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Abstract

The tropical Andes are one of the most important biodiversity hotspots on Earth,
yet our understanding of how their biotas have responded to Quaternary climatic
oscillations is extraordinarily limited and the alternative models proposed to explain
their demographic dynamics have been seldom formally evaluated. Here, we test the
hypothesis that the interplay between the spatial configuration of geographical barri-
ers to dispersal and elevational displacements driven by Quaternary cooling-warming
cycles has shaped the demographic trajectories of montane oak forests (Quercus
humboldtii) from the Colombian Andes. Specifically, we integrate genomic data and
environmental niche modelling at fine temporal resolution to test competing spatially
explicit demographic and coalescent models, including scenarios considering (i) iso-
tropic gene flow through the landscape, (ii) the hypothetical impact of contemporary
barriers to dispersal (i.e., inter-Andean valleys), and (iii) distributional shifts of mon-
tane oak forests from the Last Glacial Maximum to the present. Although our data re-
vealed a marked genetic fragmentation of montane oak forests, statistical support for
isolation-with-migration models indicates that geographically separated populations
from the different Andean Cordilleras regularly exchange gene flow. Accordingly, spa-
tiotemporally explicit demographic analyses supported a model of flickering connec-
tivity, with scenarios considering isotropic gene flow or currently unsuitable habitats
as persistent barriers to dispersal providing a comparatively worse fit to empirical
genomic data. Overall, these results emphasize the role of landscape heterogeneity
on shaping spatial patterns of genomic variation in montane oak forests, rejecting the
hypothesis of genetic continuity and supporting a significant impact of Quaternary

climatic oscillations on their demographic trajectories.
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1 | INTRODUCTION

The interplay between Quaternary climate fluctuations (i.e., glacial-
interglacial cycles) and the spatial configuration and attributes of
geographical features (i.e., topography and barriers to dispersal) has
impacted the demography and present-day distribution of genetic
variation of most species, and contributed to the diversification of
numerous organism groups over relatively short evolutionary times-
cales (Hewitt, 2004; Kadereit & Abbott, 2021; Stewart et al., 2010).
Phylogeographical and palaeoecological evidence strongly supports
that temperate species displaced toward lower latitudes during gla-
cial periods, which led to vicariance processes in isolated refugia that
served as source populations for northward range expansions during
more favourable postglacial climatic conditions (Hewitt, 2004;
Ortego & Knowles, 2022; Stewart et al., 2010). However, although
the consequences of Quaternary climatic oscillations in organisms
from temperate regions are relatively well understood, our knowl-
edge about their impacts on tropical biotas is still very limited, and
expectations in terms of population expansions/contractions and
distributional shifts are less intuitive than at higher latitudes (Bush &
de Oliveira, 2006; Carnaval et al., 2009; Prates et al., 2016; Ramirez-
Barahona & Eguiarte, 2013).

The tropical Andes are a cradle of speciation (Hazzi et al., 2018;
Hughes & Eastwood, 2006; Nevado et al., 2018; Pennington
et al.,, 2010), harbour high levels of local endemism (Kattan
et al,, 2004; Kier et al., 2009) and have been identified as one of the
most important biodiversity hotspots on Earth (Bibby et al., 1992;
Myers et al., 2000). Beyond the role of Andean uplift and orogenic
processes in creating novel highland environments and triggering
in situ diversification in numerous groups of organisms (Kattan
et al., 2004; e.g., Mufoz-Ortiz et al., 2015; Sanin et al., 2022),
there is mounting evidence about the role of Pleistocene glacial
cycles as an important engine of speciation in the region (Flantua
et al., 2019; Pérez-Escobar et al., 2022; e.g., Nevado et al.,, 2018;
Ribas et al.,, 2007). Palaeoecological evidence supports that
Quaternary climate fluctuations have recurrently displaced popula-
tions along elevational gradients, although the specific outcomes of
such phenomena are expected to vary among species and communi-
ties linked to the different vegetation belts. High-elevation Andean
paramos above the tree line (>3000m at present) probably under-
went important elevational shifts (~1600m) in response to chang-
ing climate conditions through the Quaternary, resulting in highest
connectivity during extreme glacial periods and considerable frag-
mentation during warm interglacials (i.e., “flickering connectivity
model”; sensu Flantua & Hooghiemstra, 2018; Flantua et al., 2019)
that created cyclical opportunities for vicariant diversification and
secondary contact (i.e., “species pump”; e.g., Nevado et al., 2018).
However, alternative distributional-demographic models have been
proposed to explain the dynamics of tropical montane biotas (in
Colombian Andes, ~1200-3000m at present) during the coldest
stages of the Quaternary (Ramirez-Barahona & Eguiarte, 2013).
These include downslope migration with demographic expan-
sions and connectivity (“Moist forest model”; Ramirez-Barahona

& Eguiarte, 2013), downslope migration and compression with
population contractions, local extinctions and null or limited his-
torical connectivity (“Dry refugia model”; Ramirez-Barahona &
Eguiarte, 2013), and in situ glacial persistence (“Long-term in situ
persistence model”; Ornelas et al., 2019). Fossil pollen records sug-
gest that montane forests displaced toward lower elevations and
probably compressed by ~800-1000m during glacial times with
respect to its current distribution (Hooghiemstra & Flantua, 2019).
Although these elevational shifts during the coldest stages of the
Quaternary were inferred to reduce available surface area by ~40%
(Hooghiemstra & Flantua, 2019), they might have also facilitated
dispersal across geographical barriers (e.g., valley bottoms) and in-
creased genetic connectivity among populations from different cor-
dilleras (e.g., Munoz-Ortiz et al., 2015). The integration of genomic
data and palaeodistribution modelling within spatiotemporally ex-
plicit process-based inference frameworks might help to distinguish
among competing hypotheses about the demographic responses
of Andean montane forests to Quaternary climatic oscillations
(Hooghiemstra et al., 2022; Ramirez-Barahona & Eguiarte, 2013,
2014; e.g., He et al., 2013; Bemmels et al., 2016).

The Andean oak Quercus humboldtii Bonpl. (1805) (section
Lobatae)—the only South American oak and the southernmost rep-
resentative of the genus—is a characteristic species of the montane
forest from the Colombian Cordilleras (Hooghiemstra et al., 2022;
Torres et al., 2013). It occurs in the Lower and Upper Montane
Forest belts (780-3600m; Hooghiemstra et al., 2022; Zorrilla-
Azcué et al., 2021), occupying a wide spectrum of climatological
conditions and forming multiple phytosociological associations
(Hooghiemstra et al., 2022; Hooghiemstra & Flantua, 2019; Pulido
et al., 2006; Rangel & Avella, 2011). The broad ecological range of
the species has been hypothesized to facilitate its southward ex-
pansion through the Panamanian Isthmus and the colonization of
the three northern Andean Cordilleras (Hooghiemstra et al., 2022;
Rangel & Avella, 2011). Palynological records date the arrival of the
species to central Colombia in the mid-Pleistocene (~430 thousand
years ago [ka]; Torres et al., 2013; see also Hooghiemstra, 2006) and
support its progressive spread and continuous presence in the re-
gion since then, probably replacing other trees and often becoming
a dominant species in the Andean montane forest (Hooghiemstra &
Flantua, 2019). The fact that Q. humboldtii is a characteristic element
of the Andean montane forest, together with its Pleistocene arrival
in the region, makes this species an excellent model system to infer
the consequences of Quaternary climatic oscillations on the dynam-
ics of tropical montane forests and tease apart their impacts from
the genetic imprints left by other geological events (e.g., Andean up-
lift; Boschman, 2021; Gregory-Wodzicki, 2000) that have been also
documented to play a paramount role on the diversification of many
neotropical organisms (Chaves et al., 2011; Mufoz-Ortiz et al., 2015;
Nevado et al., 2018; Sanin et al., 2022).

Populations of Q. humboldtii probably migrated downslope
during glacial times. Such elevational shifts might have pro-
moted gene flow among populations from the different cordilleras
through transient corridors across currently unsuitable habitats
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characterizing the Cauca and Magdalena valley bottoms. However,
it has been also hypothesized that the lower part of the elevational
distribution of Q. humboldtii (~800m) might have not changed
through glacial-interglacial cycles (Hooghiemstra et al.,, 2022;
Hooghiemstra & Flantua, 2019; Torres et al., 2013). Under this sce-
nario, gene exchange across lowlands (<800 m) separating Western,
Central and Eastern Cordilleras (i.e., lowest elevations of Cauca and
Magdalena valleys; Figure 2) might have been limited during both
glacial and interglacial periods in line with the “Dry refugia model”
(Ramirez-Barahona & Eguiarte, 2013). So far, microsatellite-based
genetic studies on Q. humboldtii at both local and phylogeograph-
ical scales suggest that the species is resilient to habitat fragmen-
tation (Fernandez & Sork, 2007), presents limited genetic structure
(Zorrilla-Azcué et al., 2021) and experienced a bottleneck followed
by a demographic expansion during the Last Glacial Maximum (LGM;
Zorrilla-Azcué et al., 2021). Thus, in line with palaeoecological ev-
idence pointing to the continuous presence of Q. humboldtii in the
pollen record since its arrival 430ka in Colombia (Torres et al., 2013),
available genetic evidence would support a limited impact of unsuit-
able lowlands on gene flow and considerable connectivity among
forest patches through the Quaternary (Hooghiemstra et al., 2022;
Zorrilla-Azcué et al., 2021).

Here, we integrate genomic data (double digest restriction-site
associated DNA sequencing [ddRADseq]) and environmental niche
modelling (ENM) to test the hypothesis that the interplay between
distributional shifts driven by Quaternary climatic oscillations and
the spatial configuration of geographical barriers to dispersal (i.e.,
inter-Andean valleys separating montane forests) have shaped the
demographic history and contributed to the genetic fragmentation
of populations of Q. humboldtii from the different Andean Cordilleras
(Zorrilla-Azcué et al., 2021). We first applied palaeodistribution
modelling at fine temporal resolution (100-year time intervals) to
reconstruct the range dynamics of Q. humboldtii since the LGM to
the present, determine the spatial configuration of suitable habitats
through time, and infer the hypothetical distributional shifts experi-
enced by the species in response to cooling-warming cycles. Then,
we genotyped populations across a representative landscape at the
core of the species distribution in the Colombian Andes, quantified

spatial patterns of genetic structure of populations separated by

the Cauca and Magdalena valleys and encompassing the Western,
Central and Eastern Cordilleras, and evaluated whether they have
experienced parallel or idiosyncratic demographic trajectories com-
patible with local/regional distributional dynamics inferred from
ENM. Finally, we applied a spatiotemporally demographic and co-
alescent modelling framework to test whether: (i) unrestricted gene
flow across unsuitable habitats through the climatic fluctuations of
the Quaternary has resulted in population connectivity, genetic ho-
mogenization and a lack of genetic structure in the species (i.e., a null
model of isotropic gene flow; Hooghiemstra et al., 2022; Zorrilla-
Azcué et al., 2021) (hypothesis H1; Figure 1a); (ii) currently unsuit-
able habitats act as persistent barriers to dispersal, disrupting gene
flow and contributing to a marked genetic fragmentation among
populations from the different Andean Cordilleras (hypothesis H2;
Figure 1b); and (iii) distributional shifts toward lower elevations
during the coldest stages of the Quaternary promoted secondary
contact and genetic connectivity among geographically separated
populations through intermittently permeable barriers to dispersal
(i.e., ephemeral barriers sensu Araya-Donoso et al., 2022) (hypoth-
esis H3; Figure 1c).

2 | MATERIALS AND METHODS

2.1 | Population sampling and genomic library
preparation and processing

In 2015, we sampled seven populations of Quercus humboldtii
Bonpl. (1805) (n=63 individuals; Table 1) from the core of the spe-
cies' distribution in the Colombian Andes (Table 1; Figure 2a). Our
sampling included populations located at both the Lower and Upper
Montane Forest belts (LMF and UMF, respectively) and from the
Western, Central and Eastern Cordilleras and, thus, separated by
the low valleys of the Cauca and Magdalena Rivers (i.e., hypotheti-
cal barriers to dispersal; Figure 2). All our sampling sites were lo-
cated at elevations >1750m (Table 1), as most populations of Q.
humboldtii at the lower elevational range originally occupied by the
species in the LMF have disappeared due to heavy deforestation

and replacement by tropical crops (Hooghiemstra et al., 2022; see

FIGURE 1 Schematic summary of the three spatially explicit demographic and coalescent models tested for Quercus humboldtii within
the studied landscape in central Colombia. (a) Model A (hypothesis H1) is a static model in which carrying capacities of demes (k) are
homogeneous across space and through time (i.e., a flat landscape, equivalent to an isolation-by-distance model). (b) Model B (hypothesis
H2) is a static model analogous to the previous one but in which currently unsuitable habitats for the focal species were considered as
persistent barriers to dispersal (i.e., k=0) through time. Under this model, gene flow (green arrows) only takes place between populations
(green bull eyes) connected by suitable habitat of montane oak forest (green surfaces) and it is disrupted (red arrows and crosses) among
populations at both sides of the barrier (i.e., lowlands, brown surfaces). Cells with a probability of presence of the species below the
maximum training sensitivity plus specificity (MTSS) logistic threshold for occurrence from the species-specific environmental niche model
(ENM) built with maxenT were considered as unsuitable habitat patches. (c) Model C (hypothesis H3) is a dynamic model incorporating
distributional shifts resulting from the interaction between the species bioclimatic envelope and Quaternary climatic oscillations. Carrying
capacities change through time according to habitat suitability maps obtained from projections of the ENM to bioclimatic conditions during
the last 22,000vyears (i.e., from the LGM to present, at 100-year time intervals). Under this model, certain populations recurrently merged or
fragmented depending on mountain profile and the elevational displacements experienced by the species at each time period (i.e., flickering
connectivity sensu Flantua et al., 2019). Note that (b) and (c, bottom) are identical because they represent current conditions, but the two
models reflect different processes.
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also table S1 in Zorrilla-Azcué et al., 2021). We used a mixer mill
to grind ~50mg of leaf tissue in tubes with a tungsten bead and
performed DNA extraction and purification with NucleoSpin Plant
Il kits (Macherey-Nagel). We processed genomic DNA into one
genomic library using the double-digestion restriction-fragment-
based procedure (ddRADseq) described in Peterson et al. (2012)
(Methods S1) and used the different programs distributed as part
of the stacks version 1.35 pipeline (Catchen et al., 2013) to filter and

assemble our sequences into de novo RAD loci and call genotypes
(Methods S2).

2.2 | Genetic structure

We analysed the genetic structure of the studied populations using
the Bayesian Markov chain Monte Carlo (MCMC) clustering method
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implemented in the program structure version 2.3.3 (Pritchard
et al.,, 2000). We ran sTrRUCTURE assuming correlated allele frequen-
cies and admixture without using prior population information. We
conducted 15 independent runs with 200,000 MCMC cycles, fol-
lowing a burn-in step of 100,000 iterations, for each of the different
possible K genetic clusters (from K=1 to K=8). We retained the 10
runs having the highest likelihood for each value of K. As recom-
mended by Gilbert et al. (2012) and Janes et al. (2017), we used two
statistics to interpret the number of genetic clusters (K) that best
describes our data: log probabilities of Pr(X|K) (Pritchard et al., 2000)
and AK (Evanno et al., 2005). These statistics were calculated as im-
plemented in STRUCTURE HARVESTER (Earl & vonHoldt, 2012). We used
cLumpp version 1.1.2 and the Greedy algorithm to align multiple runs
of sTRUCTURE for the same K-value (Jakobsson & Rosenberg, 2007) and
pisTRUCT version 1.1 (Rosenberg, 2004) to visualize individual's prob-
abilities of genetic cluster membership as bar plots. Complementary
to sTRUCTURE analyses, we performed a principal component analysis
(PCA) as implemented in the r version 4.0.3 (R Core Team, 2022)
package “adegenet” (Jombart, 2008). We also estimated genetic
differentiation between populations calculating pairwise F¢; values
and testing their significance with Fisher's exact tests after 10,000
permutations, as implemented in ARLEQUIN version 3.5 (Excoffier &
Lischer, 2010). Finally, we used Mantel and partial Mantel tests to
analyse whether genetic differentiation (F¢;) between populations
is explained by geographical distance (isolation-by-distance, IBD)
and/or elevation dissimilarity (isolation-by-environment, IBE), which
can provide key information about the specific processes shaping
the spatial distribution of genetic variation in the species (Sexton
et al., 2014; Wang & Bradburd, 2014).

2.3 | Environmental niche modelling

We built an environmental niche model (ENM) to reconstruct the
geographical distribution of climatically suitable habitats for Q.
humboldtii from the LGM (~22ka) to the present. We used this infor-
mation to test alternative demographic models considering distribu-
tional shifts experienced by the species in response to Quaternary
climatic oscillations and/or population fragmentation resulted from
the spatial configuration of hypothetical barriers to dispersal (see
Section 2.6; Figure 1). To build the ENM, we used the maximum
entropy algorithm implemented in maxent version 3.4.1 (Phillips
et al., 2006; Phillips & Dudik, 2008), 687 occurrence records for the
species (for details, see Methods S3) and the 19 bioclimatic layers
(30-arcsec resolution; for variable description, see Table S1) from
the CHELSA database (http://chelsa-climate.org/bioclim/; Karger
et al., 2017). To estimate environmental suitability from the LGM to
the present, we projected the ENM to bioclimatic conditions during
the last 22,000years at 100-year time intervals (i.e., from 1990 CE to
the LGM, for a total of 220 snapshots) using bioclimatic layers availa-
ble at a high resolution (30-arcsec) from the CHELSA-TraCE21k ver-
sion 1.0 database (https://chelsa-climate.org/; Karger et al., 2023).
Further details on ENM are presented in Methods S3.

2.4 | Testing alternative models of
population divergence

We used the simulation-based approach implemented in FAsTsIM-
coaL2 (Excoffier et al., 2013) to test four hypothetical models of
divergence among populations of Q. humboldtii from different
cordilleras: strict isolation (SI), isolation-with-migration (IM), an-
cestral migration (AM) and secondary contact (SC) (Figure 3; e.g.,
Sanin et al., 2022). Statistical support for the SI model would in-
dicate that persistent barriers to dispersal have disrupted post-
divergence gene flow among populations from the different
cordilleras, which aligns with expectations of spatially explicit
hypothesis H2 (Figure 1b). The remaining models (IM, AM and
SC) would lend support to different scenarios of post-divergence
gene flow connecting populations from the different cordilleras,
in line with expectations from spatially explicit hypotheses H1 and
H3 (Figure 1a,c; see also Section 2.6). For rasTsiMcoaL2 analyses,
we considered one representative population from each Andean
cordillera (BELM, PUEB and TIPA-ARCA-FUQU; Figure 2) and
tested the alternative models for all possible pairwise compari-
sons. As populations TIPA, ARCA and FUQU from the Eastern
Cordillera clustered together according to structure and PCA
analyses (see Results), they were pooled in the same population
for FasTsiMcoaL2 analyses. We estimated the composite likelihood
of the observed data given a specified model using the folded
joint site frequency spectrum (SFS), which was calculated only
considering one single nulcleotide polymorphism (SNP) per RAD
locus to avoid the effects of linkage disequilibrium. Because we
did not include invariable sites in the SFS, we fixed the effective
population size for one of the populations (BELM or PUEB) to en-
able the estimation of other parameters in rastsimcoaL2 (Excoffier
et al., 2013). The effective population size fixed in the model was
calculated from the level of nucleotide diversity (x) and a muta-
tion rate (u) of 5.92x%1078 per site per generation (see Ortego
et al., 2018), which was inferred from Populus (Tuskan et al., 2006)
following Gossmann et al. (2012) and assuming the 50-year gen-
eration time considered in previous studies on long-lived oak
trees (see Bemmels et al., 2016; Ortego et al., 2018; Ortego &
Knowles, 2020; Sork et al., 2022). Note that this mutation rate is
similar to that obtained for Quercus robur (4.2-5.2x 107%; Schmid-
Siegert et al., 2017) and of the same order of magnitude as esti-
mates calculated for Quercus lobata (1.01x 10°8; Sork et al., 2022)
based on genome sequencing data. To remove all missing data for
calculation of the joint SFS, minimize errors in allele frequency
estimates and maximize the number of variable SNPs retained,
each population was projected down to eight individuals using a
custom Python script written by Qixin He and available on Dryad
(https://doi.org/10.5061/dryad.23hs1). Each model was run 100
replicated times considering 100,000-250,000 simulations for
the calculation of the composite likelihood, 10-40 expectation-
conditional maximization (ECM) cycles, and a stopping criterion of
0.001 (Excoffier et al., 2013). We used an information-theoretic
model selection approach based on Akaike's information criterion
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TABLE 1 Geographical location, Andean Cordillera, vegetation belt (LMF, Lower Montane Forest; UMF, Upper Montane Forest; following Hooghiemstra & Flantua, 2019), number of

genotyped individuals (n), and genetic diversity statistics (Hn, Hg and =) for the studied populations of Quercus humboldtii in central Colombia.

Variant positions

All positions

n

Latitude Longitude Elevation (m) Cordillera Belt

Locality

Code

0.0881
0.0968
0.0948
0.0854
0.0825
0.0870
0.0812

0.0836
0.0919
0.0904
0.0809
0.0764
0.0815
0.0749

0.0941
0.0944
0.0917
0.0884
0.0833
0.0878
0.0812

0.0007
0.0008
0.0007
0.0007
0.0006
0.0007
0.0006

0.0006
0.0007
0.0007
0.0006
0.0006
0.0006
0.0006

0.0007
0.0007
0.0007
0.0007
0.0006
0.0007
0.0006

10
10
11
10
7
8
7

Western LMF

2200
2240
2580
1750
2840
2940
2850

-75.788130
-75.819480
-75.663250
-74.487530
-73.659660
-73.416040
-72.723230

5.578180
5.791780
6.606360
4.320260
5.453510
5.726050
6.397900

Jardin

JARD
PUEB

LMF

Western

Pueblorrico

UMF
LMF

Central

Belmira

BELM
QUIN

Eastern

Quinini

UMF
UMF
UMF

Eastern

Faquene

FUQU
ARCA
TIPA

Eastern

Arcabuco

Eastern

Tipacoque

Note: Average values across loci are presented for observed (H,) and expected (Hg) heterozygosity, and nucleotide diversity (r). Genetic statistics were calculated in stacks for all positions (polymorphic and

nonpolymorphic) and only variant (polymorphic) positions (see Methods S2).
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(AIC) to compare the set of candidate models and identify the one
that is best supported by the data (Burnham & Anderson, 2002).
After the maximum likelihood was estimated for each model in
every replicate, we calculated the AIC scores as detailed in Thome
and Carstens (2016). AIC values for each model were rescaled
(AAIC) calculating the difference between the AIC value of each
model and the minimum AIC obtained among all competing mod-
els (i.e., the best model has AAIC=0). Point estimates of the dif-
ferent demographic parameters for the best supported model
were selected from the run with the highest maximum composite
likelihood. Finally, we calculated confidence intervals (based on
the percentile method; e.g., de Manuel et al., 2016) of parameter
estimates from 100 parametric bootstrap replicates by simulating
the SFS from the maximum composite likelihood estimates and re-

estimating parameters each time (Excoffier et al., 2013).

2.5 | Historical changes in effective population size
We inferred changes in effective population sizes (N,) through
time for each genetic population (as identified by sTrRucTure and
PCA analyses; see Section 2.2) using STAIRWAY PLOT version 2.1, a
flexible multi-epoch model approach based on the SFS that does
not require a predefined model for estimating past demographic
histories (Liu & Fu, 2020). To compute the folded SFS, each pop-
ulation was projected down to eight individuals as detailed in
Section 2.4. We ran sTalRwAy pLOT considering a 50-year genera-
tion time and assuming a mutation rate per site per generation of
5.92% 1078 (see Section 2.4).

2.6 | Testing alternative spatially explicit
demographic models

We used the integrative distributional, demographic and coa-
lescent (iDDC) approach (He et al., 2013) and an Approximate
Bayesian Computation (ABC) framework (Beaumont et al., 2002)
to test three spatially explicit models (Models A, B and C) corre-
sponding to the three hypotheses presented in Section 1 (H1, H2
and H3, respectively) and illustrated in Figure 1. These three mod-
els differ in the hypothetical demographic processes that have
shaped present-day patterns of genetic variation in the studied
populations of Q. humboldtii. (i) Model A (hypothesis H1) is a static
model (sensu He et al., 2013) in which carrying capacities of demes
(k) are homogeneous across space and through time (Figure 1a).
This model is equivalent to a flat landscape or an IBD model. (ii)
Model B (hypothesis H2) is a static model analogous to the previ-
ous one but in which unsuitable habitats for the focal species at
the present time were considered as absolute and persistent bar-
riers to dispersal (i.e., k=0) (Figure 1b). Under this model, gene
flow only takes place between populations connected by suitable
habitat of montane oak forest and it is disrupted among isolated
demes at both sides of the barriers (i.e., lowlands). Unsuitable
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FIGURE 3 Population divergence models tested using rastsimcoaL2, including strict isolation (Sl), isolation-with-migration (IM), ancestral
migration (AM) and secondary contact (SC). Parameters include mutation-scaled ancestral (9,,c) and contemporary effective population
sizes (0, and 0,), effective migration rates per generation (m,, and m,,), and timing of population divergence (T, ), interruption of gene flow

(T\so) and secondary contact (Tgg.).

habitat patches (i.e., barriers) were identified as those cells with a
probability of presence of the species below the maximum train-
ing sensitivity plus specificity (MTSS) logistic threshold for occur-
rence from MaxenT (Liu et al., 2005). (iii) Model C (hypothesis H3)
is a dynamic model incorporating distributional shifts resulting
from the interaction between the species bioclimatic envelope
and Quaternary climatic oscillations (e.g., He et al., 2013; Massatti
& Knowles, 2016) (Figure 1c). Carrying capacities (k) are scaled
linearly to the logistic output from maxenT (e.g., Gonzalez-Serna
etal., 2019; He et al., 2013; Massatti & Knowles, 2016) and change
through time according to habitat suitability maps obtained from
projections of the ENM to bioclimatic conditions during the last
22,000vyears (as detailed in Section 2.3). Under this model, cer-
tain populations recurrently merged or fragmented (i.e., flickering
connectivity sensu Flantua et al., 2019) depending on mountain
profile and the elevational displacements experienced by the spe-
cies at each time period. A detailed description of iDDC and ABC

analyses, including demographic and genetic simulations under
each scenario, model selection and estimation of demographic pa-

rameters, is presented in Methods S4.

3 | RESULTS

3.1 | Genomicdata

After quality filtering, we retained a total of 100,303,535 reads (me
an+5D=1,592,119 + 328,146 reads per individual; Figure S1). On av-
erage, this represented 86% (range=59%-92%) of the total number
of reads recovered for each individual (Figure S1). After filtering loci
(detailed in Methods S2), the final data set including all genotyped
populations contained 3095 SNPs with an average proportion of
missing data of 2% (range=0%-43%) and a mean coverage depth of
36x (range=9-56x).
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3.2 | Genetic structure

STRUCTURE analyses identified K=3 as the most likely number of ge-
netic clusters according to the AK criterion, but LnPr(X|K) steadily
increased up to K=5 (Figure S2). Analyses for K=2-5 showed that
the different populations structured hierarchically and presented
different levels of genetic admixture in areas of geographical con-
tact but also involving populations from different cordilleras (e.g.,
BELM-PUEB and ARCA-BELM,; Figure 4a). For K= 3, sTRUCTURE analy-
ses separated populations JARD (Western Cordillera), QUIN (south-
ern Eastern Cordillera) and FUQU-ARCA-TIPA (northern Eastern
Cordillera) (Figure 4a). The populations PUEB (Western Cordillera)
and BELM (Central Cordillera) showed a considerable degree of ad-
mixed ancestry between the genetic clusters mostly represented in
JARD and FUQU-ARCA-TIPA (Figure 4a). For K=4-5, the popula-
tions PUEB and BELM separated in different genetic clusters, but

with considerable admixture between them and, to a lesser extent,
with genetic clusters mostly represented in other populations (JARD
and FUQU-ARCA-TIPA) (Figure 4a). All pairwise estimates of genetic
differentiation (F¢;) were significantly different from zero (p<.001)
and ranged between 0.042 (ARCA-TIPA) and 0.193 (TIPA-QUIN)
(Table S2). In line with strucTure analyses, PCA clustered together the
populations from the northern part of the Eastern Cordillera (FUQU,
ARCA and TIPA) and separated well the rest of the populations along
the two main axes (PC1 and PC2; Figure 4b). Mantel tests showed
that genetic differentiation between populations (Fs;) was signifi-
cantly correlated with both geographical distance (r=.527, p=.007,
Figure 5a) and elevation dissimilarity (r=.840, p<.001; Figure 5b).
However, only elevation dissimilarity (r=.788, p <.001), but not geo-
graphical distance (r=.265, p=.127), remained significantly associ-
ated with genetic differentiation after controlling for the effects of
each other in partial Mantel tests.

(a) (b)
@ JARD
{ © PUEB
. a. @ ©® BELM
£ ® f QUIN
g FUQU
5 i ARCA
N TIPA
o
©
=
o
O
(=%
éﬂ
PC1 (8.59 % of inertia)
© o JARD PUEB BELM QUIN FUQU-ARCA-TIPA
16 ] \ﬁ ] ]
;’O\ 1 e J 1 i — \,,,
—
X 1
[J]
< 0.5/
0.05| 6566 SNPs 7691 SNPs 9240 SNPs 6377 SNPs 8479 SNPs

T
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32 512 005 0.1 2 32 512 005 01 2 32 512

FIGURE 4 (aand b)Genetic structure and (c) demographic reconstructions for the studied populations of Quercus humboldtii in central
Colombia. Genetic structure was inferred using (a) the Bayesian method implemented in strucTure and (b) a principal component analysis
(PCA) of genetic variation. Both analyses are based on a data set of 3095 SNPs. In sTrucTUre barplots each individual is represented by a
vertical bar, which is partitioned into K coloured segments showing the individual's probability of membership to each genetic cluster. Thin
vertical black lines separate individuals from different populations. (c) Demographic reconstructions are based on the multi-epoch model
implemented in stairway pLOT. Panels show the median (solid lines) and 2.5 and 97.5 percentiles (shaded areas) of effective population size (N,)
through time (both axes on a logarithmic scale). Vertical dashed lines indicate the LGM (~22ka BP). The number of polymorphic SNPs used
to calculate the site frequency spectrum (SFS) in each analysis is indicated. Populations FUQU, ARCA and TIPA, assigned to the same genetic
cluster (see panels a and b), were grouped for sTalRway pLoOT analyses. Population codes are described in Table 1.
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FIGURE 5 Relationship between genetic differentiation (F¢;) and (a) geographical distance and (b) elevation dissimilarity among the

studied populations of Quercus humboldtii in central Colombia.

3.3 | Environmental niche modelling

After parameter tuning, the best-supported ENM (i.e., lowest AlCc)
was the one built considering a regularization multiplier of 2 and an
LQHPT feature class. After removing highly correlated variables (r>.9),
nine bioclimatic layers were retained to build the final ENM (sorted
by percentage contribution, BIO1: 74.4%; BIO15: 7.6%; BIO12: 6.5%;
BlIO2: 4.0%; BIO4: 2.8%; BIO19: 2.1%; BIO14: 1.6%; BIO3: 0.8%;
BlIO18: 0.1%,; for variable description, see Table S1). The high area
under the receiver-operating characteristic plot on the testing data
(AUC.s7=0.881) and the low minimum training presence omission
rate (ORy;;p=0.003) estimates for the best-supported model, evalu-
ated using the “block” method for data partitioning, indicate that it has
high discriminatory power and a low degree of overfitting, respectively
(Peterson et al., 2011; Radosavljevic & Anderson, 2014). Climatically
suitable areas predicted by the ENM are highly congruent with the
present-day observed distribution of Q. humboldtii in the Colombian
Andes (Western, Central and Eastern Cordilleras) and distribu-
tional gaps in lowlands (<700m; e.g., Cauca and Magdalena valleys)
(Figure 6d). As found in previous studies, some high-elevation areas
(e.g., Cordillera de Mérida and Ecuadorian Andes) outside the current
distribution range of Q. humboldtii were predicted as climatically suit-
able for the species (Figure 6d; e.g., Zorrilla-Azcué et al., 2021). Our
reconstructions since the LGM showed that distributional shifts were
mostly limited to elevational displacements, alternating periods of
population fragmentation and connectivity at local/regional scales,
but with the presence of at least some refugial populations persisting
in the three cordilleras or adjacent areas (Figure 6). The total surface
area of climatically suitable habitats for Q. humboldtii was on average
smaller than today, peaking across multiple time periods since the LGM

(e.g., ~18, 14 and 6-0ka) and reaching a minimum around the onset of
the Holocene (~12ka) (Figure 6c). The mean elevation of environmen-
tally suitable habitats displaced downslope ~500m during the LGM
with respect to its present distribution (i.e., from ~2400 to ~1900m, re-
spectively; Figure 6b). The minimum elevational range during the LGM
was displaced to 600m, with sporadic pulses of downward migration
to even 250m, implying a downslope shift of the lower limit of 200-
500m with respect to the minimum elevational range occupied by the
species today (~800m) (Figure 6a). Population-specific analyses within
an area of 1km radius centred on each sampling locality revealed a
similar general profile for estimates of mean elevation (Figure S3a-
c). However, estimates of total surface area through time were more
population-specific, although generally similar among sites within the

same cordillera (Figure S3d-f).

3.4 | Testing alternative models of
population divergence

FASTSIMCOAL2 analyses showed that an IM scenario was the best-
supported model of divergence among populations of Q. humboldtii
from the three Andean Cordilleras (Table 2; Figure 3), rejecting the hy-
pothesis that currently unsuitable habitats act as persistent barriers to
dispersal (i.e., hypothesis H2; Figure 1b). Assuming the 50-year genera-
tion time considered in previous studies on long-lived oak trees (e.g.,
Bemmels et al., 2016; Ortego et al., 2018; Ortego & Knowles, 2020;
Sork et al., 2022), the split between populations (Tp,,) from the three
cordilleras was estimated to have taken place during the last glacial pe-
riod, ~12-71ka before the present (BP) (Table 3). Estimates of effective
migration rates per generation (m) were low (<x107%) and asymmetric
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FIGURE 6 (a) Minimum and (b) mean elevation and (c) total surface area of climatically suitable habitats for Quercus humboldtii as
inferred from projections of the species-specific environmental niche model (ENM) to bioclimatic conditions during the last 22,000years
(i.e., from 1990CE to the LGM) at 100-year time intervals. Cells with a probability of presence of the species above the maximum training
sensitivity plus specificity (MTSS) logistic threshold for occurrence from maxent were considered suitable habitats and used for estimating
surface area (number of suitable cells) and minimum and mean elevation occupied by Q. humboldtii at each time period. (d-h) Maps showing
the distribution of climatically suitable habitats for the species at five temporal snapshots (red dots in a-c), including (d) the present (Oka;
crosses show occurrence points used for ENM), (f) Holocene Climate Optimum (~10ka) and (h) LGM (~22ka). Grey areas were considered as
impassable barriers to dispersal in spatially explicit demographic and coalescent analyses (Model B; see Section 2.6).

(i.e., 95% confidence intervals did not overlap). The effective popula-
tion size of ancestral populations (6,,c) was lower than estimates for
contemporary populations (9, and 6,), suggesting post-divergence de-

mographic expansions (Table 3).

3.5 | Historical changes in effective population size
STAIRWAY PLOT analyses revealed that most populations have experi-
enced idiosyncratic demographic dynamics, which include (i) sudden
expansions during the last glacial period followed by either demo-
graphic stability (BELM and FUQU-ARCA-TIPA) or marked declines
of N, after the LGM (PUEB); (ii) a relatively constant N, through time

(QUIN); and (iii) reductions of N, from the LGM to present (JARD)
(Figure 4c). Glacial expansions increased N, by >75% (range=79%-
88%), whereas postglacial declines reduced N, at slower rates but to

a similar magnitude (range 80%-97%) (Figure 4c).

3.6 | Testing alternative demographic models

Based on marginal densities calculated from the 1500 simulations re-
tained for each model, the best-fitting scenario was the dynamic model
(Model C, corresponding to hypothesis H3; Figure 1c; Table 4). The
null model considering a flat landscape (Model A, corresponding to hy-
pothesis H1; Figure 1a) was highly unlikely (Bayes factor [BF]>1000;
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Model InL k AIC AAIC
(A) Central-Western Cordilleras (n=6781 SNPs)
Sl -9399.04 3 18,804.08 245
IM -9395.81 5 18,801.63 0.00
AM -9490.30 6 18,992.61 190.98
SC -9504.43 6 19,020.87 219.24
(B) Central-Eastern Cordilleras (n=7244 SNPs)
S -10,188.73 3 20,383.47 571
IM -10,183.88 5 20,377.76 0.00
AM -10,221.23 6 20,454.47 76.71
SC -10,242.26 6 20,496.52 118.77
(C) Western-Eastern Cordilleras (n=6280 SNPs)
Sl -9177.45 3 18,360.89 12.08
IM -9169.40 5 18,348.81 0.00
AM -9187.37 6 18,386.74 37.93
SC -9202.85 6 18,417.69 68.89

TABLE 2 Comparison of alternative

. models of divergence between Colombian
populations of Quercus humboldtii from

0.23 the three Andean Cordilleras tested using

FASTSIMCOALZ.
0.77

0.00
0.00

0.05
0.95
0.00
0.00

0.00
1.00
0.00
0.00

Note: These models (illustrated in Figure 3) include strict isolation (Sl), isolation-with-migration
(IM), ancestral migration (AM) and secondary contact (SC). The best-supported scenario for
each pairwise comparison is highlighted in bold. The number of variable SNPs retained for the

calculation of the SFS in each comparison is indicated in parentheses.

Abbreviations: AAIC, difference in AIC value from that of the strongest model; k, number of
parameters in the model; InL, maximum likelihood value of the model; w;, AIC weight.

Table 4), which is in line with the relatively weak pattern of IBD ob-
served among the studied populations (see Section 3.2). The static
model incorporating persistent barriers to dispersal through time
(Model B, corresponding to hypothesis H2; Figure 1b) also fitted the
data and was statistically indistinguishable from the best-supported
model (BF < 20; Table 4; see Methods S4). However, only Model C was
capable of generating simulated data comparable with the empirical
data (Wegmann's p=.527; Table 4). The two other models (Models A
and B) presented a substantial difference between the likelihoods of the
simulated data compared with the empirical data (Wegmann's p<.05;
Table 4). Posterior distributions of parameters under the most prob-
able model were considerably distinct from the prior, indicating that the
simulated data contained information relevant to estimating the param-
eters (Figure S4). Comparison of the posterior distributions before and
after the ABC-general linear model (ABC-GLM; see Methods S4) also
showed the improvement that this procedure had on parameter esti-
mates (Figure S4). The coefficients of determination (R%) between each
demographic parameter and the four extracted partial least squares
(PLS) (Figure S5; see Methods S4) indicated that the summary statistics
we used had a high potential to correctly estimate all the parameters
(Table 4). However, the histograms of the posterior quantiles of m and
Nane significantly deviated from a uniform distribution, suggesting a
potential bias in the estimation of these parameters (Figure S6).

4 | DISCUSSION

Palaeodistribution modelling showed that Quercus humboldtii had a
quite stable range through the late Quaternary, with distributional

shifts limited to elevational displacements and local- to regional-
scale fragmentation and expansion dynamics in response to cooling-
warming cycles. Genomic data revealed a marked genetic structure
in present-day populations of the species. However, signatures of
admixture among most genetic clusters and statistical support for
IM models indicate that geographically separated populations from
the three Andean Cordilleras regularly exchange gene flow, albeit
at low rates in absolute terms. Along the same lines, we found
support for a dynamic model of flickering population connectiv-
ity since the LGM, with scenarios considering isotropic gene flow
or currently unsuitable habitats as persistent barriers to dispersal
(i.e., Cauca and Magdalena valleys) providing a comparatively worse
fit to empirical genomic data. Overall, these results emphasize that
spatial patterns of genomic variation in Q. humboldtii have been
shaped by the interplay of landscape heterogeneity and past climate
changes, supporting a significant impact of Quaternary climatic os-
cillations on the demographic dynamics of Andean montane forests
(Ramirez-Barahona & Eguiarte, 2013) and rejecting the hypothesis
of uninterrupted genetic connectivity of populations throughout the
Pleistocene proposed in previous studies (Zorrilla-Azcué et al., 2021;

see also Hooghiemstra et al., 2022).

4.1 | Distributional and demographic trajectories
during the Quaternary

Palaeodistribution modelling indicates that Q. humboldtii experi-
enced marked elevational displacements (~800-1000m) in response
to glacial-interglacial cycles, with a probable continuous persistence
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TABLE 3 Parameters inferred from coalescent simulations with
FASTSIMCOAL2 under the best-supported model of divergence (i.e.,
isolation-with-migration model in all cases, illustrated in Figure 3)
between Colombian populations of Quercus humboldtii from the
three Andean Cordilleras.

Point Lower Upper

Parameter estimate bound bound

(A) Central-Western Cordilleras

Opnc 2096 1542 2623
01_geLm 6761 - -
0, pues 6987 4719 9731
Tow 25,500 20,574 43,023
m,, 1.65x10°%  1.24x10°  2.01x107°
My 1.94x107°  4.38x10™  6.61x107*
(B) Central-Eastern Cordilleras
Opnc 1126 1044 1643
‘91—BELM 6761 - -
N —— 1866 1773 3283
Tow 12,050 12,243 24,024
m,, 1.81x10°  1.38x10°  2.36x107°
my, 5.63x10™*  459x10™  1.28x107°
(C) Western-Eastern Cordilleras
Opnc 3254 2690 3836
01 pues 7606 - -
0 TIPA-ARCA-FUQU 4955 3935 6724
Tow 43,200 39,151 70,824
m,, 7.96x107 596x10™*  9.92x107*
My, 144x10%  3.32x10™°  4.78x107

Note: The table shows point estimates and lower and upper 95%
confidence intervals for each parameter, which include mutation-scaled
ancestral (0,,,c) and contemporary effective population sizes (¢, and
0,), effective migration rates per generation (m,, and m,,), and timing
of population divergence (T, ). Estimates of time are given in years,
considering a generation time of 50years for long-lived oak trees.
Effective population size of one population (9,) was calculated from

the level of nucleotide diversity (r; Table 1) and fixed in FasTsIMCOAL2
analyses to enable the estimation of other parameters (see Section 2.4
for further details). Population codes are described in Table 1.
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of populations in the three Andean Cordilleras since, at least, the last
glacial period (Figure 6; see also Hooghiemstra et al., 2022; Zorrilla-
Azcué et al., 2021). Accordingly, sediment cores from Funza and
Lake Fuquene in the Eastern Cordillera indicate an uninterrupted
presence of Q. humboldtii in the pollen record since it colonized
the region ~430ka (Bogota-A et al., 2011; Hooghiemstra, 2006;
Torres et al., 2013; Van der Hammen, 1974). Both Funza (2550m)
and Lake Fuquene (2540m) are located at elevations where Q. hum-
boldtii was indeed uninterruptedly present since the LGM, which is
an agreement with the predictions of our ENM. In line with previ-
ous studies, our reconstructions indicate that the total surface of
oak forests in the Colombian Andes probably peaked during short
warm interstadials and, thus, it was smaller than today through most
of the Quaternary (Figure 6c; Hooghiemstra et al., 2022; Zorrilla-
Azcué et al., 2021). Although Q. humboldtii maintained a relatively
stable range-wide distribution (i.e., limited latitudinal/longitudinal
shifts), the species experienced intermittent population connectiv-
ity and fragmentation at local to regional scales depending on the
interplay between varying climatic conditions and mountain range
profile (Figure 6; e.g., Flantua et al., 2019; Zorrilla-Azcué et al., 2021).
Downslope shifts during the coldest stages of the Quaternary prob-
ably brought into closer geographical contact populations that today
remain separated by an extensive matrix of unsuitable habitat for
Andean montane species (e.g., dry forest in inter-Andean valleys;
Hooghiemstra & Flantua, 2019). This might have promoted gene flow
via pollen dispersal and contributed to demographic expansions (i.e.,
genetic admixture) in certain populations despite the lower total sur-
face occupied by the species during the LGM and cool interstadials
in the last 22,000vyears. In this regard, our ENM suggests that popu-
lations of Q. humboldtii might have reached a minimum elevational
limit at ~600m during the LGM, with sporadic pulses of downward
migration to elevations as low as 250m, implying a displacement
of the lower limit of the oak forest of at least 200m with respect
to the minimum elevational range of 800m in present-day popula-
tions (Figure 6a). However, it is noteworthy that all reconstructions
indicate the long-term persistence of extensive unsuitable habitats
that have probably contributed to limit gene flow between popula-

tions of Q. humboldtii on both sides of the wide Magdalena Valley

TABLE 4 Statistics from the ABC procedure used to evaluate the relative support of each spatially explicit demographic and coalescent

model tested for Quercus humboldtii in Colombia.

R2
Marginal
Model Dynamic Barrier density Wegmann's p-value Bayes factor Kyax m WNare
A No No 7.28x107" <.001 2.07x10’ 752 949 931
B No Yes 1.82x107* 8.27 922 969 .948
C Yes Yes 1.51x107 1 .881 .969 .939

Note: A higher marginal density corresponds to a higher model support, and a high (i.e., nonsignificant) Wegmann's p-value (>.05) indicates that
the model is able to generate data in agreement with empirical data. Bayes factors represent the degree of relative support for the model with the
highest marginal density (in bold) over the other models. Bayes factors >20 indicate strong support, while those >150 indicate very strong support

(Kass & Raftery, 1995). R? is the coefficient of determination from a regression between each demographic parameter (K

partial least squares (PLS) extracted from all summary statistics.

maxe My Nane) and the four

Abbreviations: Ky, carrying capacity of the deme with highest suitability; m, migration rate per deme per generation; N, ., ancestral population

size.
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(see also Hooghiemstra & van der Hammen, 1993, 2004; Van der
Hammen, 1974).

Genomic-based reconstructions of changes in effective pop-
ulation size (N,) through time revealed idiosyncratic responses of
populations to Quaternary climatic oscillations (Figure 4c). These
inferences point to population-specific demographic trajectories,
which probably reflect complex processes linked to distributional
shifts of montane forests in the different cordilleras (Figure S3) and
arole of limited gene flow among populations in the maintenance of
the genetic imprints left by their idiosyncratic demographic dynam-
ics (Figure 4a). Note that there is always considerable uncertainty
around mutation rates and generation times of long-lived trees and
woody plants in general (see Sork et al., 2022), which can impact
the scale of both time and N, in demographic reconstructions (i.e.,
the scale of x- and y-axes in sTAIRwAY PLOT or similar methods), albeit
in a predictable manner (Nadachowska-Brzyska et al., 2015). For in-
stance, assuming a halved generation time (i.e., 25 years) or a halved
mutation rate per year would double the estimates of N,, but will
not change the shape of N, trajectories (Nadachowska-Brzyska
et al., 2015; Sork et al., 2022). Thus, independently of the muta-
tion rates and generation times considered, the contrasting demo-
graphic dynamics inferred for the different studied populations of
Q. humboldtii are expected to be genuine (Figure 4c). Using micro-
satellite markers and pooling data for populations sampled across
the entire distribution of the species, Zorrilla-Azcué et al. (2021) in-
ferred that Q. humboldtii experienced a bottleneck during the last
glacial period followed by a demographic expansion after the LGM.
In line with downslope shifts and probable population merging pre-
dicted by ENM and palaeoecological data during the coldest stages
of the Quaternary (Hooghiemstra & Flantua, 2019; Hooghiemstra
& Van der Hammen, 2004), our genomic-based reconstructions
supported sudden demographic expansions during the last glacial
period for certain populations but did not provide any evidence
that these were preceded by demographic bottlenecks (Figure 4c).
Palaeodistribution modelling suggests that the elevational range and
surface area occupied by the species today was probably achieved
~8ka BP (Figure 6a-c), which is consistent with the demographic
stability of most populations since the onset of the Holocene
(Figure 4c). Notably, the demographic stability of the QUIN pop-
ulation pre-dates the LGM (Figure 4c). The lower elevation of this
population might have resulted in it having been little impacted by
the compression of the upper part of the montane forest during the
coldest stages of the Quaternary, which could ultimately explain
the high stability of local effective population sizes through time in
QUIN (Hooghiemstra & Van der Hammen, 2004).

4.2 | Genetic fragmentation with limited gene flow

Bayesian clustering analyses supported a marked genetic fragmen-
tation of present-day populations of Q. humboldtii, which struc-
tured into five well-defined genetic clusters with different degrees
of admixture among them (Figure 4a). These results are in line

with a recent microsatellite-based study on Q. humboldtii identify-
ing eight genetic groups across the entire distribution range of the
species (Zorrilla-Azcué et al., 2021) and congruent with those re-
ported for other congeneric tropical taxa (e.g., Deacon & Cavender-
Bares, 2015; Ortego et al., 2015) and peripheral oak populations
(e.g., Gotz et al., 2022; Moracho et al., 2016). In agreement with
palynological evidence supporting the Pleistocene arrival of Q. hum-
boldtii in Colombia (Torres et al., 2013), our coalescent-based analy-
ses estimate that the divergence between populations from the
three cordilleras took place during the last glacial period (~12-71ka
BP; Table 3). This suggests that observed patterns of genetic struc-
ture pre-date the present-day distribution of dispersal corridors for
the species (Figure 6d). Different ecological and abiotic factors can
explain observed patterns of genetic structure in Q. humboldtii. On
the one hand, the limited horizontal range shifts experienced by
the species during the climatic oscillations of the Quaternary could
have contributed not only to the development of genetic structure
in refugial populations during periods of isolation and demographic
declines, but also to the persistence of such distinctive genetic pools
through extended periods of time. Thus, limited or absent latitudi-
nal shifts together with elevation displacements tracking optimal
climate during the Quaternary could explain both marked genetic
structure within cordilleras and observed signatures of genetic ad-
mixture (i.e., pulses of gene flow) among populations from different
cordilleras located at the same latitudinal range. On the other hand,
the humid environment and high rainfall characterizing the tropical
Andes is expected to negatively impact wind-pollination by reduc-
ing the availability and efficient transportation of airborne pollen
(Regal, 1982; Turner, 2001; e.g., Deacon & Cavender-Bares, 2015;
Moracho et al., 2016). Long-term isolation of populations (i.e., in situ
persistence) and inefficient wind-pollination might have constrained
the rates of gene flow across the landscape in Q. humboldtii and other
tropical oaks, leading to the development of a marked genetic struc-
ture. This situation contrasts with the weak or absent genetic struc-
ture charactering congeneric taxa from Mediterranean or temperate
regions (e.g., Craft & Ashley, 2007; Gugger et al., 2013, 2021; Ortego
et al., 2017), which show high rates of pollen-mediated dispersal
(e.g., Buschbom et al., 2011; Ortego et al., 2014) and have probably
experienced considerable gene flow and admixture during recent
post-glacial range expansions at both regional and continental-wide
scales (e.g., Merceron et al., 2017; Ramirez-Valiente et al., 2023). In
the same line, strong genetic fragmentation and limited gene flow
among populations of Q. humboldtii could explain why local effective
population sizes in this species are much smaller than those esti-
mated for temperate oaks (Sork et al., 2022).

Despite a marked genetic structure, Bayesian clustering analyses
also revealed certain degree of genetic admixture among populations
assigned to the different genetic clusters and provided empirical evi-
dence for gene flow across Cauca and Magdalena valleys that sepa-
rate oak populations in the Eastern, Central and Western Cordilleras
(e.g., BELM-PUE and ARCA-BELM,; Figure 4a; see also Zorrilla-Azcué
et al., 2021). According to sTRUcTURE analyses, testing of alternative
models of population divergence supported IM scenarios over those
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considering strict isolation, ancestral migration or secondary con-
tact (Table 2). Thus, populations from the different cordilleras have
exchanged gene flow since the onset of their divergence, although
this should not be strictly interpreted as evidence for uninterrupted
gene flow through time. Clear signatures of admixed ancestry but
limited evidence for first-generation hybrids (i.e., sTRucTure g-values
~0.5) between geographically distant populations from different
cordilleras (e.g., ARCA-BELM, separated by >250km; Figure 4a)
suggests that cross-valley gene flow was probably circumscribed to
intermittent pulses of population connectivity intermixed with peri-
ods of isolation (i.e., ephemeral barriers; Araya-Donoso et al., 2022),
in line with inferences from ENM (Figure 6) and available palaeo-
ecological data (Hooghiemstra & Van der Hammen, 2004; Van der
Hammen, 1974). High genetic connectivity among certain popula-
tions is also evidenced by the assignment to the same genetic cluster
of the three northernmost populations from the Eastern Cordillera
(FUQU, ARCA and TIPA) (Figure 4a,b). These three populations are
located at high elevations (2840-2940m; Table 1) and have been
uninterruptedly connected by continuous suitable habitats for the
species from the LGM to present (Figure 6), which is expected to
have contributed to their genetic homogenization despite being
separated by up to 140km (Figure 2). Remarkably, our analyses
also revealed that genetic differentiation among populations is best
explained by elevational dissimilarity (i.e., IBE; Figure 5b) than geo-
graphical distances (i.e., IBD; Figure 5a). This suggests that differ-
ences in phenology (e.g., asynchronous flowering times) and/or local
adaptations (e.g., selection against immigrant genotypes) in popula-
tions experiencing contrasting environmental conditions have also
contributed to observed patterns of genetic structure (Hendry &
Day, 2005; Sexton et al., 2014; Wang & Bradburd, 2014).

4.3 | Insights from spatially explicit model testing

Spatially explicit demographic and coalescent analyses rejected the
hypothesis of isotropic gene flow, strongly supporting the role of
landscape heterogeneity on structuring patterns of genomic varia-
tion in Q. humboldtii. The low statistical support of the flat landscape
scenario (i.e., null-model; Model A, hypothesis H1) relative to models
incorporating either the spatial distribution of contemporary barri-
ers to dispersal (Model B, hypothesis H2) or distributional shifts of
the species from the LGM to the present (Model C, hypothesis H3)
indicates the role of landscape heterogeneity on shaping patterns of
genetic structure in the species. The two most likely models incor-
porate the role of unsuitable habitats as hypothetical barriers to dis-
persal, which have dominated inter-Andean lowlands since the LGM
(i.e., Magdalena Valley and, to a lesser extent, Cauca Valley; Figure 2)
and were fitted either as persistent barriers (Model B) or as habitat
patches sustaining minimal carrying capacities through time (Model
C). However, although Model B was statistically well supported
(BF<10), only Model C was able to generate data comparable with
observed data and, thus, fully compatible with the demographic
dynamics experienced by the species (Table 4). Indeed, genetic

admixture revealed by Bayesian clustering analyses (Figure 4a) and
statistical support for IM scenarios of divergence (Table 2) indicate
that populations from the different Andean Cordilleras have regu-
larly exchanged gene flow, suggesting that hypothesis H2 (i.e., the
disruption of gene flow by the presence of persistent barriers to
dispersal) is highly unlikely (Figure 1). Thus, in line with the “moist
forest” (Ramirez-Barahona & Eguiarte, 2013) and “flickering connec-
tivity” (Flantua et al., 2019) models, our results lend empirical sup-
port to the scenario hypothesizing downslope migrations during the
coldest stages of the Quaternary and punctuated connectivity be-
tween geographically separated populations depending on climatic
conditions and mountain profile (Figure 1c; see also Hooghiemstra &
Van der Hammen, 2004; Hooghiemstra et al., 2022). Future analyses
including a denser population sampling—our sampling was admit-
tedly low in the Central Cordillera (Figure 2)—and covering the entire
distribution of the species could provide a higher statistical power to
distinguish among competing scenarios (e.g., hypotheses H2 and H3)
and would allow testing more refined hypotheses considering differ-
ent spatial replicates (e.g., analyses focused on different cordilleras

or latitudinal sections along the species range).

5 | CONCLUSIONS

Our study revealed an important role of landscape heterogeneity
and restricted dispersal through unsuitable habitats in determin-
ing the marked genetic fragmentation of montane oak forests in
the Andean Cordilleras, rejecting the hypothesis of persistent con-
nectivity proposed in previous studies (Zorrilla-Azcué et al., 2021).
Our genomic data support that elevational displacements and cor-
responding pulses of population merging and fragmentation at
local to regional scales were not sufficient to erode the genetic
structure of present-day oak populations and, on the contrary,
probably contributed to fuel their geographical diversification
(e.g., Gutiérrez-Rodriguez et al., 2022; Nevado et al., 2018). Future
genomic-based demographic reconstructions for a representative
number of taxa of the different vegetation belts in a comparative
framework might help to gain further insights into the dynamics
of Andean biotas in response to Quaternary climatic oscillations
(e.g., see Helmstetter et al., 2020 for a forest community in tropical
Africa). Collectively, our study exemplifies how the interdisciplinary
integration of genomic data, spatial modelling and palaeoecological
information can contribute to advance our understanding of the re-
sponses of tropical systems to Quaternary climatic fluctuations (see
also Flantua et al., 2019; Ornelas et al., 2019; Ramirez-Barahona
& Eguiarte, 2013), which is still very limited compared to the well-
documented glacial-interglacial dynamics experienced by temperate
biotas (Hewitt, 2004; Stewart et al., 2010). Ongoing biogeographi-
cal research in the tropical Andes guarantees future opportunities
to further study the consequences of Quaternary climate change in
this biodiversity hotspot (e.g., Flantua et al., 2019; Hazzi et al., 2018;
Mufoz-Ortiz et al., 2015; Nevado et al., 2018; Sanin et al., 2022)
and to gain further insights into the proximate ecological and
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evolutionary processes that have contributed to its extraordinary
levels of endemism (Kier et al., 2009; Myers et al., 2000).
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