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ARTICLE INFO ABSTRACT

Keywords: Darwin's fox (Lycalopex fulvipes) is one of the most narrowly distributed and endangered carnivores in the world.
Bottleneck Until new records began to be collected in 2012, the species was known to occur only on Chiloé Island and the
Cani‘_is Nahuelbuta mountain range on the mainland. Here, we genotype the partial mitochondrial DNA control region,
E;Felvore 11 microsatellite loci, and exon 2 and exon 3 of major histocompatibility complex class II to assess the genetic
Chiloé structure and variation of Darwin's foxes (n = 105) from all known localities, with 99 samples collected from the

Genetic diversity previously known populations and six from new localities where the species has been recorded. We found low

Valdivian Temperate Rainforest genetic diversity, with six mitochondrial DNA haplotypes that were unevenly distributed across the population,
strong microsatellite fixation and only one and two polymorphic loci in nuclear genes, respectively, raising major
concern regarding susceptibility to infectious diseases. Genetic diversity was markedly lower on Chiloé than on
the mainland, which hints at an interplay of founder effect and lack of gene flow following isolation other than
small population size. The latter is a concern for the mainland counterpart, where it is compounded by high
fragmentation. Since genetic data qualify these two populations as separate management units, conservations
actions should be envisaged pertinently. Restoring and further enhancing the connectivity of mainland popu-
lation is a priority. Based on the findings of this study, a reassessment of its IUCN conservation status, which is
currently “Endangered”, might be urgently needed.

1. Introduction variation in threatened species is key to implementing effective con-
servation management strategies (Kardos et al., 2021). Assessing the
Achieving a comprehensive understanding of spatiotemporal genetic degree and extent of genetic diversity is fundamental for preserving
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inter- and intra-population variability, as well as population distinc-
tiveness, by defining management units within an adaptive evolutionary
conservation framework (Fraser and Bernatchez, 2001). The growing
recognition that sustained wildlife monitoring efforts are needed not
only to maintain but also to restore genetic diversity is reflected in an
increasing number of international agreements and mandates that
explicitly include this objective in their agendas (Forcina and Leonard,
2020). Over the past few decades, a range of technological and organi-
zational advancements has significantly facilitated the integration of
genetic diversity—long neglected in this context—into the goals of
global conservation policies (Hoban et al., 2021). Efforts are now un-
derway to translate this progress into coordinated action plans at na-
tional, subnational, and supranational levels (Hoban et al., 2024).
Nevertheless, several narrowly distributed and highly endangered spe-
cies still lack comprehensive assessments of population genetic struc-
ture, underscoring an urgent need for action. As a case in point, the
conservation management of Darwin's fox (Lycalopex fulvipes Martin,
1837) (Fig. S1; Videos S1 and S2), one of the rarest and least known
canids (Macdonald and Sillero-Zubiri, 2004), is constrained by the
absence of a comprehensive assessment of its population structure.
Currently classified as “Endangered” by the International Union for the
Conservation of Nature (IUCN) (2004), this species has long been known
to occur solely in the forested areas of Chiloé Island, along the coast of
southern Chile. However, a mainland population was discovered in the
Nahuelbuta mountain range at the end of the previous century (Medel
et al., 1990), a finding later confirmed by mitochondrial DNA analyses
(Yahnke et al., 1996). Subsequently, a Darwin's fox hide was recovered
in Punta Chanchan (Los Rios Region) (Vila et al., 2004) and found to
hold the same control region haplotype as some individuals from
Nahuelbuta, which was therefore guessed to be its population of origin.
However, from 2012 onwards, new mainland records have been re-
ported through roadkills—such as the one genetically identified in
Gorbea (D'Elia et al., 2013)— and via camera trap data from locations
including Oncol and the Valdivian Coastal Range (Farias et al., 2014;
Silva-Rodriguez et al., 2016). These findings have led to an updated
range for Darwin's fox, extending from Chiloé Island in the Los Lagos
region (43.4°S) northward to the southern border of the Biobio region
(37° 48'S) (Fig. S2). Nevertheless, this small-sized fox still has one of the
narrowest distributions among all extant canids and is also one of the
few terrestrial mammals endemic to the Valdivian Rainforest
Ecoregion—one of the World biodiversity hotspots (Myers et al.,
2000)—along with the long-nosed caenolestid (Rhyncholestes raphanu-
rus) (Martin, 2011), Mann's soft-haired mouse (Abrothrix manni) (D'Elia
et al., 2015), and microbiotherids (Dromiciops spp.) (D'Elia et al., 2016).
The largest known Darwin's fox population, inhabiting Chiloé Island,
was estimated at a minimum of 412 mature individuals, whereas this
figure drops to about 227 individuals in Nahuelbuta (Silva-Rodriguez
et al., 2016). When the latest new records and potential areas of spe-
cies distribution were considered, the minimum size of the continental
population was estimated to be about 489 individuals (Silva-Rodriguez
et al., 2016). These low numbers—compounded by the physical isola-
tion of the two populations—expose Darwin's fox to a high extinction
risk due to infectious diseases (Di Cataldo et al., 2020; Hidalgo-Hermoso
et al., 2022) and habitat loss (Silva-Rodriguez et al., 2016). Other threats
include attacks by stray dogs—which also can transmit diseases
(Hidalgo-Hermoso et al., 2020)—or intraguild predation by pumas
(Puma concolor) and other larger sympatric fox species, such as the South
American grey fox or chilla fox (L. griseus) and the culpeo or Andean fox
(L. culpaeus) fox (Jiménez, 2000), which are also reported to competi-
tively exclude their smaller congener (Vila et al., 2004).

On Chiloé Island, Darwin's fox occurs mainly in the western sector,
where pristine forests persist despite increasing firewood exploitation,
but has also recently been recorded in the northern part of the island
(near Ancud; E.H.H., personal communication) The local population of
this canid has been proposed to be larger yet more genetically depleted
than its mainland counterpart (Vila et al., 2004); however, this
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assumption remains unproven. To date, there is no comprehensive ge-
netic study covering all Darwin's fox populations across the species'
known range.

To fill this knowledge gap and inform the conservation strategies of
this rare species at the national and international levels, we here use
mitochondrial and nuclear DNA analyses to 1) assess neutral and
adaptive genetic diversity across all extant Darwin's fox populations, 2)
infer their phylogenetic relationships and population genetic structure,
and 3) identify management units for conservation.

2. Material and methods
2.1. Sample collection and DNA extraction

Between 2009 and 2017, we conducted 35 expeditions lasting four to
fifteen days across 22 and 9 localities on Chiloé Island and continental
Chile, respectively, and collected 121 Darwin's fox samples from Chiloé,
Nahuelbuta, Oncol, the Valdivian Coastal Reserve (VCR), and Gorbea
(Fig. S2). In addition, 19 DNA samples from Nahuelbuta, collected by E.
MacMahon and W.E.J. between 1998 and 2002, were included in our
dataset (Table S1). For blood sample collection, foxes were captured
using box traps set in the evening and checked at dawn. The animals
were anaesthetized with a either a combination of 10 mg/kg of ketamine
(Imalgene, Merial, France) and 1 mg/kg of xylazine (Xilacina, Centrovet
Ltda., Chile) or 0.04 mg/kg of dexmedetomidine (Dexdomtor, Pfizer,
Germany), which was reversed with 0.4 mg/kg of atipamezol (Anti-
sedan, Pfizer, Germany). Under anesthesia, each fox underwent a basic
external clinical evaluation by a veterinarian before 4 ml of blood was
collected from the cephalic vein. All live animals were microchipped
(EI1001, Felixcan Animal ID) subcutaneously and released in the same
site of capture. Hair samples (n = 2) were collected from the tail and
from box traps visited by foxes without unsuccessful capture. Fresh scat
samples (n = 35) were collected along trails. Skin samples were obtained
from taxidermized animals preserved in Nahuelbuta National Park (n =
2), in the Chilean National Museum of Natural History in Santiago (n =
1), and from a pelt that was kept in a farmer's house (n = 1). Finally, one
muscle sample was collected from a fox killed by a dog in Comuna de
Gorbea. Each sample was placed in 2 ml vials containing absolute
ethanol and stored at —20 °C until DNA extraction. All sampling was
conducted under capture and sampling permits from the National
Agricultural and Livestock Service (SAG), authorization numbers 1262/
2009, 2263/2010, 206/2012, 3155/2013, 3363/2015, 3035/2016, and
5029/2017

Total genomic DNA was isolated from blood and muscle samples by
proteinase K digestion, followed by DNA extraction with phenol/chlo-
roform protocol (Sambrook et al., 1989). DNA from feces was extracted
using the QIAamp DNA Stool Kit (Qiagen, Hilden, Germany), while DNA
from skin and hair samples using the QIAamp DNA Investigator Kit
(Qiagen), following the manufacturer's instructions in a dedicated room.

2.2. Gene amplification and sequencing

We amplified the partial mitochondrial control region (CR) gene
(partial sequence: 599 bp; nt. positions 15,420-16,018 of Lycalopex sp.
genome reference MN181407.1: Popovic et al., 2020). Amplification
was performed using primers MTLPRO2 and CCR-DR1 (Tchaicka et al.,
2006) or, for degraded DNA samples, with newly designed internal
primers: LfuCR-R1 5-TCTCAAATGGGACATCTCGA-3, LfuCR-F1 5-
CCCCCGAAAATTAAAAGATACC-3', LfuCR-R2 5-AGGGATTAATCAC-
CATGCCTC-3, and LfuCR-F2 5-CGGAGCGAGAAGAGRGGCAT-3.
Extraction and PCR blanks were included in each experiment to check
against possible contamination. PCR products were treated with 0.5 U of
alkaline phosphatase and 4 U of exonuclease prior to bidirectional
sequencing using the BigDye Terminator Cycle Sequencing Kit 3.1 on an
ABI Prism 3130x] Genetic Analyzer (Applied Biosystems/Hitachi, Wal-
tham, USA).
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2.3. Sequence data analysis

The newly generated sequences were manually edited in Bioepit 7.0.5
(Hall, 1999) and aligned in CrustatX 2 (Larkin et al., 2007). Previously
obtained Darwin's fox sequences (Yahnke et al., 1996; D'Elia et al., 2013)
were incorporated in the CR alignment but excluded from the phylo-
genetic analysis because they were 344-bp and 401-bp long, respec-
tively, as opposed to the 599-bp long ones obtained in the present study.
We collapsed all the sequences into unique haplotypes in Collapse 1.2
(Posada, 2004) and built a median-joining haplotype network (Bandelt
et al.,, 1999) in PorArt (Leigh et al., 2015). Mutated positions were
uniformly weighted, and the e-tolerance parameter and transition/
transversion ratio were set to 0 and 1, respectively (Bandelt et al., 1999).
Subsequently, we used DnaSP 6 (Rozas et al., 2017) to analyze poly-
morphic sites and compute the number of haplotypes (K), the number of
polymorphic sites (S), nucleotide diversity (), haplotype diversity (©),
and the average number of nucleotide differences (IT). Moreover, we
used ArieQuiN 3.5.2.2 (Excoffier and Lischer, 2010) to compute the
Mismatch Distribution (MD) of pairwise distances to investigate the
historical demography of the mainland individuals only (n = 30), due to
the uniqueness of the CR haplotype in their island population.

To elucidate the timing of the species diversification process across
its range, we first performed statistical coalescent analyses in Beast 2.7.7
(Bouckaert et al., 2019). using GeneBank references JX890316,
JX890364, JX890331 and JX890370 (L. culpaeus, L. griseus, hoary fox
L. vetulus and Pampas fox L. gymnocercus, respectively: Tchaicka et al.,
2016) along with KT448284 (Sechuran fox L. sechurae: Koepfli et al.,
2015) as outgroups. The substitution model was co-estimated with the
phylogeny using the bModelTest package implemented in BEAST. A
strict molecular clock was applied, and a constant coalescent prior with
a lognormal distribution (10% standard deviation) was used to better
represent branching times within species. We followed Chavez et al.
(2022) in dating the L. griseus, L. culpaeus, L. sechurae, L. gymnocercus
and L. fulvipes clade to 1 million years ago (mya), as inferred from their
analyses. We then inferred changes in effective population size for the
entire dataset (n = 99) using a Bayesian skyline plot (BSP) (Drummond
et al.,, 2005) in Beast 10.4 (Suchard et al., 2018). Analyses were per-
formed under the HKY model, as inferred from JmopeLtesT2 (Darriba
et al.,, 2012), with lognormal priors and a mutation rate of 4.27 x
1078 substitutions/site/year (10% standard deviation), as determined
from the coalescent tree analyses. This estimated mutation rate is similar
to other established mitochondrial control region (CR) clocks in mam-
mals, such as 5.5 x 1078 substitutions/ site/year) in mammals (Ho et al.,
2005). Jmodeltest2 and BSP analyses were run in the CIPRES portal
(Miller et al., 2010) by two independent Markov Chain Monte Carlo
(MCMC) chains: 15 million generations for phylogeny estimation and
150 million generations for the complete dataset (BSP), sampling every
10,000 generations. Convergence and mixing of independent runs were
evaluated by visually inspecting and comparing traces of each statistic
and parameter in Tracer 1.7 (http://beast.bio.ed.ac.uk/ tracer). Effec-
tive sample size (ESS) values >200 were considered good indicators of
parameter mixing. The first 10% of trees were discarded as burn-in.
Samples were merged using LogCombiner, and the resulting trees
were summarized using TREEANNOTATOR to generate a maximum clade
credibility (MCC) tree with mean node heights (Heled and Bouckaert,
2013). BSP log and tree files were imported into Tracer to generate
the plot. Trees were visualized in FigTree 1.4.4 (Rambaut, 2010) and
edited in Inkscape (2020) (https://inkscape.org).

2.4. Microsatellite analysis

All samples were genotyped at eleven microsatellite loci isolated
from Darwin's fox, following Cabello and Davila (2014). PCR Fragments
were resolved by electrophoresis using a 500 LIZ Size Standard on an
ABI PRISM 3130xl Sequencer (Applied Biosystems). To ensure the
robustness of the dataset, amplification was repeated twice per locus
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(Navidi et al., 1992; Taberlet et al., 1996; Bellemain and Taberlet,
2004), and Micro-CHEcker 2.2.3 (Van Oosterhout et al., 2004) was
used to detect allelic dropout, null alleles, and genotyping errors. We
tested for deviation from Hardy-Weinberg equilibrium (HWE) and
linkage equilibrium at each locus and historically known population
(Nahuelbuta and Chiloé) using Genepor 1.2 (Raymond and Rousset,
1995). Deviations from HWE were assessed with a Markov-chain algo-
rithm (Guo and Thompson, 1992), while linkage equilibrium was tested
using an exact test (Raymond and Rousset, 1995), with p-values adjusted
via the sequentially rejective Bonferroni method (Rice, 1989). Allele
frequencies, as well as observed and expected heterozygosity, were
estimated using GENALEx 6 (Peakall and Smouse, 2006). ARLEQUIN was
employed to estimate the inbreeding coefficient (Fig) and the fixation
index (Fst), which quantifies the degree of population differentiation.
Allelic richness was subsequently computed in Fstat 2.9 (Goudet, 2001).
To assess the genetic affinity of foxes from newly sampled localities
(Gorbea, Oncol, and VCR), we performed a factorial correspondence
analysis in Genetix 4.04 (Belkhir et al., 2004) and a Bayesian clustering
analysis using Structure 2.3.4 (Hubisz et al., 2009). For this purpose, the
number of genetically distinct subpopulations (K) was set to range from
1 and 10, with four iterations per K. Simulations were run with 10°
MCMC iterations and a burn-in of 10° iterations, and the independent
allele frequencies model was selected. We chose the most reliable K
value based on the algorithm implemented in StrucTuRESELECTOR (Li and
Liu, 2018), and individuals were unambiguously assigned to a given
population using a threshold of Q; = 0.90 (Vaha and Primmer, 2006).

2.5. MHC amplification and sequencing

We amplified exon 2 of the DQB gene (243 bp) and exon 3 of the DRB
gene (200 bp) of the major histocompatibility complex (MHC) class II
using primers DM-1 and DM-2 (Hedrick et al., 2000) and DQB-F and
DQB-R (Fernandez-Vina and Bignon, 1997), respectively. PCR amplifi-
cations were performed in a total volume of 20 pl, containing approxi-
mately 50 ng of genomic DNA, PCR buffer with 2 mM MgCl, (Biotools
B&M Labs, S.A., Madrid, Spain), 0.1 mM of each dNTPs (Biotools), 0.5
uM of each primer, 0.5 U of Taq DNA polymerase (Biotools), and sterile
deionized water. Thermal cycling conditions were as follows: an initial
denaturation at 94 °C for 2 min, followed by 35 cycles of denaturation at
94 °C for 30 s, annealing for 30 s at the following temperatures
depending on the primer pair—62 °C (MTLPRO2/CCR-DR1), 56 °C
(MTLPRO2/LfuCR-R1), 58 °C (LfuCR-F1/LfuCR-R2), 56 °C (LfuCR2/
CCR-DR1), 61 °C (DM-1/DM-2), and 58 °C (DQB-F/DQB)—and primer
extension at 72 °C for 30 s, with a final extension at 72 °C for 5 min. We
generated 10 clones per PCR product and individual using the PCR
Cloning Kit (Qiagen), and sequenced them using universal M13 primers.
For clarity, it should be noted that, in the absence of a reference genome
and without prior knowledge of MHC copy number variation in Darwin's
fox, some uncertainty remains in these estimates due to the potential
amplification of multiple loci.

3. Results
3.1. Mitochondrial DNA variation and historical demography

We successfully amplified CR sequences for 99 of the 121 biological
samples (81.8%), with a particularly low success rate for the 35 stool
samples (9%). Overall, we identified six CR haplotypes, each private to
one of the surveyed localities (Fig. 1a), and observed low mitochondrial
diversity (Table S2) despite large pairwise differences among sequences
(Table S3).

The most recent common ancestor (TMRCA) of L. fulvipes was esti-
mated at 760,000 years ago (median height; 95% HPD:
470,000-1000,000), while the L. fulvipes clade population is estimated
to have originated 260,000 years ago (95% HPD: 120,000-430,000)
before present (Fig. 1b). Divergence between the most recent common


http://beast.bio.ed.ac.uk/
https://inkscape.org

J. Cabello et al.

Biological Conservation 321 (2026) 111997

a

Lfu-Nah

144

Lfu-Nah2

JX890364.1
L. griseus

L. griseus

091
Chiloé Island L. culpaeus “
i )
i L. sechurae & ‘
245 -
. L. gymnocercus Ny
L. vetulus ‘;f‘)ﬁ
4 35 3 2.5 2 15 1 0.5 0 mya
1,000,000
o P—
A 100,000 -
@»
= |
S \
= o —
2 10,0004
s f
[
: I
> o
3 1,000
= T
= |
100 T T T T
0 10,000 20,000  Time 30,000 40,000

Fig. 1. Mitochondrial DNA results. (a) CR haplotype network based on 99 Darwin's foxes. Each haplotype is indicated by a circle with diameter proportional to the
number of sequences. A scale to infer the number of sequences (i.e. individuals) for each haplotype (1-69) is provided; mutational steps are indicated by their
nucleotide position or by hatch marks. Individual sequences from island and mainland populations are given in green and red, respectively, while intermediates
nodes are given in black. (b) CR Bayesian time tree of Lycalopex species as inferred by BEAST. Bayesian posterior probabilities (>>0.92) are shown below the nodes,
with boxed numbers indicating node ages. Blue bars represent the 95% highest posterior density (HPD) intervals for each node. (c) Bayesian skyline plot of L. fulvipes
(n = 99). Pictures not to scale. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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ancestor of Chiloé and VCR + Oncol foxes is estimated at approximately
140,000 years ago (95% HPD: 40,000-250,000), while Nahuelbuta +
Gorbea foxes form a sister clade to this group, with a more recent
divergence of 90,000 years ago (95% HPD: 20,000-170,000) (Fig. 1b).
The BSP suggests a stable population experiencing a decline during the
mid-Holocene (approximately 5000 years before present), and a much
steeper decline toward the end of the Holocene (Fig. 1c). The more
recent dates inferred from the BSP compared to the phylogenetic tree
were expected, as BSP reflects the timing of coalescent events rather
than population splits. It begins when lineages start to coalesce, which
often occurs long after the initial population divergence. MD analysis on
mainland foxes (tau = 11.060), based on the full sequence length (599
bp), a generation time of 3.8-years (Chavez et al., 2022) and a CR mu-
tation rate of 6.08 x 107 substitutions/site/year—inferred from the
average fossil-calibrated canid Cytochrome-b mutation rate of 2.8% x
10° generations (Wayne et al., 1997) and adjusted from the first hy-
pervariable region (HVR I) rate of 1.6 x 10~ substitutions/site/year
(Soares et al., 2009)—suggests an ancient spatial and demographic
expansion around 57,000 years ago. However, the high raggedness
index (0.3632, p = 0.86), e moderate sum of squared deviations (SSD)
value (0.02282, p = 0.53), and a mismatch distribution with excess
differences at 3, 9, and 11 mismatches indicate that the model may not
fit the data well.

3.2. Microsatellite variation

We assessed allelic variation at the panel of 11 microsatellites in 64
individuals (Table S4). Three and two loci were found to be mono-
morphic in Chiloé and Nahuelbuta populations, respectively (Table S5).
No evidence of HWE nor linkage disequilibrium emerged. Across all
Darwin's fox samples, a total of 50 alleles were identified, with the
number of alleles per locus ranging from 1 to 7; private alleles were
observed for each sampling locality (Table S6). Allelic richness was
higher in Nahuelbuta (3.090) than in Chiloé (2.129). Observed hetero-
zygosity per locus ranged from 0.051 to 0.526 in Chiloé (mean = 0.284)
and from 0 to 0.823 in Nahuelbuta (mean = 0.530). Fis was positive in 7
of 11 loci in Chiloé and in 5 of 9 loci in Nahuelbuta. Mean Fis values were
also positive, indicating inbreeding effects in both populations The Fst
value between Chiloé and Nahuelbuta populations was high (0.448) and
statistically significant (p < 0.05). Factorial correspondence analysis
revealed two main groups: one comprising all foxes from Chiloé and the
other including all mainland foxes, within which a subtle substructure
based on sampling localities was detectable (Fig. 2a, b). Similarly,
Bayesian analysis indicated K = 2 as the most supported number of
clusters. All Chiloé individuals, except one (Pfu079, Qi = 0.824), were
unambiguously assigned to cluster I (average Qi = 0.993), while all
mainland individuals were assigned to cluster II (average Qi ranging
from 0.961 to 0.997), with one exception (Pfu072, Qi = 0.575) (Fig. 2c).

3.3. MHC variation

Our analysis revealed extremely low MHC variation across all Dar-
win's fox samples (n = 99), with only two DRB alleles detected in Chiloé
and Nahuelbuta (Lfu-DRBO1 and Lfu-DRB02), which were also present
in the other mainland foxes. Notably, Lfu-DRB01 was the predominant
allele, occurring in 93.4% of individuals, while four foxes from
Nahuelbuta appeared monomorphic at locus Lfu-DRB0O2 (Table S7).
DQB was monomorphic, exhibiting nucleotide differences of 26 and 30
bp relative to Lfu-DRB01 and Lfu-DRB02, respectively. No frameshifts or
stop codons were detected, ruling out the possibility that these se-
quences are pseudogenes. DRB and DQB alleles were compared with
homologous sequences from other canids in GenBank to confirm their
correspondence to the studied loci. All three MHC alleles were novel
among canids. Monomorphism was higher in the Chiloé population than
in Nahuelbuta, with 86% and 45% of individuals being monomorphic,
respectively. Darwin's fox sequences were submitted to GenBank under
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accession numbers KM880155 (Lfu-DRB01), KM880156 (Lfu-DRB02),
and KM880157 (Lfu-DQB). The primers DQB-F/DQB-R, used to amplify
the DQB locus, also amplified Lfu-DRB in 8 of the 99 samples genotyped.

4. Discussion

Evaluating the degree of genetic diversity—and, consequently,
adaptive potential—is crucial for the conservation of endangered species
(Eizaguirre and Baltazar-Soares, 2014). In this study, we assess the ge-
netic structure and diversity of Darwin's fox, whose population was
initially estimated at fewer than 1000 mature individuals (census esti-
mate: Silva-Rodriguez et al., 2018) and later at 5100-5500 individuals
(effective population size: Chavez et al., 2022), making it one of the most
endangered canids—and arguably one of the most threatened
carnivores—on Earth.

4.1. Genetic diversity

The limited mtDNA variation and the strong genetic structure, with
private haplotypes, indicate of some degree of isolation and reduced
gene flow, in addition to the effects of small population size. Accord-
ingly, the six haplotypes found were associated with low haplotype di-
versity when compared with the 10 haplotypes found in 66 individuals
from 11 populations of another endangered canid, the Ethiopian wolf
(Canis simensis) (Gottelli et al., 2004). Although Darwin's fox appears
abundant in Chiloé, the recovery of only a single haplotype among 69
sampled individuals suggests a possible founder event involving a single
mitochondrial lineage. Arguably, this pattern could reflect the limited
size of the DNA fragment amplified. However, it aligns with a recent
genome-wide study of South American canids, which reported low
heterozygosity in Darwin's fox, attributing it primarily to recent
inbreeding driven by human-induced habitat loss rather than past cli-
matic events. Similarly, microsatellite diversity was low in both Chiloé
and Nahuelbuta populations, with the lowest levels observed on Chiloé
Island despite its larger population size. These levels of genetic diversity
are comparable to those observed in similarly depleted carnivores that
were, until recently, on the brink of extinction. For example, the Iberian
lynx (Lynx pardinus) exhibits an average observed heterozygosity of
0.387 and an average of 3.75 alleles per locus (based on a panel of 36
loci; Casas-Marce et al., 2013), values comparable to those of the
Nahuelbuta fox population and even higher than those recorded on
Chiloé. Compared to the Ethiopian wolf, the number of alleles in Dar-
win's fox is similar to that observed in separate wolf populations
analyzed at a panel of nine loci (Gottelli et al., 1994), with average
observed heterozygosity being even lower. The strong genetic differ-
entiation between Chiloé and mainland fox populations indicates a lack
of gene flow, as expected given their long-term geographic isolation.
This pattern aligns with the presence of private alleles, a phenomenon
also observed in other carnivores as a consequence of population
isolation and inbreeding (e.g. McManus et al., 2015).

At the same time, the limited diversity at the MHC, a key genetic
determinant of infectious disease resistance in vertebrates (Bernatchez
and Landry, 2003), is particularly concerning. MHC genes typically
exhibit high allelic diversity, long-term allele persistence, and elevated
heterozygosity (Klein et al., 1993). Our data suggests that Darwin's fox
experienced a strong MHC depletion, with only a slight variation of DRB
locus between the island and mainland populations DQB locus being
monomorphic in the entire sample. Contrasting patterns have been re-
ported in other bottlenecked canid populations: 11 DRB and 9 DQB al-
leles were found in the Finnish wolf (C. lupus), which was driven close to
extinction and has limited gene flow from neighboring populations
(Niskanen et al., 2014); 9 DRB and 8 DQB alleles in the Italian wolf (C. L
italicus) (Galaverni et al., 2013); 17 DRB and 2 DQB alleles in the African
wild dog (Lycaon pictus) (Marsden et al., 2009); and 4 DRB and 5 DQB
alleles in the largest Ethiopian wolf population (Kennedy et al., 2011).
On the other hand, polymorphism at the DQB locus has been reported in
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the critically endangered St. Nicholas Island fox (Urocyon littoralis
dickeyi) (Aguilar et al., 2004), whereas the Mednyi Island population of
the Arctic fox (Vulpes lagopus) was monomorphic at both DRB and DQB
loci (Ploshnitsa et al., 2012).

MHC genes are among the most polymorphic genes in vertebrates
(Spurgin and Richardson, 2010), with their exceptionally high vari-
ability thought to be maintained by balancing selection imposed by
pathogens (Hedrick and Kim, 2000). Nonetheless, in small populations,
genetic drift can outweigh the effects of balancing selection (Allendorf
and Luikart, 2007). The island and mainland populations of Darwin's
fox share the same MHC alleles, potentially reflecting an ancient and
severe bottleneck predating their divergence, which may have main-
tained only a few alleles in the species for several thousand years.
Although reduced MHC variation is typically associated with increased
susceptibility to infectious diseases (Paterson et al., 1998; Hedrick and
Kim, 2000; Lachish et al., 2007), the sampled foxes appeared clini-
cally healthy. Several species that have experienced extreme bottlenecks
also show reduced MHC diversity, including the giant panda (Ailuropoda
melanoleuca) (Zhu et al., 2007), the Canadian mountain goat (Oreamnos
americanus) (Mainguy et al., 2007), the Scandinavian beaver (Castor
fiber) (Ellegren et al., 1993), and the northern elephant seal (Mirounga
angustirostris) (Weber et al., 2004). These populations not only survived
but in some cases increased in number, representing rare examples of
species recovery following severe genetic depletion (Ellegren et al.,
1993; Mainguy et al., 2007). Conversely, reduced MHC diversity can
render species particularly susceptible to infectious agents or other
diseases. This is exemplified by the Tasmanian devil (Sarcophilus harri-
sii), in which the spread of a transmissible and fatal facial tumor appears
to be facilitated by extremely low MHC I variation (Radwan et al., 2010;
Siddle et al., 2007). Notably, Darwin's fox exhibits fewer MHC II-DRB
alleles and lower nucleotide diversity than cheetahs (Acinonyx juba-
tus), a species long cited as an iconic example of severely depleted MHC
diversity. In cheetahs, this reduced diversity is associated with limited
immunocompetence and heightened vulnerability to pathogens to
which they have not previously been exposed (Castro-Prieto et al.,
2011). However, it should be mentioned that small inbred population
with an overly low genetic diversity might hold a surprisingly high
variability at the MHC complex. This is, for instance, the case of the
Marsican brown bear (Ursus arctos marsicanus), in which a surprisingly
high MHC diversity might explain its extraordinary resilience (Benazzo
et al., 2017).

4.2. Demographic and biogeographic inferences

The global population size of Darwin's fox remains uncertain. Recent
estimates suggest fewer than 100 mature individuals in the Nahuelbuta
(Silva-Rodriguez et al., 2016) and fewer than 500 on Chiloé Island, a
figure comparable to estimates for the Valdivian coastal range (Vila
et al., 2004; Farias et al., 2014) and Gorbea (D'Elia et al., 2013).
Despite extensive capture efforts in the VCR and Oncol, only 3 and 2
individuals were captured, respectively. At the time of the study, no new
sites of presence were detected between Nahuelbuta and Chiloé, based
on 8309 camera-trap days, compared with previously known sites in the
same VCR area (Farias et al., 2014). However, new records of the species
have been reported in Maullin, where continuous native forest extends
north VCR, based on camera trapping (Silva-Rodriguez et al., 2018).
More recently (2019-2020), additional records were obtained in
Mahuidanche (near Gorbea) and along the northern Sarao mountain
range (Osorno coast) as part of an ongoing monitoring project (MMA
LICITACION 608897-86-LE19), which involved 4764 camera-trap days
(Cabello et al., 2023). Finally, this elusive carnivore has also been
recorded along the southern Sarao mountain range, near Los Muermos
village (Balcazar, 2024). These observations suggest that the species
may occur in additional localities along coastal Chile beyond those
predicted by modeling (Escobar et al., 2018), albeit at very low popu-
lation densities.
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Coalescent analyses suggest that Darwin's fox colonized Chiloé Island
during the last interglacial period, between the Last Austral Patagonian
Glaciation (~180,000 years ago) and the Last Glacial Maximum (LGM;
~18,000-35,000 years ago), when the island was still connected to the
mainland but partly free of ice. During the subsequent ice-sheet
advance, foxes—like other species (Heusser, 1972, 2003; Villagran,
1995; Sérsic et al., 2011)—likely found refuge in the northwestern
part of Chiloé, until the ice retreated and allowed recolonization of the
entire island. The presence of a unique haplotype therein is indicative of
a small population size, as our time-calibrated phylogeny suggests that
the population is not young (mean divergence ~140,000 years ago). The
dating also indicates that the island population has remained isolated
since the land bridge connections disappeared during the late Pleisto-
cene, including the Last Glacial Maximum (LGM) and the MIS-4 period,
roughly 60-70,000 years ago (Garcia, 2012). Accordingly, our MD re-
sults reflect a post-glacial or Late Pleistocene expansion, consistent with
the demographic shifts experienced by most mammals during this
period, including Old (McDevitt et al., 2022) and New World canids
(Chavez et al., 2022). Notably, similar patterns have been reported for
several co-distributed taxa, such as the pudu deer (Puda pudu)
(Colihueque et al., 2022), the puma (Matte et al., 2013), the Patagonian
otter (Lontra provocax) (Vianna et al., 2004), and the iconic huemul
(Hippocamelus bisulcus) (Marin et al., 2013).

Likewise, this scenario is consistent with the steady and ongoing
decline demographic decline experienced by Darwin's fox over the past
50,000 years (Chavez et al., 2022). However, although associated with
non-significant p-values—thus not rejecting this scenario—other MD
metrics (i.e. SSD and the raggedness index) may indicate a misleading
signal resulting from long-term population stability or substructure, as
well as multiple expansion waves or non-neutral evolution (Rogers and
Harpending, 1992). In this respect, it is worth mentioning that the
ancestral Lycalopex lineage is thought to have dispersed westward across
the Andes from present-day Argentina only about 1 mya, with the
mountain range strongly constraining its early diversification (Chavez
et al., 2022). Based on these considerations, a long-term stability of an
ancestral population originating from a small number of founders ap-
pears more plausible than multiple colonization events.

4.3. Conservation implications

Given its low and declining population sizes (Chavez et al., 2022),
compounded by the absence of gene flow, Darwin's fox is expected to
experience further losses of genetic diversity through genetic drift
coupled with an increasing inbreeding rate. The presence of identical
MHC polymorphisms in both populations suggests that the species
experienced a bottleneck prior to their divergence, consistent with a
scenario of steady population decline over the last 50,000 years (Chavez
et al., 2022). Nevertheless, depletion of overall genetic diversity may
reduce individual fitness and increase susceptibility to infectious and
parasitic diseases. This is particularly relevant for diseases transmitted
by dogs, such as canine distemper (Hidalgo-Hermoso et al., 2020),
which caused catastrophic population declines in the Santa Catalina
Island fox (U. L catalinae) (Timm et al., 2009), as well as by sympatric
foxes, such as sarcoptic mange, which led to severe population re-
ductions in Arctic foxes (Ploshnitsa et al., 2012) and is endemic in the
other two fox species in Chile (Millan et al., 2024).

At present, conservation efforts aimed at securing the long-term
persistence of Darwin's fox are largely limited to maintaining existing
protected areas within its range, along with localized education and
awareness programs encouraging dog vaccination to reduce pathogen
transmission (MMA, 2014, 2016, 2018). A draft national RECOGE (Re-
covery, Conservation and Management Plan) for Darwin's fox has been
developed and approved by local authorities in Chile; however, the lack
of financial support for its implementation raises serious concerns for
the species' conservation. However, important aspects of the evolu-
tionary history and potential local adaptations of this small canid remain
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unknown, and—as recently highlighted by Valenzuela-Turner et al.
(2025)—the integration of genome-wide population information into
conservation planning is essential for implementing effective strategies,
including not only the maintenance but also the restoration of genetic
variation. The availability of multiple genomes from each extant pop-
ulation would enable a deeper understanding of the species' evolu-
tionary history and the consequences of the pronounced population
bottleneck it appears to have experienced (Chavez et al., 2022). This
would make it possible to forecast the potential consequences of low
MHC diversity on individual fitness, particularly the effects of limited
allelic richness on parasite load and disease prevalence (Radwan et al.,
2010). Such information would be invaluable for anticipating challenges
in captive breeding programs, as well as for understanding the high
juvenile mortality and elevated frequency of sperm abnormalities
observed in the species (O'Brien and Evermann, 1988), which are likely
outcomes of its extremely low genetic diversity. Meanwhile, we advo-
cate conducting surveys for additional populations using environmental
(e.g. Franklin et al., 2019) and invertebrate (e.g. Drinkwater et al., 2021)
DNA approaches in the remnants of the Valdivian Temperate Rainforest
between Gorbea and Chiloé, as well as to the south and east of the island
where native forests remain intact. The establishment of a robust ex-situ
conservation program should be promoted to maintain captive stocks
representing different populations, which could provide individuals for
reintroductions or reinforcement of wild populations. Simultaneously,
based on the results of this study, we recommend treating Chiloé and
mainland foxes as separate management units (MUs; Palsbgll et al.,
2007). This recommendation is supported by observed behavioral dif-
ferences between Chiloé and mainland foxes, with the former being less
fearful, as is commonly observed in island populations (Blumstein and
Daniel, 2005). Additionally, subtle ecological and morphological dif-
ferences have been reported between these populations (Sillero-Zubiri
et al., 2004). We consider that the most effective management strat-
egy would be the establishment of a genetic program with controlled
breeding based on studied genetic profiles, crossing captive individuals
from different populations to create an insurance population as a safe-
guard against potential catastrophes affecting wild populations. The
island fox provides an illustrative example: through a targeted captive
management program, its population recovered from the brink of
extinction to nearly 4000 individuals, allowing its IUCN status to
improve from “Critically Endangered” in 2008 to “Near Threatened” a
few years later (Coonan et al., 2013). Meanwhile, we encourage the
scientific community to take stock of the low genetic diversity of Dar-
win's fox and to reconsider its current IUCN status, which may warrant a
cautious upgrade of its risk category from “Endangered” to “Critically
Endangered.”

CRediT authorship contribution statement

Javier Cabello: Writing — review & editing, Writing — original draft,
Investigation, Formal analysis, Data curation, Conceptualization. Gio-
vanni Forcina: Writing — review & editing, Visualization, Software,
Methodology, Formal analysis. Ezequiel Hidalgo-Hermoso: Writing —
review & editing, Investigation. Dario Moreira-Arce: Writing — review
& editing, Investigation. Constanza Napolitano: Writing — review &
editing, Investigation. Javier Millan: Writing — review & editing,
Investigation. Michael J. Jowers: Writing — review & editing, Software,
Formal analysis. Warren E. Johnson: Writing — review & editing, Re-
sources, Investigation. José A. Davila: Writing — review & editing,
Writing — original draft, Validation, Supervision, Project administration,
Investigation, Funding acquisition, Formal analysis, Data curation,
Conceptualization.

Ethical statement

Not applicable.

Biological Conservation 321 (2026) 111997
Funding sources

This work was partly funded by the POSTDOC_DICYT program (Code
092475MA Postdoc, Vicerrectoria de Investigacién, Innovacion y
Creacion) and by a Future Foundation Fellowship, both awarded to J.C.,
as well as by the Morris Animal Foundation (Grant D16Z0-825),
awarded to J.M. Additional support is currently provided by Project
CGP150155, funded by the Universidad de Castilla-La Mancha and
awarded to J.A.D., and by Fundacién Buin Zoo. G.F. was partially sup-
ported by a fellowship from the Autonomous Community of Madrid
through the “César Nombela” Research Talent Attraction program
(Ref. 2024-T1/SAL-GL-31424). D.M.-A. was supported by ANID Fon-
decyt Regular 1231261 and ANID PIA/BASAL FB210006, while C.N.
was supported by ANID Fondecyt Regular 1251063, ANID PIA/BASAL
FB210006, and ANID/BASAL FB210018.

Declaration of competing interest

The authors declare no competing interests.

Acknowledgements

The authors are grateful to the National Forest Corporation
(CONAF), Tantauco Park, and Ahuenco Park for their assistance with
access to and work within protected areas, and to SAG for issuing cap-
ture permits in a collaborative spirit. They also wish to express their
gratitude to all individuals who participated in the fieldwork, including
S. Di Cataldo, A.D. Chirife, I. Sacristan, A. Cevidanes, R. Salgado, E.
Escobar, B. Bustamante, J. Riquelme, M. Alvarado, M. Zordan, G. Mo-
rales, and the Chiloé Silvestre volunteers. The authors appreciate the
collaboration of the Chilean National Museum of Natural History
(MNHN) for granting access to valuable historical samples; B. Zentilli for
providing culpeo fox samples; M. Ordonez for collecting a Darwin's fox
sample from Gorbea; and the fishermen's union “Mar Adentro Rio
Chepu” for supporting this study by hosting some of the authors and
providing transportation to remote areas. Special thanks go to M.L.
Maldonado and all volunteers for their motivation and cooperation
throughout the study, as well as to Elise McMahon and Todd K. Fuller for
granting permission to use Nahuelbuta samples they collected in the late
1990s. The authors also wish to express their gratitude to D. Donoso for
designing box traps, V. Raimilla for his assistance in Chiloé, and to both
Qian Tang (Rowland Institute at Harvard University) and Angela Mar-
tino (Universidad Nacional Experimental Francisco de Miranda) for
their constructive comments on the manuscript. Additional thanks are
due to the photographers who kindly made the images used in this
article freely available through Wikimedia Commons (see Table S8 for
details).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.biocon.2026.111997.

Data availability

All data used have been made available as supplementary material or
submitted to public repositories in GenBank under accession numbers
KM880155-KM880157, KJ866882-KJ866884 and  PV954790-
PV954792.

References

Aguilar, A., Roemer, G., Debenham, S., Binns, M., Garcelon, D., Wayne, R.K., 2004. High
MHC diversity maintained by balancing selection in an otherwise genetically
monomorphic mammal. Proc. Natl. Acad. Sci. 101 (10), 3490-3494. https://doi.org/
10.1073/pnas.0306582101.


https://doi.org/10.1016/j.biocon.2026.111997
https://doi.org/10.1016/j.biocon.2026.111997
https://doi.org/10.1073/pnas.0306582101
https://doi.org/10.1073/pnas.0306582101

J. Cabello et al.

Allendorf, F.W., Luikart, G., 2007. Conservation and the Genetics of Populations.
Blackwell Publishing Ltd, Oxford.

Balcazar, M., 2024. Registro de zorro de Darwin (Lycalopex fulvipes) en Cordillera del
Sarao: nuevos antecedentes sobre el canido endémico de Chile. Congreso
Latinoamericano de Mastozoologia, Universidad Santo Tomas, Santiago, Chile.

Bandelt, H.J., Forster, P., R6hl, A., 1999. Median-joining networks for inferring
intraspecific phylogenies. Mol. Biol. Evol. 16, 37-48. https://doi.org/10.1093/
oxfordjournals.molbev.a026036.

Belkhir, K., Borsa, P., Chikhi, L., Raufaste, N., Bonhomme, F., 2004. Generix 4.05, logiciel
sous Windows™ pour la génétique des populations. Laboratoire Génome,
Populations, Interactions, CNRS UMR 5000, Université de Montpellier II,
Montpellier, France.

Bellemain, E., Taberlet, P., 2004. Improved noninvasive genotyping method: application
to brown bears (Ursus arctos) feces. Mol. Ecol. Notes 4 (3), 519-522. https://doi.org/
10.1111/j.1471-8286.2004.00711.x.

Benazzo, A., Trucchi, E., Cahill, J.A., Maisano Delser, P., Mona, S., Fumagalli, M.,
Bunnefeld, L., Cornetti, L., Ghirotto, S., Girardi, M., Ometto, L., Panziera, A., Rota-
Stabelli, O., Zanetti, E., Karamanlidis, A., Groff, C., Paule, L., Gentile, L., Vila, C.,
Vicario, S., Boitani, L., Orlando, L., Fuselli, S., Vernesi, C., Shapiro, B., Ciucci, P.,
Bertorelle, G., 2017. Survival and divergence in a small group: the extraordinary
genomic history of the endangered Apennine brown bear stragglers. Proc. Natl.
Acad. Sci. USA 114 (45), E9589-E9597. https://doi.org/10.1073/pnas.1707279114.

Bernatchez, L., Landry, C., 2003. MHC studies in nonmodel vertebrates: what have we
learned about natural selection in 15 years? J. Evol. Biol. 16 (3), 363-377. https://
doi.org/10.1046/j.1420-9101.2003.00531.x.

Blumstein, D.T., Daniel, J.C., 2005. The loss of anti-predator behaviour following
isolation on islands. Proc. R. Soc. B 272 (1573), 1663-1668. https://doi.org/
10.1098/rspb.2005.3147.

Bouckaert, R., Vaughan, T.G., Barido-Sottani, J., Duchéne, S., Fourment, M.,
Gavryushkina, A., Heled, J., Jones, G., Kiihnert, D., De Maio, N., Matschiner, M.,
Mendes, F.K., Miiller, N.F., Ogilvie, H.A., du Plessis, L., Popinga, A., Rambaut, A.,
Rasmussen, D., Siveroni, I., Suchard, M.A., Wu, C.H., Xie, D., Zhang, C., Stadler, T.,
Drummond, A.J., 2019. Beast 2.5: an advanced software platform for Bayesian
evolutionary analysis. PLoS Comput. Biol. 15 (4), e1006650. https://doi.org/
10.1371/journal.pcbi.1006650.

Cabello, J.E., Davila, J.A., 2014. Isolation and characterization of microsatellite loci in
Darwin's fox (Lycalopex fulvipes) and cross-amplification in other canid species.
Conserv. Genet. Resour. 3, 759-761. https://doi.org/10.1007/512686-014-0208-6.

Cabello, J.E., Moreira Arce, D., Hidalgo Hermoso, E., 2023. Implementacion de acciones
para la conservacion del zorro de Darwin o zorro chilote en las regiones del Biobio,
La Araucania, Los Rios y Los Lagos — (MMA LICITACION 608897-86-LE19).
Ministerio de Medio Ambiente de Chile.

Casas-Marce, M., Soriano, L., Lopez-Bao, J.V., Godoy, J.A., 2013. Genetics at the verge of
extinction: insights from the Iberian lynx. Mol. Ecol. 22 (22), 5503-5515. https://
doi.org/10.1111/mec.12498.

Castro-Prieto, A., Wachter, B., Sommer, S., 2011. Cheetah paradigm revisited: MHC
diversity in the world's largest free-ranging population. Mol. Biol. Evol. 28 (4),
1455-1468. https://doi.org/10.1093/molbev/msq330.

Chavez, D.E., Gronau, 1., Hains, T., Dikow, R.B., Frandsen, P.B., Figueir6, H.V., Garcez, F.
S., Tchaicka, L., de Paula, R.C., Rodrigues, F.H.G., Jorge, R.S.P., Lima, E.S.,
Songsasen, N., Johnson, W.E., Eizirik, E., Koepfli, K.-P., Wayne, R.K., 2022.
Comparative genomics uncovers the evolutionary history, demography, and
molecular adaptations of south American canids. Proc. Natl. Acad. Sci. 119 (34),
€2205986119. https://doi.org/10.1073/pnas.2205986119.

Colihueque, N., Cabello, J., Fuentes-Moliz, A., 2022. Genetic divergence and
demography of pudu deer (Pudu puda) in five provinces of southern Chile, analyzed
through latitudinal and longitudinal ranges. Neotrop. Biol. Conserv. 17 (2),
117-142. https://doi.org/10.3897 /neotropical.17.e81324.

Coonan, T., Ralls, K., Hudgens, B., Cypher, B., Boser, C., 2013. Urocyon littoralis The
TUCN Red List of Threatened Species. 2013. https://doi.org/10.2305/IUCN.
UK.2013-2.RLTS.T22781A13985603.en.

Darriba, D., Taboada, G.L., Doallo, R., Posada, D., 2012. sMoptLTEsT 2: more models, new
heuristics and parallel computing. Nat. Methods 9 (8), 772. https://doi.org/
10.1038/nmeth.2109.

D’Elia, G., Ortloff, A., Sanchez, P., Guifiez, B., Varas, V., 2013. A new geographic record
of the endangered Darwin’s fox Lycalopex fulvipes (Carnivora: Canidae): filling the
distributional gap. Rev. Chil. Hist. Nat. 86 (4), 485-488. https://doi.org/10.4067/
S0716-078X2013000400010.

D’Elia, G., Teta, P., Upham, N.S., Pardinas, U.F., Patterson, B.D., 2015. Description of a
new soft-haired mouse, genus Abrothrix (Sigmodontinae), from the temperate
Valdivian rainforest. J. Mammal. 96 (4), 839-853. https://doi.org/10.1093/
jmammal/gyv103.

D’Elia, G., Hurtado, N., D’Anatro, A., 2016. Alpha taxonomy of Dromiciops
(Microbiotheriidae) with the description of 2 new species of monito del monte.

J. Mammal. 97 (4), 1136-1152. https://doi.org/10.1093/jmammal/gyw068.

Di Cataldo, S., Hidalgo-Hermoso, E., Sacristan, 1., Cevidanes, A., Napolitano, C.,
Hernandez, C.V., Esperon, F., Moreira-Arce, D., Cabello, J., Miiller, A., Millan, J.,
2020. Hemoplasmas are endemic and cause asymptomatic infection in the
endangered Darwin's fox (Lycalopex fulvipes). Appl. Environ. Microbiol. 86, €00779-
20. https://doi.org/10.1128/AEM.00779-20.

Drinkwater, R., Jucker, T., Potter, J.H., Swinfield, T., Coomes, D.A., Slade, E.M.,
Gilbert, M.T.P., Lewis, O.T., Bernard, H., Struebig, M.J., Clare, E.L., Rossiter, S.J.,
2021. Leech blood-meal invertebrate-derived DNA reveals differences in Bornean
mammal diversity across habitats. Mol. Ecol. 30 (13), 299-3312. https://doi.org/
10.1111/mec.15724.

Biological Conservation 321 (2026) 111997

Drummond, A.J., Rambaut, A., Shapiro, B., Pybus, O.G., 2005. Mol. Biol. Evol. 22 (5),
1185-1192. https://doi.org/10.1093/molbev/msi103.

Eizaguirre, C., Baltazar-Soares, M., 2014. Evolutionary conservation—evaluating the
adaptive potential of species. Evol. Appl. 7 (9), 963-967. https://doi.org/10.1111/
eva.12227.

Ellegren, H., Hartman, G., Johansson, M., Andersson, L., 1993. Major histocompatibility
complex monomorphism and low-levels of DNA-fingerprinting variability in a
reintroduced and rapidly expanding population of beavers. Proc. Natl. Acad. Sci. 90
(17), 8150-8153. https://doi.org/10.1073/pnas.90.17.8150.

Escobar, L., Qiao, H., Cabello, J., 2018. Ecological niche modeling re-examined: Darwin's
fox. Ecol. Evol. 8 (10), 4757-4770. https://doi.org/10.1002/ece3.4014.

Excoffier, L., Lischer, H.E., 2010. ArLEQUIN suite ver 3.5: a new series of programs to
perform population genetics analyses under Linux and Windows. Mol. Ecol. Resour.
10 (3), 564-567. https://doi.org/10.1111/j.1755-0998.2010.02847 .x.

Farias, A.A., Sepulveda, M., Silva-Rodriguez, E.A., Eguren, A., Gonzélez, D., Jordan, N.I.,
Ovando, E., Stowhas, P., Svensson, G.L., 2014. A new population of Darwin’s fox
(Lycalopex fulvipes) in the Valdivian Coastal Range. Rev. Chil. Hist. Nat. 87, 1-3.
https://doi.org/10.1186,/0717-6317-87-3.

Fernandez-Vina, M.A., Bignon, J.D., 1997. Primers and oligonucleotide probes (SSOP)
used for DNA typing of HLA class II alleles. In: Charron, D. (Ed.), HLA, Genetic
Diversity of HLA. EDK Press, Paris, pp. 216-225.

Forcina, G., Leonard, J.A., 2020. Tools for monitoring genetic diversity in mammals:
past, present and future. In: Ortega, J., Maldonado, J.E. (Eds.), Conservation
Genetics in Mammals. Springer, Cham, pp. 13-27. https://doi.org/10.1007/978-3-
030-33334-8_2.

Franklin, T.W., McKelvey, K.S., Golding, J.D., Mason, D.H., Dysthe, J.C., Pilgrim, K.L.,
Squires, J.R., Aubry, K.B., Long, R.A., Greaves, S.E., Raley, C.M., Jackson, S.,
MacKay, P., Lisbon, J., Sauder, J.D., Pruss, M.T., Heffington, D., Schwartz, M.K.,
2019. Using environmental DNA methods to improve winter surveys for rare
carnivores: DNA from snow and improved noninvasive techniques. Biol. Conserv.
229 (2019), 50-58. https://doi.org/10.1016/j.biocon.2018.11.006.

Fraser, D.J., Bernatchez, L., 2001. Adaptive evolutionary conservation: towards a unified
concept for defining conservation units. Mol. Ecol. 10 (12), 2741-2752. https://doi.
0rg/10.1046/j.0962-1083.2001.01411.x.

Galaverni, M., Caniglia, R., Fabbri, E., Lapalombella, S., Randi, E., 2013. MHC variability
in an isolated wolf population in Italy. J. Hered. 104 (5), 601-612. https://doi.org/
10.1093/jhered/est045.

Garcia, J.L., 2012. Late Pleistocene ice fluctuations and glacial geomorphology of the
Archipiélago de Chiloé, southern Chile. Geogr. Ann. Ser. A. 94 (4), 459-479. https://
doi.org/10.1111/j.1468-0459.2012.00471.x.

Gottelli, D., Sillero-Zubiri, C., Applebaum, G.D., Roy, M.S., Girman, D.J., Garcia-
Moreno, J., Ostrander, E.A., Wayne, R.K., 1994. Molecular genetics of the most
endangered canid: the Ethiopian wolf Canis simensis. Mol. Ecol. 3 (4), 301-312.
https://doi.org/10.1111/j.1365-294X.1994.tb00070.

Gottelli, D., Marino, J., Sillero-Zubiri, C., Funk, S.M., 2004. The effect of the las glacial
age on speciation and population genetic structure of the endanger Ethiopian wolf
(Canis simensis). Mol. Ecol. 13 (8), 2275-2286. https://doi.org/10.1111/j.1365-
294X.2004.02226.x.

Goudet, J., 2001. FSTAT, a program to estimate and test gene diversities and fixation
indices (version 2.9.3.2). Available from. www2.unil.ch/popgen/softwares/fstat.
htm (accessed January 2013).

Guo, S.W., Thompson, E.A., 1992. Performing the exact test of Hardy-Weinberg
proportion for multiple alleles. Biometrics 48 (2), 361-372.

Hall, T., 1999. BioEdit: a user-friendly biological sequence alignment editor and analysis
program for windows 95/98/NT. Nucleic Acids Symp. Ser. 41, 95-98.

Hedrick, P.W., Kim, T.J., 2000. Genetics of complex polymorphisms: parasites and
maintenance of the major histocompatibility complex variation. In: Singh, R.S.,
Krimbas, C.B. (Eds.), Evolutionary Genetics: From Molecules to Morphology, vol. 1.
Cambridge Univ. Press, UK, pp. 204-234.

Hedrick, P.W., Lee, R.N., Parker, K.M., 2000. Major histocompatibility complex (MHC)
variation in the endangered Mexican wolf and related canids. Heredity 85, 617-624.
https://doi.org/10.1046/j.1365-2540.2000.00805.x.

Heled, J., Bouckaert, R.R., 2013. Looking for trees in the forest: summary tree from
posterior samples. BMC Evol. Biol. 13, 221. https://doi.org/10.1186/1471-2148-13-
221.

Heusser, C.J., 1972. On the occurrence of Lycopodium fuegianum during late-Pleistocene
interstades in the province of Osorno, Chile. Bull. Torrey Bot. Club 99 (4), 178-184.
https://doi.org/10.2307/2484572.

Heusser, C.J., 2003. Ice age southern Andes: a chronicle of palaeoecological events. In:
Developments in Quaternary Science. Elsevier, Amsterdam.

Hidalgo-Hermoso, E., Cabello, J., Vega, C., Kroeger-Gomez, H., Moreira-Arce, D.,
Napolitano, C., Navarro, C., Sacristan, 1., Cevidanes, A., Di Cataldo, S., Dubovi, E.J.,
Mathieu-Benson, C., Millan, J., 2020. An eight-year survey for canine distemper
virus indicates lack of exposure in the endangered Darwin's fox (Lycalopex fulvipes).
J. Wildl. Dis. 56 (2), 482-485. https://doi.org/10.7589/2019-08-195.

Hidalgo-Hermoso, E., Cabello, J., Verasay, J., Moreira-Arce, D., Hidalgo, M., Abalos, P.,
Borie, C., Galarce, N., Napolitano, C., Sacristan, 1., Cevidanes, A., Ramirez-

Toloza, G., Farias, A., Di Cataldo, S., Lagos, R., Millan, J., 2022. Serosurvey for
selected parasitic and bacterial pathogens in Darwin’s fox (Lycalopex fulvipes): not
only dog diseases are a threat. J. Wildl. Dis. 58 (1), 76-85. https://doi.org/10.7589/
JWD-D-21-00024.

Ho, S.Y., Phillips, M.J., Cooper, A., Drummond, A.J., 2005. Time dependency of
molecular rate estimates and systematic overestimation of recent divergence times.
Mol. Biol. Evol. 22 (7), 1561-1568. https://doi.org/10.1093/molbev/msi145.

Hoban, S., Bruford, M.W., Funk, W.C., Galbusera, P., Griffith, M.P., Grueber, C.E.,
Heuertz, M., Hunter, M.E., Hvilsom, C., Stroil, B.K., Kershaw, F., Khoury, C.K.,


http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0010
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0010
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0015
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0015
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0015
https://doi.org/10.1093/oxfordjournals.molbev.a026036
https://doi.org/10.1093/oxfordjournals.molbev.a026036
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0025
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0025
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0025
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0025
https://doi.org/10.1111/j.1471-8286.2004.00711.x
https://doi.org/10.1111/j.1471-8286.2004.00711.x
https://doi.org/10.1073/pnas.1707279114
https://doi.org/10.1046/j.1420-9101.2003.00531.x
https://doi.org/10.1046/j.1420-9101.2003.00531.x
https://doi.org/10.1098/rspb.2005.3147
https://doi.org/10.1098/rspb.2005.3147
https://doi.org/10.1371/journal.pcbi.1006650
https://doi.org/10.1371/journal.pcbi.1006650
https://doi.org/10.1007/s12686-014-0208-6
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0060
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0060
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0060
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0060
https://doi.org/10.1111/mec.12498
https://doi.org/10.1111/mec.12498
https://doi.org/10.1093/molbev/msq330
https://doi.org/10.1073/pnas.2205986119
https://doi.org/10.3897/neotropical.17.e81324
https://doi.org/10.2305/IUCN.UK.2013-2.RLTS.T22781A13985603.en
https://doi.org/10.2305/IUCN.UK.2013-2.RLTS.T22781A13985603.en
https://doi.org/10.1038/nmeth.2109
https://doi.org/10.1038/nmeth.2109
https://doi.org/10.4067/S0716-078X2013000400010
https://doi.org/10.4067/S0716-078X2013000400010
https://doi.org/10.1093/jmammal/gyv103
https://doi.org/10.1093/jmammal/gyv103
https://doi.org/10.1093/jmammal/gyw068
https://doi.org/10.1128/AEM.00779-20
https://doi.org/10.1111/mec.15724
https://doi.org/10.1111/mec.15724
https://doi.org/10.1093/molbev/msi103
https://doi.org/10.1111/eva.12227
https://doi.org/10.1111/eva.12227
https://doi.org/10.1073/pnas.90.17.8150
https://doi.org/10.1002/ece3.4014
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1186/0717-6317-87-3
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0150
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0150
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0150
https://doi.org/10.1007/978-3-030-33334-8_2
https://doi.org/10.1007/978-3-030-33334-8_2
https://doi.org/10.1016/j.biocon.2018.11.006
https://doi.org/10.1046/j.0962-1083.2001.01411.x
https://doi.org/10.1046/j.0962-1083.2001.01411.x
https://doi.org/10.1093/jhered/est045
https://doi.org/10.1093/jhered/est045
https://doi.org/10.1111/j.1468-0459.2012.00471.x
https://doi.org/10.1111/j.1468-0459.2012.00471.x
https://doi.org/10.1111/j.1365-294X.1994.tb00070
https://doi.org/10.1111/j.1365-294X.2004.02226.x
https://doi.org/10.1111/j.1365-294X.2004.02226.x
http://www2.unil.ch/popgen/softwares/fstat.htm
http://www2.unil.ch/popgen/softwares/fstat.htm
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0195
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0195
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0200
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0200
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0205
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0205
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0205
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0205
https://doi.org/10.1046/j.1365-2540.2000.00805.x
https://doi.org/10.1186/1471-2148-13-221
https://doi.org/10.1186/1471-2148-13-221
https://doi.org/10.2307/2484572
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0225
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0225
https://doi.org/10.7589/2019-08-195
https://doi.org/10.7589/JWD-D-21-00024
https://doi.org/10.7589/JWD-D-21-00024
https://doi.org/10.1093/molbev/msi145

J. Cabello et al.

Laikre, L., Lopes-Fernandes, M., MacDonald, A.J., Mergeay, J., Meek, M., Mittan, C.,
Mukassabi, T.A., O’Brien, D., Ogden, R., Palma-Silva, C., Ramakrishnan, U.,
Segelbacher, G., Shaw, R.E., Sjogren-Gulve, P., Velickovi¢, N., Vernesi, C., 2021.
Global commitments to conserving and monitoring genetic diversity are now
necessary and feasible. Bioscience 71 (9), 964-976. https://doi.org/10.1093/biosci/
biab054.

Hoban, S., Hvilsom, C., Aissi, A., Aleixo, A., Bélanger, J., Biala, K., Ekblom, R.,
Fedorca, A., Funk, W.C., Goncalves, A L., Gonzalez, A., Heuertz, M., Hughes, A.,
Ishihama, F., Stroil, B.K., Laikre, L., McGowan, P.J.K., Millette, K.L., O'Brien, D., Paz-
Vinas, L., Rincén-Parra, V.J., Robuchon, M., Rodriguez, J.P., Rodriguez-Morales, M.
A., Segelbacher, G., Straza, T.R.A., Susanti, R., Tshidada, N., Vilaca, S.T., da Silva, J.
M., 2024. How can biodiversity strategy and action plans incorporate genetic
diversity and align with global commitments? Bioscience 75 (1), 47-60. https://doi.
org/10.1093/biosci/biae106.

Hubisz, M.J., Falush, D., Stephens, M., Pritchard, J.K., 2009. Inferring weak population
structure with the assistance of sample group information. Mol. Ecol. Resour. 9 (5),
1322-1332. https://doi.org/10.1111/j.1755-0998.2009.02591 .x.

International Union for the Conservation of Nature (IUCN), 2004. IUCN Red List of
Threatened Species. Available at http://www.redlist.org. Accessed 10 November
2014.

Jiménez, J.E., 2000. Viability of the endangered Darwin's fox (Pseudalopex fulvipes):
assessing ecological factors in the last mainland population. In: Progress Report for
the Lincoln Park Zoo Neotropic Fund, Chicago, Illinois, USA.

Kardos, M., Armstrong, E.E., Fitzpatrick, S.W., Hauser, S., Hedrick, P.W., Miller, J.M.,
Tallmon, D.A., Funk, W.C., 2021. The crucial role of genome-wide genetic variation
in conservation. Proc. Natl. Acad. Sci. 118 (48), e2104642118. https://doi.org/
10.1073/pnas.2104642118.

Kennedy, L.J., Randall, D.A., Knobel, D., Brown, J.J., Fooks, A.R., Argaw, K.,

Shiferaw, F., Ollier, W.E., Sillero-Zubiri, C., Macdonald, D.W., Laurenson, M.K.,
2011. Major histocompatibility complex diversity in the endangered Ethiopian wolf
(Canis simensis). Tissue Antigens 77 (2), 118-125. https://doi.org/10.1111/j.1399-
0039.2010.01591.x.

Klein, J., Takahata, N., Ayala, F.J., 1993. MHC polymorphism and human origins. Sci.
Am. 269 (6), 78-83. https://doi.org/10.1038/scientificamerican1293-78.

Koepfli, K.P., Pollinger, J., Godinho, R., Robinson, J., Lea, A., Hendricks, S.,
Schweizer, R.M., Thalmann, O., Silva, P., Fan, Z., Yurchenko, A.A., Dobrynin, P.,
Makunin, A., Cahill, J.A., Shapiro, B., Alvares, F., Brito, J.C., Geffen, E., Leonard, J.
A., Helgen, K.M., Johnson, W.E., O’Brien, S.J., Van Valkenburgh, B., Wayne, R.K.,
2015. Genome-wide evidence reveals that African and Eurasian golden jackals are
distinct species. Curr. Biol. 25 (16), 2158-2165. https://doi.org/10.1016/j.
cub.2015.06.060.

Lachish, S., Jones, M., Mccallum, H., 2007. The impact of disease on the survival and
population growth rate of the Tasmanian devil. J. Anim. Ecol. 76 (5), 926-936.
https://doi.org/10.1111/j.1365-2656.2007.01272.x.

Larkin, M.A., Blackshields, G., Brown, N.P., Chenna, R., McGettigan, P.A.,

McWilliam, H., Valentin, F., Wallace, I.M., Wilm, A., Lopez, R., Thompson, J.D.,
Gibson, T.J., Higgins, D.G., 2007. Clustal W and Clustal X version 2.0. Bioinformatics
23 (21), 2947-2948. https://doi.org/10.1093/bioinformatics/btm404.

Leigh, J., Bryant, D., Nakagawa, S., 2015. Popart: full-feature software for haplotype
network construction. Methods Ecol. Evol. 6 (9), 1110-1116. https://doi.org/
10.1111/2041-210X.12410.

Li, Y.L., Liu, J.X., 2018. StructureSelector: a web based software to select and visualize
the optimal number of clusters using multiple methods. Mol. Ecol. Resour. 18 (1),
176-177. https://doi.org/10.1111/1755-0998.12719.

Macdonald, D.W., Sillero-Zubiri, C., 2004. Biology and Conservation of Wild Canids.
Oxford University Press, Oxford.

Mainguy, J., Worley, K., Cote, S.D., Coltman, D.W., 2007. Low MHC DRB class II
diversity in the mountain goat: past bottlenecks and possible role of pathogens and
parasites. Conserv. Genet. 8 (4), 885-891. https://doi.org/10.1007/510592-006-
9243-5.

Marin, J.C., Varas, V., Vila, A.R., Lopez, R., Orozco-terWengel, P., Corti, P., 2013.
Refugia in Patagonian fjords and the eastern Andes during the Last Glacial Maximum
revealed by huemul (Hippocamelus bisulcus) phylogeographical patterns and genetic
diversity. J. Biogeogr. 40 (12), 2285-2298. https://doi.org/10.1111/jbi.12161.

Marsden, C.D., Mable, B.K., Woodroffe, R., Rasmussen, G.S., Cleaveland, S., McNutt, J.
W., Masenga, E., Thomas, R., Kennedy, L.J., 2009. Highly endangered African wild
dogs (Lycaon pictus) lack variation at the Major Histocompatibility Complex.

J. Hered. 100 (Suppl. 1), $54-S65. https://doi.org/10.1093/jhered/esp031.

Martin, G.M., 2011. Geographic distribution of Rhyncholestes raphanurus Osgood, 1924
(Paucituberculata: Caenolestidae), an endemic marsupial of the Valdivian
Temperate Rainforest. Aust. J. Zool. 59, 118-126. https://doi.org/10.1071/
7011038.

Matte, E.M., Castilho, C.S., Miotto, R.A., Sana, D.A., Johnson, W.E., O'Brien, S.J., de
Freitas, T.R., Eizirik, E., 2013. Molecular evidence for a recent demographic
expansion in the puma (Puma concolor) (Mammalia, Felidae). Genet. Mol. Biol. 36
(4), 586-597. https://doi.org/10.1590/51415-47572013000400018.

McDevitt, A., Coscia, 1., Browett, S., Ruiz-Gonzélez, A., Statham, M.J., Ruczynska, I.,
Roberts, L., Stojak, J., Frantz, A.C., Norén, K., f\gren, E.O., Learmount, J., Basto, M.,
Fernandes, C., Stuart, P., Tosh, D.G., Sindicic, M., Andreanszky, T., Isomursu, M.,
Panek, M., Korolev, A., Okhlopkov, I.M., Saveljev, A.P., Pokorny, B., Flajsman, K.,
Harrison, S.W.R., Lobkov, V., Cirovi¢, D., Mullins, J., Pertoldi, C., Randi, E., Sacks, B.
N., Kowalczyk, R., Wéjcik, J.M., 2022. Next-generation phylogeography resolves
post-glacial colonization patterns in a widespread carnivore, the red fox (Vulpes
vulpes), in Europe. Mol. Ecol. 31 (3), 993-1006. https://doi.org/10.1111/
mec.16276.

10

Biological Conservation 321 (2026) 111997

McManus, J.S., Dalton, D.L., Kotzé, A., Smuts, B., Dickman, A., Marshal, J.P., Keith, M.,
2015. Gene flow and population structure of a solitary top carnivore in a human-
dominated landscape. Ecol. Evol. 5 (2), 335-344. https://doi.org/10.1002/
ece3.1322.

Medel, R.G., Jiménez, J.E., Jaksic, F.M., 1990. Discovery of a continental population of
the rare Darwin's fox, Dusicyon fulvipes (Martin 1837) in Chile. Biol. Conserv. 51,
71-77. https://doi.org/10.1016,/0006-3207(90)90033-L.

Millan, J., Cevidanes, A., Di Cataldo, S., Hernandez, C., Pefialoza-Madrid, D., Sallabery-
Pincheira, N., Terio, K., Casais, R., 2024. Epizootiology and pathology of Sarcoptic
mange in two species of fox (Lycalopex spp.) in human-dominated landscapes of
central Chile. J. Wildl. Dis. 60 (2), 421-433. https://doi.org/10.7589/JWD-D-23-
00095.

Miller, M.A., Pfeiffer, W., Schwartz, T., 2010. Creating the CIPRES science gateway for
inference of large phylogenetic trees. In: Gate Way Computing Environments
Workshop (GCE), pp. 1-8. https://doi.org/10.1109/GCE.2010.5676129.

MMA, 2014. Informe final consultorfa campana sanitaria en mascotas y ganado presentes
en habitat de Lycalopex fulvipes de Nahuelbuta, regién del Bio Bio. Beatriz Zapata,
Carmen Barrios, Cristian Ugaz y César Mattar.

MMA, 2016. Informe final campana de vacunacion y desparasitacion de perros y gatos en
el area de distribucion del zorro de Darwin en las regiones del Biobio y Araucania. ID
N° 612227-8-LE16. Centro de Conservacion de la Biodiversidad Chiloé-Silvestre.

MMA, 2018. Informe final diseno de una estrategia territorial de control sanitario por
amenaza de animales domésticos en habitat de zorro de Darwin, Cordillera de
Nahuelbuta, regiones del Biobio y Araucania. ID: 613419-27-L118. Javier Cabello
Stom, Dario Moreira Arce, Ezequiel Hidalgo Hermoso.

Myers, N., Mittermeier, R.A., Mittermeier, C.G., Da Fonseca, G.A., Kent, J., 2000.
Biodiversity hotspots for conservation priorities. Nature 403 (6772), 853-858.
https://doi.org/10.1038/35002501.

Navidi, W., Arnheim, N., Waterman, M.S., 1992. A multiple-tubes approach for accurate
genotyping of very small DNA samples by using PCR: statistical considerations. Am.
J. Hum. Genet. 50 (2), 347-359.

Niskanen, A.K., Kennedy, L.J., Ruokonen, M., Kojola, I., Lohi, H., Isomursu, M.,
Jansson, E., Pyhdjarvi, T., Aspi, J., 2014. Balancing selection and heterozygote
advantage in major histocompatibility complex loci of the bottlenecked Finnish wolf
population. Mol. Ecol. 23 (4), 875-889. https://doi.org/10.1111/mec.12647.

O'Brien, S., Evermann, J., 1988. Interactive influence of infectious disease and genetic
diversity in natural population. Trends Ecol. Evol. 3 (10), 254-259. https://doi.org/
10.1016/0169-5347(88)90058-4.

Palsbgll, P.J., Bérubé, M., Allendorf, F.W., 2007. Identification of management units
using population genetic data. Trends Ecol. Evol. 22 (1), 11-16. https://doi.org/
10.1016/j.tree.2006.09.003.

Paterson, S., Wilson, K., Pemberton, J., 1998. Major histocompatibility complex
variation associated with juvenile survival and parasite resistance in a large
unmanaged ungulate population. Proc. Natl. Acad. Sci. 95 (7), 3714-3719. https://
doi.org/10.1073/pnas.95.7.371.

Peakall, R., Smouse, P.E., 2006. GenaLEx 6: genetic analysis in Excel. Population genetic
software for teaching and research. Mol. Ecol. Notes 6 (1), 288-295. https://doi.org/
10.1111/j.1471-8286.2005.01155.x.

Ploshnitsa, A.I., Goltsman, M.E., Macdonald, D.W., Kennedy, L.J., Sommer, S., 2012.
Impact of historical founder effects and a recent bottleneck on MHC variability in
Commander Arctic foxes (Vulpes lagopus). Ecol. Evol. 2 (1), 165-180. https://doi.
org/10.1002/ece3.42.

Popovi¢, D., Mendoza Espana, V., Ziotkowski, M., Weglenski, P., Baca, M., 2020.
Molecular species assignment and dating of putative pre-Columbian dog remains
excavated from Bolivia. J. Archaeol. Sci. Rep. 31, 102273. https://doi.org/10.1016/
j-jasrep.2020.102273.

Posada, D., 2004. Collapsel.2. Available from. http://darwin.uvigo.es/. accessed
January 2014.

Radwan, J., Biedrzycka, A., Babik, W., 2010. Does reduced MHC diversity decrease
viability of vertebrate populations? Biol. Conserv. 143 (3), 537-544. https://doi.
org/10.1016/j.biocon.2009.07.026.

Rambaut, A., 2010. FicTree v1.4.1. Institute of Evolutionary Biology, University of
Edinburgh. http://tree.bio.ed.ac.uk/software/figtree/.

Raymond, M., Rousset, F., 1995. Generop (version 1.2): population genetics software for
exact tests and ecumenicism. J. Hered. 86 (3), 248-249. https://doi.org/10.1093/
oxfordjournals.jhered.a111573.

Rice, W.R., 1989. Analyzing tables of statistical tests. Evolution 223-225.

Rogers, A.R., Harpending, H., 1992. Population growth makes waves in the distribution
of pairwise differences. Mol. Biol. Evol. 9 (3), 552-569.

Rozas, J., Ferrer-Mata, A., Sanchez-DelBarrio, J.C., Guirao-Rico, S., Librado, P., Ramos-
Onsins, S.E., Sanchez-Gracia, A., 2017. DNASP v6: DNA sequence polymorphism
analysis of large dataset. Mol. Biol. Evol. 34 (12), 3299-3302. https://doi.org/
10.1093/molbev/msx248.

Sambrook, J., Fritsch, E.F., Maniatis, T., 1989. Molecular Cloning: A Laboratory Manual,
3rd edition. Cold Spring Harbour Laboratory Press, Cold Spring Harbour, NY.
Sérsic, A.N., Cosacov, A., Cocucci, A.A., Johnson, L.A., Pozner, R., Avila, L.J., Sites Jr., J.
W., Morando, M., 2011. Emerging phylogeographic patterns of plants and terrestrial

vertebrates from Patagonia. Biol. J. Linn. Soc. 103, 475-494. https://doi.org/
10.1111/j.1095-8312.2011.01656.x.

Siddle, H., Kreiss, A., Eldridge, M.D., Noonan, E., Clarke, C.J., Pyecroft, S., Woods, G.M.,
Belov, K., 2007. Transmission of a fatal clonal tumor by biting occurs due to depleted
MHC diversity in a threatened carnivorous marsupial. Proc. Natl. Acad. Sci. 104
(41), 16221-16226. https://doi.org/10.1073/pnas.0704580104.

Sillero-Zubiri, C., Hoffmann, M., Macdonald, D.W., 2004. Canids: Foxes, Wolves, Jackals
and Dogs. IUCN, Gland, Switzerland and Cambridge, UK.


https://doi.org/10.1093/biosci/biab054
https://doi.org/10.1093/biosci/biab054
https://doi.org/10.1093/biosci/biae106
https://doi.org/10.1093/biosci/biae106
https://doi.org/10.1111/j.1755-0998.2009.02591.x
http://www.redlist.org
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0265
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0265
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0265
https://doi.org/10.1073/pnas.2104642118
https://doi.org/10.1073/pnas.2104642118
https://doi.org/10.1111/j.1399-0039.2010.01591.x
https://doi.org/10.1111/j.1399-0039.2010.01591.x
https://doi.org/10.1038/scientificamerican1293-78
https://doi.org/10.1016/j.cub.2015.06.060
https://doi.org/10.1016/j.cub.2015.06.060
https://doi.org/10.1111/j.1365-2656.2007.01272.x
https://doi.org/10.1093/bioinformatics/btm404
https://doi.org/10.1111/2041-210X.12410
https://doi.org/10.1111/2041-210X.12410
https://doi.org/10.1111/1755-0998.12719
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0310
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0310
https://doi.org/10.1007/s10592-006-9243-5
https://doi.org/10.1007/s10592-006-9243-5
https://doi.org/10.1111/jbi.12161
https://doi.org/10.1093/jhered/esp031
https://doi.org/10.1071/ZO11038
https://doi.org/10.1071/ZO11038
https://doi.org/10.1590/S1415-47572013000400018
https://doi.org/10.1111/mec.16276
https://doi.org/10.1111/mec.16276
https://doi.org/10.1002/ece3.1322
https://doi.org/10.1002/ece3.1322
https://doi.org/10.1016/0006-3207(90)90033-L
https://doi.org/10.7589/JWD-D-23-00095
https://doi.org/10.7589/JWD-D-23-00095
https://doi.org/10.1109/GCE.2010.5676129
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0365
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0365
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0365
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0370
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0370
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0370
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0375
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0375
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0375
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0375
https://doi.org/10.1038/35002501
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0380
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0380
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0380
https://doi.org/10.1111/mec.12647
https://doi.org/10.1016/0169-5347(88)90058-4
https://doi.org/10.1016/0169-5347(88)90058-4
https://doi.org/10.1016/j.tree.2006.09.003
https://doi.org/10.1016/j.tree.2006.09.003
https://doi.org/10.1073/pnas.95.7.371
https://doi.org/10.1073/pnas.95.7.371
https://doi.org/10.1111/j.1471-8286.2005.01155.x
https://doi.org/10.1111/j.1471-8286.2005.01155.x
https://doi.org/10.1002/ece3.42
https://doi.org/10.1002/ece3.42
https://doi.org/10.1016/j.jasrep.2020.102273
https://doi.org/10.1016/j.jasrep.2020.102273
http://darwin.uvigo.es/
https://doi.org/10.1016/j.biocon.2009.07.026
https://doi.org/10.1016/j.biocon.2009.07.026
http://tree.bio.ed.ac.uk/software/figtree/
https://doi.org/10.1093/oxfordjournals.jhered.a111573
https://doi.org/10.1093/oxfordjournals.jhered.a111573
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf6005
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0440
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0440
https://doi.org/10.1093/molbev/msx248
https://doi.org/10.1093/molbev/msx248
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0450
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0450
https://doi.org/10.1111/j.1095-8312.2011.01656.x
https://doi.org/10.1111/j.1095-8312.2011.01656.x
https://doi.org/10.1073/pnas.0704580104
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0465
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0465

J. Cabello et al.

Silva-Rodriguez, E., Farias, A., Moreira-Arce, D., Cabello, J., Hidalgo-Hermoso, E.,
Lucherini, M., Jiménez, J., 2016. Lycalopex fulvipes (errata version published in
2016). In: The IUCN Red List of Threatened Species [Online].

Silva-Rodriguez, E., Ovandoc, E., Gonzalezc, D., Zambrano, B., Septilveda, M.A.,
Svensson, G.L., Cardenas, R., Contreras, P., Farfas, A.A., 2018. Large-scale
assessment of the presence of Darwin's fox across its newly discovered range. Mamm.
Biol. 92, 45-53. https://doi.org/10.1016/j.mambio.2018.04.003.

Soares, P., Ermini, L., Thomson, N., Mormina, M., Rito, T., Rohl, A., Salas, A.,
Oppenheimer, S., Macaulay, V., Richards, M.B., 2009. Correcting for purifying
selection: an improved human mitochondrial molecular clock. Am. J. Hum. Genet.
84 (6), 740-759. https://doi.org/10.1016/j.ajhg.2009.05.001.

Spurgin, L.G., Richardson, D.S., 2010. How pathogens drive genetic diversity: MHC,
mechanisms and misunderstandings. Proc. R. Soc. B 277 (1684), 979-988. https://
doi.org/10.1098/rspb.2009.2084.

Suchard, M.A., Lemey, P., Baele, G., Ayres, D.L., Drummond, A.J., Rambaut, A., 2018.
Bayesian phylogenetic and phylodynamic data integration using Beast 1.10. Virus
Evol. 4 (1), vey016. https://doi.org/10.1093/ve/vey016.

Taberlet, P., Griffin, S., Goossens, B., Questiau, S., Manceau, V., Escaravage, N., Waits, L.
P., Bouvet, J., 1996. Reliable genotyping of samples with very low DNA quantities
using PCR. Nucleic Acids Res. 24 (16), 3189-3194. https://doi.org/10.1093/nar/
24.16.31809.

Tchaicka, L., Eizirik, E., de Oliveira, T.G., Candido Jr., J.F., Freitas, T.R., 2006.
Phylogeography and population history of the crab-eating fox (Cerdocyon thous).
Mol. Ecol. 16 (4), 819-838. https://doi.org/10.1111/j.1365-294X.2006.03185.x.

Tchaicka, L., Freitas, T.R., Bager, A., Vidal, S.L., Lucherini, M., Iriarte, A., Novaro, A.,
Geffen, E., Garcez, F.S., Johnson, W.E., Wayne, R.K., Eizirik, E., 2016. Molecular
assessment of the phylogeny and biogeography of a recently diversified endemic
group of South American canids (Mammalia: Carnivora: Canidae). Genet. Mol. Biol.
39 (3), 442-451. https://doi.org/10.1590/1678-4685-GMB-2015-0189.

Timm, S., Munson, L., Summers, B.A., Terio, K.A., Dubovi, E.J., Rupprecht, C.E.,

Kapil, S., Garcelon, D.K., 2009. A suspected canine distemper epidemic as the cause
of a catastrophic decline in Santa Catalina Island foxes (Urocyon littoralis catalinae).
J. Wildl. Dis. 45 (2), 333-343. https://doi.org/10.7589/0090-3558-45.2.333.

Vaha, J.P., Primmer, C.R., 2006. Efficiency of model-based Bayesian methods for

detecting hybrid individuals under different hybridization scenarios and with

11

Biological Conservation 321 (2026) 111997

different numbers of loci. Mol. Ecol. 15 (1), 63-72. https://doi.org/10.1111/j.1365-
294X.2005.02773.x.

Valenzuela-Turner, C., Grau, J.H., Fickel, J., Forster, D.W., 2025. Preserving Darwin’s
fox: genomic tools for the conservation of South America’s most endangered canid.
Front. Conserv. Sci. 6, 1512531. https://doi.org/10.3389/fcosc.2025.1512531.

Van Oosterhout, C., Hutchinson, W.F., Wills, D.P.M., Shipley, P., 2004. MICRO-CHECKER:
software for identifying and correcting genotyping errors in microsatellite data. Mol.
Ecol. Notes 4 (3), 535-538. https://doi.org/10.1111/j.1471-8286.2004.00684.x.

Vianna, J.A., Medina-Vogel, G., Chehébar, C., Sielfeld, W., Olavarria, C., Faugeron, S.,
2004. Phylogeography of the Patagonian otter Lontra provocax: adaptive divergence
to marine habitat or signature of southern glacial refugia? BMC Evol. Biol. 11, 53.
https://doi.org/10.1186,/1471-2148-11-53.

Vila, C., Leonard, J.A., Iriarte, A., O'Brien, S.J., Johnson, W.E., Wayne, R.K., 2004.
Detecting the vanishing populations of the highly endangered Darwin's fox,
Pseudalopex fulvipes. Anim. Conserv. 7 (2), 147-153. https://doi.org/10.1017/
$1367943004001271.

Villagrén, C., 1995. Quaternary history of the Mediterranean vegetation of Chile. In:
Arroyo, M.K., Zedler, P.H., Fox, M.D. (Eds.), Ecology and Biogeography of
Mediterranean Ecosystem in Chile, California and Australia. Springer Verlag, New
York, pp. 3-20.

Wayne, R.K., Geffen, E.L.I,, Girman, D.J., Koepfli, K.P., Lau, L.M., Marshall, C.R., 1997.
Molecular systematics of the Canidae. Syst. Biol. 46 (4), 622-653. https://doi.org/
10.1093/sysbio/46.4.622.

Weber, D., Stewart, B., Schienman, J., Lehman, N., 2004. Major histocompatibility
complex variation at three class II loci in the northern elephant seal. Mol. Ecol. 13
(3), 711-718. https://doi.org/10.1111/j.1365-294x.2004.02095.x.

Yahnke, C.J., Johnson, W.E., Geffen, E., Smith, D., Hertel, F., Roy, M.S., Bonacic, C.F.,
Fuller, T.K., Van Valkenburgh, B., Wayne, R.K., 1996. Darwin’s fox: a distinct
endangered species in a vanishing habitat. Conserv. Biol. 10 (2), 366-375. https://
doi.org/10.1046/j.1523-1739.1996.10020366.x.

Zhu, L., Ruan, X.D., Ge, Y.F., Wan, Q.H., Fang, S.G., 2007. Low major histocompatibility
complex class II DQA diversity in the giant panda (Ailuropoda melanoleuca). BMC
Genet. 8 (1), 29. https://doi.org/10.1186/1471-2156-8-29.


http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0470
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0470
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0470
https://doi.org/10.1016/j.mambio.2018.04.003
https://doi.org/10.1016/j.ajhg.2009.05.001
https://doi.org/10.1098/rspb.2009.2084
https://doi.org/10.1098/rspb.2009.2084
https://doi.org/10.1093/ve/vey016
https://doi.org/10.1093/nar/24.16.3189
https://doi.org/10.1093/nar/24.16.3189
https://doi.org/10.1111/j.1365-294X.2006.03185.x
https://doi.org/10.1590/1678-4685-GMB-2015-0189
https://doi.org/10.7589/0090-3558-45.2.333
https://doi.org/10.1111/j.1365-294X.2005.02773.x
https://doi.org/10.1111/j.1365-294X.2005.02773.x
https://doi.org/10.3389/fcosc.2025.1512531
https://doi.org/10.1111/j.1471-8286.2004.00684.x
https://doi.org/10.1186/1471-2148-11-53
https://doi.org/10.1017/S1367943004001271
https://doi.org/10.1017/S1367943004001271
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0540
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0540
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0540
http://refhub.elsevier.com/S0006-3207(26)00309-5/rf0540
https://doi.org/10.1093/sysbio/46.4.622
https://doi.org/10.1093/sysbio/46.4.622
https://doi.org/10.1111/j.1365-294x.2004.02095.x
https://doi.org/10.1046/j.1523-1739.1996.10020366.x
https://doi.org/10.1046/j.1523-1739.1996.10020366.x
https://doi.org/10.1186/1471-2156-8-29

	Laying the ground for the evolutionary adaptive conservation of the endangered Darwin's fox (Lycalopex fulvipes)
	1 Introduction
	2 Material and methods
	2.1 Sample collection and DNA extraction
	2.2 Gene amplification and sequencing
	2.3 Sequence data analysis
	2.4 Microsatellite analysis
	2.5 MHC amplification and sequencing

	3 Results
	3.1 Mitochondrial DNA variation and historical demography
	3.2 Microsatellite variation
	3.3 MHC variation

	4 Discussion
	4.1 Genetic diversity
	4.2 Demographic and biogeographic inferences
	4.3 Conservation implications

	CRediT authorship contribution statement
	Ethical statement
	Funding sources
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


