rence of a complex scenario in terms of lineage distribution, genetic
variability, and historic migrations within the T. marmoratus spe-
cies complex. Based on our results, we were not able to statistically
corroborate our prediction of highly structured populations within
T. marmoratus. Overall, T. marmoratus presented moderate levels
of population structure and low levels of genetic variation. We have
recovered considerable levels of historic gene flow among some of
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its populations. Nonetheless, Bayesian analyses using Geneland sug-
gest the existence of 4 populations units or clusters, which although
presenting low support values, serves as an indicator of the exist-
ence of moderately differentiated geographic groups. According
to the star-like shape of the cluster C2 from Arica-Parinacota, and
the significant negative values for the Fu’s Fs and Tajima’s D sta-
tistic, this population unit is expected to have undergone a recent
population size reduction, and it would currently be at a phase of
demographic expansion. Although not all groups showed signifi-
cant values for expansion or for bottleneck indicators, 2 clusters
exhibited significant negative Tajima’s D values, both distributed
in the Arica-Parinacota region and border areas between Chile and
Bolivia. In this regard, only the localities included in the C4 cluster,
which are mainly distributed in Tarapacd, Chile, showed a signifi-
cant Raggedness value relative to the expected distribution under an
expansion model. Below we discuss the plausible mechanisms that
could explain the lack of population structure found.

The Andean highlands are believed to have first appeared around
the Late Cretaceous, while the Western Cordillera and the Eastern
Cordillera arose later, during the Miocene. Subsequently, during the
Plio-Pleistocene, the Andean mountain range rose to nearly its cur-
rent height, at approximately 4000 m (Moon 2008). Therefore, the
Andean highlands have existed as an ecosystem for a long enough
time to have generated dynamic evolutionary processes that pro-
moted diversification in several biological groups, probably associ-
ated to vicariant events and fragmentation of aquatic environments
(e.g., Collado et al. (2013)). At an intraspecific level, Vila et al. (2013)
conducted a phylogeographic analysis for Orestias ascotanensis, a
fish species that now inhabits only the Ascotan saltmarsh, but with
isolated populations in nonconnected watersheds. The authors found
highly differentiated populations when comparing those from dis-
tant watersheds, but less differentiation and more diversity between
populations from watersheds closer together. Although this suggests
a history of low connectivity for some isolated aquatic habitats, this
also suggest that, in the past, water levels may have connected some
other geographically closer populations that are currently isolated.
Evidence for low genetic structure in amphibians from the same
area considered in this study was also found for Rhinella spinulosa,
suggesting high connectivity in the recent past. Correa et al. (2010)
found a unique widely distributed haplotype for this frog. De la Riva
and collaborators (2010) suggest that the current distribution of
the T. marmoratus species complex could have arisen from refugial
populations from lowlands, during cold and dry periods. Individuals
could have dispersed from these refugia and could have quickly colo-
nized territories at higher elevations during wetter periods, resulting
in present-day populations. According to our results, most of the his-
torical migrations (see Migrate results), would have been directional
and strongly asymmetric originating from the high western Altiplano
in Chile, towards the east in Bolivia. The haplogroup from Arica-
Parinacota (C2) occurs in basins clearly topographically separated
from adjacent basins in Chile, where the Tarapaca populations (C4)
exist. This could be explained because some of these basins flow into
Bolivian territory, allowing a greater connectivity among Chilean
and Bolivian populations than between both Chilean groups. The
occurrence of the some broadly distributed haplotypes, as in the
case of the haplotypes from the Arica-Parinacota region, could be
taken as evidence for recent dispersal events. One explanation for
the genetic variation and haplotype distribution recovered for the
T. marmoratus species complex is the probable influence of climate
shifts and recent glacial events. The wide distribution exhibited by
some haplotypes and the low structure found could be explained by

events that resulted in increased habitat connectivity during postgla-
cial melting. Glacial processes would have had an important impact
on the biodiversity of the highlands, through a cycling of dry and
wet periods (Ochsenius 1986). According to Maldonado and Rozas
(2008), during the Last Glacial Maximum (LGM), temperatures
dropped while rainfall increased in the north of Chile. A wet cycle
would have occurred 14000 to 11000 years ago, whereas around
7000 years ago the climatic conditions would have been extremely
arid. At the end of each glacial cycle, following the melting of the
ice-sheet, lakes would have suffered an increase in both depth and
extension. The former suggests that during these periods, aquatic
environments could have been saturated with water, becoming the
most common habitat, covering a larger area, and hence being
closer to each other. According to Villagran (1993), during the early
Holocene (between 8000 and 4000 years), climatic conditions would
have been more unstable with cycles of dry and wet periods tak-
ing place in different regions of South America. As a consequence,
paleoenvironmental changes in the Andean highlands would have
repeatedly caused reductions in the suitable habitat for T. marmora-
tus (Duellman 1982), especially during dry periods. This could have
resulted in a reduction in population size, therefore leading to peri-
ods of fragmented populations and low connectivity which would
have alternated with periods of glaciation, with lower temperatures
and more rainfall (Maldonado and Rozas 2008). In turn, connectiv-
ity would have been reestablished during postglacial periods, when
melting ice would have raised the water level of lakes, extending
their coverage (Ochsenius 1986) and probably flooding or saturat-
ing wide areas that currently do not form water bodies or wetlands.
This phenomenon could have increased connectivity levels for the
Telmatobius populations among wide areas, leading to secondary
contact of certain lineages and reducing genetic structure levels.
Although one of the reasons that may account for patterns of
absence of genetic structure is the retention of ancestral polymor-
phism (Funk and Omland 2003), our coalescent simulations indi-
cated that the low genetic structure found in T. marmoratus was
unlikely to be due to incomplete lineage sorting. Our results indi-
cate that only the models incorporating migration account for the
observed patterns of low structure. While expected cycles of greater
connectivity in the Altiplano after ice melting during postglacial
phases (e.g., post Last Glacial Maximum) are a plausible explanation
for the high historical gene flow in T. marmoratus, our coalescent
simulations suggest that high connectivity events should have also
occurred during more recent periods. Models suggest that high levels
of gene flow in T. marmoratus might have occurred within the last
1000 years. Several paleoenvironmental evidence sources about the
climate patterns in the Altiplano show that wet levels have been very
unstable, with contrasting rainfall cycles, and with an important role
of El Nifio Southern Oscillation (ENSO), after the Puna Glaciation
(Maldonado and Rozas 2008). Even during the Holocene, climatic
fluctuations were common, and, for example, Lake Titicaca reached
its current size only 3500 ybp (De La Riva et al. 2010). Brauning
(2009) provides an overview of what can be derived about changes
of temperature and moisture conditions in the humid and arid parts
of the Andes. He suggests that a progressive increase of humidity is
evidenced during the late Pleistocene in humid Andes, since approxi-
mately 1000 ybp. Studies based on paleohydrological reconstructions
in the central-southern Altiplano (18°-26 °S) show abrupt paleohy-
drological and paleoclimatic changes synchronous with the termina-
tion of the Little Ice Age from approximately 500 ybp (Valero-Garcés
et al. 2003). Latorre et al. (2003), based on midden records from
central Andes in arid prepuna (22-23°S), identify conditions wetter
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than today during several periods including up 1.2 ka, and Rech et al.
(2003), studying mid-Holocene deposits, suggest that local ground-
water levels rise and wetland deposits aggrade in deep canyon sys-
tems, such as in the Rio Puripica (approximately 23°S), which is
connected to the west Altiplano. In their analysis they show evidence
for many depositional environments, which indicate that it formed
during a period of higher regional ground-water levels that were sus-
tained by enhanced precipitation and recharge in the High Andes as
recently as 500 ybp. According to the above, although we do not dis-
card the role of increased connectivity during postglacial cycles, our
results and previous paleoclimatic evidence suggest that population
connectivity in T. marmoratus should have lasted until very recently
(a few centuries ago), which is consistent with paleoclimatic evicence
of increased humidity during the late Holocene.

Biodiversity, in simple terms, refers to all of the different life
forms on our planet, and includes both species diversity and genetic
diversity (Freeland 2005). Genetic erosion is assumed to decrease the
mean fitness of populations (Reed and Frankham, 2003), and pop-
ulation genetic diversity (alpha and beta spatial scales) is believed
to be essential to ensure species viability (Berthier et al. 2005). The
most effective way of preserving biodiversity is by maintaining self—
sustaining populations of native species in their natural ecosystems
(Rodrigues and Gaston, 2002). This often requires the designation
of nature reserves, areas where the conservation of biodiversity is
a priority over other forms of land use (Pérez-Lozada and Crandall
2003). In this sense, biodiversity conservation strategies adopt a
form of risk analysis that involves estimating patterns of variation,
and then trying to conserve as much of that estimated variation as
possible as a way to retain “options” (possible values) for the future
(Faith and Baker 2006). The current system of protected areas in
Chile does not adequately represent terrestrial vertebrate diversity.
Chilean protected areas increase in frequency and size toward the
south and have a strong bias towards temperate forest ecosystems
(Tognelli et al. 2008). This partly justifies an urgent assessment of the
geographic distribution of intraspecific conservation values based on
phylogenetic diversity, mainly regarding the biodiversity compo-
nents of central and northern Chile.

One difficulty we can foresee is that limited resources for conser-
vation may impose practical limitations on the conservation of these
units of diversity (the so-called ‘resources’ problem, McNeely et al.
1990). In order to optimize the prioritization of conservation units
(areas), PD was proposed by Faith (1992b) as a measure of biodi-
versity option value. The evolutionary value of populations within
a species should be one of the key components of any system that
assigns conservation priorities. In reference to the proportion of PD
of the T. marmoratus complex that is currently protected in Chile,
our results show that all lineages are adequately represented within
areas from the SNASPE. Of the unprotected areas (Figure 1), those
that would contribute the most in raising the PD are the popula-
tions from the sites of Caquena and Quebe, from Arica-Parinacota
and Tarapaca, Chile, respectively. The importance of protecting the
Caquena population stems from its status as an independent evo-
lutionary lineage relative to close populations, and that its closest
sister-lineage within Chile is 150 km south, in the Isluga site. On
the other hand, the Quebe population stands out because of its high
phylogenetic diversity, as this population included haplotypes from
different lineages, adding to a higher value of branch length.

Studies focusing on intraespecific diversity in these localities
are scarce and the taxonomic and systematic knowledge in this
area of the Altiplano is currently under development. Therefore,
phylogenetic diversity for other taxa distributed in Caquena and

Quebe had not been explored, so we do not know whether these
sites also possess a high conservation value for multiple species.
Correa et al (2010), in regards to populations of amphibian Rhinella
spinulosa, detected a clear northern lineage associated to small
endorheic drainage systems that included the Caquena and Quebe
sites. Additionally, Collado et al (2011) working with snails from
genus Biomphalaria, described 2 clustered monophyletic groups
restricted to several aquatic systems within the Caquena and Lauca
basins that may represent separate candidate species. More studies
are needed in order to determinate priority areas in these systems,
considering information from co-distributed taxa in those popula-
tions (including Caquena and Quebe). On the other hand, current
legislation in Chile regarding protected areas is disperse, disarticu-
lated, and incomplete, weakening strategies that could be potentially
adopted in order to protect and conserve biodiversity. For this rea-
son, the creation of a legislative bill that aims to create the Service
of Biodiversity and Protected Areas is currently in process, whose
objectives are to improve the representativeness of inland water eco-
systems. Although the present criteria for prioritizing conservation
areas are mainly based in neutrally evolving DNA, we are aware that
this should be complemented with ecological and adaptive criteria
(Crandall et al. 2000). However, our results are a good starting point
for improving proposals for designing protected areas to preserve
intraspecific variants of the Chilean biota.

The present study is the first that focuses on phylogeographic pat-
terns for Telmatobius species occurring in Chile’s highlands, as pre-
vious publications concentrated on relationships at the supraspecific
level and were centered on species from Bolivia and Peru (Benavides
et al. 2002; Benavides 2005; Aguilar et al. 2012). Additionally, this
work constitutes the first approach in a Telmatobius species com-
plex that quantifies evolutionary intraspecific diversity including
protected areas in Chile. This type of approach has been used previ-
ously in vertebrates, but evaluating the protected PD at the multispe-
cies level (Zupan et al. 2014). Our results highlight the importance
of inferring historical processes that explain the current geographic
distribution of lineages and considering this information in the opti-
mization of conservation strategies at an intraspecific level.
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