Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Landscape genetics of the copal tree, Bursera cuneata (Burseraceae): The
key role of the Tropical Dry Forest in shaping connectivity at the regional
scale

Yessica Rico

yessica.ricolinecol .mx

Instituto de Ecologia

Marisol Zurita-Solis
Instituto de Ecologia https://orcid.org/0000-0002-9026-6552

Bode Olukolu
University of Tennessee https://orcid.org/0000-0003-4143-8909

Article

Keywords: Burseraceae, functional connectivity, gene flow, SNPs, tropical dry forest, Mexico

Posted Date: November 6th, 2025

DOI: https://doi.org/10.21203/rs.3.rs-7724981/v1

License: © ® This work is licensed under a Creative Commons Attribution 4.0 International License. Read Full License
Additional Declarations: There is no duality of interest

Version of Record: A version of this preprint was published at Heredity on June 24th, 2026. See the published version at https://doi.org/10.1038/s41437-026-
00858-1.

Page 1/16


https://doi.org/10.21203/rs.3.rs-7724981/v1
https://doi.org/10.21203/rs.3.rs-7724981/v1
https://orcid.org/0000-0002-9026-6552
https://orcid.org/0000-0003-4143-8909
https://doi.org/10.21203/rs.3.rs-7724981/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41437-026-00858-1
https://doi.org/10.1038/s41437-026-00858-1

Abstract

Land-use changes in tropical dry forests (TDF) have rapidly reduced native vegetation, disrupting gene flow dynamics of tree species. Bursera cuneata is a
co-dominant TDF tree in central Mexico, is threatened by habitat loss and overexploitation. We investigated landscape drivers of functional connectivity of B.
cuneata across scales to inform species conservation efforts. We genotyped 227 B. cuneata individuals from 33 populations across five hydrological basins
at 10,499 single-nucleotide polymorphism (SNP) loci. We examined spatial patterns of genetic structure among hydrological basins and the landscape
drivers of gene flow. We applied gravity models that incorporated at-site (slope and east aspect) and between-site (terrain roughness, habitat suitability, and
habitat cover) factors influencing B. cuneata gene flow. Clustering analyses showed genetic structure among basins, with the highest differentiation for
Balsas (BAL) and Mexico (MEX). Gravity models revealed that functional connectivity is a scale-dependent process. Specifically, terrain roughness was the
primary factor of connectivity at finer scales (1,000-3,000 m), while the TDF became the main driver at regional scales (>4,000 m). We recommend
protecting and prioritizing crucial TDF remnants to maintain large-scale gene flow by integrating urban natural parks as important links to prevent genetic
isolation between urban and rural populations.

Introduction

The Tropical Dry Forest (TDF) is a critically important ecosystem, representing 42% of the world’s tropical forests, hosting a diverse group of endemic plants
and animals (Murphy and Lugo 1986; Rzedowski 1991; Blackie et al. 2014; Mesa-Sierra et al. 2022b). Its ecological significance is driven by its pronounced
seasonal variability, diverse topography, and soil properties (Powers et al. 2018; Méndez-Toribio et al., 2017; Quisehuatl-Medina et al., 2023). These factors
not only sustain high species richness but also play a vital role in global carbon sequestration (Mesa-Sierra et al. 2022a). In Mexico, despite being one of the
most extensive ecosystems, it is highly threatened, having lost approximately 75% of its original area (Trejo and Dirzo 2000; Rzedowski 2006). The remaining
TDFs are mostly transformed into secondary forests and scattered within anthropized landscapes of agriculture, cattle pastures, and urban developments
(Bezaury-Creel 2010). Habitat loss and increasing isolation threaten plant communities by affecting essential ecological processes, such as limiting
propagule dispersal and gene flow among populations (Auffret et al., 2017).

Among the flora of the Mexican TDF are trees of the genus Bursera (Rzedowski and Kruse 1979; Rzedowski and Gevara-Féfer 1992; Espinosa et al. 2006;
Steinmann 2021), whose global center of species diversity and endemicity is the western Balsas Basin (Becerra 2005; Becerra and Venable 2008). The
Bursera genus consists of aromatic trees and shrub species (~ 100) with resinous leaves and trunks (Rzedowski and Medina-Lemos, 2023). Bursera has held
cultural importance since pre-Colombian times, providing aromatic resins for religious and medicinal purposes, which continues to date (Montufar-Lopez,
2016). Habitat loss poses the most critical threat to the survival of Bursera species. Recent assessments reveal that 67% of Bursera taxa are listed as
threatened on the IUCN Red List, primarily due to ongoing TDF loss and degradation (Fuentes et al., 2019).

Landscape genetics, which explicitly integrates spatial variables with population genetic data (Holderegger et al., 2010; Cruzan and Hendrickson, 2020), has
become a key tool for quantifying functional connectivity (i.e, gene flow). This approach directly informs conservation planning in anthropized landscapes
(Balzotti et al., 2020), such as the TDF, where only a small portion is protected under natural parks (Mesa-Sierra et al., 2022b). For plants, functional
connectivity refers to the effective dispersal of seeds and pollen across the landscape matrix mediated by dispersal vectors and local factors influencing
establishment (Auffret et al., 2017). Thus, connectivity is shaped by drivers operating at multiple spatial scales. At a fine scale, topographic features, such as
slope aspect and steepness, influence microclimate conditions (e.g., humidity and temperature), which affect propagule establishment (Méndez-Toribio et
al., 2014, 2016). These heterogeneous microhabitats found in steep rocky areas can be crucial for specialized species (Eisenlohr et al., 2013). At a broader,
regional scale, functional connectivity is driven by land cover composition, remnant forest patches, and transitional habitats that facilitate vector movement
(Dileo et al., 2014; Cristobal-Pérez et al., 2021). Therefore, to effectively evaluate the conservation status of vulnerable tree species in the TDF, it is essential
to assess how these multi-scale landscape drivers influence functional connectivity (Cruzan and Hendrickson, 2020; Hoban et al., 2021).

Large areas of the TDF along the Trans-Mexican Volcanic Belt (TMVB), particularly in the states of Michoacén, México State, Guanajuato, Querétaro, and
Morelos, have been dramatically lost to agricultural expansion, livestock grazing, and mining (Herndndez-Oria, 2007). This region has also undergone
intensive urban and industrial development due to commercial growth. Among the affected species is Bursera cuneata, a dominant TDF tree (Cué-Bar et al.,
2006), whose wood is used for handicrafts in Michoacdan, and which has experienced significant local population declines (Rzedowski and Guevara-Féfer,
1992; Luft-Davalos and Alvarez Icaza, 2009). Bursera cuneata shows a patchy distribution across five environmentally diverse hydrological basins within
central Mexico's Trans-Mexican Volcanic Belt (Rzedowski and Guevara-Féfer, 1992; Flores-Estrella et al., 2007; Caballero et al., 2010). These basins, Lerma-
Chapala (CHA; 500- 2,000 m.a.s.l.), Patzcuaro (PTZ; 2,000-2,050 m. a.s.l.), Cuitzeo (CTZ; 1,800- 3,400 m.a.s.l.), México (MEX; 2,240 m.a.s.l.), and Balsas (BAL;
0- 2,000 m.a.s.l.), display significant environmental and topographic heterogeneity (INEGI, 2021). The species primarily inhabits TDF and transitional zones
with Temperate Forest (Israde-Alcéntara et al., 2005), with the most severe TDF degradation occurring in PTZ, CTZ, and MEX basins (Mesa-Sierra et al.,
2022b). In some areas, such as Mexico City, the species occurs in natural areas and parks within the urban metropolis, where it maintains small and isolated
remnant populations.

Despite the ecological importance of Bursera species, conservation genetic studies remain scarce, and most studies available are on their phylogenetic
relationships (e.g. Becerra and Venable, 1999; Becerra, 2003; Weeks and Simpson, 2007; Rosell et al., 2010), with a single study on gene flow (Dunphy and
Hamrick, 2007). Here, using single-nucleotide polymorphisms (SNPs), we investigated spatial patterns of genetic structure in B. cuneata across five
hydrological basins, where we expect to find genetic differentiation due to the marked topographic and environmental heterogeneity among basins.
Furthermore, we assessed the relative influence of topographic, environmental, and the proportion of habitat composition on functional connectivity across
spatial scales. We expected that, at local scales, east aspect and steepness likely influence Bursera establishment (Méndez-Toribio et al., 2014), while habitat
suitability and the proportion of TDFs drive gene flow at broader scales. Conversely, the proportion of urbanization and agricultural areas may restrict
pollinator movement and seed dispersal.
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Materials and methods
Study species and sampling

Bursera cuneata is a dioecious tree, up to 10 m tall, with gray or gray-reddish non-exfoliating bark. The inflorescences are open panicles, blooming from April
to July. The main seed vectors are birds of the genera Melanerpes, Icterus, and Myiarchus (Cultid-Medina and Rico 2020). Although coyotes and mice may
also disperse the seed. The pollinators in the genus Bursera are insects such as Diptera of the genus Strigoderma and Diogmites, Coleoptera of the genus
Bleparida and Chrysoprasis, and Hymenoptera of the genus Apis and Hypanthidium, and some lizards Microlophus (Rivas-Arancibia et al. 2015; Maya-
Elizarraras et al. 2024).

We randomly collected two to three leaves from juvenile and adult trees along remnant TDF fragments across the five basins between the years 2017 to
2019. We registered the GPS coordinates for each sampled tree. Leaves were preserved in sealable plastic bags with silica gel until their DNA extraction. Our
sampling included 33 populations from the five hydrological basins, of which CHA, PTZ, and CTZ were the basins with the highest occurrence of B. cuneata
(Fig. 1).

DNA extraction and molecular analysis

Approximately 20-30 mg of genomic DNA from each of 350 samples was extracted from dried tissue using the Cetyl Trimethyl Ammonium Bromide (CTAB)
protocol with pre-wash steps to eliminate excess polyphenols (Healey et al., 2014). DNA quantification and purity evaluation were obtained using Quant-T™
PicoGreen ™ dsDNA Assay and NanoDropTM 2000 (Thermo Fisher Scientific), respectively. A total of 25 ng of high molecular weight DNA was sequentially
digested with Nsil-HF and Nlalll restriction enzymes. Barcoded adapters were incorporated into genomic fragments following the OmeSeq-qRRS
(quantitative reduced representation sequencing) method (Yencho and Olukolu 2022). Following library preparation, the libraries were diluted to 10 nmol/I
and sequenced on a single lane of the NovaSeq S4 flow cell system (150-bp paired-end reads).

SNP filtering

The OmeSeq-qRRS raw reads were demultiplexed and quality filtered using the automated pipeline ngsComposer (Kuster et al. 2021;
https://github.com/XXXX/). Variant calling and filtering were performed using the GBSapp automated pipeline (https://github.com/XXXX/). Using this
pipeline, all individual reads were mapped against the whole-genome assembly of B. cuneata (Rico et al. 2022). Only reads with at least a mapping quality of
20 and that area was uniquely mapped (i.e. excludes reads derived from paralogous sequences) were used for variant calling. These variants were subjected
to additional filtering to retain only biallelic markers using the R package vcfR (Knaus and Griinwald 2017). To assess the neutral genetic structure and
genetic diversity, we used variants with a Phred quality level > 30 (indicating high confidence in variant calling) with the R package hierfstat (Goudet 2005),
and the R package adegenet (Jombart and Ahmed 2011).

Loci potentially under selection (outlier loci) were removed to consider loci only under neutral processes. For this, we considered population structure
evaluated with the snmf function of the R package LEA (Frichot and Frangois 2015) and controlling the false discovery rates by adjusting the P values with the
genomic inflation value (M), setting the rates at g = 0.05 with the Benjamini-Hochberg algorithm (Frangois et al. 2016). Moreover, we used the R package
pcadapt v.4.3 (Privé et al. 2020) by selecting the first three components to identify outlier loci (MAF > 0.05). The matching outlier loci detected by LEA and
pcadapt were removed from the total SNP dataset for subsequent analyses.

Genetic diversity, structure, and migration rates

We calculated genetic diversity parameters per basin, such as the number of private alleles (A,), total number of alleles (A), nucleotide diversity (rt), observed
(H,) and unbiased expected heterozygosity (uH,), and fixation index (F) using the R package dartR (Gruber et al. 2018). We performed an Analysis of
Molecular Variance (AMOVA) to evaluate the amount of genetic variance explained among populations, and among the five basins using the R package
adegenet, and poppr (Kamvar et al. 2014). Fgr pairwisecomparisons among basins were estimated using dartR and hierfstat.

To assess genetic structure, we used the R package adegenet to perform a Discriminant Analysis of Principal Components (DAPC), which is a robust genetic
clustering method free of Linkage disequilibrium (LD), and Hardy-Weinberg (HW) assumptions (Jombart and Ahmed 2011). We designated the five basins as
a priori grouping (CHA, PTZ, CTZ, BAL, and MEX) to visualize genetic and spatial structure. We graphically visualized the first two discriminant functions
using scatter plots in R. Also, we implemented a sparse non-negative matrix factorization (snmf) from LEA R package, setting K = 1 to 7 with 100,000
iterations. To choose the optimal K, the cross-entropy criterion was used. For this, LEA considers the ancestry coefficients, based on the number of ancestral
populations (snmf), which are related to the number of principal components of the genomic data, and the latent factor mixed models (Ifmm) (Frichot and
Frangois 2015). The individual ancestry coefficients were grouped and averaged per population and plotted in the geographic space using pie charts.

Moreover, spatial patterns of genetic structure were evaluated by performing Moran’s Eigenvector Maps (MEM) in the R package MEMgene (Galpern et al.
2014) using individual GPS coordinates and genetic distances. We plotted significant positive or negative Moran Eigenvector maps that contained the largest
genetic variation. To evaluate the effects of isolation by distance (IBD) on genetic differentiation, we performed a Mantel test using the population
Fgrdistances against Euclidean distances. Significance was estimated by permuting observations 1,000 times using the R library vegan v.2.5.7 (Oksanen et
al. 2020). Lastly, we estimated the contemporary migration rates of B. cuneata across the five basins using BayesAss v. 3.0.5.7. (Wilson and Rannala 2003),
with 10,000,000 Markov Chain Monte Carlo (MCMC) iterations and 1,000,000 of burning.

Functional connectivity hypotheses
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We downloaded the 2017 Land Use/Land Cover images from Sentinel at 10 m resolution (ESRI Living Atlas: https://livingatlas.arcgis.com/landcover/) to
obtain one raster using QGIS v. 3.32 for the landscape genetic analysis (see below). That raster was reclassified to include the following covers: 1) Tropical
Dry Forest (TDF), 2) Temperate Forest (pine-oak; TF), 3) permanent and temporary agricultural areas including bare soil (Agri), 4) urban cities (Urb), 5) main
water bodies (Lake Cuitzeo, Lake Patzcuaro, Yuriria lagoon). Also, we characterized the topography of the study area by calculating the slope, terrain
roughness (the variability of the terrain’s surface, indicating the unevenness of the terrain), and east aspect (most collection populations were found on the
east-facing hillsides, and eastness was calculated as the sine of the aspect, values ranging from 1 to -1), using a digital elevation model at 10 m resolution
from INEGI (https://www.inegi.org.mx/) using the terrain function in the raster v.3.5 package (Hijmans 2022).

To include the environment in the landscape genetic analysis, we built a habitat suitability model using Ecological Niche Models (ENM) for B. cuneata. We
used 405 points: 227 occurrences of B. cuneata (samples analyzed in this study, see results), and 117 records downloaded from The Global Biodiversity
Information Facility (GBIF; https://www.gbif.org/es/). To clean the data, we used the niche tool box (NTBOX) R package (Osorio-Olvera et al. 2020),
considering that the specimens with insufficient locality information were discarded. All occurrences were thinned at five kilometers due to a higher density
of occurrences than the training data sets. As variable predictors, we used the 19 bioclimatic variables at 30 s from WorldClim
(https://www.worldclim.org/data/worldclim21.html). The bioclimatic layers were delimited by five terrestrial ecoregions downloaded from World Wildlife
(https://www.worldwildlife.org/publications/terrestrial-ecoregions-of-the-world). The ecoregions were: Bajio dry forests, Central Mexican scrub, Balsas dry
forests, Sierra Madre del Sur pine-oak forests, and Trans Mexican Volcanic Belt pine-oak forests.

The 19 variables were tested individually and in a multivariate analysis, discarding correlated variables using R package adegenet (r > 0.8), and using the first
two synthetic axes from 250 Principal Components Analysis (PCA) as covariates. Individual occurrences were used to extract values from the 19 bioclimatic
layers. To minimize the redundancy variable, Pearson’s correlation was used with a threshold of 0.8 using the R package NTBOX. Once the uncorrelated
variables were obtained and to have a better balance between the number of occurrences and the number of bioclimatic variables, the niche model was built
with the 0.7 threshold (Dormann et al. 2012), under the maximum entropy algorithm in MAXENT v3.4.1 (Phillips et al. 2017), using in the KUENM v.1.1.1R
package (Cobos et al. 2019). Some levels of the model were evaluated by varying regularization multiplier (RM) from 0.5 to 10 every 0.5, and feature classes
linear (L), quadratic (Q), hinge (H), product (P), and threshold (T) in five fixed combinations: L, LQ, LQH, LQHP, and LQHPT, which resulted in 85 candidate
niche models. The evaluation was made using 10,000 random background points, five percent of training data omission rate, 20 % for bootstrapping to
calculate the partial Receiver Operating Characteristic (pROC) with 10,000 iterations. Also, it was considered for the model evaluation, “evaluate” in R, using
20% of the points that were left out during model training. In addition to this, the dismo and Biodiversity R packages were used to evaluate the Ecoclimatic
Index (EI), which represents the climatic suitability of the species under the regional climate (Kriticos et al. 2015; Yoon and Lee 2023). With the same
package, the average value of True Skill Statistic (TSS) was calculated, which is the metric used to evaluate the efficiency of machine learning in the species
distribution model (Allouche et al. 2006). The best model was selected from the lowest values of the corrected Akaike information criterion (AICc) and the
omission rate.

Landscape genetic analysis

To quantify landscape-genetic relationships in B. cuneata, we implemented a spatial gravity model using the GeNetlt R package (v.0.1-6; Evans and Murphy
2022). This graph-theoretic framework represents populations as nodes, with edges (straight lines) connecting nodes as proxies of gene flow. Edges were
weighted by geographic distance and landscape elements derived from the topographic variables, vegetation type covers, and the habitat suitability model.
One of the key advantages of gravity models is their ability to incorporate both at-site and between-site landscape characteristics, allowing a simultaneous
evaluation of the local and broad-landscape effects on functional connectivity. To test landscape effects on B. cuneata gene flow, we developed several
hypotheses where tropical dry forest (TDF), temperate forest (TF), agriculture (Agri), urban areas (Urb), terrain roughness (Rough), and suitable habitat areas
(Niche) may facilitate or restrict gene flow at the landscape scale, while slope steepness (Slope) and east aspect (Aspect) may influence local
establishment. As a null model, we used Euclidean distance (Geo), in which no landscape effects are predicted. Genetic distances between populations were
quantified using the Nei estimator (Nei 1978) using adegenet R package and with 1-Nei as a measure of gene flow in the gravity models. All landscape
variables were standardized to 30 m resolution.

To assess how functional connectivity changes at different scales and capture greater environmental variation (Murphy et al. 2010), we created five buffers
of 1,000 m to 5,000 m for each landscape variable based on the movement range of B. cuneata dispersers (Cultid-Medina and Rico 2020). Using GeNetlt for
continuous variables, we calculated each buffer's mean, maximum, and minimum, while for categorical variables, the relative percentage of each landscape
cover was estimated. To ensure independence at the nodes when estimating the gravity models, the variables were transformed to natural logarithms to
linearize the equation and implement mixed effects models. We tested the correlation between variables (r = 0.7) to eliminate correlated variables for
multivariate gravity models. In addition to univariate models, we built three combined models, which include variable combinations predicted to significantly
influence functional connectivity: Model comb1) Geo, TDF, and Niche (functional connectivity depends on environmentally suitable populations and the
proportion of TDF between populations); Comb2) Geo, TDF, and TF (functional connectivity depends on the proportion of TDF and TF between populations);
and comb3) Geo, TDF, TF, Niche, and Rough (functional connectivity depends on environmentally suitable populations, proportion of TDF and TF forests, and
the roughness of the terrain). We tested univariate between-site and at-site models, and combined models using maximum-likelihood (ML), including the null
model (Geo), and for each of the five buffer scales. Models with a P value > 0.05, AAIC < 4 as the cut-off (Akaike 1973; Romero-Béez et al. 2024), and the
lowest AIC were selected. Moreover, we calculated the percentage of explained variance (PVE) using the function fit.gnet in GeNetlt package to compare
between models. For the final model, the restricted maximum likelihood (REML) statistics were used, and confidence intervals measured by Cohen’s D were
estimated to evaluate each variable's relative importance. These also give a positive or negative value for the size effect, indicating the directionality of the
model components (Grizzard and Shaw 2017).

Results
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Of the 350 individuals sequenced using the OmeSeq-qRRS method, only 227 passed various quality filtering thresholds. Following quality filtering, the data
set included 11,731 SNPs with < 30 % of total missing SNPs and < 20 % of missing samples. The analysis of outlier loci in LEA suggested that 4,342 loci were
potentially under selection (MAF > 0.05) while 3,110 loci were suggested by pcadapt (MAF > 0.05). A total of 1,232 loci were shared between the two
methods, which were then removed, resulting in a neutral data set of 10,499 neutral biallelic loci used in subsequent analyses.

Genetic diversity, structure, and migration rates

The genetic diversity values obtained were similar among basins, but CTZ basin has the highest value (1t = 0.3117), followed by BAL (1t = 0.1964), and PTZ
(m=0.1919). In contrast, CHA (1t = 0.1787), and MEX (1t = 0.1580) showed the lowest values of diversity (Table 1). CHA and BAL basins showed the highest
F,s values; BAL showed the highest number of private alleles. The CHA and BAL basins exhibited the highest F;g values, with BAL displaying the highest
number of private alleles(Table 1). The AMOVA among populations showed no significant genetic variance explained (1.1 %, Fgr = 0.09, P > 0.05). When
analyzing the five basins, we observed a significant genetic variance explained among basins of 8.5% (F,r = 0.0095, P < 0.01), although the greatest genetic
variation was found within populations (52%, Fgr = 0.00086, P < 0.001) (Table 2). The Fgyvalues obtained per basin showed that MEX basin has high
Fsrvalues and was the most differentiated basin (Appendix S1).

The LEA analysis identified the optimal number of genetic clusters as K = 5 (Appendix S2). The PTZ basin exhibited high admixture with neighboring basins,
such as CHA and CTZ, while lower admixture with MEX and BAL. In contrast, BAL and MEX showed higher genetic differentiation from the rest (Fig. 2A). The
DAPC showed that BAL was the most separated from the rest, followed by MEX along DA axis 1, while CTZ was separated along the DA axis 2 (Fig. 2B), and
the DAPC also showed that CHA was located on DA axis 3 (Fig. 2C). Moreover, CTZ, PTZ, and CHA, showed higher genetic similarity, which is consistent with
the results revealed by LEA.

The Moran’s Eigenvector Maps (MEM) analysis revealed two significant and positive MEM vectors. The MEM1 (r = 0.0686, P = 0.039) represents the first
eigenvector in this analysis, capturing the broadest spatial pattern. In our case, MEM1 showed a west-east separation, into two main clusters. The first group
included CHA, PTZ, and most of CTZ basins, while the second group included BAL and MEX, and the most eastern populations of CTZ (Fig. 3A). The MEM2 (r
=0.0451, P = 0.017) represents the second eigenvector, capturing a fine-scale spatial structure. Our results, MEM2 identified the most geographically distant
basins as the most differentiated (Fig. 3B). Contemporary migration rate analysis showed that the CHA contributed most strongly to gene flow to adjacent
basins. CHA provides 15% of migrants to CTZ, and 11% of migrants to PTZ. The MEX basin is the second largest contributor to the CTZ, with 14% of
migrants, and to PTZ with 9% of migrants, while other basins had lower migration rates (Fig. 4; Appendix S3). The Mantel test was not significant (r = 0.07; P
> 0.05), indicating no relationship between genetic and geographic distances.

Habitat suitability model

The ENM result showed that the final uncorrelated variables were minimum temperature of the coldest month (BIO6: 41.9%), precipitation seasonality
(BI015:19.2%), temperature annual range (BIO7: 12.5%), precipitation of the wettest quarter (BIO16: 11.7%), precipitation of the warmest quarter (BIO18:
8.4%), mean temperature of the driest quarter (BI09: 4.2%), and precipitation of the coldest quarter (BIO19: 6.3%). The species distribution model identified
the center-south region of the country (including eastern Michoacan, Mexico City, and northern Morelos) as having the most extensive suitable habitat,
covering an area of 79,103 km? (Appendix S4). The selected TPR+TRN model (P = 0.144751), which included product and threshold features, highlighting
interactions among climatic variables and suggested abrupt ecological limits in the species’ distribution. The model showed excellent predictive
performance (AUC = 0.9465111). The metric used to evaluate the efficiency of machine learning in the species distribution model was TSS = 0.6119,
indicating that the model is good for predicting presences and absences. The obtained value of El = 36 indicated optimal habitat suitability for B. cuneata
(Coetzee et al. 2009).

Landscape genetics

Gravity model analyses across spatial scales (1,000-5,000 m) revealed scale-dependent predictors of functional connectivity for the between-site factors,
while the at-site factors (slope steepness and east aspect) had no effect on any spatial scale. The best model selected for 1,000 and 2,000 m was Rough,
which showed the lowest AICs and highest PVE values (46.7% and 45.1%, respectively) (Table 3). For the 3,000 and 4,000 m scales, the Comb3 model (TDF,
TF, Niche, and Rough) was selected as the best-performing model with the highest PVE values (52.4% and 49.5 %, respectively) and the lowest AlICs.
Particularly, at 3000 m, Rough had the highest significant and positive relative importance (Cohen’s D = 0.44), followed by TDF (Cohen’s D = 0.38). In
contrast, at 4,000m, TDF showed greater relative importance (Cohen’s D = 0.40) than Rough (Cohen’s D = 0.37). Lastly, at 5,000 m, Comb2 (TDF and TF) was
selected as the best-performing model with the lowest AIC, although it did not show the highest PVE (12.4%). TDF showed positive and greater relative
importance (Cohen’s D = 0.54) than TF (Cohen’s D = - 0.33), which had a negative effect (Table 3, Appendix S5).

Discussion

Our landscape genetics study of B. cuneata across central Mexico showed weak to moderate spatial patterns of genetic structure among the five
hydrological basins, and with asymmetrical contemporary migration rates. Our gravity model analysis of functional connectivity identified terrain roughness
and tropical dry forest (TDF) cover as scale-dependent predictors of gene flow in B. cuneata, with largest importance of TDF at a regional scale. The following
sections provide a detailed discussion of the main findings.

Genetic diversity and patterns of spatial genetic structure
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Our results revealed high genetic diversity across all five basins, with nucleotide diversity (1) values exceeding those reported for other tree species, such as
Pinus pinaster, P. radiata (1. = 0.00186), P. taeda (1t = 0.00853), Pseudotsuga menziesii (1t = 0.00655), and Eucalyptus pellita) (r = 0.00066, Wang et al., 2023).
Among the basins, CTZ exhibited the highest genetic diversity, whereas MEX showed the lowest. This pattern agrees with field observations: in Michoacan, B.
cuneata populations, particularly in the CTZ basin, maintain high densities, and the Bursera genus is common in remnant tropical dry forest fragments
(Rzedowski and Medina-Lemos, 2023). In contrast, abundance has declined markedly in MEX because of rapid urbanization pressures (Carreén and Soler,
2007). Notably, we found substantially higher inbreeding coefficients (Fs) in B. cuneata compared to relatives such as B. simaruba (F;g = 0.024; Dunphy and
Hamrick, 2007). The highest values occurred in peripheral basins, particularly BAL (F;s = 0.44) and CHA (F;s = 0.45). Specifically, populations of the CHA
basin, such as La Alberca Protected Natural Area, persist within intensified agricultural landscapes with extensive livestock grazing (Ramirez-Ramos, 2023),
which exacerbates genetic isolation.

Genetic structure analyses, including Bayesian and Multivariate clustering approaches along with Moran's Eigenvector Maps, revealed two hierarchical
patterns of differentiation: (1) five genetic clusters with higher differentiation of BAL, and (2) a broader west-east genetic differentiation across the species'
range. Geographically proximate basins (CHA, PTZ, and CTZ) showed higher admixture, while BAL and MEX showed higher genetic differentiation. BAL is a
recognized center of endemism for the Bursera genus (Espinosa et al., 2006), and its high differentiation may be attributed to its large size, high topographic
and environmental complexity, and steep climatic gradients ranging from warm, dry conditions in eastern Michoacan to cooler, stable environments in
Morelos (Toledo-Manzur, 1984; Espinosa et al., 2006; Gamez et al., 2014; Steinmann, 2021). Contemporary migration rates support this pattern, and although
asymmetrical gene flow occurs among distant basins (e.g., MEX, CHA, and PTZ), connectivity with BAL is reduced.

At a regional scale, Moran's Eigenvector Maps highlighted significant west-east genetic differentiation. Although the species is spatially aggregated within
TDF fragments, where gene flow is more likely among nearby populations than distant ones, we did not detect isolation by distance (IBD). This suggests that
geographic distance alone does not explain patterns of genetic structure. Instead, the west-east divergence may reflect a shared biogeographic history. A
large portion of the distribution of B. cuneata is found within the Trans-Mexican Volcanic Belt (TVB), a transition zone between the Neotropical and Nearctic
regions (Gamez et al., 2012). Similar genetic patterns in TVB taxa have been reported in Asteraceae (e.g., Acourtia lepidopoda, Stevia hintonii,

and Microspermum flaccidum; Villasefior et al. 2021), oaks (Quercus deserticola, Rodriguez-Gémez et al. 2018), and rodents (Peromyscus maniculatus, Léon-
Tapia et al. 2021), which are likely the result of the TVB's gradual geological development, where volcanic activity began in the west during the Miocene, while
eastern regions emerged later in the Pliocene-Pleistocene (Mastretta-Yanes et al. 2015). Together, these results reflect that the B. cuneata spatial genetic
patterns reflect both contemporary and historical processes. Future studies should include phylogeographical approaches to evaluate the role of
biogeographic barriers, particularly TVB’s Miocene-Pliocene fragmentation, and genotype-environment associations (GEA) of candidate selective loci
underlying local adaptation to unique microsite conditions across the species distribution.

Drivers of functional connectivity

Gravity model results demonstrate that B. cuneata gene flow responds differentially to landscape features across spatial scales. At smaller scales, 1,000 to
3,000 m, terrain roughness emerged as the most significant factor driving functional connectivity, while at broader scales (4,000 to 5,000 m), thepresence of
the native habitat (TDF) became more important. The positive association with rugged topography aligns with B. cuneata preference for topographically
complex volcanic landscapes (locally called "malpaises") (Rzedowski and Guevara-Féfer 1992). These habitats harbor specialized flora with traits adapted to
rocky, nutrient-poor soils and tolerance to drought (Trejo and Dirzo, 2002; Méndez-Toribio et al. 2017). Notably, the proportion of TDF cover at larger scales (>
4,000 m) was the main driver of functional connectivity for B. cuneata, consistent with the strong ecological specialization of Bursera on this ecosystem
(Rzedowski and Guevara-Féfer 1992; De Nova et al., 2011). This was further supported by the ecological niche model (ENM), which showed strong spatial
congruence between areas of high habitat suitability for B. cuneata and the distribution of TDF in the region. The ENM result underscores TDF's role as a
critical factor for maintaining functional connectivity at regional scales, where terrain roughness declines in importance beyond 3,000 m, likely reflecting
species-specific dispersal dynamics. Although seed dispersal and pollination studies in B. cuneata are lacking, studies for other Bursera species suggest that
birds are the primary seed vector, and with secondary dispersal by small reptiles and mammals (Almazén-Nufiez et al. 2021), while pollination is carried out
by flies, bees, and beetles (Rivas-Arancibia et al. 2015). These dispersal mechanisms may explain why terrain roughness does not restrict the movement of
gene flow by vectors, as they can navigate rugged topography, highlighting the availability of TDF habitat at larger scales as the key factor enabling gene flow
across fragmented landscapes.

At broader scales (>4,000 m), the temperate forest acted as a dispersal barrier for B. cuneata, even though the species occasionally occurs in transitional
zones between temperate forest and tropical dry forest. This barrier effect is likely due to the cooler, humid, and frost-prone conditions in temperate forests,
which are unsuitable for the establishment of Bursera species (Alfaro Reyna et al., 2019). These climatic constraints reinforce TDF as the primary habitat of
B. cuneata. In contrast, other landscape factors, such as agricultural and urban land covers, had no significant effects on functional connectivity, despite their
increasing presence in the region. This absence of signal may reflect time-lagged genetic responses to recent anthropogenic changes, as long-lived plant
species often exhibit delayed genetic effects following habitat fragmentation (Aguilar et al., 2008; Aavik et al., 2019).

Conservation implications

Land-use changes are the main threats to the persistence of TDF in Mexico (Koleff et al. 2009), risking long-term genetic erosion through reduced gene flow,
increased inbreeding, and genetic drift of TDF forest tree species. Our results suggest that conserving TDF remnant forests is critical for maintaining
functional connectivity in Bursera cuneata, particularly among the CHA-PTZ-CTZ basins in Michoacan, which are important genetic reservoirs. Even in
urbanized regions like Mexico City, remnant trees in protected natural parks (La Reserva del Pedregal de San Angel) may function as stepping-stones for
pollinator and seed vector movements, providing key connectivity between urban and rural populations. Other important areas to focus on are the habitat
connection between MEX and BAL basins through the Chichinautzin Biological Corridor, which is an important zone harboring biodiversity (Flores-Estrella et

Page 6/16



al. 2007), including endemic species like Bursera cuneata. We propose protecting and prioritizing crucial TDF remnants in Michoacan and the Chichinautzin
Corridor to maintain large-scale gene flow by integrating urban natural parks as important links to prevent genetic isolation between urban and rural B.
cuneata populations.

Conclusions

This study provided a comprehensive landscape genomic assessment of B. cuneata, which combined extensive population sampling across the species'
range, using SNP markers. Our main findings showed high levels of genetic diversity with patterns of genetic structure among basins and a historical west-
east genetic divergence. Our analysis underscores that functional connectivity is a scale-dependent process. Specifically, terrain roughness was the primary
factor of connectivity at finer scales (1,000—3,000 m), while tropical dry forest cover became the main driver at broader scales (>4,000 m). These findings
highlight the need for targeted conservation measures that preserve functional connectivity for B. cuneata by promoting TDF connectivity across regional
scales, especially in landscapes undergoing rapid fragmentation.
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Table 1. Genetic diversity estimates for the five hydrological basins: Lerma-Chapala basin (CHA), Patzcuaro Lake (PTZ), Cuitzeo Lake (CTZ), Balsas River
basin (BAL) and Mexico’s basin (MEX). We calculated genetic diversity using the 10,499 SNPs. The total number of individuals (N), we calculated the private
alleles per basin (Ap), the number total alleles (A), the nucleotide diversity (). We calculated the observed heterozygosity (Ho), unbiased expected
heterozygosity (uHe), and the inbreeding coefficient for each basin (F;g).

Locality ID N  Ap A n Ho uHe Fis

Lerma-Chapala CHA 14 6 16230 0.1787 0.0988 0.1682  0.4487
Patzcuaro PTZ 87 314 20404 0.1919 0.1267 0.1906 0.3396
Cuitzeo CTz 88 555 20650 0.3117 0.1337 0.1932 0.3863
Balsas River BAL 28 597 18620 0.1964 0.1133 0.1916 0.4436
Mexico MEX 10 2 14876 0.158 0.0894 0.1441 0.4232
Table 2. AMOVA results in the 33 populations of B. cuneata and between five hydrological basins: Lerma-Chapala basin (CHA), Patzcuaro Lake (PTZ), Cuitzeo

Lake (CTZ), Balsas River basin (BAL) and Mexico’s basin (MEX). Analyzed groups: 1) No predefined groups. 2) populations grouped in the five basins. * P <
0.01 ** P <0.001

df Estimated variance % Statistics
Among populations 1 0.11 1.1 Fsr=0.09
Within populations 225 0.15 98.9 Fsr=10.01
Total 226  0.26 100
Between basins 4 1.51 8.51 Fcr=0.009*
Between localities within basins 32 2.85 39.46 Fg7=0.008*%
Within populations 190 299 52.03 Fgr=0.0008**
Total 226 7.35 100

Table 3. Gravity models based on landscape variables that limit or promote the gene flow in Bursera cuneata, considering between-site and at-site factors at
1,000 to 5,000 m scales. We calculated AIC, AAIC values and the percentage of variation explained (PVE). Abbreviations: geographic distance (Geo), tropical
dry forest (TDF), temperate forest (TF), agriculture (Agri), ecological niche model (Niche), urban areas (Urban), terrain roughness (Rough), East Aspect
(Aspect), and slope (Slope). Combined models: comb1) Geo + TDF + Niche; comb2) Geo + TDF + TF; and comb3) Geo + TDF + TF + Niche + Rough. K number
of model parameters. Bold letters denote the best-performing model for each spatial scale.
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Scale

Models

1000
AlC

Between-site:

Geo
TDF
TF
Agri
Niche
Urban

Rough

At-site:

Aspect

Slope

-3446.08
-3457.57
-3460.34
-3435.05
-3437.43
-3438.65
-3506.24

-3436.89
-3437.02

Combined Models:

Comb1

Comb2
Comb3

Figures

-3446.83
-3464.88
-3501.28

AAIC

60.164
48.668
45.905
71.192
68.815
67.589

69.346
69.224

59.408
41.36
4.957

PVE

26.92
26.36
15.57
1.76
9.13
3.35
46.72

0.43
0.68

24.28
35.1
55.54

2000
AIC

-3446.08
-3457.15
-3462.23
-3436.26
-3440.18
-3437.87
-3505.58

-3436.89
-3437.02

-3448.4
-3467.68
-3500.83

AAIC

59.503
48.434
43.349
69.322
65.4

67.707

68.685
68.563

57.184
37.901
4.754

PVE

28.64
26.74
16.05
1.8
16.64
3.73
45.08

1.7
1.9

18.01
24.76
37.38

3000
AlC

-3446.08
-3482.82
-3465.92
-3435.57
-3442.65
-3436.21
-3505.72

-3436.89
-3437.02

-3475.91
-3494.57
-3525.13
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AAIC

79.058
42.319
59.217
89.562
82.487
88.927
19.411

88.24
88.118

49.222
30.566

PVE

26.94
39.86
14.62
1.91

10.61
3.84

43.64

0.9
0.19

19.31
18.21
52.44

4000
AlC

-3446.08
-3487.04
-3465.16
-3435.51
-3437.58
-3436.37
-3499.67

-3436.89
-3437.02

-3475.66
-3502.28
-3518.19

AAIC

72.118
31.15

53.032
82.689
80.61

81.823
18.521

81.3
81.178

42.53
15.918

PVE

25.69
40.75
20.7
5.7
2.9
3.1
36.99

2.9
0.59

11.98
11.59
49.54

5000
AlC

-3446.08
-3505.82
-3462.72
-3435.87
-3438.57
-3436.7

-3488.32

-3436.89
-3437.02

-3495.18
-3534.38
-3524.75

A/

88

28

71

98

97
46

97
97

39

9.
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Figure 1

Geographical location of the 33 populations collected for B. cuneata covering the states of Michoacan, Mexico City and Morelos. The populations were

divided according to the hydrological basins: Lerma-Chapala basin (CHA), Patzcuaro Lake (PTZ), Cuitzeo Lake (CTZ), Balsas River basin (BAL) and Mexico’s
basin (MEX).
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Fig 2
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Figure 2

Results from clustering analysis: A. The genetic structure obtained in LEA with the best K = 5 is shown using a barplot and pie charts on a map for each
sampled population in Bursera cuneata, as well as its distribution in the Lerma-Chapala basin (CHA), Patzcuaro Lake (PTZ), Cuitzeo Lake (CTZ), Balsas River
basin (BAL) and Mexico’s basin (MEX). B. The DAPC shows differentiation among five hydrological basins (CHA, PTZ, CTZ, BAL, and MEX basins), defined a

priori. C. DAPC made from principal components one and three.
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Fig 3
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Figure 3

Results from Moran’s Eigenvector Maps (MEM). Larger circles represent a greater contribution to the spatial pattern of each eigenvector. A. MEM1 and B.
MEM?2
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Fig. 4

Figure 4

BayesAss analysis results from contemporary migration rates among the Lerma-Chapala basin (CHA), Patzcuaro Lake (PTZ), Cuitzeo Lake (CTZ), Balsas
River basin (BAL) and Mexico’s basin (MEX), denoting the main asymmetrical gene flow rates among basins in percentage of migrants.
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