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Abstract

Palms play crucial ecological and economic roles, and Syagrus romanzoffiana is a widely distributed species in South
America. Despite its ecological importance and economic potential, population-level genetic studies of this palm remain
limited. Here, we assessed genetic diversity, population structure, and signatures of local adaptation across distinct veg-
etation types in Brazil and Paraguay using 24,859 single nucleotide polymorphisms (SNPs) derived from genotyping-by-
sequencing (GBS). We analyzed 91 individuals from 8 populations, revealing high genetic diversity within populations
and moderate differentiation among them. Observed heterozygosity was generally high, with some populations show-
ing an excess of heterozygotes, consistent with outcrossing and gene flow. Pairwise Fgr and AMOVA confirmed that
most variation is maintained within populations, while genetic structure analyses highlighted the influence of vegetation
type on differentiation, with restinga populations displaying distinct genetic signatures. Despite geographic proximity,
some populations exhibited greater divergence associated with local environmental conditions, supporting isolation by
environment. Environmental association analyses (LFMM and RDA) identified SNPs associated with temperature and
precipitation, indicating adaptive genomic differentiation across contrasting habitats. Together, these findings demonstrate
how habitat type and climate jointly shape neutral and adaptive genetic variation in Syagrus romanzoffiana, providing a
genomic baseline relevant for conservation, restoration, and seed sourcing strategies under ongoing habitat fragmentation
and climate change.

Keywords Neotropical palms, - Genetic diversity, - Population genomics; - Molecular markers, - Conservations - Local
adaptation,
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Identifying genomic loci underlying local adaptation
is therefore essential to disentangle demographic from
selective processes, particularly in widespread species dis-
tributed across contrasting habitats. For species used in eco-
logical restoration and seed sourcing programs, accounting
for adaptive genetic variation is especially relevant: translo-
cating individuals without considering local adaptation may
compromise the long-term success of restoration efforts
under ongoing habitat fragmentation and climate change
(Hoffmann and Sgro 2011; Hemstrom et al. 2024). Genome-
wide approaches such as genotyping-by-sequencing (GBS)
now provide the resolution needed to simultaneously char-
acterize neutral population structure and scan for signatures
of selection across thousands of loci, making them powerful
tools for addressing these questions in non-model organ-
isms (Hohenlohe et al. 2010; Helyar et al. 2011).

Palm species (Arecaceae), with more than 2,600 recog-
nized species worldwide, have provided a wide range of
services to humankind over centuries (Camara-Leret et al.
2017; Eiserhardt et al. 2011; Levis et al. 2017). Many are
ecological keystone species, with large numbers of animals
depending on them for fruit and flower resources to survive
(Onstein et al. 2017). Moreover, palms supply non-timber
forest products such as food, medicine, fibers, oils, and
building materials, supporting both traditional communities
and modern industries (Sen and Samanta 2015; Colombo et
al. 2018; Balslev et al. 2011).

In palms, environmental factors such as temperature and
precipitation are expected to play a central role in shap-
ing species distributions and adaptive limits, particularly
at regional and continental scales (Eiserhardt et al. 2011).
At the southern limits of palm distribution, low winter tem-
peratures and seasonal water availability can impose strong
selective pressures, influencing survival, growth, and repro-
ductive success. Experimental and field-based studies in
related palm species have demonstrated that tolerance to
cold and frost can directly constrain distributional ranges
and population persistence (Gatti et al. 2008). Therefore,
climatic gradients provide a biologically meaningful axis
along which adaptive genetic variation may be detected.
Other environmental factors, such as soil properties and
hydrology, are expected to act at finer spatial scales and
were not explicitly modeled in this regional analysis.

Syagrus romanzoffiana (Cham.) Glassman, commonly
known as jeriva, is a widespread palm native to southern
and eastern South America, occurring in Brazil, Paraguay,
northern Argentina, and Uruguay (Lorenzi 2010). In addi-
tion to its ecological importance, S. romanzoffiana is widely
cultivated in landscaping and urban forestry and supports
rural communities through products derived from fruits,
leaves, stems, and seeds (Zona and Henderson 1989; Scar-
iot 2015). Despite its broad distribution and socioeconomic
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relevance, population-level genomic studies of this species
remain scarce.

Across its southern distribution, S. romanzoffiana occu-
pies environments that differ markedly in climate, vegeta-
tion structure, soil characteristics, and landscape history,
including Atlantic Rain Forest, Atlantic Seasonal Forest,
and coastal restinga formations. Restinga environments are
characterized by sandy soils, high salinity, and strong wind
exposure, whereas inland forests exhibit more stable soils,
higher canopy cover, and distinct temperature and precipi-
tation regimes (Lorenzi 2010; Scarano 2009; Henderson
et al. 1995). Such environmental heterogeneity provides a
natural framework to test whether genetic differentiation in
this species reflects not only geographic distance but also
adaptation to contrasting habitats, consistent with isolation
by environment (IBE) (Wang and Bradburd 2014).

In this study, we focused on the southern range of S.
romanzoffiana, sampling populations in southern Brazil
and Paraguay to establish a regional genomic baseline. We
hypothesized that (i) population genetic structure would
reflect both habitat type and geographic context, and (ii)
climatic variables, particularly temperature and precipita-
tion, would explain patterns of adaptive genomic variation
across vegetation types. To test these hypotheses, we used
genome-wide single nucleotide polymorphisms (SNPs)
obtained through genotyping-by-sequencing (GBS) to (i)
assess genetic diversity and population structure and (ii)
identify genomic regions associated with environmental
variables. As the first SNP-based population genomic study
of S. romanzoffiana, this work provides a high-resolution
baseline for integrating neutral and adaptive genetic varia-
tion into conservation and restoration planning in Atlantic
Forest and restinga ecosystems.

Materials and methods
Plant material

We sampled leaf tissues from 91 adult and reproductive indi-
viduals of Syagrus romanzoffiana from different locations
representing three vegetation types in which they are found
in southern South America: Atlantic Rain Forest, Atlan-
tic Seasonal Forest, and restinga (Henderson et al. 1995;
Lorenzi 2010). The samples were obtained from wild popu-
lation remnants only, and included Linha Lucena-Cecilia,
Travessa, and Herval (Venancio Aires, RS, Brazil; Atlan-
tic Seasonal Forest); San Ramoén (Concepcidn, Paraguay;
Seasonal Forest); Pixirica (Morrinhos do Sul, RS, Brazil)
and Borussia (Osoério, RS, Brazil; Atlantic Rain Forest); and
Condominio Maritimo, (Cond. Maritimo) (Tramandai, RS,
Brazil) and Gravata (Laguna, SC, Brazil; restinga) (Fig. 1).
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Fig. 1 Sampled populations of Syagrus romanzoffiana in Brazil and
Paraguay. The main map shows the study region between Brazil and
Paraguay; inset maps provide zoomed views of the sampling areas
in Paraguay (upper right) and southern Brazil (bottom right). Each
symbol represents a sampled population: Bortissia — RS (dark green),
Cond. Maritimo — RS (orange), Gravata — SC (pale blue), Herval —

Within each population, individuals were sampled with suf-
ficient spatial separation to reduce the likelihood of sam-
pling closely related individuals. The minimum geographic
distance between sampled populations was approximately
6 km, while the maximum distance reached approximately
1,150 km, encompassing a broad regional spatial scale
across southern Brazil and Paraguay. This spatial extent
allows the evaluation of both geographic and environ-
mental contributions to population genetic differentiation.
Leaf samples were stored in silica gel and transported to
the Department of Genetics at Luiz de Queiroz College of
Agriculture — University of Sdo Paulo — ESALQ/USP, for
DNA extraction.

This study was approved by the Ethics Committee of
the University of Campinas and conducted in accordance
with Brazilian Ministry of the Environment (MMA) reg-
ulations and the National System for Genetic Heritage
and Associated Traditional Knowledge (SisGen; registra-
tion A3A928.

DNA extraction

DNA was extracted from leaf tissue using a modified CTAB
protocol (Doyle 1991) optimized for palms. DNA integrity
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RS (pink), Lucena-Cecilia — RS (light green), Pixirica — RS (yellow),
Travessa — RS (gray), and San Ramoén — Concepcion, Paraguay (light
brown). The vegetation types and distribution of the Atlantic Forest
were delimited according to shape files obtained from the Ecoregions
2017 platform (Dinerstein et al., 2017)

was checked on 1% agarose gels, and concentration was
standardized to 30 ng/uL after quantification with a Qubit
fluorometer (Thermo Fisher Scientific).

A detailed step-by-step description of the extraction pro-
tocol, including buffer composition, centrifugation condi-
tions, and incubation times, is provided in Supplementary
Information to facilitate reproducibility.

Genotyping-by-sequencing (GBS) library preparation

Genomic libraries were prepared using a double-digest GBS
protocol (Poland et al. 2012) with modifications. Genomic
DNA (30 ng/uL) was digested with Pstl and Msel, followed
by ligation of Illumina-compatible adapters with unique
barcodes. Libraries were purified (QIAquick PCR Purifica-
tion Kit, Qiagen), enriched by PCR with Illumina primers,
and quantified by qPCR. Fragment size distribution was
evaluated on a 2100 Bioanalyzer (Agilent Technologies),
and sequencing was performed on the Illumina NextSeq
1000/2000 platform at Luiz de Queiroz College of Agricul-
ture — University of Sdo Paulo — (ESALQ-USP).

A complete description of adapter design, PCR condi-
tions, and purification steps is provided in Supplementary
Information to ensure reproducibility.
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SNP discovery and filtering

Raw read quality was first assessed with FastQC (Andrews
2010). Demultiplexing and initial filtering were conducted
in Stacks v2.62 (Catchen et al. 2013) using the process_rad-
tags module, to remove low-quality reads (Phred<20),
adapter contamination, uncalled bases (Ns), and sequences
lacking restriction sites. De novo assembly was performed
in Stacks: ustacks was run with a minimum depth of cov-
erage of 4 (—m 4), allowing up to 5 mismatches between
stacks within individuals (-M 5) (Boutet et al. 2016). A
catalog of loci was built with cstacks (tolerance of 4 mis-
matches among individuals) (Boutet et al. 2016), followed
by tsv2bam and genotyping in gstacks.

Variant filtering was conducted in VCFtools (Danecek et
al. 2011). To reduce linkage disequilibrium, one SNP per
locus was retained for structure analyses. Filters applied
were per-locus missingness <20%, per-individual missing-
ness<20%, MAF>0.05, and Hardy—Weinberg equilibrium
within populations (p<1x107°). Filtering choices followed
the guidelines of Hemstrom et al. (2024).

Population genetic diversity

We estimated expected heterozygosity (H,), observed het-
erozygosity (H,), allelic richness (4r) and fixation index
(F5) using the hierfstat package (Goudet 2005). The num-
ber of alleles was calculated with adegenet package (Jom-
bart and Ahmed 2011), and private alleles were identified
using poppr package (Kamvar et al. 2014).

Population genetic structure

To characterize population genetic structure and disentan-
gle the effects of geographic distance and environment, we
combined complementary analytical approaches. Wright’s
F-statistics and AMOVA were used to quantify genetic dif-
ferentiation among populations, Mantel tests were applied
to evaluate isolation by distance, and multivariate and clus-
tering methods (DAPC and sNMF) were used to explore
population structure without explicit spatial assumptions.
Wright’s F statistics (Fgp, Fp Fjg) and pairwise esti-
mates of F'g; were estimated using hierfstat (Goudet 2005).
Because the pairwise Fg; matrix is symmetric, the upper
triangle of the matrix was used to display geographic
Euclidean distances among populations. Geographic dis-
tances were calculated as Euclidean distances from popu-
lation coordinates (latitude and longitude) using the dist
function in R. Analyses of Molecular Variance (Excoffier
et al. 1992) were conducted in poppr package (Kamvar et
al. 2014), and the significance of the AMOVA was tested
through 20,000 permutations, using population identity
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as the hierarchical grouping factor. To minimize bias, loci
with more than 5% missing data were excluded. A more
stringent missing data threshold was applied for AMOVA
to reduce potential bias in variance partitioning, whereas
a less restrictive threshold was used in other analyses to
retain statistical power for population structure and envi-
ronmental association tests.

A Mantel test was performed with ade4 (Mantel 1967)
using 10,000 permutations testing for correlations between
genetic and geographic distances matrices (Thioulouse et
al. 2018). This analysis was used to assess isolation by dis-
tance (IBD), and its results were interpreted in contrast with
environmental association analyses to evaluate the relative
contributions of geographic and environmental factors to
genetic differentiation. Population structure was further
explored with discriminant analysis of principal compo-
nents (DAPC) using adegenet (Jombart and Ahmed 2011).
The optimal number of PCs was determined using a-score
optimization, and results were visualized with scatterplots
and barplots.

Environmental association and detection of
candidate adaptive loci

Prior to environmental association analyses, genotype data
were imputed to reduce potential bias associated with miss-
ing values. Although overall missing data per individual
remained below 20%, a subset of loci exceeded 10% miss-
ingness. In such cases, genotype imputation is recommended
to improve statistical power and stability in LFMM analyses
(Frichot 2013). Imputation was performed using ancestry
coefficients inferred from sNMF, with K=4, reflecting the
main neutral genetic structure of the dataset. This ancestry-
informed approach accounts for population structure while
minimizing spurious genotype—environment associations.

Environmental association analyses were conducted with
Latent Factor Mixed Models (LFMM) implemented in the
LEA package (Frichot and Frangois 2015). Twenty biocli-
matic variables from WorldClim v2 (Fick and Hijmans 2017)
and elevation were considered. WorldClim variables were
selected due to their widespread use in landscape genom-
ics studies, facilitating comparison with previous work,
and because their spatial resolution is appropriate for the
regional scale of sampling considered here. To reduce col-
linearity among predictors, a Principal Component Analysis
(PCA) was performed; the first two PCs explained ~85% of
the variance (Figure S1, methodological). The most corre-
lated variables were retained: bio06 (minimum temperature
of the coldest month) and bio19 (precipitation of the coldest
quarter), both commonly reported as drivers of local adapta-
tion in tropical plants species (Eckert et al. 2009; Manel et
al. 2010; De Kort et al. 2014).
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These two variables were also used to calculate environ-
mental distances among populations. Specifically, values of
bio6 and bio19 were extracted for each population based on
their geographic coordinates, and a pairwise environmen-
tal distance matrix was computed using Euclidean distance.
A Mantel test was then performed using the ade4 package
(Mantel 1967), with 10,000 permutations, to evaluate the
correlation between environmental and geographic distance
matrices. This analysis aimed to assess the extent to which
environmental variation covaries with geographic distance
among populations. LFMM analyses were performed on
the imputed genotype matrix using K=4 latent factors, as
defined by cross-entropy optimization from preliminary
sNMF analyses (10 repetitions, 200,000 iterations). Each
LFMM run consisted of 10,000 iterations, including a burn-
in of 5,000 iterations, with 10 replicates per environmental
variable. P-values were adjusted using genomic inflation ()
and the Benjamini—Hochberg false discovery rate procedure
(q<0.05) (Francois et al. 2016; Ahrens et al. 2019).

Candidate SNPs identified by LFMM were used in two
downstream analyses: (i) a second SNMF analysis restricted
to candidate loci, and (ii) Redundancy Analysis (RDA)
implemented in the vegan package (Oksanen et al. 2024). In
the RDA, SNP genotypes were treated as response variables,
with bio06 and biol9 used as explanatory constraints. All
analyses were performed in R v4.3.0 (R Core Team 2024).

Results
Genetic diversity in southern South America

After data filtering, a total of 24,859 SNP markers were
retained for the S. romanzoffiana. The average percentage
of missing data per individual was 6.11%, with a maximum
of 14% (Figure S2A). The average sequencing coverage per
individual was 15.25x (Figure S2B), and the mean coverage
per locus was 13.68x, with no coverage exceeding 100x or
falling below 10x per locus (Figure S3A). The SNP data

also revealed a higher number of transitions compared to
transversions (Figure S3B).

Genetic diversity varies across sites (Table 1). Observed
heterozygosity (H,) and expected (/) heterozygosity were
high across populations, with A, exceeding H, in six sites.
Lucena-Cecilia was an exception, showing similar H, and
H, values (0.169), while Travessa had a lower H, than H..
The highest H, values were in San Ramon (0.205) and
Gravata (0.175), with the highest H, also in San Ramoén
(0.203), followed by Lucena-Cecilia (0.169). San Ramon,
Gravata and Lucena-Cecilia had the greatest number of
alleles (A, Table 1), with San Ramoén and Lucena-Cecilia
showing the highest allelic richness (4r) at 1.567 and 1.493,
respectively, followed by Gravata, which also had a notable
number of private alleles (4p, Table 1). Allelic richness was
generally higher in inland forest populations compared to
restinga sites, with the exception of Gravata, which also dis-
played high Ar values (1.473). The highest fixation index
(f) showed variation among populations, with the highest
value observed in Travessa (0.0145), while negative val-
ues in Gravata (—0.0261), Herval (-0.0106), and Pixirica
(—0.0230), indicated an excess of heterozygotes.

Population genetic structure in southern South
America

Based on 24,859 SNPs, Wright’s F statistics revealed sig-
nificant differentiation among populations. The estimates
across the eight sampled S. romanzoffiana populations were:
total inbreeding coefficient (<= 0.139), within-population
inbreeding coefficient (£;3=0.021), and genetic differentia-
tion coefficient among populations (F¢; = 0.122). Pairwise
Fgp analyses indicated that San Ramoén was consistently
the most divergent population, with values ranging from
0.274 (vs. Lucena-Cecilia) to 0.371 (vs. Pixirica), while
the lowest differentiation was observed between Borussia
and Pixirica (Fg; = 0.079), both located in Atlantic Rain
Forest (Fig. 2). In contrast, Bortssia and Cond. Maritimo,
despite being geographically close (geographic Euclidean

Table 1 Population genomic diversity of Syagrus romanzoffiana based on 24,859 SNPs

Location Hg, Hs A AR Ap f

Borussia 0.145 0.143 35,479 1.416 245 0.0015 (-0.0209; -0.0027)
Cond.Maritimo 0.140 0.138 36,125 1.388 653 0.0043 (-0.0238; -0.0067)
Gravata 0.175 0.167 38,196 1.473 3291 -0.0261 (-0.0531; -0.0387)
Herval 0.163 0.159 36,631 1.453 364 -0.0106 (-0.03; -0.0135)
Lucena-Cecilia 0.169 0.169 37,555 1.493 329 0.0065 (-0.0098; 0.0062)
Pixirica 0.139 0.133 34,935 1.373 476 -0.0230 (-0.0541; -0.0354)
San Ramoén 0.205 0.203 40,079 1.567 17,426 0.0021 (-0.0159; -0.0031)
Travessa 0.160 0.164 35,518 1.468 98 0.0145 (0.0128; 0.0313)

H, = Observed heterozygosity, H, = Expected heterozygosity, 4=Number of alleles, 4r=Allelic richness, A4p=Private alleles, f=Fixation index
(bootstraps). Locations in Brazil; Borussia — RS; CondMaritmo — RS, Herval — RS, Lucena-Cecilia — RS, Pixirica — RS, Travessa — RS and

Gravata — SC. Location in Paraguay: San Ramoén — Concepcion
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Fig. 2 Heatmap (Galili et al.
2018) of pairwise genetic dif-
ferentiation (FST) among 91
individuals of Syagrus romanzof-
fiana sampled across different
locations, based on 24,859

SNPs. The lower triangle shows
pairwise FST values, while the

Borussia 0.081

Cond.Maritimo 0.203

upper triangle shows geographic Gravata dct 200
Euclidean distances calculated
from population coordinates,
allowing direct comparison Herval — 1787 1918
between genetic and spatial
distances
LucenaCecilia 1.970 2.102
Pixirica 0.627 0.732
SanRamon
Travessa 1.850 1.979
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distance=0.203), showed markedly higher genetic differen-
tiation (Fy= 0.081), reflecting the influence of habitat type
(restinga vs. Atlantic Rain Forest) on genetic structure. The
geographic Euclidean distances shown in the lower triangle
of Fig. 2 further illustrate that San Ramon is substantially
more distant from all Brazilian populations (ranging from
8.130 t0 10.056), yet its elevated F'g; values cannot be attrib-
uted to geographic distance alone, as the non-significant
Mantel test (r=—0.009, p=0.141) indicates no overall pat-
tern of isolation by distance across the dataset.

These pairwise comparisons highlight both geographic
and ecological influences on population structure. Con-
sistently, AMOVA confirmed significant differentiation
among populations, with 29.7% of the genetic variance
distributed among populations and 70.3% within popula-
tions (Table 2). These findings indicate that most of the
genetic diversity is maintained within populations, while
moderate structure exists among them. This pattern may
result from substantial gene flow within populations and
ecological or geographic factors constraining gene flow
between populations. However, the Mantel test showed
a non-significant correlation between genetic and geo-
graphic distances (r = —0.009, p=0.141), indicating no
evidence of isolation by distance.

Although San Ramon represents the most geographically
distant population, the lack of isolation by distance indicates
that its strong genetic differentiation is not explained solely

@ Springer
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Table 2 Analyses of molecular variance (AMOVA) performed for
eight populations of Syagrus romanzoffiana collected in the in Brazil
and Paraguay

Source of Variation df MS Est. Var. PV
(%)

Among populations (Among 7 6617.983  483.8844 29.7%

Locations)

Within populations (Within 83 1145.607 1145.6073 70.3%

Locations)

Total 90 1571.237 1629.4917 100%

p-value=0.001 (Estimated based on 20000 permutations).
Df=Degrees of Freedom; MS=Mean Squares. Est. Var. = Variance
component. PV'=Percentage of Variation

by spatial separation, supporting the role of environmental
factors in shaping divergence. Discriminant Analysis of
Principal Components (DAPC) identified clear population
structure. The first discriminant function (LD1) explained
19.22% of the variation and separated San Ramoén from all
other sites (Fig. 3A). The remaining populations showed
partial overlap along LDI1, reflecting more subtle differ-
entiation. Membership probabilities (Fig. 3B) further sup-
ported these results, with San Ramon, representing a colder
and more seasonal environment, formed a distinct cluster,
while restinga populations (Cond. Maritimo and Gravata),
characterized by sandy and coastal environments, tended to
group together, and inland forest populations showed mixed
assignment.
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Fig.3 (A) Scatter Plot of Discriminant Analysis of Principal Components for 91 individuals from 8 Syagrus romanzoffiana populations. (B) Mem-
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Detection of adaptive loci and environmental
associations

To assess whether environmental variation covaries with
spatial distance among populations, we tested the correla-
tion between environmental and geographic distances using
a Mantel test. Environmental distances were calculated using
Euclidean distance based on the climatic variables identified

in the PCA as most relevant (bio06 — minimum temperature
of the coldest month, and bio19 — precipitation of the cold-
est quarter). The Mantel test revealed a non-significant cor-
relation between environmental and geographic distances
(r=0.28, p=0.13), indicating that environmental differentia-
tion among populations is not strongly structured by spatial
distance. This result suggests that the environmental signals
detected in subsequent genotype—environment association
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analyses are unlikely to be driven solely by spatial covariance
between environmental variables and geographic distance.

Environmental association analyses were conducted
using LFMM on the imputed SNP dataset, incorporating
population structure inferred from sNMF. This approach
increased robustness to missing data while preserving the
underlying neutral genetic structure. LFMM identified
4,621 SNPs significantly associated with bio06 (minimum
temperature of the coldest month) and biol9 (precipitation
of the coldest quarter) (Figures S4, 4).

A new sNMF analysis based exclusively on these can-
didates SNPs revealed a population structure with K = 4
clusters (Figure 5), indicating that environmental variables
contribute to population differentiation beyond neutral pro-
cesses. San Ramon and the two restinga (Gravata and Cond.
Maritimo) populations formed distinct genetic clusters, while
inland forest populations showed higher levels of admixture,
consistent with weaker environmental differentiation.

To further assess consistency among environmental asso-
ciations, we quantified the overlap between candidate SNPs
associated with bio06 and biol9 (Figure 6). A substantial
proportion of loci were shared between both variables, indi-
cating partially convergent genomic responses to tempera-
ture and precipitation gradients rather than independent or
stochastic associations driven by population structure alone.

LFMM candidates — Bio6 (q = 0.05)

wn _|
~_ -~
o
2 o |
R
o
T o o

o

0 5000 10000 15000 20000 25000
SNP

Fig.4 Distribution of adjusted —logio(p) values for the candidate SNPs
under selection identified by the LFMM model, associated with the
bioclimatic variables bio06 (minimum temperature of the coldest
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LucenaCecilia

Fig. 6 Overlap between candidate SNPs identified by LFMM for
bio06, minimum temperature of the coldest month, and bio19, precipi-
tation of the coldest quarter, based on the imputed genotype dataset.
Shared loci represent genomic regions jointly associated with tempera-
ture and precipitation gradients, indicating partially convergent adap-
tive responses to multiple climatic drivers in Syagrus romanzoffiana

Redundancy Analysis (RDA) based on candidate SNPs
from the imputed LFMM confirmed strong genotype—envi-
ronment associations (Fig. 7). The global model constrained
by bio06 and biol9 was highly significant (p<0.001),
with an adjusted R? of 20%. Both variables contributed

LFMM candidates — bio19 (q = 0.05)
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month) and biol9 (precipitation of the coldest quarter). Purple and
yellow dots represent loci with significant association (q < 0.05), indi-
cating possible regions under adaptive selection
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Fig.5 Genetic structure inferred by SNMF using candidate adaptive SNPs identified by LFMM analysis (q < 0.05), with K = 4. Each bar represents
an individual, and colors indicate ancestry proportions associated with adaptive genetic clusters
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Fig. 7 Redundancy analysis 3
(RDA) based on candidate SNPs 0.0
identified by LFMM. Colored ol

points represent individuals
from each population of Syagrus
romanzoffiana, while gray points
represent candidate SNPs associ-
ated with environmental vari-
ables. Arrows indicate the biocli-
matic variables bio06 (minimum !
temperature of the coldest month)
and bio19 (precipitation of the
coldest quarter), which explain
genotypic variation among popu-
lations. The first two constrained
axes explain nearly all of the
adaptive variance captured by the
candidate loci
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significantly to the explained genetic variance, and the first
two constrained axes explained nearly all of the adaptive
variation captured by candidate loci (99.9%).

Individuals from San Ramoén were positively associated
with bio06, indicating adaptive differentiation related to
colder minimum temperatures, while Cond. Maritimo, Pixir-
ica, Bortssia, and Gravata were more strongly associated with
biol9, suggesting adaptive responses to precipitation season-
ality across southern Atlantic Forest and restinga environ-
ments. Together, these results confirm that climatic variables
related to temperature and precipitation are key drivers of
adaptive genomic differentiation in Syagrus romanzoffiana.

Discussion

The genetic diversity estimates across Syagrus romanzof-
fiana populations varied among sites and were broadly
consistent with values reported for other outcrossing neo-
tropical palms assessed with SNP markers. Observed het-
erozygosity (H,) exceeded expected heterozygosity (Hy) in
five of eight populations, and H,, values ranged from 0.139
(Pixirica) to 0.205 (San Ramon), a pattern consistent with
a predominantly outcrossing mating system and ongoing
gene flow (Zona and Henderson 1989). For comparison,
similar H,, ranges have been reported in SNP-based studies
of congeneric species: Euterpe oleracea showed H, values
ranging from 0.185 to 0.260 across Amazonian populations

2 4 6
RDA1 =81.15%

(Francisconi et al. 2025a)d precatoria also exhibited gen-
erally low fixation indices and heterozygote excess across
sampled localities (Francisconi et al. 2025b), suggesting
that outcrossing and gene flow are common mechanisms
maintaining within-population diversity across neotropi-
cal palms. Populations with an excess of heterozygotes are
generally expected to be more resilient to short-term envi-
ronmental pressures, which may be relevant for persistence
under ongoing habitat fragmentation and climate change
(Hoffmann and Sgro 2011).

In addition to heterozygosity, allelic richness (4r) was
particularly notable in San Ramoén (1.567) and Lucena-
Cecilia (1.493), highlighting their genetic potential for
adaptation and long-term evolutionary resilience (Pritchard
et al. 2000). The high number of private alleles (4p) found
in Gravata (3,291) and San Ramoén (17,426) emphasizes the
genetic uniqueness of these populations, the former likely
reflecting specific local adaptations to coastal restinga
environments characterized by sandy soils, high salinity,
and strong wind exposure (Zamith and Scarano 2006), and
the latter reflecting its geographic distance from the other
sampled sites. These patterns reinforce that habitat type and
geographic context, rather than proximity alone, play cen-
tral roles in shaping allelic diversity, as has been reported
for other neotropical trees such as Fugenia uniflora (Veto et
al. 2023) and Euterpe edulis (Conte et al. 2008).

Fixation indices (f) were low and close to zero across
all populations, ranging from —0.0261 (Gravata) to 0.0145
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(Travessa), indicating that no population showed pro-
nounced inbreeding or substantial excess of homozygosity.
Negative fvalues in Gravata, Pixirica, and Herval indicate a
slight excess of heterozygotes, consistent with outcrossing
and gene flow in populations occupying environmentally
heterogeneous or well-connected habitats (Allendorf et al.
2010). The positive values observed in Travessa, Lucena-
Cecilia, Bortssia, Cond. Maritimo, and San Ramoén are
close to zero and fall within confidence intervals overlap-
ping zero (Table 1), suggesting no biologically meaningful
departure from Hardy-Weinberg expectations. Together,
these results suggest that, despite occurring in landscapes
with varying degrees of fragmentation, the sampled popula-
tions of S. romanzoffiana have maintained largely panmictic
mating dynamics, likely sustained by effective pollen and
seed dispersal by insects, birds, and mammals (Zona and
Henderson 1989).

Wright’s F-statistics revealed moderate differentia-
tion (Fgr = 0.122), indicating that while gene flow persists
among populations, they remain sufficiently differentiated
to maintain distinct genetic compositions (Wright 1931,
1949). AMOVA corroborated this finding, showing that
most genetic variation occurs within populations (70.3%),
consistent with expectations for long-lived, outcrossing
tropical trees (Anderson 2001; Griffiths and Tavare 1994),
where large effective population sizes and extensive gene
flow maintain diverse alleles within local gene pools.

Interestingly, the lack of a significant correlation between
genetic and geographic distances in the Mantel test indi-
cates that geographic separation is not the main driver of
differentiation. This result indicates that geographic dis-
tance alone is insufficient to explain the observed genetic
structure. Instead, ecological factors appear to play a greater
role. Populations occupying contrasting vegetation types
showed greater genetic differentiation than populations
within the same habitat, even when geographically closer.
For instance, Borussia and Pixirica, although ~90 km apart,
were genetically more similar to each other than Borussia
and Cond. Maritimo, which are separated by only~20 km
but differ in vegetation type (restinga vs. Atlantic Rain For-
est). This contrast reinforces the importance of isolation by
environment (IBE) over isolation by distance, highlighting
the role of local ecological conditions and microclimates in
shaping genetic divergence (Mantel 1967; Wang and Brad-
burd 2014).

The restinga environment occurs in sandy soils, prone
to high salinity and much more windy sites. On the other
hand, Pixirica and Borussia belong with a much humid for-
est, and a basaltic-derived soil. Moreover, Cond. Maritimo
is located near the ocean, some 5 km from the beach. Geo-
logical studies of the area indicate that the sea level was
approximately 2—5 m above its current level in a postglacial

@ Springer

marine transgression peak some 5 to 6 thousand years ago
(Dillenburg et al. 2009), which may probably be incompat-
ible with any occurrence of S. romanzoffiana in this area
at the time. After that, a gradative regression to the current
levels occurred (Barboza et al. 2021), probably accompa-
nied by the expansion of the restinga vegetation and by the
colonization of the area with S. romanzoffiana. Borussia and
Pixirica occur in higher elevations and much older geologi-
cal terrains, which probably allowed S. romanzoffiana to
expand much earlier. This time difference in the setting of
the populations along with the soil and climate conditions
of each site is probably implicated in local adaptations at
these sites.

Consistent with this interpretation, environmental associ-
ation analyses provided compelling evidence for local adap-
tation in S. romanzoffiana. SNPs associated with climatic
variables (bio06 and bio19) highlight the role of temperature
and precipitation as selective pressures across vegetation
types. Notably, adaptive genetic structure emphasized that
selection could act independently of geographic distance
or historical demography. Although historical processes
undoubtedly contribute to background genetic structure, the
consistency of genotype—environment associations across
multiple analytical approaches supports a primary role of
environmental selection. Similar patterns of environment-
driven divergence have been documented in Euterpe edulis
(Gaiotto et al. 2003), supporting the idea that neotropical
palms frequently undergo local adaptation even across rela-
tively small spatial scales. In this study, populations from
San Ramoén showed strong signals of adaptation to colder
winters, while southern Brazilian populations, particularly
those in restinga and coastal forest habitats, aligned with
wetter and more variable rainfall regimes.

Collectively, these results indicate that environmental
heterogeneity plays a central role in shaping genetic differ-
entiation in Syagrus romanzoffiana. The absence of isolation
by distance, combined with consistent genotype—environ-
ment associations, supports isolation by environment as a
key process structuring populations across vegetation types.
Although demographic history and genetic drift were not
explicitly modeled, the concordance among LFMM, sNMF,
and RDA analyses indicates that environmental selection
contributes measurably to genomic differentiation beyond
neutral structure. Future studies incorporating broader sam-
pling and genomic resources will be important to further
disentangle the relative contributions of drift and selection.

Conservation implications
These results provide relevant insights for the conservation

and management of Syagrus romanzoffiana. Although this
species is widespread and not currently threatened, genetic
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variation is unevenly distributed across habitats, with dis-
tinct genetic signatures associated with restingas, inland
forests, and seasonal environments. These findings highlight
the importance of conserving ecologically distinct habitats
that harbor locally adapted genetic variants. Given the fre-
quent use of S. romanzoffiana in restoration, landscaping,
and sustainable use programs, incorporating habitat-specific
genetic information into seed sourcing and restoration plan-
ning may enhance long-term population resilience under
ongoing habitat fragmentation and climate change.

Conclusion

Our results show that Syagrus romanzoffiana maintains
high levels of genetic diversity within populations and
moderate differentiation among populations across south-
ern South America. Genetic structure was not explained by
geographic distance, as indicated by the absence of isolation
by distance, but instead reflected contrasts among vegeta-
tion types and climatic conditions. Populations from dis-
tinct habitats, particularly restingas and inland forests, were
more genetically differentiated than geographically closer
populations occupying similar environments.
Environmental association analyses identified loci asso-
ciated with minimum temperature and precipitation, sup-
porting the hypothesis that climatic variables contribute to
adaptive genomic differentiation in this species. These adap-
tive signals were detected independently of spatial distance,
indicating that environmental selection plays a measurable
role alongside gene flow and demographic history.
Together, these findings provide a regional genomic
baseline for S. romanzoffiana and demonstrate that habitat-
specific environmental conditions shape both neutral and
adaptive genetic variation. This information is directly rele-
vant for restoration and management, as it indicates that seed
sourcing strategies should prioritize matching source popu-
lations to local vegetation types and climatic regimes, partic-
ularly in restinga and fragmented Atlantic Forest landscapes.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s10592-026-01788-5.
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