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Abstract

Pudu deer (Pudu puda) is endemic to the temperate rainforests of Chile. Genetic studies at differ-
ent geographic scales for this species are required to better determine the genetic divergence within
and among populations and their demography across the distribution range. These data can provide
unique insights into the species or population status for conservation plans and decision-makers. We
analyzed the mtDNA control region (CR) and cytochrome b (Cyt b) sequences of pudu deer in five
provinces of southern Chile located at different latitudinal locations (Cautin, Valdivia, Osorno, Lla-
nquihue and Chiloé Island) and three geographic areas within the studied provinces, representative
of different longitudinal sites (Andes range, Central Valley and Coastal Range), to understand their
genetic divergence and demography. The haplotype (H) and nucleotide (IT) diversities of CR and Cyt
b ranged from 0.64286 to 0.98333 and from 0.00575 to 0.01022, respectively. CR diversity was signifi-
cantly different among provinces, with Valdivia showing higher values than Llanquihue and Chiloé
Island (H = 0.98333 vs. 0.64286-0.92727, P < 0.05). Cyt b variation also showed significant differ-
ences among provinces, particularly, among Cautin and Llanquihue (H = 1.000 vs. 0.222, P < 0.05).
Genetic structuring among provinces was relatively high, as indicated by the F_ index (F = 0.41905).
Clustering analysis indicated the presence of a distinctive cluster for Chiloé Island individuals. Fu’s
F, and Tajima’s D based on CR revealed significant, negative deviations from equilibrium for Chiloé
Island (D = -1.65898), Valdivia (Fs = -7.75335) and Llanquihue (Fs = -3.93267), suggesting population

Copyright Nelson Colihueque et al. This is an open access article distributed under the terms of the mﬂ;
Creative Commons Attribution License (CC BY 4.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original author and source are credited.


mailto:ncolih@ulagos.cl
https://doi.org/10.3897/neotropical.17.e81324
http://creativecommons.org/licenses/by/4.0/

118 Nelson Colihueque et al.

expansion in these provinces. Analysis at the longitudinal range showed significant differences among
areas based on IT (P < 0.05), with the Andes range and Central Valley showing higher diversity than
the Coastal Range. Neither population structuring (F. = 0.01360, P > 0.05) nor distinctive clusters
in the longitudinal range were observed. Fu’s Fs and Tajima’s D were negative and significant for the
Coastal Range based on CR (Fs = -6.64752, P < 0.001) and Cyt b (D = -1.74110, P < 0.05), suggesting
the existence of population expansion. Our results suggest that pudu deer in the analyzed provinces is
a genetically structured species, which could be associated with reduced panmixia among populations.
The genetic divergence pattern and the population expansion recorded are likely to be associated with
past processes of recolonization after Pleistocene glaciation events.
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Introduction

Pudu deer, Pudu puda (Molina, 1782), is endemic to southern South America
and is characterized as being one of the smallest deer in the world due to its short
shoulder height (30-40 cm) and small body weight (< 15 kg) (Jiménez 2010).
This species is distributed in Chile from 35°10'S to 46°45'S, i.e., from the Maule
to Aysen regions (Jiménez 2010), occupying an area of 128,278 km?* according
to the International Union for Conservation of Nature (IUCN), and is mainly
located in Chile. Pudu deer characteristically inhabit pristine temperate rainfor-
ests, particularly in areas of dense understory growth and native bamboo thickets
(Eldridge et al. 1987; Meier and Merino 2007), but they can also be found in
disturbed and secondary forest habitats (Jiménez 2010). The current conserva-
tion status of pudu deer is near threatened according to the IUCN or vulner-
able based on the threatened species list of the Chilean Ministry of Environment.
This conservation status is related to different threats that appear to have affected
the viability of the species. Among them, local threats have been identified to be
linked to the expansion of human activities, such as forest loss and fragmenta-
tion, predation by domestic dogs, competition with exotic species, and poaching
activities (Miller et al. 1973; Wemmer et al. 1998; Silva-Rodriguez et al. 2010;
Silva-Rodriguez and Sieving 2012; Jiménez and Ramilo 2013). For example, loss
or fragmentation of forest in Osorno and Llanquihue provinces from southern
Chile is a matter of particular concern for pudu deer conservation, given that
between 2006 and 2013, the area planted with exotic tree species increased sig-
nificantly (+20.6% and +61.3%, respectively), and a large part of this growth oc-
curred at the expense of native forest (CONAF-UACh (Corporacién Nacional
Forestal-Universidad Austral de Chile) 2014). This process is more accentuated
in the central valleys located between the Andean and Coastal mountain ranges
(Miranda et al. 2017). Thus, the conservation of pudu deer in southern Chile is a
matter of public interest that requires combined efforts in several research areas,
including genetic studies to assess the effect of different threats affecting their
survival in their natural environment (Silva-Rodriguez et al. 2011).
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Cautin, Valdivia, Osorno, Llanquihue and Chiloé Island are provinces in South-
ern Chile (39-44°S latitude) that contain a significant remnant of native temperate
rainforest that covers alarge proportion of each province. For example, Osorno Prov-
ince contains approximately 42.9% of native forest, and in Llanquihue and Chiloé
provinces they cover approximately 54.5% and 68.3%, respectively (CONAF-UACh
(Corporacion Nacional Forestal-Universidad Austral de Chile) 2014), mostly dis-
tributed in the Coastal and Andes mountain ranges in the first two provinces (Mi-
randa et al. 2017). Both mountain ranges present a predominance of vegetational
formations comprising temperate laurifoliar rainforests that include the Valdivian,
North Patagonian and Subantarctic types (Villagran and Hinojosa 2005). The tem-
perate rainforest of Chile encompasses the Valdivian rainforest ecoregion, which
has been listed among the most endangered ecoregions of the world and has a criti-
cal conservation status (Dinerstein et al. 1995; Olson and Dinerstein 1998; Miranda
et al. 2017). In addition, the Valdivian rainforest ecosystem is considered a biodi-
versity hotspot and, therefore, a region of high conservation priority (Ormazabal et
al. 1993; Myers et al. 2000; Smith-Ramirez 2004). Previous (Vanoli 1967) and recent
(Pavez-Fox and Estay 2016; Colihueque et al. 2020) records support the presence of
pudu deer in the aforementioned provinces, with higher probabilities of occurrence
in the Coastal mountain range, where extensive coverage of native forest persists
(Colihueque et al. 2020).

Inferences based on analyses of the geographic distribution of genetic diversity
indicate that the Coastal mountain range in Osorno Province and other neighbor-
ing provinces, such as Cautin, Valdivia and Llanquihue, was a lowland refuge for
vertebrates during the Pleistocene glaciation in the Last Glacial Maximum (LGM),
which occurred approximately 23,000-18,000 years ago (Hulton et al. 2002), since
this site is part of a refugial area identified in the Chilean Coastal Range north of
42°S (Sérsic et al. 2011). Paleobotanical evidence regarding the Quaternary history
of the Chilean Coastal mountain range also supports this statement (Villagran et al.
2019). In this area, the vertebrates persisted during this geological period to later
recolonize the areas where the ice sheet had retreated (Rodriguez-Serrano et al.
2006; Himes et al. 2008; Victoriano et al. 2008). Genetic analyses of different verte-
brate species distributed in this area (e.g., 39°S-42°S) have shown that they present
private haplotypes and moderate to high levels of genetic diversity in comparison
to those located along the Andean Mountain north-south axis of Patagonia, which
comprises previously glaciated areas (Sérsic et al. 2011). Moreover, it should be
noted that provinces in southern Chile contain several rivers that originate in the
western Andean Mountains, which flow in a relatively straight line until reaching
the Pacific Ocean, such as the Cautin, San Pedro and Bueno rivers (Errazuriz et al.
2000). These rivers constitute important geographic barriers due to their constant
and large flow; therefore, it is likely that they may have promoted the genetic differ-
entiation among populations of pudu deer. Moreover, it is likely that an important
genetic divergence exists between pudu deer from Osorno and those from Chiloé
Island because available studies support that continental populations of this cervid
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present a strong genetic divergence with respect to pudu deer inhabiting this island
(¢st = 0.75, Fuentes-Hurtado et al. 2011). This level of genetic divergence has been
attributed to the effect of the Pleistocene glaciations that gave rise to a particular
refugia on this island, whose populations were maintained in isolation from the
continent by the Chacao channel (Fuentes-Hurtado et al. 2011). In fact, the esti-
mated divergence time among Chiloé Island and continental populations of pudu
deer would have occurred at least 217,500 years ago (Fuentes-Hurtado et al. 2011).

Phylogenetic studies performed on pudu deer populations from the northern-
most distribution of southern Chile (36-42°S) using mtDNA control region and
cytochrome b markers (Fuentes-Hurtado et al. 2011) have indicated a significant
genetic structure, with two main divergent clades corresponding to continental and
Chiloé Island groups, and with lower genetic divergence among continental popula-
tions than between continental and island populations. Thus, these data suggested
the existence of two different subspecies across the distribution range of the spe-
cies; these subspecies have been attributed to ancient geographic isolation of the
original population. In addition, a recent study that analyzed several populations
that inhabit most areas of distribution of the species, including samples from the
southernmost distribution (northern and southern Patagonia, 42-45°S) and Chiloé
Island, confirmed this genetic structuring but revealed that both Patagonian groups
are more related to the Chiloé Island group than to other continental groups based
on the consistent subclusters that they formed (Cabello 2019). Despite the research
progress on the phylogenetic relationships of pudu deer populations, until now, no
detailed studies have addressed the genetic divergence of this cervid at a narrower
geographic scale, for example, within and among provinces in southern Chile. This
issue is interesting to address given that it is likely that the genetic structure of pudu
deer populations of these sites could be affected by ancient paleoclimatic events or
recent habitat modifications. For example, it is unknown whether the consequence
of paleoclimatic events, such as the LGM, on the genetic structure of pudu deer
populations differs across provinces or geographic areas. It is likely that presum-
ably less affected populations from the Pacific coast in the Coastal Range should
show a contrasting pattern of genetic variation. Supporting evidence indicates that
these areas were relatively stable during this period (Villagran and Armesto 2005;
Villagran et al. 2019); therefore, stronger signals of demographic equilibrium with
increasing northern latitudes should be expected. In contrast, in areas with a pat-
tern of stronger influences of glaciations (i.e., southernmost), which contain glaci-
ated and recolonized areas, a predominance of derived haplotypes should be ex-
pected. Thus, by assessing the extent of gain or loss of genetic variation, the level of
genetic divergence within and among populations and the identification of unique
haplotypes could provide evidence to clarify the effect of paleoclimatic events on
the modification of the genetic structure of pudu deer in southern Chile.

The objective of this study was to assess the level of genetic divergence and the
demography of pudu deer in five provinces in southern Chile that are located at
different latitudinal sites (from 39°S to 42°S) (Cautin, Valdivia, Osorno, Llanquihue
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and Chiloé Island) and three characteristic geographic areas within these prov-
inces representative of distinctive longitudinal sites (Andes range, Central Valley
(i.e., Longitudinal Valley) and Coastal Range), based on new and publicly avail-
able mtDNA control region (CR) and cytochrome b (Cyt b) sequences. We hypoth-
esized that among provinces located at the extreme of the distribution, including
those that inhabit an island, pudu deer populations must exhibit marked genetic
divergence and reduced gene flow, given the existence of geographic barriers or
the effect of Pleistocene glaciations that have modified the genetic structure of the
populations. Moreover, pudu deer populations from the Coastal Range, are likely to
have experienced an expansion process, since this site was a lowland refuge for ver-
tebrates during the Pleistocene glaciations, to later recolonize the areas where the
ice sheet retreated. In addition, populations located in this geographic area should
exhibit a higher level of genetic diversity than populations located in other sites, for
example, to those located in the Andean mountain range, due to its refugial nature.
It is also possible that pudu deer population from some provinces may conform
to a distinctive genetic cluster since these populations can present characteristic
haplotype frequencies due to local selection pressure or population-specific haplo-
types due to its relictual nature. Clarifying this issue is relevant for the sustainability
of pudu deer in southern Chile, given that some populations may constitute an
evolutionarily significant unit, whose identification is of major importance when
conservation plans for threatened species are considered (Hoglund 2009; Torres-
Florez et al. 2018).

Methods

Sampling and DNA extraction

Pudu deer samples collected from Osorno (n = 6), Llanquihue (n = 8) and Chiloé
(n = 6) provinces were analyzed (Table 1). Muscle tissue were obtained from in-
dividuals found dead along the highways that were donated by different institu-
tions to our laboratory (Museo de Historia Natural, Purranque; Parque Nacional
Puyehue, Osorno; Sitio Paleontoldgico de Pilauco, Osorno; Centro de Reproduc-
cién del Pudu, Osorno). Tissue samples were then fixed in 80% ethanol. Moreover,
preserved blood samples taken from live individuals at the Wildlife Rehabilitation
Center (Centro de Rehabilitacion de Fauna Silvestre) of the Universidad San Se-
bastidn, Puerto Montt, Chile, were also used. DNA was extracted from the fixed
muscle or blood tissue using the phenol-chloroform method, as described in Tag-
gart et al. (1992). Extracts were standardized at 100 ng/pL using Tris-EDTA buffer
at pH 8.0. To increase the sample size aimed at robustness of the genetic analysis,
CR (n=27) and Cyt b (n = 11) sequences previously published by Fuentes-Hurtado
etal. (2011) were included (Table 1). These sequences represent different haplotypes
observed for pudu deer populations in the analyzed areas, particularly, the Y02-Y25
haplotypes for CR and the A-C and E-I haplotypes for Cyt b.
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Table 1. Sampling for genetic analysis of pudu deer from southern Chile. ¥ Coordinates data were

recovery from GeoNames (http://www.geonames.org/) according to district location. # Fuentes-Hur-
tado et al. (2011) § Unknown locality.

Site number, locality and district Province  Longitudinal Coordinates Sampling Specimen
range (Lat., Long.) year voucher

1. Parque Nacional Puyehue, Puyehue Osorno Andes range 40.7820°S, 72.2114°W 2014 1279ULA
2. Las Cascadas, Puerto Octay Osorno Andes range 41.0869°S, 72.6360°W 2016 1330ULA
3. Colonia Zagal, Purranque Osorno Coastal range 40.9644°S, 73.4288°W 2016 1331ULA
4. Chan Chan, Osorno Osorno Central Valley 40.7244°S, 73.0231°W 2016 1337ULA
5. Parque Nacional Puyehue, Puyehue Osorno Andes range 40.7353°S, 72.3081°W 2016 1505ULA
6. Puaucho, San Juan de la Costa Osorno Coastal range  40.6142°S, 73.3732°W 2017 1515ULA
7. Ensenada, Puerto Varas Llanquihue  Andes range 41.2082°S, 72.5383°W 2018 1520ULA
8. Chinquihue, Puerto Montt Llanquihue  Coastal range  41.6050°S, 73.2623°W 2019 1522ULA
9. US, Puerto Montt Llanquihue  Coastal range 41.48917°S, 72.79531°W+t 2018 1524ULA
10.U, Calbuco Llanquihue  Coastal range 41.72311°S,73.19511°W+ 2018 1525ULA
11. Guaytn, Calbuco Llanquihue  Coastal range  41.6992°S, 73.2445°W 2018 1526ULA
12. U, Maullin Llanquihue  Coastal range 41.63242°S, 73.5083 "Wt 2018 1527ULA
13. U, Puerto Montt Llanquihue  Coastal range 41.48917°S, 72.79531°Wt 2019 1529ULA
14. Ensenada, Puerto Varas Llanquihue  Andes range 41.2082°S, 72.5383°W 2017 1532ULA
15. Chepu, Ancud Chiloé - 42.0439°S, 73.9679°W 2019 1516ULA
16. Degan, Quemchi Chiloé - 42.1426°S, 73.4743°W 2019 1517ULA
17. Pauldeo, Ancud Chiloé - 41.8991°S, 73.8893°W 2019 1518ULA
18. Chonchi, Chonchi Chiloé - 42.7231°S, 73.7855°W 2019 1519ULA
19.Butalcura, Ancud Chiloé - 42.2332°S, 73.7499°W 2019 1523ULA
20. Cotao, Quellén Chiloé - 43.15178°S, 73.9954°Wt 2019 1531ULA
21. Pucén, Pucon Cautin Andes range 39.2500°S, 71.9000°W NA Previous study#
22. Villarrica, Villarrica Cautin Andes range 39.3000°S, 72.2666°W NA Previous study
23. Villarrica, Villarrica Cautin Andes range 39.3000°S, 72.2666°W NA Previous study#
24. Loncoche, Loncoche Cautin Central Valley 39.3666°S, 72.6666°W NA Previous study
25. Lican Ray, Villarrica Cautin Andes range 39.4666°S, 72.0833°W NA Previous study
26. Conaripe, Panguipulli Valdivia Andes range 39.6166°S, 72.0500°W NA Previous study
27. Caleta Mehuin, San José de la Valdivia Coastal range  39.4333°S, 73.2000°W NA Previous study#
Mariquina
28. San José de la Mariquina, San José Valdivia Coastal range  39.5333°S, 72.9500°W NA Previous study
de la Mariquina
29. Mafil, Mafil Valdivia Central Valley 39.6666°S, 72.8500°W NA Previous study¥
30. Cayumapu, Valdivia Valdivia Coastal range  39.7166°S, 73.1000°W NA Previous study
31. Cayumapu, Valdivia Valdivia Coastal range  39.7166°S, 73.1000°W NA Previous study#
32. Lago Panguipulli, Panguipulli Valdivia Andes range 39.7666°S, 72.1000°W NA Previous study
33. Collico, Valdivia Valdivia Coastal range 39.8000°S, 73.1666°W NA Previous study#
34. Cutipay, Valdivia Valdivia Coastal range  39.8000°S, 73.2166°W NA Previous study
35. Valdivia, Valdivia Valdivia NA 39.8166°S, 73.1833°W NA Previous study
36. Valdivia, Valdivia Valdivia NA 39.8166°S, 73.1833°W NA Previous study#
37. Valdivia, Valdivia Valdivia NA 39.8166°S, 73.1833°W NA Previous study
38. Valdivia, Valdivia Valdivia NA 39.8166°S, 73.1833°W NA Previous study#
39. Valdivia, Valdivia Valdivia NA 39.8166°S, 73.1833°W NA Previous study
40. Valdivia, Valdivia Valdivia NA 39.8166°S, 73.1833°W NA Previous study#
41. Valdivia, Valdivia Valdivia NA 39.8166°S, 73.1833°W NA Previous study#
42. Puyehue, Puyehue Osorno Andes range 40.7166°S, 72.3166°W NA Previous study
43. Lago Llanquihue, Llanquihue Llanquihue  Central Valley =~ 41.2833°S, 73.0166°W NA Previous study
44. Lago Llanquihue, Llanquihue Llanquihue  Central Valley =~ 41.2833°S, 73.0166°W NA Previous study#
45. Lago Llanquihue, Llanquihue Llanquihue  Central Valley — 41.2833°S, 73.0166°W NA Previous studyi
46. Cucao, Chonchi Chiloé - 42.6166°S, 74.1000°W NA Previous study#
47. Cucao, Chonchi Chiloé - 42.6166°S, 74.1000°W NA Previous study
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MtDNA CR and Cyt b amplification

The MtDNA control region was amplified through polymerase chain reaction
(PCR) using the primers Pudu-1F (5 CCCCACTATCAACACCCAAA 3’) and
Pudu-2R (5" ACCATTATGGGGATGCTCAA 3’), according to Fuentes-Hurtado et
al. (2011). In the case of Cyt b, PCR amplification was performed using the prim-
ers Cytb-PuduF (5 GACCTCCCAGCTCCATCAAA 3’) and Cytb-PuduR (5 GCT-
GCCCTCCGATTCATGTA 3’). These primer sets were designed using PRIMER3
software version 4.0 (Koressaar and Remm 2007) based on the DQ379309 sequence
from Pudu puda published in GenBank for the Cyt b gene (Gilbert et al. 2006). For
PCRs, we used a 45 puL volume of a reaction mix composed of 9 uL of Taq polymerase
buffer A (1x), 0.9 uL of dNTPs (0.2 mM), 1.35 pL of MgCl, (1.5 mM), 0.9 uL of each
primer (0.2 uM), 0.18 pL of Taq DNA polymerase (0.02 U/pL) (Kapa Biosystems),
9 pL of template DNA (20 ng/pL), and 22.77 puL of DNAse/RNAse free distilled
water (Gibco). The thermal profile was performed as follows: initial denaturation at
94 °C for 2 min; followed by 25 cycles of 94 °C for 45 s, 62 °C for 45 s with -0.5 °C
per cycle and 72 °C for 55 s; 15 cycles of 94 °C for 45 s, 54 °C for 45 s, and 72 °C for
55 s; and a final extension step at 72 °C for 5 min. PCR products were visualized on
2% agarose gels and cleaned prior to sequencing with a QIAquick Gel Extraction
Kit (Qiagen). PCR products were bidirectionally sequenced on an Applied Biosys-
tems ABI377 automated sequencer. Sequence records were assembled from forward
and reverse reads using GENEIOUS PRIME version 2019.2.3 software (Biomatters
Ltd.) to obtain consensus sequences for all individuals. The sequences were depos-
ited in GenBank under accession numbers MK905227-MK905230, MZ006215-
MZ006230 and OM222935-OM?222953.

Population differentiation and genetic diversity

We used DNASP version 5.1 software to estimate genetic variation within popula-
tions based on the number of haplotypes (h), polymorphic sites (s), haplotype di-
versity (H), nucleotide diversity (IT) and average number of nucleotide differences
(k) (Librado and Rozas 2009). Coalescent analysis based on a neutral infinite-site
model and assuming a large constant population size (Hudson 1990), with theta per
gene being estimated from the data, no recombination and 1,000 replicate settings,
was also performed using the same software. This approach allowed us to estimate
the average number and variance (95% confidence interval) of expected haplotypes
(Neh) to assess whether sample sizes were sufficient to capture the genetic diversity.
We estimated pairwise F values based on the Kimura 2P distance method (Nei
and Kumar 2000) and haplotype frequencies that were implemented in ARLEQUIN
version 3.1 (Excoftier and Lischer 2010) to quantify the extent of genetic differentia-
tion among populations. For pairwise F, the significance was tested using 1,023
permutations between populations with a level of significance of a = 0.05. The het-
erogeneity of haplotype frequencies was assessed using the chi-square homogeneity
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test (Sokal and Rohlf 2009). In this test the null hypothesis of equality in haplotype
frequencies within each geographic area was tested. We performed the Welch t-test
for unequal variances to test for statistical significance of comparisons among study
areas based on the H and II indices (Ruxton 2006). Analysis of molecular variance
(AMOVA) (Excoftier et al. 1992) implemented in the program ARLEQUIN version
3.1 (Excofhier and Lischer 2010) was used to assess the geographic pattern of popu-
lation subdivision. In AMOVA the correlation of haplotype frequency was used as
an F-statistic analogue at various hierarchical levels. To carry out this analysis, sam-
ples were separated into five groups according to their sampling province, which
have different latitudinal locations from north to south as follows: Cautin Province
(CAU, 39°0'0"S, 72°30'0"W), Valdivia Province (VAL, 39°45'0"S, 72°30'0"W), Os-
orno Province (OSO, 40°35'0"S, 73°10'0"W), Llanquihue Province (LLA, 41°20'0"S,
72°50'0"W) and Chiloé Island Province (CHI, 42°30'0"S, 74°0'0"W) (Fig. 1a). We
selected these provinces because there was a sufficient sample size to carry out the
genetic analyses in these geographic areas (from 5 to 16). In addition, to test the
possible existence of genetic differentiation between populations located at differ-
ent longitudinal locations, samples from different provinces, except those of Chiloé
Island Province, were grouped as belonging to the Coastal Range (COA), Central
Valley or Longitudinal Valley (CEN) and Andes Mountain range (AND) based on
their geographic coordinates (Fig. 1b).

A 74%0' 730 -iz.ecr ne— B

-39°0"
-39°0"

-40°0’
Pacific Ocean
-40°0’

Pacific Ocean

-41°0"
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Figure 1. Sampling sites of pudu deer in southern Chile. A) Sample sites at the latitudinal range (i.e.,
for provinces) and B) sample sites at the longitudinal range (i.e., for the Andes range, Central Valley and
Coastal Range). In A), the blue dots indicate sampling sites within each province, and in B), sampling
sites identified by dark dots within specific area of the longitudinal range, with different colors for the
Andes range, Central Valley and Coastal Range areas. Sampling site numbers are detailed in Table 1.
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Gene flow among provinces

The number of migrants per generation (Nm) among provinces was estimated from
F,, values using ARLEQUIN version 3.1 (Excoffier and Lischer 2010). This estima-
tion assumes that two populations of size N drawn from a large pool of populations
exchange a fraction m of migrants each generation and that the mutation rate u is
negligible compared to the migration rate m.

Population clustering

We used a clustering analysis through kMeans version 1.1 (Meirmans and Van Tien-
deren 2004) to split objects into groups by minimizing the within-group genetic di-
versity while maximizing it among-groups. For this analysis, the input file comprised
a matrix of allele frequencies coded as binary data. An a priori assigned number of
groups (k) from 1 to 10 was tested with 50,000 permutations. We used the Calinski-
Harabasz pseudo-F statistic (Calinski and Harabasz 1974) to determine the optimal
number of clusters. In the pseudo-F statistic, the optimal clustering is the one with the
highest value. Simulated annealing as a clustering algorithm was used based on the
Monte Carlo Markov chain (MCMC), which prevents local optima becoming stuck.

Population dynamics

We tested for patterns of demographic history with Tajima’s D (Tajima 1989) and
Fu’s Fs (Fu 1997) tests of neutrality. Tajima’s D test is based on the infinite-site model
without recombination and is appropriate for short DNA sequences. The signifi-
cance of the D statistic is tested by generating random samples under the hypoth-
esis of selective neutrality and population equilibrium using a coalescent simulation
algorithm adapted from Hudson (1990). Significant D values can be due to factors
other than selective effects, such as population expansion, bottleneck, or heteroge-
neity of mutation rates (Tajima 1996). Fu’s Fs test is based on an infinite-site model
without recombination. This test evaluates the probability of observing a random
neutral sample with a number of alleles that is equal to or smaller than the observed
number of alleles. When the Fs statistic is large and negative, one can infer demo-
graphic expansion. This test has been shown to be especially sensitive to departure
from population equilibrium, as in the case of population expansion. Tajimas D and
Fu’s Fs tests were run in ARLEQUIN version 3.1 (Excoffier and Lischer 2010).

Results

Analysis at the latitudinal range
CR and Cyt b haplotypes and nucleotide polymorphism

Thirty-three CR haplotypes were detected in 47 pudu deer individuals across the
five provinces analyzed (Table 2). The coalescent analysis indicated that populations
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approached the estimated total haplotype number relatively well since, with the ex-
ception of Valdivia Province, all provinces fell within a 95% confidence interval
(Table 3). Thus, this analysis indicated that most haplotypes were captured. Thir-
ty-six of 626 nucleotide positions were variable (5.75%), including 27 parsimony
informative sites and nine singleton variable sites. The number of haplotypes per
province ranged from 4 to 14, with a mean of 7.2. Haplotype diversity (H) ranged
from 0.64286 to 0.98333 among provinces, and nucleotide diversity (IT) ranged
from 0.00575 to 0.01022 (Table 3). Haplotype diversity (H) and nucleotide diver-

Table 2. Recorded haplotypes for pudu deer of five provinces from southern Chile based on mtDNA
Control region (CR) and Cytochrome b (Cyt b) markers. Bold indicates new recorded haplotypes.

Province Coordinates (Lat., Long.) Sample size (n) No. of haplotypes Haplotypes
CR
Cautin 39°0'0"S, 72°30'0"W 5 4 Y02, Y08, Y16, Y18
Valdivia 39°45'0"S, 72°30'0"W 16 14 Y17,Y23,Y24, Y10, Y14, Y21, Y25, Y04, Y11,
Y09, Y19, Y22, Y03, Y20
Osorno 40°35'0"S, 73°10'0"W 7 6 Y17, Y05, Y27,Y28, Y15, Y26
Llanquihue 41°20'0"S, 72°50'0"W 11 8 Y17, Y06, Y36, Y35, Y34, Y32, Y07, YO5
Chiloé 42°30'0"S, 74°0'0"W 8 4 Y12,Y13, Y31, Y29
Overall 47 33
Cytb
Cautin 39°0'0"S, 72°30'0"W 3 3 A, G H
Valdivia 39°45'0"S, 72°30'0"W 4 4 AE LF
Osorno 40°35'0"S, 73°10'0"W 7 4 ALLM
Llanquihue 41°20'0"S, 72°50'0"W 9 2 A, C
Chiloé 42°30'0"S, 74°0'0"W 7 4 A,B,J,K
Overall 30 12

Table 3. Summary of genetic diversity indices for pudu deer of five provinces from southern Chile
based on mtDNA Control region (CR) and Cytochrome b (Cyt b) markers. D, Tajima’s D statistic; Fs,
Fu’s Fs statistic; H, haplotype diversity + standard deviation; Hap, number of haplotypes; k, average
number of pairwise nucleotide differences; n, sample sizes; Neh, average number of expected haplo-
types with 95% confidence interval in parenthesis based on coalescent simulations; S, number of poly-
morphic sites; IT, nucleotide diversity + standard deviation. Within a row, means followed by different
letters are significantly different. *P < 0.05, **P < 0.01.

Province n Hap S H i k Neh D Fs
CR
Cautin 5 4 14 0.90000+0.161° 0.01022 £0.00208*  6.40000  3.947 (2-4)  -0.34706  0.88316
Valdivia 16 14 18 0.98333+£0.028  0.00797 £0.00067*  4.99167  7.783 (4-11)  -0.31815 -7.75335%*
Osorno 7 6 9 095238+0.096°  0.00624 +0.00105*"  3.90476  4.223 (2-6) 0.33464  -1.64228
Llanquihue 11 8 12 0.92727+0.066*"  0.00575+0.00119*"  3.60000  5.794 (3-9)  -0.52679  -3.93267*
Chiloé 8 4 16 0.64286+0.184""  0.00668 £ 0.00387°"  4.17857  5.421 (3-8)  -1.65898*  1.75610
Overall 47 33 36 0.97600+0.011 0.01126 £0.00104  7.04903 16.034 (11-22) -0.50327  -2.13781
Cytb
Cautin 1.000 + 0.272¢ 0.00179 + 0.00060* 1.333 1.960 (1-3) - -

33 2
Valdivia 4 4 5 1.000 = 0.177° 0.00336 = 0.00103* 2.500 2.774 (1-4) -0.79684 -1.514
Osorno 7 4 4 0.810 +0.130° 0.00192 + 0.00055° 1.429 3.206 (1-5) -0.59756 -0.780
Llanquihue 9 2 1 0.222 + 0.166 0.00030 + 0.00022°™ 0.222 1.803 (1-4) -1.08823 -0.263
Chiloé 7 4 6 0.810 +0.130° 0.00256 + 0.00102° 1.905 3.718 (2-6) -1.12898 -0.226
Overall 30 12 14 0.798 + 0.068 0.00315 £ 0.00052 2.338 8.421 (4-13)  -1.12937 -4.562
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sity (IT) were significantly distinct among provinces especially among Valdivia and
Llanquihue plus Chiloé provinces in the former (0.98333 versus 0.64286-0.92727,
Welch s t-test, P < 0.05) (Fig. 2a), and between Cautin and the other four provinces
in the latter (0.01022 versus 0.00575-0.00797, Welch s t-test, P < 0.05) (Fig. 2b).

Ten new haplotypes for CR were observed, which were named Y26-Y29, Y31-
Y32 and Y34-Y36 (Table 2). In addition, two haplotypes were shared among prov-
inces, represented by Y17 among Llanquihue, Valdivia and Osorno provinces and
Y05 between Llanquihue and Osorno provinces (Fig. 3a). The remaining haplo-
types were unique for each province, composing a ratio of unique haplotypes rela-
tive to the total number of haplotypes for each province of 1.0 (4/4) for Cautin, 0.92
(13/14) for Valdivia, 0.66 (4/6) for Osorno, 0.75 (6/8) for Llanquihue and 1.0 (4/4)
for Chiloé Island. Therefore, the unique haplotypes consisted of a large proportion
of all haplotypes recorded within each province. Haplotype frequencies were het-
erogeneous for Cautin (chi-square test: x*= 12, df = 3, P < 0.001), Chiloé (chi-square
test: x> = 75, df = 3, P < 0.001) and Llanquihue (chi-square test: x*> = 37.24, df = 7,
P <0.001) provinces. In fact, YO8 was highly represented in Cautin Province (40%),
as were Y13 in Chiloé (62.5%) and Y17 in Llanquihue (27.3%) (Fig. 4a).

Twelve Cyt b haplotypes were detected in 30 pudu deer individuals across the
five provinces analyzed (Table 2). The coalescent analysis indicated that populations
approached the estimated total haplotype number relatively well, since all provinces
fell within a 95% confidence interval (Table 3). Fourteen of 743 nucleotide positions
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Figure 2. Measures of genetic diversity based on CR sequences recorded in this study for pudu deer
from southern Chile. A) and B) Genetic diversity observed in Cautin (CAU), Valdivia (VAL), Osorno
(OSO), Llanquihue (LLA) and Chiloé Island (CHI) provinces and C) and D) genetic diversity recorded
in the Andes range (AND), Central Valley (CEN) and Coastal Range (COA). Columns and bar errors
represent the means and standard deviation of the means, respectively. Significant differences between
means were calculated according to Welch s t-test. *P < 0.05, NS = Non significant difference.
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Figure 3. Venn diagram of haplotypes of the CR sequence found in pudu deer from southern Chile.
A) Haplotypes observed in Cautin, Valdivia, Osorno, Llanquihue and Chiloé Island provinces and B)
haplotypes recorded in the Andes range, Central Valley and Coastal Range.

were variable (1.88%), including six parsimony informative sites and eight singleton
variable sites. Thus, the Cyt b sequence was approximately 70% less variable than
the CR sequence. The number of haplotypes per province ranged from 2 to 4, with a
mean of 3.4. Haplotype diversity (H) ranged from 0.222 to 1.000 among provinces,
and nucleotide diversity (IT) ranged from 0.00030 to 0.00336 (Table 3). Haplotype
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Figure 4. Haplotype frequencies for the CR sequence found in pudu deer from southern Chile. A)
Haplotype frequency observed in Cautin (CAU), Valdivia (VAL), Osorno (OSO), Llanquihue (LLA)
and Chiloé Island (CHI)provinces and B) haplotype frequency recorded in the Andes range (AND),
Central Valley (CEN) and Coastal Range (COA). Asterisks indicate a heterogeneous frequency based
on the chi-square test (P < 0.001). Haplotypes are shown by different color codes as is indicated at the
right side of figure.

diversity (H) and nucleotide diversity (IT) were significantly distinct among some
provinces, especially among Cautin and Llanquihue in the former (1.000 versus
0.222, Welch's t-test, P < 0.05) and between Valdivia and Llanquihue in the latter
(0.00336 versus 0.00030, Welch s t-test, P < 0.05).

Four new haplotypes for Cyt b were observed, which were named J-M (Table 2).
In addition, only two haplotypes were shared among provinces, with the A haplotype
shared amongall provinces and the I haplotype between Valdivia and Osorno provinces
(Fig. 5a). The remaining haplotypes were unique for each province, composing a ratio
of unique haplotypes relative to the total number of haplotypes for each province 0f 0.66
(2/3) for Cautin, 0.5 (2/4) for Valdivia, 0.5 (2/4) for Osorno, 0.5 (1/2) for Llanquihue
and 0.75 (3/4) for Chiloé Island. Therefore, the unique haplotypes involved a large
proportion of all haplotypes recorded within each province. Haplotype frequencies
were heterogeneous for Chiloé Island (chi-square test: x*= 22.49, df = 3, P < 0.001),
Llanquihue (chi-square test: x> = 60.52, df = 1, P < 0.001) and Osorno (chi-square test:
X°=22.49,df =3, P <0.001) provinces. In fact, the K haplotype was highly represented
in Chiloé Island Province (42.9%), as were the A haplotype in Llanquihue (88.95%)
and the I haplotype in Osorno (42.9%) (Fig. 6a).

Population genetic structure

Global AMOVA results as a weighted average over loci, conducted by partitioning
variation among and within populations, revealed that CR haplotype variation was
attributed mainly to within-population differences (58.1%) but also to differences
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Figure 5. Venn diagram of haplotypes of the Cyt b sequence found in pudu deer from southern Chile.
A) Haplotypes observed in Cautin, Valdivia, Osorno, Llanquihue and Chiloé Island provinces and
B) haplotypes recorded in the Andes range and Coastal Range.

among populations (41.9%). In fact, the F  index reached a value of 0.41905
(P < 0.001). Population pairwise F_. values ranged from 0.03617 to 0.68651, with
seven out of ten pairwise comparisons showing significant differences (P < 0.05)
(Table 6). This pattern of genetic differentiation was clearly observed between Cau-
tin and Valdivia and Llanquihue (F, = 0.15385-0.16810) and among Chiloé Island
compared to the other four continental provinces (F . = 0.59004-0.68651). The clus-
tering analysis based on allelic frequencies of CR revealed the existence of either two
(K =2, pseudo-F =29.620) or three (K = 3, pseudo-F = 24.695) groups as the optimal
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Figure 6. Haplotype frequencies for the Cyt b sequence found in pudu deer from southern Chile. A)
Haplotype frequency observed in Cautin (CAU), Valdivia (VAL), Osorno (OSO), Llanquihue (LLA)
and Chiloé Island (CHI) provinces and B) haplotype frequency recorded in the Andes range (AND),
Central Valley (CEN) and Coastal range (COA). Asterisks indicate a heterogeneous frequency based
on the chi-square test (P < 0.001). Haplotypes are shown by different color codes as is indicated at the
right side of figure.

number of clusters. In both simulations, individuals from Cautin, Valdivia, Osorno
and Llanquihue provinces overlapped into one or two clusters, in contrast to those
of Chiloé Island Province, which mostly formed a distinctive single group (Fig. 7a).

Gene flow among provinces

Pairwise estimate of Nm for CR haploytpe data ranged from 0.22832 to 13.32296.
The number of migrants per generation was high among Osorno, Valdivia and Lla-
nquihue provinces (Nm = 5.18197-13.32296), medium between Cautin and Os-
orno plus Valdivia and Llanquihue (Nm = 2.47437-3.66488), and low for Chiloé
Island compared to the other four continental provinces (Nm = 0.2283-0.34740)
(Table 6). Thus, patterns in pairwise Nm values were consistent with population
structure based on AMOVA and clustering analysis.

Evolutionary neutrality and population expansion

Tajimas D estimate for CR was negative and significant in one province that cor-
responds to Chiloé (D = -1.65898, P < 0.05). In contrast, Tajimas D statistic of
other provinces was consistent with population equilibrium (Table 3). Fu’s Fs was
negative and significant for Valdivia (Fs = -7.75335, P < 0.001) and Llanquihue
(Fs =-3.93267, P < 0.05) provinces, which occurs when an excess of rare haplotypes
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Figure 7. Results of the clustering analysis based on the CR sequence for pudu deer from southern Chile.
A) Clusters observed for individuals from Cautin (CAU), Valdivia (VAL), Osorno (OSO), Llanquihue
(LLA) and Chiloé Island (CHI) provinces and B) clusters recorded for individuals from the Andes range
(AND), Central Valley (CEN) and Coastal range (COA). K values correspond to the optimal number of
clusters according to the Calinski-Harabasz pseudo-F statistic.

is present and suggests that either population expansion or genetic hitchhiking has
occurred. These results are consistent with deviation from neutrality due to either
selection or population expansion in some provinces. Tajima’s D and Fu’s Fs estima-
tions based on Cyt b were negative and not significant for all provinces (Table 3).
These results are consistent with population equilibrium.

Analysis at the longitudinal range

Analysis at the longitudinal range based on CR revealed a number of haplotypes per
area ranging from 6 to 11 in 32 analyzed individuals (Table 4), with a mean of 7.3.
Haplotype diversity (H) ranged from 0.955 to 1.000 among areas and nucleotide di-
versity (IT) ranged from 0.006513 to 0.008307 (Table 5). Only nucleotide diversity
(IT) was significantly different among areas, with the Andes range and Central Val-
ley showing higher diversity than the Coastal Range (Welch s t-test, P < 0.05) (Fig.
2d). Only four out of 22 haplotypes were shared among the Andes range, Central
Valley and Coastal Range. In fact, the Y27 haplotype was shared among the Andes
range and Central Valley, as were the Y17 haplotype between the Andes range and
Coastal Range, and the Y05 and Y10 haplotypes among the Central Valley and Coast-
al range (Fig. 3b). Haplotype frequency were heterogeneous only for Coastal range
(chi-square test: x*>= 23.49, df = 10, P < 0.01). In fact, the Y17 and Y32 haplotypes
showed high frequencies in this area (21.4 and 14.3%, respectively) (Fig. 4b). In the
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Table 4. Recorded haplotypes for pudu deer of three longitudinal ranges from southern Chile based on
mtDNA Control region (CR) and Cytochrome b (Cyt b) markers. Bold indicates new recorded haplotypes.

Longitudinal range Coordinates (Lat., Long.) Sample size (n) No. of haplotypes Haplotypes
CR

Andes range 39°-41°S, 72°7'W 12 9 Y08, Y09,Y17,Y02, Y18, Y15, Y26,

Y27,Y28
Coastal range 39°-41°S, 73°30'W 14 11 Y17,Y05,Y10,Y14, Y11, Y03, YO4,

Y36,Y32,Y35,Y34
Central Valley 39°-41°S, 72°57'W 6 6 Y27,Y05,Y10, YO7,Y16, YO6
Overall 32 22
Cytb

Andes range 39°-41°S, 72°7'W 12 6 A LC,EH,L
Coastal range 39°-41°S, 73°30'W 10 4 A, LEM
Overall 22 8

Table 5. Summary of genetic diversity indices for pudu deer of three longitudinal ranges from south-
ern Chile based on mtDNA Control region (CR) and Cytochrome b (Cyt b) markers. D, Tajima’s D
statistic; Fs, Fu’s Fs statistic; H, haplotype diversity + standard deviation; Hap, number of haplotypes; k,
average number of pairwise nucleotide differences; n, sample sizes; Neh, average number of expected
haplotypes with 95% confidence interval in parenthesis based on coalescent simulations; S, number
of polymorphic sites; II, nucleotide diversity + standard deviation. Within a row, means followed by
different letters are significantly different. *P < 0.05. **P < 0.01.

Longitudinal range n Hap S H II k Neh D Fs
CR

Andes range 129 15  0.955+0.047° 0.007890 +0.00101*  4.939  6.413(3-9)  -0.02394  -2.24957

Coastal range 14 11 17  0.956 +0.045° 0.006513 +0.00110"  4.077 7.178 (4-11)  -0.97905 -6.64752**

Central Valley 6 6 13 1.000 £ 0.096* 0.008307 + 0.00103* 5200 4.366 (2-6) -0.52988 -2.08376

Overall 32 22 26 0.968 +0.018 0.00741 + 0.00067 4.639 11.866 (7-17) -0.51095  -3.66028
Cytb

Andes range 12 6 6  0.803+0.096" 0.00167 + 0.00040° 1.242  4270(1-7)  -1.42890 -2.666

Coastal range 10 4 5 0.533+0.180"" 0.00135 + 0.00064* 1.000 3.793 (2-6)  -1.74110* -0.876

Overall 22 8 9 0.688 + 0.099 0.00151 + 0.00039 1.121  6.147 (3-10)  -1.82961*  -4.230

case of Cyt b, haplotypes per area ranging from 4 to 6 in 22 analyzed individuals
were observed (Table 4). Haplotype diversity was significantly higher in the Andes
range than in the Coastal Range (0.803 vs. 0.533, Welch s t-test, P < 0.05) (Table 5).
Moreover, the haplotype frequencies were heterogeneous for Andes (chi-square test:
x* =58.37,df = 5, P < 0.001) and Coastal (chi-square test: x* = 108, df = 3, P < 0.001)
ranges. In fact, the A haplotype showed a high frequency in both provinces (41.7 and
70%, respectively) (Fig. 6b). The clustering analysis based on allelic frequencies of CR
revealed the existence of either two (K = 2, pseudo-F = 8.802) or three (K = 3, pseudo-
F = 8.011) groups as the optimal number of clusters. In both simulations, individuals
from the Andes range, Central Valley and Coastal Range overlapped into two or three
clusters (Fig. 7b).

Global AMOVA results as a weighted average over loci revealed that CR haplo-
type variation was attributed mostly to within area differences (98.6%) and scarcely
to differences between areas (1.3%). In fact, the F index was not significant and
reached a value of only 0.01360 (P > 0.05). Pairwise F_ values based on CR haplo-
type frequencies ranged from -0.01741 to 0.03434, with no significant differences
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Table 6. Pairwise F values (below the diagonal) and number of migrants per generation (Nm)
(above the diagonal) among pudu deer of five provinces from southern Chile based on mtDNA control
region. Average F-Statistics over all loci: F = 0.41905. *P < 0.05.

Cautin Valdivia Osorno Llanquihue Chiloé
Cautin 2.47437 3.66488 2.75000 0.34740
Valdivia 0.16810 * 13.32296 5.18197 0.28967
Osorno 0.12005 0.03617 9.71845 0.27240
Llanquihue 0.15385* 0.08800 * 0.04893 0.22832
Chiloé 0.59004 * 0.63318 * 0.64733 * 0.68651 *

observed in any comparison (P > 0.05). Pairwise estimate of Nm for CR haplo-
type data ranged from 14.05932 to infinity, revealing the occurrence of an impor-
tant number of migrants per generation among the Andes range, Central Valley
and Coastal Range. Tajima’s D was negative in all areas, but it was not significant
(D = from -0.02394 to -0.97905, P > 0.05) (Table 5). Thus, these results were consist-
ent with population equilibrium. However, Fu’s Fs was negative and highly signifi-
cant for the Coastal Range (Fs = -6.64752, P < 0.001), which suggests that in this
area population expansion may have occurred. Tajima’s D estimated based on Cyt b
showed a similar result as CR given that the D value was negative and significant for
the Coastal Range (D =-1.74110, P < 0.05) (Table 5).

Discussion

Analysis of the CR and Cyt b mitochondrial sequences from pudu deer populations
of five provinces from southern Chile revealed different levels of genetic variation,
haplotype heterogeneity, a large proportion of unique haplotypes, and strong genet-
ic structuring and clustering of individuals in some provinces. The most likely ex-
planation for our results is that pudu deer from the study area have a low to moder-
ate level of gene flow among populations, which suggests the occurrence of reduced
panmixia across the collection range. This genetic pattern is in accordance with our
predictions of marked genetic divergence among pudu deer populations, especially
those located at the extremes of the distribution or those that inhabit islands, due to
the existence of geographic barriers that may have promoted genetic divergence. In
fact, individuals from Chiloé Island that are separated from the continental popula-
tions by the Chacao channel formed clear single groups in the clustering analysis
in concordance with the existence of such a geographic barrier, which should have
reduced gene flow with the other continental analyzed populations. In this regard,
the separation among continental and island populations of pudu deer, estimated
at least 217,500 year ago (Fuentes-Hurtado et al. 2011), would have been key event
that has promoted genetic divergence of pudu deer that inhabit Chiloé Island. Pudu
deer of other sites, such as those in Cautin Province, also showed a marked di-
vergence with respect to other analyzed provinces (F . = 0.15385-0.59004) and a
reduced number of migrants per generation (Nm = 0.34740-3.66488). Since this
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province is located in the northernmost part of the range of the species distribution,
it is likely that geographic barriers, such as rivers, and/or distance constrain gene
flow and, therefore, facilitate an increase in genetic divergence. All haplotypes of
the CR marker found in Cautin Province were private, a finding that provides fur-
ther support for a divergent evolutionary process for pudu deer located at this site.
Although further analysis is required, genetic differentiation between provinces re-
corded for pudu deer in our study could be also related to their habitat loss and frag-
mentation in southern Chile as a consequence of the expansion of human activities
(Echeverria et al. 2006, 2007; Miranda et al. 2017). This could be so given that habi-
tat fragmentation contributes to genetic differentiation between populations, since
fragmented populations are expected to see more differentiation because migration
between them is impaired. Of note is that our previous interpretations should be
taken with caution because, as discussed below, the modifications of the genetic
structure of pudu deer could also be a consequence of Pleistocene glaciations that
affected the landscape in southern Chile in the past. Thus, the modifications of the
genetic structure of pudu deer are likely to be a more complex process in which dif-
ferent factors have intervened.

In addition, our results also suggest that some provinces, particularly Val-
divia, Llanquihue and Chiloé Island, underwent population expansion given that
they showed significant negative Tajimas D and Fu's Fs values. This expansion
process could explain the shared haplotypes among neighboring provinces, such
as Valdivia, Osorno and Llanquihue, where the Y05 and Y17 CR haplotypes were
highly frequent. In the case of the Cyt b marker, although it did not present any
significant population disequilibrium, the occurrence of shared haplotypes for this
marker among all provinces analyzed, particularly the A and I haplotypes, suggests
that population expansion for pudu deer could be a more extensive process. Of
note is that the analysis at the longitudinal range supports that populations located
in the Coastal Range would be an important source of individuals for coloniza-
tion, given that both markers showed significant population disequilibrium in this
geographic area. These results are in accordance with the statement that this area
was a lowland refuge for vertebrates during the Pleistocene glaciations (Sérsic et
al. 2011), where the vertebrates persisted during this geological period to later re-
colonize the areas where the ice sheet had retreated (Rodriguez-Serrano et al. 2006;
Himes et al. 2008; Victoriano et al. 2008). In addition, we also observed that pudu
deer of Coastal Range presented lower or similar genetic diversity, measured as hap-
lotype diversity and nucleotide diversity, than those located in the Andes range. It
has been observed that vertebrate populations distributed in the Andes range (e.g.,
39°5-42°S) tend to exhibit lower genetic diversity, while the opposite is observed
for populations distributed in the Coastal Range (Sérsic et al. 2011). This pattern
of genetic variation seems to be related to the recolonization process that occurred
in the Andes Mountains after the Pleistocene glaciations, where founder effects or
selection probably changed the genetic structure of populations. The modifications
of the genetic structure as a result of Pleistocene glaciations in the Andes range have



136 Nelson Colihueque et al.

been well documented in other vertebrates that inhabit this geographic area, such
as the lizard Liolaemus tenuis from 38°S to the southern limit of its distribution
(Victoriano et al. 2008), the marsupial Dromiciops gliroides located between 40 and
43°S (Himes et al. 2008) and the lizard Liolaemus pictus (Vera-Escalona et al. 2012).
In fact, for L. tenuis, there is a general pattern, whereby populations located in the
mesomorphic zone have a higher genetic diversity than those inhabiting in the per-
iglacial and glacial zones. In the case of D. gliroides, southern Clade C, strongly af-
fected by glacial recession, showed lower nucleotide diversity than northern Clade
A. Similarly, L. pictus in the northern group (37°S-39°S) was heterogeneous, with
well differentiated and deeply divergent internal subgroups, whereas the southern
group (39°S-41°S) was more homogeneous. Since Andes range populations of pudu
deer analyzed in this work presented high genetic variation, an alternative explana-
tion is required. Among them a mixing origin of this population cannot be ruled
out, which implies the occurrence of various recolonization processes with different
source populations. This hypothesis is not unlikely because the haplotype composi-
tion of CR observed in the Andes range included haplotypes proper to Cautin (Y02,
Y08), Valdivia (Y09) and Osorno (Y15, Y26, Y28) provinces. The multiple sources
origin hypothesis is not new for vertebrates that inhabit the western Andes range in
southern Chile. For example, Vidal et al. (2012) by using the Cyt b marker, found
evidence that the lizard Liolemus pictus that inhabits this area may have experienced
such a process during Pleistocene glaciations, given their geographically differenti-
ated gene pools. For this lizard, postglacial colonization could have occurred from
sources located in ice-free sectors of the Longitudinal Valley adjacent to the Antil-
lanca locality and not from a single western refuge.

A number of studies have indicated that Pleistocene glaciations modified the
landscape in southern Chile, which affected the species distribution and created
habitat fragmentation of areas that species used as refuges (Lessa et al. 2010; Vera-
Escalona et al. 2012; Vidal et al. 2012; Marin et al. 2013). From a population genetic
point of view, this glaciation process may have promoted the genetic divergence
among populations, with some characteristics of this process being the existence
of populations with private haplotypes, haplotype heterogeneity or a reduction in
genetic variation as a consequence of a decrease in population effective sizes. Thus,
the genetic differentiation between pudu deer from Chilée Island and surround-
ing provinces in continental areas fit well with this divergence pattern. In fact, we
determined that pudu deer from Chilée Island do not share CR haplotypes with
any continental populations. Moreover, they showed significantly lower haplotype
diversity than other analyzed provinces (e.g., with Valdivia Province), which may re-
flect past processes of population size reduction. Chilée Island Province also showed
significant haplotype heterogeneity, a process that may be related to reduction in
population size, since this provokes genetic drift, causing genetic differentiation in
populations. In other vertebrates that inhabit this island a similar divergence pattern
has been observed. For example, the lizard L. pictus conforms to a well-supported
subclade and is composed exclusively of haplotypes proper from Chiloé Island, al-
though the genetic distances between haplotypes from this island and the surround-
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ing mainland populations are low compared to those from the northern clade (Vera-
Escalona et al. 2012). The absence of shared haplotypes between populations from
the mainland and Chiloé Island, which give rise to divergent haplogroups in L. pic-
tus, might reflect ancient isolation, much older than the LGM (Vidal et al. 2012). Of
note is that further niche simulation analyses support that this pattern of divergence
in L. pictus may be related mostly to the LGM (Vera-Escalona et al. 2012), given that
at that age a greater suitability of the habitat in the extreme north of the island of
Chiloé may have existed, which probably acted as a refuge for different vertebrates.
Previous reports indicate that pudu deer from Chiloé Island have marked ge-
netic divergence with respect to continental populations of this species, especially
those from the northernmost distribution (Fuentes-Hurtado et al. 2011; Cabello
2019). For example, Fuentes-Hurtado et al. (2011) using the CR marker, found that
there were higher genetic distances among continental populations and Chiloé
Island populations (2.2%) than between continental pudu deer populations (0.9%).
Our clustering analysis results are in accordance with this divergence pattern, since
almost all pudu deer individuals from Chiloé Island formed a consistent single
cluster when using a clustering algorithm based on a Monte Carlo Markov chain.
Moreover, pudu deer from this site showed a marked divergence with respect to
those inhabiting the other analyzed provinces (F . = 0.59004-0.68651). Therefore,
these results support that they may constitute an evolutionarily significant unit and
could be treated as a separate management unit. This finding has conservation im-
plications because pudu deer in Chile is classified as a threatened species according
to the Chilean Ministry of Environment, and the identification of an evolutionarily
significant unit is of major importance when conservation plans for threatened spe-
cies are considered (Torres-Florez et al. 2018). Currently, this issue is of public inter-
est because in Chiloé Island Province, pudu deer faces several local threats linked to
the expansion of human activities, such as forest loss and fragmentation, predation
by domestic dogs and competition with exotic species (Miller et al. 1973; Wemmer
et al. 1998; Silva-Rodriguez et al. 2010, 2011; Silva-Rodriguez and Sieving 2012;
Jiménez and Ramilo 2013). Pudu deer from the other analyzed provinces, could be
also treated as different management units because they presented a large ratio of
unique haplotypes (e.g., from 0.66 to 1.0 for CR), which may reflect the existence of
local adaptation, a process that may arise in response to localized natural selection
pressures. In this regard, we hope that the genetic divergence data presented in this
study will help to improve the conservation status of pudu deer in southern Chile.

Conclusion

Genetic and demographic analyses of the mtDNA control region and cytochrome b
sequences carried out for pudu deer of five provinces located at different latitudinal
sites in southern Chile, indicate the existence of different levels of genetic variation,
haplotype heterogeneity, a large proportion of unique haplotypes, strong genetic
structuring, clustering of individuals in a province (i.e., Chiloé Island) and a sig-
nature of population expansion in some provinces (i.e., Valdivia, Llanquihue and
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Chiloé Island). These results indicate that pudu deer have a low to moderate level
of gene flow, especially among distant continental provinces or between continental
provinces and Chiloé Island, which suggests the occurrence of reduced panmixia.
This genetic pattern could be related to the existence of geographic barriers and/
or paleoclimatic events that may have promoted genetic divergence, such as the
Pleistocene glaciations that modified the landscape in southern Chile. Analysis at
the longitudinal range within the studied provinces revealed haplotype variation at-
tributed mostly to within areas differences and the existence of a population expan-
sion process in the Coastal mountain range. The last finding supports the statement
that this area was a lowland refuge for vertebrates during the Pleistocene glaciations,
where the vertebrates persisted during this geological period to later recolonize the
areas where the ice sheet retreated. Since pudu deer in Chile is a threatened species,
our results have conservation implications because populations of some analyzed
geographic areas may constitute significant evolutionary units, which is of major
importance when conservation plans are considered.
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