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Local adaptation to aridity is often expected to promote genomic divergence by
favoring the integration of drought-tolerance traits. Under this framework,
functional trait variation should align with genetic structure; however, empirical
evidence for such coupling remains limited, particularly when experimental
validation is lacking. We tested this prediction in Aristotelia chilensis, a
phenotypically variable tree spanning a 1,500-km precipitation gradient (<100
to >1,000 mm year !). We combined nextRAD population genomics, trait—
environment modeling, and a common garden drought experiment to assess
how climatic and edaphic factors shape genomic structure, drought-related
functional traits, reproductive traits, and antioxidant pro les. We identi ed four
genetically distinct clusters that correspond to major biomes across the species’
range—from the Atacama Desert to northern Patagonia—re ecting strong spatial
genetic structuring. In contrast, functional traits were largely decoupled from
genomic structure and responded independently to environmental variables.
Critical photo-inactivation water content (SWC-Phl) showed no credible
environmental associations but exhibited signi cant hierarchical variation
among populations and clusters. Speci c leaf area (SLA) was strongly
in uenced by edaphic conditions, decreasing with soil sand content and
increasing with soil water-retention capacity, with most variation attributable
to population-level differences. Root—shoot biomass ratio also varied
hierarchically but was unrelated to climatic or soil predictors. Survival under
experimental drought was uniformly low (1.7%) and did not differ among
populations or clusters, indicating conserved physiological tolerance across
the range. Together, these ndings reveal that adaptation to aridity in A.
chilensis arises from trait-speci c, uncoupled responses rather than from an
integrated drought-resistance syndrome. The pronounced genomic structure
appears more consistent with historical biogeographic processes than with
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contemporary drought adaptation. These insights underscore the importance of
selecting genotypes based on empirical trait performance under water stress—
rather than geographic origin—to support climate-resilient fruit production and
guide restoration strategies involving A. chilensis.
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Introduction

Arid conditions act as a strong selective regime that shapes
species distributions and promotes the evolution of drought-
tolerance and water-use strategies (Violle et al., 2007; Reich, 2014;
Lietal., 2018). These aridity-driven pressures also contribute to the
genetic structuring of plant populations (Schierenbeck, 2017). As
plants may adopt divergent strategies to cope with water limitation
—such as drought avoidance versus drought tolerance—selection is
expected to act on suites of traits rather than on single traits in
isolation. Accordingly, drought-related traits including leaf
morphology, stomatal density, and root architecture (Kosma
et al., 2009) often respond to correlational selection (Lowry, 2012;
Sexton et al., 2014; Yin et al., 2018; Zhang et al., 2019), leading to
coordinated trait shifts (“trait integration”) that underpin
functional divergence among locally adapted populations (Izuno
et al., 2017; Lopez-Goldar and Agrawal, 2021; Sekely et al., 2024).
Understanding the basis of phenotypic integration in response to
drought is essential for predicting plant evolutionary trajectories in
a changing climate.

Across aridity gradients, plants may adopt divergent strategies
—such as drought avoidance versus drought tolerance—that shape
the degree of trait integration, the coordinated expression of
multiple functional traits (Miao et al., 2025). Such integration
often arises from ecological trade-offs or correlational selection,
producing characteristic drought-tolerance syndromes (Dayer et al.,
2022; Bernardo et al., 2025). For example, under moisture stress,
leaf economic traits (e.g., speci c leaf area (SLA), leaf N) frequently
decouple from hydraulic traits (e.g., vulnerability to cavitation,
xylem conductivity), resulting in reduced trait correlations and
thus statistical independence across organs or functions (Li et al.,
2015). Nonetheless, some systems exhibit the opposite pattern, with
strong correlations between hydraulic and structural traits under
drought (Medeiros et al., 2025).

Plant responses to water limitation operate across multiple
functional levels. Vegetative traits such as leaf morphology,
biomass allocation, and speci ¢ leaf area often shift as plants
adjust carbon investment and tissue construction to enhance
water-use ef ciency (Kleine et al., 2017; Kapoor et al., 2020).
Meanwhile, drought stress frequently impairs photosynthetic
performance: water shortage can limit CO, uptake via stomatal

Frontiers in Plant Science

02

closure, destabilize photosystem function, and reduce
photochemical ef ciency (Chauhan et al., 2023). These
physiological disruptions may increase sensitivity to photo-
inactivation and limit carbon assimilation, reducing growth under
chronic drought.

At the morphological and allocation level, drought often drives
increased root-shoot (R:S) biomass ratio or enhanced root
investment, at the expense of aboveground growth, as part of a
resource-conservation or water-foraging strategy (Ahluwalia and
Gupta, 2021). Root architectural changes—including deeper rooting
and greater root mass fraction—enable better access to soil moisture
and facilitate survival during prolonged water de cits (Sun et al.,
2024). At the biochemical level, drought commonly induces the
accumulation of secondary metabolites—particularly antioxidants,
phenolic compounds, and other reactive-oxygen—scavenging
substances—that mitigate oxidative stress associated with
dehydration and metabolic disruption (ElSayed et al. 2019). Such
biochemical responses contribute to maintaining cell integrity and
redox homeostasis under water limitation (Farooq et al., 2015).
Because drought often covaries with other environmental drivers—
including increased temperature, higher evaporative demand, and
elevated irradiance—an integrated view combining physiological
thresholds (e.g., photo-inactivation water content), morphological
adjustments (SLA, R:S allocation), and biochemical resilience
(antioxidants, phenolics) is critical to understand how plants cope
across environmental gradients. This multilevel complexity
underscores the need for broad, integrative frameworks when
investigating trait variation and potential adaptive responses in
species distributed across diverse climatic landscapes (Chauhan
et al., 2023).

In addition to adaptive processes, neutral evolutionary forces
can also structure genomic variation across environmental
gradients. Spatial heterogeneity in gene ow, genetic drift, and
historical demographic dynamics may generate patterns of
population differentiation that mimic or obscure signatures of
local adaptation (Slatkin, 1987; Orsini et al., 2013). Climatic
refugia, postglacial expansions, and restricted dispersal have been
shown to leave strong phylogeographic imprints in many temperate
plant species, including lineages distributed along the Andes and
coastal ranges of southern South America (Sersic et al., 2011).
Because such neutral processes can confound trait-environment
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associations, disentangling adaptive divergence requires
considering both genomic structure and environmental gradients
in a joint analytical framework (Savolainen et al., 2013).

Several studies use correlative approaches to infer trait—
environment associations (Butler et al., 2017; Boonman et al.,
2021), but experimental assessments are scarce for disentangling
causal relationships between water availability and trait variation.
Here, we investigate the adaptive basis of ecotypic differentiation in
Aristotelia chilensis (Molina) Stuntz (Elaeocarpaceae), a Chilean
wineberry distributed along a pronounced aridity gradient, from the
southern Atacama Desert (<100 mm/year) to northern Patagonia
(>1000 mml/year). Its ecological dominance and morphological
variability, along with its antioxidant-rich fruits, which hold both
cultural and economic signi cance (Fredes et al., 2012; Schreckinger
et al., 2010), make it well suited to assess how genetic structure and
trait variability emerge in response to drought. By integrating
population genomics, functional trait analysis, and common
garden drought experiments, we aim to understand how a
drought gradient drives adaptation in this species. Studies
integrating ecological, phenotypic, environmental and genomic
data are necessary to strengthen inferences about spatial patterns
of adaptation (Funk et al., 2012). Speci cally, we hypothesize that A.
chilensis exhibits local adaptation along an aridity gradient, re ected
both in pronounced genomic structure and coordinated expression
of drought-response traits across geographic regions.

Materials and methods
Study areas and plant sampling

Aristotelia chilensis, locally known as maqui, is a wintergreen
tree or shrub distributed across Mediterranean and temperate zones
of Chile (30-46° S). The species occupies hillsides, forest edges, and
riparian ecotones with deep, moist soils, and occurs from coastal
lowlands to Andean foothills at elevations up to 2,500 m. Across
this range, A. chilensis experiences striking climatic heterogeneity,
spanning one of the steepest precipitation gradients in southern
South America—from hyper-dry Mediterranean sites with <200
mm/year to temperate rainforest conditions exceeding 2,000 mm/
year (Supplementary Figure S1). This broad hydroclimatic gradient
is further shaped by latitudinal changes in seasonality, cloud cover,
and evaporative demand, all of which in uence plant water balance.
To capture this environmental diversity, we sampled 15 populations
between December 2019 and February 2020, covering the full
latitudinal distribution of the species. We employed a systematic
sampling design in which populations were spaced approximately
one degree of latitude apart (~110 km; Figure 1A), ensuring
consistent coverage along the climatic gradient. This design
allowed us to encompass strong contrasts in water availability,
including a pronounced gradient in potential evapotranspiration,
a key indicator of atmospheric water demand that shapes plant
physiological performance and adaptation (Fisher et al., 2011).
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From each population, between December 2019 and February
2020, we randomly selected 15 adult individuals for molecular
analyses—a sample size adequate for capturing within-population
genetic variation, which is known to be relatively low in A. chilensis
(Cona et al., 2023). Individuals were spaced at least 20 m apart to
reduce the likelihood of sampling close relatives, and young leaves
were collected, ash-frozen in liquid nitrogen, and stored at 80 °C
until DNA extraction. To characterize reproductive and antioxidant
traits, we sampled 12 of these individuals in most populations
(Table 1), collecting 10 ripe fruits from each tree for measurements
of fruit weight and seed number (1,800 fruits total). Fruits were
collected in four eld campaigns, from December 2019 to February
2020, starting from the northern area where fruits ripen earlier. For
antioxidant analyses, we collected 20 fruits from each of 20
individuals per population (the same 12 individuals plus 8
additional trees); all fruits were immediately frozen in liquid
nitrogen. For the common-garden drought experiment, seeds
were obtained from these same 20 maternal trees per population.
These seeds were germinated under controlled greenhouse
conditions near Concepcion (36°47 S, 73°07 W), a location
situated near the midpoint of the species’ geographic distribution.
Once seedlings reached transplant size, 20 seedlings per maternal
tree (N = 6,000) were established in standardized substrate, of which
15 per maternal tree were assigned to the water-restriction
treatment for functional trait and survival analyses.

DNA extraction, library preparation, and
sequencing

Genomic DNA was extracted from the leaves using the DNeasy
Plant Mini Kit (QIAGEN), following the manufacturer’s protocol.
DNA was extracted until at least 50 ng was obtained and then
diluted to a concentration between 0.5 and10 ng/ml, with a
maximum of 25 ng/m. The quality and quantity of extracted
DNA were veri ed using a NanoDrop microvolume UV-Vis
spectrophotometer and agarose gels.

Library preparation, sequencing, and genotyping using the
nextRAD approach were performed by SNPsaurus LLC
(University of Oregon, USA). Genomic DNA was converted into
nextRAD genotyping-by-sequencing libraries as in Russello et al.
(2015); previously was fragmented with Nextera reagent (Illumina,
Inc), which ligates short adapter sequences to the ends of the
fragments. The Nextera reaction was scaled for fragmenting 5 ng
of genomic DNA, although 5-7 ng of genomic DNA was used for
input to compensate for degraded DNA and to increase fragment
sizes. Fragmented DNA was then ampli ed for 26 cycles at 73°C,
with one of the primers matching the adapter and extending nine
nucleotides into the genomic DNA, with the selective sequence
GTGTAGAGC. Thus, we only ampli ed fragments starting with a
sequence that can be hybridized by the selective sequence of the
prime. The nextRAD libraries were sequenced on a HiSeq 4000 with
two lanes of 150 bp reads (University of Oregon, USA).
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FIGURE 1

Geographic distribution of Aristotelia chilensis populations sampled across their entire latitudinal range in Chile. Colors of each population symbol
depict the four genetic clusters identi ed: North (green), North-central (orange), South-central (light blue), and South (dark blue).
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Data Itering and population genetic
structure

Genotyping was conducted using custom pipelines developed
by SNPsaurus LLC. Raw sequence reads were rst processed with
bbduk from the BBMap package (http://sourceforge.net/projects/
bbmap/), which removed adapter sequences, low-quality bases
(Phred < 10), and reads shorter than 100 bp. Trimmed reads
were then aligned to the A. chilensis reference genome (Bastias
et al., 2019) using bbmap v38.9 with an alignment identity
threshold of 0.95, and preliminary variant calling was performed
with the same software. As part of the SNPsaurus internal
pipeline, alleles with very low population frequency (<3%)
were removed to eliminate potential sequencing artifacts. We
then applied an additional round of standardized ltering
using VCFtools (Danecek et al., 2011) to ensure rigorous SNP
selection. We retained only biallelic SNPs, excluded individuals with
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more than 30% missing data, and removed loci with excessively
high read depth (>400) to avoid potential paralogous regions.
Finally, we kept variants with a minor allele frequency (MAF) >
0.01. After all Itering steps, the nal dataset consisted of 2,023
high-quality SNPs genotyped in 133 individuals (59% of
those collected).
We assessed population diversity metrics, including expected
(He) and observed heterozygosity (H,), inbreeding (F;s), and
xation index (Fst) for each population, as well as pairwise Fst
estimates with con dence intervals based on 1000 bootstrap. We
used the package diveRsity (Keenan et al., 2013) implemented in R
v4.3.2 (R Core Team, 2024). Population structure and admixture
among populations was inferred using three clustering methods.
We used the Bayesian clustering algorithm in STRUCTURE v2.3.4
(Pritchard et al., 2000), applying the admixture model with
correlated allele frequencies, a burn-in of 1,000,000, and 100,000
Markov chain Monte Carlo (MCMC) replicates. Parameters were
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calculated for K values ranging from 1 to 10, running 10 iterations
and averaging the log probabilities (Ln P) of the data (D) [Ln P(D)].
The most probable K value was evaluated following Evanno et al.
(2005). Third, we estimated genetic clustering for geographic
patterns using GENELAND v.4.0.6 (Guillot et al., 2005), using the
same MCMC number, independent runs, and K such as
STRUCTURE. We set the burn-in period to 200 iterations and
used an uncorrelated allele frequency model.

Characterization of reproductive traits

We assessed the variation among populations of three
reproductive-related traits: fruit weight, and the number of seeds
per fruit. Fruits were collected only at full maturity, identi ed by
their characteristic dark-purple coloration, which ensured
consistent developmental stage across populations and minimized
variation in fruit weight and seed viability. We collected fruits in
four eld campaigns, from December 2019 to February 2020,
starting from the northern area where fruits ripen earlier. For
each tree, we weighed fruits and counted the number of seeds in
each fruit, distinguishing viable seeds (with endosperm) from non-
viable seeds (without endosperm).

Antioxidant content and antioxidant
activity of fruits

The total polyphenol content was analyzed using the Folin-
Ciocalteu reagent, which reacts with polyphenols to produce a blue
coloration (Zargoosh et al., 2019). Polyphenol concentration was
determined from a calibration curve prepared with gallic acid
(3,4,5-trihydroxybenzoic acid) dilutions ranging from 0 to 420
mg/L, with absorbance measured in a spectrophotometer at 750
nm. Each sample was analyzed in triplicate, and the absorbance
value per sample was estimated as the mean of the three replicates.
The total anthocyanin content was determined using different
concentrations of pelargonidin. Samples were incubated with 1%
tri uoroacetic acid (TFA) in methanol and refrigerated for 24
hours. Absorbance was measured at 515 nm, and the total
anthocyanin content was calculated in terms of
chlorinated pelargonidin.

The evaluation of antioxidant capacity was carried out using the
ABTS (2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) and
DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging assays.
For the ABTS assay, extracts were prepared at different
concentrations, and the percentage of reduction was calculated.
For the DPPH assay, extracts were prepared at different
concentrations, and the concentration of extract inhibiting 50% of
the DPPH (ICs value) were estimated. Trolox equivalents were
determined based on a calibration curve. Antioxidant activity by
DPPH radical inhibition was determined using extracts at 50 mg/ml.
Samples were diluted to concentrations of 1, 2, 3, 4, and 5 mg/ml.
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The assay included 200 pl of DPPH solution (20 mg/L) and 100 pl of
each sample concentration. After incubating the samples at room
temperature for 20 minutes, absorbance was measured at 515 nm.
The ICsy values were calculated using the polynomial equation in
Derive 6.10 Software. Lower ICsy values indicate that a smaller
concentration of the extract is required to inhibit 50% of
the radicals.

In uence of environmental variables on
reproductive and antioxidant-related traits

We selected a set of climatic and edaphic variables associated
with aridity to capture the environmental factors shaping A.
chilensis adaptation across its range, based on previous studies
demonstrating their in uence on plant physiology (Gonzalez-
Teuber et al., 2018; Lopez-Bucio et al., 2003; Osakabe et al., 2014;
Robson et al., 2015; Tanaka et al., 2019). Climatic data included
mean annual precipitation (PPT), potential evapotranspiration
(PET), and the aridity index (Al = PPT/PET), all obtained from
the CHELSA climate database for 1981-2010 (30 arcsec resolution;
Karger etal., 2017). We also included ultraviolet-B radiation (UV-B)
from the glUV dataset (15 arc-minute resolution; Beckmann
et al., 2014).

Edaphic variables included bulk density, total nitrogen, soil
organic carbon, coarse fragments, pH, cation exchange capacity,
and the proportions of sand, silt and clay, retrieved from the
SoilGrids dataset (250 m resolution; Poggio et al., 2021).
Additionally, soil water content was obtained from the
OpenLandMap Soil Water Content dataset at 33kPa (250 m
resolution; Hengl and Gupta, 2019), considering mean values
across the top 0.6 m soil depth. Due to high multicollinearity
among environmental predictors, we used Lasso regression for
variable selection. The nal subset included Al, PET, PPT, and
UV-B as climatic variables. For edaphic variables were proportion
of clay, nitrogen, coarse fragments, cation exchange capacity, and
soil organic carbon. All selected variables showed acceptable
multicollinearity (VIF < 5).

We employed Bayesian multivariate mixed models to assess the
in uence of environmental variables independently on antioxidant
traits (anthocyanins, phenolics, ABTS, and DPPH) and
reproductive traits (fruit weight, total seeds, and viable seeds)
using the R package MCMCglmm (Had eld, 2024). Response
variables were z-standardized (zero mean and unit variance). In
addition, we incorporated populations and genetic clusters (see
genomic section) as a nested random effect with unstructured
covariance matrices to account for hierarchical spatial structure.
In this way, we assessed the in uence of population (lower spatial
hierarchy) and genetic cluster (higher spatial hierarchy) on the
variance of the studied traits. Bayesian models were run (200,000
iterations and burn-in period of 40,000 iterations) and a thinning
interval of 80 to ensure adequate mixing and convergence of the
Markov chains.
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Common garden drought tolerance
experiment and functional traits
characterization

A water-deprivation experiment was conducted to evaluate
drought effects on survival and functional traits across populations.
Seeds were sown under controlled greenhouse conditions, and once
seedlings developed two pairs of true leaves, they were transplanted
into standard nursery-grade plastic bags ( 2 L) designed to ensure
adequate drainage. Each bag was lled with a homogeneous
commercial substrate composed of a peat-based mixture with
added perlite and organic soil, a formulation widely used for
seedling establishment due to its high aeration and stable water-
holding properties. This standardized substrate minimized
heterogeneity in soil physical conditions and ensured consistent
drying dynamics during the water-restriction treatment. Seedlings
were maintained on raised benches inside the greenhouse until the
onset of the experiment.

At eight months of age ( 30 cm tall), irrigation was completely
ceased to impose drought stress until individuals reached the
permanent wilting point (PWP; Rice and Knapp, 2008).
Volumetric soil water content (SWC) was monitored at 0-14 cm
depth using TMS-3 sensors (TOMST), providing an estimate of
water availability in the root zone (Kukal and Irmak, 2023). Soil
drying progressed gradually over the two-month experiment
(5 August-5 October 2020), and the PWP occurred consistently
within an SWC range of 0.07-0.14 m® m 3, corresponding to the
in ection zone in the drying curve where plants exhibited
irreversible loss of turgor (Figure 2A).

Determination of the PWP integrated both soil and
physiological criteria. For each individual, we monitored
maximum photochemical ef ciency (Fv/Fm) using a modulated

uorometer (Pocket-PEA, Hansatech Instruments). Permanent
wilting was de ned as the point at which plants showed (i)
sustained decline in Fv/Fm, indicating permanent photo-
inactivation (Phl), and (ii) failure to recover turgor or
photochemical ef ciency after a two-week rewatering test. Across
all populations, seedlings reached the PWP after 5-6 weeks of water
deprivation, with no signi cant differences among populations or
genetic clusters in the time to reach this threshold. We did not
evaluate potential variation associated with plant size or leaf area.

For each sapling, we quanti ed three drought-related functional
traits: (i) critical soil water content for photo-inactivation (SWC-
Phl), (ii) speci c leaf area (SLA), and (iii) root—shoot biomass ratio.
SWC-Phl is a relative measure of stress impacts on PSII, where
higher values indicate greater sensitivity (Larcher, 2000; Neuner and
Pramsohler, 2006). Photo-inactivation was calculated as Phl = 1
[(Fv/Fm)d/(Fv/Fm)c], where (Fv/Fm)c corresponds to well-watered
controls and (Fv/Fm)d to values measured during drought. SWC
and Fv/Fm were monitored every 4-5 days for six weeks until plants
reached PWP, and the SWC-Phl threshold was identi ed
graphically following Saldafia et al. (2014).

Functional traits (SLA and R:S ratio) were measured exclusively
in well-watered control individuals to ensure representation of
baseline, non-stress phenotypes. SLA was quanti ed from 2-3
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leaves per individual using ImageJ (https://imagej.nih.gov/ij/),
followed by drying at 70°C for 72 h to obtain leaf dry mass.
Root-shoot biomass ratio was determined in 10-15 dried plants
per population at the end of the experiment. Plant survival was
recorded as the number of individuals alive at the termination of the
water-restriction period.

Effects of genetic structure on survival and
physiological traits

We designed a hierarchical model to assess the effects of
population (lower level) and genetic clusters (higher level) on
survival using data from the common garden experiment,
implementing a Cox proportional hazards model. This model
analyzes time-to-event data while accounting for censored
observations. To explore pairwise differences in survival between
populations and clusters, post-hoc comparisons were conducted
using the Tukey method with Holm correction for multiple testing.
Analyses were performed using the package “survival” (Therneau,
2004) in (R Core Team, 2024).

For each physiological trait, we quanti ed the effects of edaphic
and climatic gradients and of genetic structure using independent
hierarchical mixed-effects models. Climatic predictors (aridity index,
annual precipitation, UV-B) and edaphic predictors (water-retention
capacity, percentage sand and clay, total nitrogen, coarse fragments,
cation-exchange capacity, and soil organic carbon) were z-
standardized prior to analysis to improve convergence and allow
direct comparison of effect sizes. We rst tted Gaussian linear
mixed-effects models (Ime4) for each trait with the full climatic—
edaphic predictor setas xed effects and random intercepts for cluster
and population (Trait ~ Al + PPT + UV_B + WaterRetention +
PercentSand + PercentClay + TotalNitrogen + CoarseFragments +
CationExchangeCapacity + SoilOrganicCarbon + (1|Cluster) + (1]
Population)). These models provided initial estimates of xed effects
and partitioned variance among clusters, populations, and residual
error. To obtain fully Bayesian estimates of uncertainty and variance
components, we then tted analogous hierarchical models using
MCMCglmm, specifying Gaussian response distributions and
random effects for cluster and population. We used weakly
informative inverse-Gamma-type priors on residual (R) and
random-effect (G) variances (R: V = 1, n = 0.002; G; and G,: V =
1, n = 0.002 for clusters and populations, respectively). Each trait
model was run for 200,000 MCMC iterations, with a burn-in of
40,000 and thinning interval of 80, and convergence was assessed by
visual inspection of chains, posterior trace plots of xed effects and
variance components, and effective sample sizes.

Results
Genetic diversity and population structure
Consistent with the broad latitudinal distribution of A. chilensis,

which span ca. 1,500 km, we detected four genetic clusters
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FIGURE 2

ratio.

Variation of vegetative functional traits across fteen Aristotelia chilensis populations measured in the drought common-garden experiment on plant
seedlings. (A) Critical soil water content for photo-inactivation (SWC-Phl) of saplings. (B) Speci c leaf area (SLA) of saplings. (C) Root—shoot biomass

(STRUCTURE analysis, K = 4) and GENELAND—providing
convergent evidence for their stability (Figures 1A, 3A): North
(include Monte Patria and San Felipe), North-central (Cajon del
Maipo, Vichuquen, and Linares), South-central (Concepcion,
Collipulli, Cautin, Valdivia, Llanquihue, and Chiloe), and South
(Palena, Puyuhuapi, Puerto Chacabuco, and Chile Chico).

The studied populations showed no signi cant variation in
either expected or observed heterozygosity (Table 1), and these
two metrics were strongly positively correlated (Pearson’s
correlation = 0.990; Clgsy, = 0.970—0.996; t; 13 = 25.647; P <
0.001). Observed heterozygosity ranged from 0.02 (Chile Chico)
to 0.28 (Vichuquen, Linares and, Cautin), while expected
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heterozygosity ranged from 0.02 (Chile Chico) to 0.28
(Vichuquen and Linares) (Table 1). The inbreeding coef cient
(Fis) was negative for all populations, indicating an excess of
heterozygosity (Table 1). Pairwise Fst values indicated shallow
genetic differentiation among geographically close populations
and among those within the same genetic cluster (Figures 3C, S2).
A Mantel test revealed a signi cant positive correlation between
geographical and genetic distance (r-Mantel = 0.718; P < 0.001;
1000 permutations; Figure 3C). For instance, populations from the
South-central cluster (Concepcion, Collipulli, Cautin, Valdivia, and
Llanquihue) showed low pairwise Fst values (0.0284—0.1071),
indicating high gene ow (Supplementary Figure S2). In contrast,
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