
Journal of Biogeography. 2023;50:197–208.	 wileyonlinelibrary.com/journal/jbi�  | 197© 2022 John Wiley & Sons Ltd.

Received: 26 October 2021  | Revised: 2 September 2022  | Accepted: 24 September 2022

DOI: 10.1111/jbi.14523  

R E S E A R C H  A R T I C L E

Linking environmental stability with genetic diversity and 
population structure in two Atlantic Forest palm trees

Kathryn P. Mercier1,2  |   Mariana M. Vasconcellos1,3  |   Euder G. A. Martins4 |    
José Rubens Pirani4  |   Fabián A. Michelangeli2,3  |   Ana Carolina Carnaval1,2

1Department of Biology, City College of 
New York, New York, New York, USA
2PhD Program in Biology, The Graduate 
Center of the City University of New York, 
New York, New York, USA
3New York Botanical Garden, Institute of 
Systematic Botany, Bronx, New York, USA
4Departamento de Botânica, Instituto de 
Biociências, Universidade de São Paulo, 
São Paulo, Brazil

Correspondence
Kathryn P. Mercier, Department of 
Biology at the City College of New York, 
New York, NY, USA.
Email: mercier.kate@gmail.com

Present address
Mariana M. Vasconcellos, Departamento 
de Zoologia, Instituto de Biosciências, 
Universidade de São Paulo, São Paulo, 
Brazil

Funding information
Fundação de Amparo à Pesquisa do 
Estado de São Paulo; National Science 
Foundation

Handling Editor: Anna Papadopoulou 

Abstract
Aim: Spatial patterns of biodiversity in the Atlantic Forest are well characterized. 
However, there is no consensus on the biological processes underlying these patterns, 
and multiple competing hypotheses have been proposed, several of which centre on 
climatic stability. Here, we ask if Late Quaternary climatic stability predicts contem-
porary population structure and genomic-level diversity in two palm species.
Location: Atlantic Forest of Eastern Brazil.
Taxa: Syagrus botryophora and S. pseudococos (Arecaceae).
Methods: We first model the distribution of suitable environments in 62 time-slice 
climate projections over the last 120 thousand years, and summarize stability over 
that period. We then use >25,000 RADseq-generated SNPs to (i) describe the spatial 
patterns of genomic variation in both species, (ii) test how well genomic variation is 
explained by isolation by distance and by the environmental resistance imposed by 
historical instability (isolation by resistance) and (iii) test for a correlation between 
genetic diversity and historical stability.
Results: The contemporary range of S. botryophora has been relatively stable over 
the last 30 thousand years and there are two isolated regions of high stability for 
S. pseudococos. The genomic data recover a clear pattern of isolation by distance in 
S. botryophora and two structured populations in S. pseudococos. Consequently, the 
contribution of isolation by resistance to overall genetic structure is much higher in 
S. pseudococos. Genetic diversity is not significantly correlated with historical stability 
in either species.
Main Conclusions: Based on the concordance between historical stability and genetic 
structure, Late Quaternary climate stability may have maintained population connec-
tivity within S. botryophora and promoted intraspecific divergence in S. pseudococos. 
Conversely, historical stability does not seem to be driving spatial patterns of genetic 
diversity. This study supports the primary role of climatic stability in determining spa-
tial population structure, but not genetic diversity, in the Atlantic Forest.

K E Y W O R D S
Arecaceae, biodiversity, Brazil, phylogeography, population genetics, RADseq, species 
distribution modelling
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198  |    MERCIER et al.

1  |  INTRODUC TION

The magnitude and extent of climatic stability in a given region has 
been portrayed as a central determinant of broad patterns of biodi-
versity (Fjeldsaå & Lovett, 1997; Hewitt, 2000). At the intraspecific 
level, climate stability allows populations to persist over longer pe-
riods of time compared to unstable regions (Ashcroft, 2010). Long-
term persistence is expected to enable the accumulation of genetic 
diversity (Leffler et al.,  2012), and to maintain high levels of gene 
flow across the region (Fjeldsaå & Lovett, 1997). Whenever contin-
uous gene flow allows local populations to reach equilibrium, the 
levels of genetic structuring become low, and genetic isolation by 
distance (IBD; Wright, 1943) is observed. In contrast, low stability 
areas are expected to prevent gene flow within the range of a spe-
cies, leading to genetic divergence (Wright, 1931). As such, popu-
lations separated by low stability regions often show high levels of 
population structure, and a signature of genetic isolation by environ-
mental resistance (IBR; McRae, 2006).

In the Atlantic Forest of Brazil, a climatically diverse biodiver-
sity hotspot (Ribeiro, Martensen, et al., 2011), spatial patterns of 
biodiversity are well characterized—including the identification of 
distinct centres of endemism and regions of community turnover 
(Peres et al., 2020; Werneck et al., 2011). Several hypotheses have 
been proposed to explain these biogeographical patterns, and 
many centre on repeated cycles of forest expansion and retrac-
tion driven by climatic shifts in the late Quaternary (Damasceno 
et al., 2014; Vanzolini & Williams, 1981). Still, studies linking his-
torical climatic stability and spatial patterns of genetic diversity 
within Atlantic Forest species have been largely restricted to an-
imal taxa, particularly vertebrates (Almeida et al.,  2020; Brunes 
et al., 2015; Cabanne et al., 2008; Carnaval et al., 2009; Carnaval 
& Moritz,  2008; Damasceno et al.,  2014; Menezes et al.,  2017; 
Silveira et al., 2019; Thom et al., 2020; Thomé et al., 2010; Valdez 
& D'Elía,  2013). Little is known about how past climate change 
influenced the population demography, and therefore patterns 
of intraspecific genetic diversity, in plants (but see Aguiar-Melo 
et al., 2019; Neves et al., 2020; Pinheiro et al., 2011; Teixeira et al., 
2016).

One geographical area of interest flagged by studies of climate 
and biodiversity in the Atlantic Forest is the central corridor that 
extends from southern Bahia to northern Rio de Janeiro (Carnaval 
et al., 2009; Carnaval & Moritz, 2008; Ledru et al., 2007). Evidence 
suggests that this area was relatively stable over the climate fluc-
tuations of the Pleistocene, serving as a climate refugium that 
maintained high levels of genetic diversity in many lineages of am-
phibians (Carnaval et al., 2009), birds (Cabanne et al., 2008), mam-
mals (de Moraes-Barros et al., 2006) and invertebrates (Batalha-Filho 
et al., 2010). Yet, while the central corridor has been identified as 
a centre of endemism for woody plants (Prance,  1982; Werneck 
et al., 2011), it remains to be seen whether it served as a botanical 
refuge through climatic stability. We ask if and how the spatial dis-
tribution of climatic stability relate to the present-day distribution of 

genetic diversity in two closely related species of palm trees endemic 
to the Atlantic Forest, which occur—although not exclusively—in 
the central corridor: Syagrus botryophora Mart. and S. pseudococos 
(Raddi) Glassman (Figure 1).

Syagrus species are generally wind- and insect-pollinated (de 
Medeiros & Farrell, 2020; Silberbauer-Gottsberger, 1990), with 
large fruits dispersed by small mammals, and are fast growing (S. 
botryophora is an extreme example; this pioneer species quickly 
takes advantage of new openings in the canopy; Noblick,  2017). 
Therefore, while tied and subject to environmental changes, these 
two species are expected to easily track environmental shifts as 
they would be able to colonize new open areas but only if within 
the limited ranges of their dispersers. This makes them a good sys-
tem to study how environmental change has driven population dy-
namics over time. While closely related, these are not sister taxa 
and thus are unlikely to hybridize. Despite having similar dispersal 
mechanisms and ecologies, S. botryophora and S. pseudococos ap-
pear to have different environmental niches based on their differ-
ential occupation of the Atlantic Forest (Noblick,  2017). Syagrus 
botryophora is found in the northern portion of the central cor-
ridor of the Atlantic Forest, along the coastal lowlands (less than 
400 metres above sea level), primarily in wet and humid evergreen 
tropical rainforest with clay lateritic soils (Figure  1, blue). Syagrus 
pseudococos, in turn, is found in the southern portion of the central 
corridor, occupying both lowland and montane systems, primarily in 
cooler, semi-deciduous forests and the southern evergreen forest 
with rocky soils (Ledru et al.,  2016; Noblick,  2017). According to 
the IUCN Red List of threatened species S. botryophora is classi-
fied as near threatened (Noblick, 1998a) and S. pseudococos as least 
concern (Noblick, 1998b). Both species are widely distributed but 
the habitats that S. botryophora occupies are more vulnerable to 
logging and conversion to pastureland (Noblick, 2017). Additionally, 
the continuing fragmentation of the Atlantic Forest from human 
habitat modification as well as anthropogenic climate change, pose 
potential threats to these species.

Here, we ask if climatic stability during the Late Quaternary ex-
plains present day patterns of population structure and genetic di-
versity in these two palms. To this end, we first examined shifts in 
suitable habitat associated with Late Quaternary climate change in 
both species and then used genomic-scale data to characterize pat-
terns of population structure and genetic diversity. Using these data, 
we tested the following hypotheses and predictions: (1) areas of long 
term stability within the range of these two species allowed local 
populations to persist over time and to reach an equilibrium, there-
fore localities in contiguous regions of high stability show low genetic 
structuring and a signal of genetic IBD; (2) conversely, areas of low 
stability prevented population persistence and gene flow through 
these regions and therefore, localities separated by low stability re-
gions show high levels of population structure and a pattern of IBR 
and (3) areas of high climatic stability have high genetic diversity. 
Finally, we examine evidence for the Atlantic Forest central corridor 
as a climatic refuge for plants.
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    |  199MERCIER et al.

2  |  MATERIAL S AND METHODS

2.1  |  Overview

Our questions require estimating, over the largest time interval 
possible, how long the landscape occupied by these palm spe-
cies has been climatically suitable. Here, this landscape is repre-
sented by grid cells in a map. For that, we used current occurrence 
records of each species and climatic projections over the last 
120,000 years (120 ky) in correlative Species Distribution Models 
(SDMs; Townsend Peterson et al., 2011) to infer the geographical 
extent of suitable climates for S. botryophora and S. pseudococos. 
Next, we generated and assembled a double digest restriction-site 
associated DNA sequencing (ddRADseq) dataset from individuals 
sampled across the range of each species. We then measured ge-
netic diversity at each sampled locality and characterized popula-
tion structure within each species. Finally, we examined support 
for our proposed hypotheses, by testing whether or not historical 

stability predicts the empirical genetic structure and diversity pat-
terns for both species.

2.2  |  Measuring stability through a novel time-
informed approach

Traditionally, climatic stability is defined as the persistence of simi-
lar climatic conditions in a region over time (Avise, 2000; Owens & 
Guralnick, 2019). To infer climatically suitable stable areas for spe-
cific species, SDMs are built from climate descriptors based on oc-
currence records of that species. Under this framework, grid cells are 
categorized as having suitable or unsuitable climates, and stability 
is quantified by the proportion of time periods when each grid cell 
presents a suitable climate (e.g. Carstens & Richards, 2007; Hugall 
et al.,  2002; Paz et al.,  2019; Vasconcellos et al., 2019; Wieringa 
et al., 2020). However, quantifying stability solely as the proportion 
of time periods when climate is suitable for a species is ‘time-blind’: 

F I G U R E  1  Distribution of Syagrus 
botryophora (blue) and Syagrus 
pseudococos (red). These two species 
occur exclusively within the Atlantic 
Forest of Brazil (green shading shows 
the pre-Columbian extent of the Atlantic 
Forest). Points show occurrence records 
for each species—including our sampling 
effort and all available geo-referenced 
museum records. Suitable habitat was 
inferred with climate-based Species 
Distribution Modelling, thresholded with a 
10% omission rate suitability cutoff. Grey 
shading shows elevation, where darker 
colours depict higher altitudes. States are 
labelled with their abbreviations: Sergipe 
(SE), Bahia (BA), Minas Gerais (MG), 
Espírito Santo (ES), Rio de Janeiro (RJ) and 
São Paulo (SP). Map projection is pseudo-
Plate Carrée, decimal degree units are 
treated as if they are linear units.
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200  |    MERCIER et al.

it fails to identify at which times the climate was suitable or not, 
and more importantly, how long presently suitable areas have been 
so. Because the timing of these suitable climate periods matters—
especially for scientists interested in demographical responses to 
environmental change and the resulting patterns of genetic diver-
sity (McDonald-Spicer et al., 2019)—we inferred stability via a novel 
time-informed metric (Figure 2). Whereas time-blind stability is typi-
cally measured as a proportion of time periods that were climatically 
suitable, time-informed stability measures how far back into the 
past a grid cell that is climatically suitable today has been suitable. In 
other words, for each grid cell that is currently suitable, we counted 
backwards until reaching a time point at which the grid cell becomes 
unsuitable and ignored any older states of that grid cell.

2.3  |  Species distribution models

To characterize climate stability for each species over time, we built 
SDMs by combining occurrence data for the species of interest 
with spatial environmental data to model how the species occupies 

geographical space (Guisan et al., 2017). We used the R package ‘wal-
lace’ v1.0.6.2 (Kass et al., 2018) to create a template of the SDM code, 
and amended the code as detailed below. Occurrence data from the 
samples used in our genetic analyses were combined with occur-
rences listed in the Global Biodiversity Information Facility (GBIF.org),  
from across the entire species range. To ensure taxonomic and local-
ity accuracy, we used only those GBIF data points based on museum 
specimens (Table S1).

We used environmental data from the Hadley Climate Center 
Model (HadCM3) to describe present-day and past climate condi-
tions over the broadest range possible of available times (Singarayer 
& Valdes, 2010). These data comprise eight bioclimatic variables at 
a 2.5 min (approximately 5 km) spatial resolution: annual mean tem-
perature (bio1); temperature seasonality (bio4); mean temperature 
of warmest quarter (bio10); mean temperature of coldest quar-
ter (bio11); annual precipitation (bio12); precipitation seasonality 
(bio15); precipitation of wettest quarter (bio16); precipitation of dri-
est quarter (bio17). These variables describe the mean and variation 
in temperature and precipitation in 62 ‘snap-shots’ over the last 120 
ky, sampled every 1000 years between the present and 22 ky ago 
(22 kya), every 2000 years between 24 kya and 80 kya, and every 
4000 years from 84 kya until 120 kya.

To sample 10,000 background points needed for the modelling 
procedure (Hijmans et al., 2013), we defined a background area as 
the minimum convex polygon encompassing all occurrence points 
and including a 0.75 degree buffer. Although dispersal distances 
have not been directly quantified in S. botryophora or S. pseudococos, 
ripe fruit carried by land mammals likely represents the farthest dis-
persal (Souza et al., 2018) Therefore, we chose a 0.75 degree buffer 
(approximately 80 km) to exclude most inaccessible areas. To ensure 
that only one occurrence point was sampled from within each grid 
cell, thus avoiding sampling biases, we thinned the occurrence points 
to match the spatial resolution of the environmental data, using the 
R package ‘spThin’ v0.2.0 (Aiello-Lammens et al.,  2015). To evalu-
ate model performance, we split the occurrence data into four geo-
graphical sets for training and testing the model. The model was run 
four times, and each time a different set was withheld for testing 
the model trained with the remaining three sets. This spatial bin-
ning approach is more robust to evaluate how models transfer over 
environmental spaces not used in the model calibration, which is ap-
propriate when projecting models in time (Muscarella et al., 2014).

We used the R package ‘ENMeval’ v2.0.0 to build a suite of mod-
els, varying the shape of the response curve (linear, or linear and 
quadratic) and model complexity (regularization multipliers ranging 
from 0.1 to 4.5 in increments of 0.1; Muscarella et al.,  2014). For 
the modelling procedure, we used the machine learning algorithm 
MaxEnt as implemented in the R package ‘dismo’ v1.1–4 (Hijmans 
et al., 2013), fitting a total of 90 models. To choose the best model 
from this suite of SDMs, we prioritized those with less model overfit-
ting. First, we selected those models with the lowest 10% omission 
rates, within 0.05 of the minimum 10% omission rate. From this sub-
set, we chose the most accurate model as measured by the average 
Area Under the Curve (AUC) of the testing sets (Guisan et al., 2017).

F I G U R E  2  Graphical representation of time-blind and our 
novel time-informed metric of habitat suitability over time. Both 
metrics are based on habitat suitability over time—shown at three 
time points where green grid cells are suitable and white grid cells 
are unsuitable. For each grid cell, time-blind stability is measured 
as a proportion of time periods that were climatically suitable. In 
contrast, time-informed stability measures how far back into the 
past a grid cell that is climatically suitable today has been suitable. 
In other words, for each grid cell that is suitable in the most recent 
time period, we count backwards until reaching a time point at 
which the grid cell becomes unsuitable and then ignore any older 
states of that grid cell.
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    |  201MERCIER et al.

To model the suitable climate of each species through time, we 
projected the SDMs into the palaeoclimate ‘snap-shots’ from the 
Hadley Climate Center. To create a binary projection and classify the 
landscape as suitable or unsuitable at each point in time, we used the 
10% omission rate suitability value as a threshold. To overcome lim-
itations inherent to these projections, we implemented two additional 
methodological steps. First, to account for non-analogous conditions 
between the contemporary training environment and the palaeocli-
mate environments, we masked out all non-analogous areas (MESS 
index <0; Elith et al., 2010). In addition, we limited the geographical 
extent of the palaeoclimate projections because the actual occupied 
area of the species is likely a subset of the total suitable area, due to 
dispersal limitations and possibly other abiotic or biotic interactions 
(Townsend Peterson et al., 2011). To account for dispersal limitations, 
and because we are only able to test predictions in areas that are 
occupied today, we limited the projection area to within 0.75 degrees 
(approximately 80 km) of the contemporary suitable habitat.

Using these projections, we created maps of time-informed sta-
bility by counting the number of time periods each grid cell has been 
continuously suitable, starting from the present and moving into the 
past. In order to compare our new stability metric to the traditional 
metric, we also calculated time-blind stability as the proportion of 
time periods each pixel was suitable, across all time periods. Grid 
cells in these maps with higher values are more stable relative to grid 
cells with lower values.

2.4  |  Genetic data collection and processing

To test our predictions, we sampled 42 individuals of S. botryophora 
(11 localities) and 51 of S. pseudococos (13 localities), including at 
least three individuals per site across the entire range of each spe-
cies (Table S2). An individual of S. oleracea was also sampled as an 
outgroup for the phylogenetic analyses (Noblick et al., 2013). Small 
leaf samples were collected for each individual and dried in individ-
ual bags with silica gel for DNA preservation. Total genomic DNA 
was isolated with the Illustra Nucleon PhytoPure (GE Healthcare 
Life Sciences) DNA extraction kit, after pulverizing the leaf mate-
rial in a FastPrep-24™ sample preparation system (MP Biomedicals). 
We confirmed the quality of extractions by visualizing high molecu-
lar weight bands on a 1% agarose gel, and quantified DNA concen-
trations in a Qubit® 2.0 fluorometer (Life Technologies). All DNA 
extractions were normalized at 1000 ng of DNA in a total volume 
of 50 μl of TLE buffer. Genomic library preparation and sequencing 
was performed at the Texas A&M Agrilife Research Genomics and 
Bioinformatics Service.

We used a ddRADseq protocol (Peterson et al., 2012) to gener-
ate restriction-site associated DNA libraries of thousands of short 
fragments distributed across the entire genome of the two target 
species. Each individual genomic DNA extract was double-digested 
with the enzymes HindIII (5′ AAGCTT 3′) and BfuCI (5′ GATC 3′), 
then ligated to customized Illumina® adapters containing multi-
plexed individual barcodes. This enzyme pair was chosen after the 

evaluation of several combinations of enzyme digests in a Fragment 
Analyser™ System, which produced a smooth density curve of frag-
ments around 500 bp. This choice was further validated by an in-
silico digestion of two Elaeis oil palm genomes (Singh et al., 2013) 
using the FRAGMATIC software (Chafin et al.,  2018), confirming 
that a sufficient number of fragments would be sequenced at a deep 
coverage (>10×) considering our sequencing output. Only fragments 
of 400 bp to 540 bp in size were selected using a PippinPrep (Sage 
Science) automated gel extraction machine. Fragments were then 
PCR-amplified and sequenced in a partial lane of the NovaSeq 6000 
System Illumina® sequencer, generating paired-end reads of 150 bp 
each. Sequence cluster identification, including quality pre-filtering, 
base calling and uncertainty assessment were done in real time using 
Illumina®’s NCS v1.0.2 and RFV v1.0.2 software with default param-
eter settings. Base call files were then demultiplexed and formatted 
into fastq files using the bcl2fastq2 v2.19.0 Illumina® software.

After verifying the sequence quality in FastQC v0.11.3 
(Andrews,  2010), we used the ipyrad v0.9.18 pipeline (Eaton & 
Overcast, 2020) for further quality filtering, de novo assembly and 
alignment of reads into loci. We proceeded with the pipeline as-
suming these two species have diploid genomes given the absence 
of polyploidy in the genus (Gunn et al.,  2015; Röser,  2000; Silva-
Cardoso et al.,  2017). Low-quality sites (PHRED Qscore <20) and 
reads (>4 low quality bases) were filtered out. The remaining reads 
were clustered de novo within individuals, using an 85% similarity 
threshold, in VSEARCH (Rognes et al., 2016). To call genotypes, a 
consensus sequence was computed for each locus within individuals, 
considering an estimated sequencing error rate (€) and heterozygos-
ity (π) across all sites (€ = 0.003 and π = 0.012 for this study). Sites 
with a within-individual coverage larger than 6X were used for base 
calling, and reads were allowed to have up to 5% undetermined sites. 
Using the same sequence alignment method and threshold, reads 
were then clustered across individuals within species. A final align-
ment step was performed with MUSCLE (Edgar, 2004). Finally, given 
that the choice of sample coverage can impact not only the number 
of loci retained but also the type of loci and ultimately the popula-
tion genetic inferences (Hodel et al., 2017; Huang & Knowles, 2016), 
we generated five datasets per species, each corresponding to a dif-
ferent level of sample coverage in order to verify the robustness of 
our results. Specifically, we allowed up to 10%, 30%, 50%, 70% or 
90% of individual samples to have missing data at that locus.

2.5  |  Genetic analyses

We used two approaches to quantify the broad patterns of popu-
lation structure within each palm species. First, to identify distinct 
genetic clusters, we estimated ancestry coefficients for each indi-
vidual using sparse Nonnegative Matrix Factorization (sNMF) as im-
plemented in the R package ‘LEA’ v2.8.0 (Frichot & François, 2015). 
Using single nucleotide polymorphism (SNP) data, we ran sNMF with 
the number of genetic clusters, K = 1–12 and 1–14 (i.e. from one to 
the number of sampled localities plus one) for S. botryophora and S. 
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202  |    MERCIER et al.

pseudococos, respectively, to ensure we compared the likelihood of 
each plausible number of populations. Then, for each value of K, we 
set the alpha parameter to 1, 10 and 100, to verify the robustness of 
the results. We ran sNMF in five replicate runs, 2000 iterations, and 
under default parameters. We determined the most likely number of 
genetic clusters using the minimum cross-entropy across runs.

Then we used a phylogenetic approach to identify any hi-
erarchical relationships between localities and genetic clusters, 
using SVDquartets implemented in PAUP* v4.0a167 (Chifman & 
Kubatko,  2014; Swofford,  2002). We analysed each species sepa-
rately, using one individual from the other species, as well as the 
S. oleracea individual, as outgroups. We sampled the quartets ex-
haustively, using a coalescent species tree approach and assigning 
individuals to the sampled localities. We performed 1000 bootstrap 
replicates to infer nodal support.

To determine if and how population genetic structure is influ-
enced by geographical distance and by the environmental resis-
tance to gene flow imposed by historical patterns of stability over 
time, we tested for patterns of IBD and IBR in each species. For 
each pair of sampled localities, we first calculated their genetic dis-
tance as Nei's distance in the R package ‘adegenet’ v2.1.3 (Jombart 
& Ahmed, 2011). Then, we calculated the geographical great-circle 
distance between each pair as implemented in the R package ‘geo-
sphere’ v1.5–10 (Hijmans et al.,  2016). Lastly, we estimated the 
resistance between each pair of localities in three ways: (1) based 
on the contemporary landscape suitability, (2) based on the metric 
of time-blind stability and finally, (3) using our new time-informed 
metric of stability. Specifically, using the maps of contemporary 
suitability or historical stability for each species, we estimated the 
resistance value between each locality pair, with an eight-neighbour 
cell scheme based on circuit theory in circuitscape v.4.0 (Shah & 
McRae, 2008). Localities separated by low suitability or less stable 
areas have higher resistance compared to localities separated by 
higher suitability or more stable areas.

Next, we tested how well each of these three resistance maps pre-
dicted genetic distance. We performed three distance matrix regres-
sions as implemented in ‘ecodist’ v2.0.7 (Legendre et al., 1994). Since 
geographical distance and resistance are correlated, and because we 
expect geographical distance to be the primary factor driving genetic 
distance (Guillot & Rousset, 2013), we used the residuals of resistance 
regressed against geographical distance as the predictor variable rep-
resenting isolation by resistance in our model. Finally, we compared 
the explanatory power (r2) of resistance in the three regressions.

To quantify genetic diversity, we calculated the average number 
of mutations per locus (mut), average number of heterozygous po-
sitions at each locus (het pos), average number of haplotypes per 
locus (hap) and average nucleotide diversity per locus (π) at each lo-
cality in DnaSP v6.12.03 (Rozas et al., 2017). We then tested for a 
correlation between nucleotide diversity (π) and each of the stability 
metrics, as well as contemporary suitability, with a linear model in 
the R package ‘stats’ v4.1.0. To account for local variation at sample 
sites, we averaged the values of grid cells within a 10 km buffer of 
each sample site.

3  |  RESULTS

3.1  |  SDMs and stability metric

The species distribution models showed high accuracy and low over-
fitting: the best models for S. botryophora and S. pseudococos had a 
testAUC of 0.78 and 0.87, and a 10% omission rate of 0.06 and 0.11 
respectively (Figure 1; Tables S3 and S4).

The best SDM for S. botryophora was based on 32 occurrence 
points and contained linear and quadratic response curves for the 
predictor variables (Figure 1, Figure S1). All environmental variables 
except for annual mean temperature (bio1) and mean temperature of 
warmest quarter (bio10) were retained in the model (Figure S2). The 
model suggested that environmental suitability for S. botryophora is 
highest in near-coastal areas of Bahia and northern Espírito Santo, 
decreasing to the north and south, as well as inland. The binary 
model (with a suitability threshold of 0.29) predicted suitable hab-
itat in low-elevation near-coastal regions in southern Espírito Santo, 
expanding into some high elevation areas in northern Espírito Santo, 
through mostly lower elevation regions of near-coastal Bahia and 
into southeastern Sergipe (Figure 1).

When projected back in time, the model for S. botryophora sug-
gests that the central corridor had relatively high stability over the 
last 120 ky years (Figure 3). Moreover, coastal southern Bahia had 
the highest stability, with suitable climates lasting up to 30 kya. 
The model suggested that the northern portion of the contempo-
rary range of S. botryophora, in northeastern Bahia, had moder-
ate stability—with suitable climate only since the beginning of the 
Holocene (less than 10 ky).

Models of S. pseudococos were developed with 28 occurrence 
points after filtering and thinning (Figure 1, Figure S3). Similar to S. 
botryophora, the best model contained linear and quadratic response 
curves but included all environmental variables with the exception 
of annual precipitation (bio12) (Figure  S4). Regions with high suit-
ability were less contiguous in this species and included the central 
corridor as well as near-coastal areas of São Paulo and western Rio 
de Janeiro. When the model is thresholded (suitability cutoff of 
0.39), two major suitable areas are identified, separated by an un-
suitable area in northeastern Rio de Janeiro (Figure 1). Areas with 
both low and high elevation (1000 m above sea level) were predicted 
as suitable.

In contrast to the pattern seen in S. botryophora, the time-
informed model of historical climate suitability in S. pseudococos 
show the existence of two main areas of high stability over the last 
120 ky: one to the north (in the central corridor in Espírito Santo) and 
one to the south, between Rio de Janeiro and São Paulo (Figure 3). 
The region of high stability in the central corridor was, on average, 
less climatically suitable, but occupied a larger geographical extent 
compared to the southern area. Here, the model suggested a land-
scape of small areas with very high stability, with coastal São Paulo 
and Rio de Janeiro having had continuous suitable climate up to 100 
kya (Figure  3). Outside these regions, most of the contemporary 
range of S. pseudococos has only been suitable for the last 10–20 ky.
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3.2  |  ddRADseq data and processing

The ddRADseq library prep and sequencing protocol produced an 
average of 2.7 million reads per individual, ranging from 255,320 
to 8,833,066. One individual (ps04_2) with few reads (34,318) was 
eliminated. Assembly and filtering of the ddRADseq library for S. 
botryophora resulted in 25,854 loci under the most lenient (90%) 
missing data filtering scheme, and 92 loci under the strictest (10%). 
For S. pseudococos, we detected 26,908 loci under the most lenient 
filtering, and 88 loci under the strictest (Table S5).

3.3  |  Genetic analyses

The population structure analysis in S. botryophora inferred between 
one and six genetic clusters but converged to a single cluster as the 

number of loci in the dataset increased (Figure S5). When more than 
one cluster was inferred, there was high admixture within individuals 
with closer individuals having similar admixture levels (Figure 3, left). 
The phylogenetic analyses revealed that the oldest divergence split 
the three northernmost localities from the remaining ones. Overall, 
the closer individuals are geographically, the more closely related 
they were (Figure 3, left). The only exception to this pattern were 
the individuals from locality bo11, which appeared more similar to 
populations farther north, but had a higher proportion of missing 
data than the rest of the samples (Table S6). Very similar tree topolo-
gies were inferred from the four largest datasets (Figure S6).

In contrast, S. pseudococos exhibited clear population structure, 
with two clusters on either side of the Espírito Santo—Rio de Janeiro 
border, the location with the lowest historical stability (Figure 3, right). 
The sNMF analysis inferred two or three genetic clusters (Figure S7): 
individuals within the Atlantic Forest central corridor always clustered 

F I G U R E  3  Time-informed stability and population structure for Syagrus botryophora (on the left, in blue) and Syagrus pseudococos (on 
the right, in red), across their ranges in the Atlantic Forest of Brazil. Time-informed stability is measured as the number of time periods, 
since the present, that had suitable habitat, and was inferred with Species Distribution Models projected through time. This is overlaid with 
phylogenetic relationships inferred in SVDQuartets (topology shown reflects results from the majority of missing data treatments, for all 
topologies recovered see Figures S5 and S6) and population assignment in sNMF (90% dataset, although results from other missing data 
thresholds show similar patterns). For S. botryophora, where the optimal number of clusters was 1, we show population assignment under 
k = 4 to highlight the pattern of admixture, and similarly we show the population assignment under k = 3 for S. pseudococos. The size of 
the circle at each locality represents the average nucleotide diversity (10% dataset) at that locality. Map projection is pseudo-Plate Carrée, 
decimal degree units are treated as if they are linear units.
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together, and the remaining individuals, south of the central corridor, 
were recovered either as one cluster or two clusters with admixture. In 
the phylogenetic reconstruction, the deepest divergence in S. pseudo-
cocos separated the localities in Espírito Santo from the rest of the lo-
calities. This geographical separation overlaps with a region with very 
low time-informed stability over time (Figure 3, right). Within the large 
southern clade, there were two monophyletic groups: one comprising 
the three westernmost localities, and the other comprising the seven 
remaining localities. As was the case for S. botryophora, the tree topol-
ogy was very similar using the four largest datasets (Figure S8).

Once population structure was characterized, we tested for the 
effect of IBD and IBR in each species (Figure 4; Tables S7 and S8). In 
S. botryophora geographical distance was a significant predictor of 
genetic distance in all three models (geographical distance p < 0.05). 
The model including time-informed stability had the highest explan-
atory power (r2 = 0.36) although the residuals of resistance were not 
significant (resistance p = 0.21). This supports IBD acting as the pre-
vailing pattern in this species with little to no IBR. In S. pseudococos, 
which was split into multiple regions of high stability, geographical 
distance was also a significant predictor of genetic distance in all 
models (geographical distance p  =  0.001). The model which in-
cluded time-informed stability had the highest explanatory power 
(r2 = 0.71) and the resistance residuals were significant (resistance 
p = 0.011), suggesting that IBR promoted by differential patterns of 
climatic stability is acting in this species, in addition to IBD.

We found variation in genetic diversity levels when comparing 
localities in both species, but that variation was tied to the number 

of loci retained after assembly (Table S6). For that reason, we focus 
on the results from the most complete dataset (10% missing data 
threshold), where there was less variation in the number of loci re-
tained across localities. Additionally, we focus on average nucleotide 
diversity, which was correlated with all the other metrics: average 
mutations per locus, average heterozygous positions at each loci and 
average haplotypes per locus.

While stability metrics were not significantly correlated with 
nucleotide diversity in either species (Table  S9), contemporary 
suitability was a significant predictor of genetic diversity in S. 
botryophora (p  =  0.046). In S. botryophora, there was a positive 
trend of increased diversity with increased time-informed stability 
(slope = 2.47 × 10−5, p = 0.32, r2 = 0.11; Figure 5) and we found the 
highest nucleotide diversity in the centre of the range (bo5), which 
decreased towards the edges (Figure 3, left). In S. pseudococos, the 
variation in nucleotide diversity was less centralized; there was no 
single area with a higher concentration of genetic diversity, but the 
northernmost individuals, in the central corridor, had the highest 
average nucleotide diversity overall (Figure 3, right). Neither sta-
bility metric was significantly correlated with nucleotide diversity 
in S. pseudococos, but, contrary to S. botryophora, a negative trend 
was detected (slope = −7.62 × 10−6, p = 0.5, r2 = 0.04; Figure 5). 
When we looked at these relationships using different missing 
data treatments, we saw similar patterns: contemporary suitability 
is a better predictor of genetic diversity than either stability met-
ric in S. botryophora and no metrics significantly predicted genetic 
diversity in S. pseudococos.

F I G U R E  4  Visualization of isolation by distance and isolation by resistance (time-informed stability distance) patterns in Syagrus 
botryophora (blue) and Syagrus pseudococos (red).
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4  |  DISCUSSION

We show that Late Quaternary climate change explains present 
day patterns of population structure in two palm species from the 
Brazilian Atlantic Forest: Syagrus botryophora and S. pseudococos. 
Our models suggest that the Atlantic Forest central corridor served 
as a centre of stability for both species, supporting the view that 
it played an important role as a Pleistocene climate refuge for sev-
eral taxa (Batalha-Filho et al., 2010; Carnaval et al., 2009; Carnaval 
& Moritz, 2008; de Moraes-Barros et al., 2006; Peres et al., 2020; 
Werneck et al.,  2011). With clear signals of isolation-by-distance 
and high genetic diversity in this contiguous stable region, we have 
evidence that populations of S. pseudococos and S. botryophora were 
able to persist in different parts of this corridor through the fluctuat-
ing climate cycles of the Pleistocene. A break in population structure 
in S. pseudococos along the less stable Espírito Santo—Rio de Janeiro 
border suggests that persistence and migration through this region 
has been limited in the past.

These broad phylogeographical patterns are consistent with 
patterns found in other Atlantic Forest species. Primarily, this study 
adds to the evidence of the central corridor as a Pleistocene climate 
refuge in the Atlantic Forest—as found in models of the Atlantic 
Forest as a whole (Carnaval & Moritz,  2008) as well as taxa spe-
cific evidence (Batalha-Filho et al., 2010; Carnaval et al., 2009; de 
Moraes-Barros et al.,  2006). Furthermore, the break in S. pseudo-
cocos around the Espírito Santo—Rio de Janeiro border has also 
been found in many other taxa including mammals: Micoureus 
(Costa, 2003), Akodon montensis (Valdez & D'Elía, 2013), Desmodus 
rotundus (de Mello Martins,  2011); amphibians: Dendropsophus 
elegans and Chiasmocleis carvalhoi (Tonini et al.,  2013), Thoropa 
miliaris (Fitzpatrick et al.,  2009), Hypsiboas albomarginatus (de 
Mello Martins,  2011), Rhinella crucifer (Thomé et al.,  2010); birds: 

Xiphorhynchus fuscus (Cabanne et al., 2007) and plants: Eugenia uni-
flora (Turchetto-Zolet et al., 2016), Dalbergia nigra (Ribeiro, Lemos-
Filho, et al., 2011). This break corresponds to a low elevation region 
in the Serra do Mar, the Valley of the Paraíba do Sul River. We sug-
gest that the low climatic stability in this region, which affected the 
long-term persistence and gene flow over time in S. pseudococos, 
may be a main driver behind the genetic break of many more taxa 
occurring throughout this region.

Large climatically stable regions have the potential to safe-
guard large population sizes; connecting subpopulations over 
evolutionary time and favouring gene flow among them, which 
seem paramount to maintain high levels of genetic diversity within 
populations (Leffler et al., 2012). This pattern, however, was not 
evident in our study. Many other factors may have impacted ge-
netic diversity in these species. First, historical climate stability 
is likely not the only force driving genetic diversity. Other drivers 
may include the size of the area that was suitable, which was very 
fragmented in S. pseudococos particularly. If effective population 
sizes are small, from small patches of suitable habitat, genetic 
drift may reduce standing genetic variation all on its own (Leffler 
et al., 2012). The southern range of S. pseudococos contained areas 
that were stable for tens of thousands of years, but these were 
only small patches of habitat. In addition, while we may expect 
low genetic diversity in a low stability area that was recently colo-
nized (e.g. caused by founder effect), higher genetic diversity may 
occur if it was colonized by multiple surrounding populations lo-
cated in pockets of stable climate (Excoffier et al., 2009; Peter & 
Slatkin, 2015).

Although we have focused here on linking climatic stability 
with population structure and genetic diversity, we are aware that 
there likely exist additional factors driving population genetic pat-
terns. Previous studies have shown mixed evidence for the role of 
geomorphology—such as topographical relief and rivers basins along 
the Atlantic Forest—as barriers to gene flow (Cabanne et al., 2008; Paz 
et al., 2019; Souza et al., 2018; Valdez & D'Elía, 2013). Additionally, 
periodical sea level regression and transgression events during the 
Quaternary, especially in the region between southern Bahia and 
northern Espírito Santo (e.g. Leite et al. 2016), may have had an in-
fluence on local biotic processes. Moreover, the reproductive biol-
ogy of these two palms may be a factor in their genetic structure. 
Syagrus species are primarily pollinated by wind, beetles and bees 
(De Medeiros et al., 2019; Noblick, 2017). Even though detailed data 
on pollination of S. botryophora and S. pseudococos are lacking, it is 
possible that populations with distinct pollinators may be prone to 
reproductive isolation. Continued study of the factors underlying di-
vergence in Syagrus, as well as other Atlantic Forest biota, will bring a 
more complete understanding of the biogeographical processes un-
derlying the high level of biodiversity in the Atlantic Forest of Brazil.

Previous scholars have stated the need to precisely define sta-
bility (McDonald-Spicer et al.,  2019), including the interaction be-
tween space and time, which is what we aimed to do here. In our 
implementation, time-informed stability will always be a subset of 
time-blind (classic) stability, because at the first instance of a grid 

F I G U R E  5  Relationship between average genetic diversity (pi) at 
a locality and the average time-informed stability within 10 km of 
that locality for Syagrus botryophora (blue) and Syagrus pseudococos 
(red).
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cell becoming unsuitable, we stop considering any older states of 
that grid cell. Admittedly, this is still somewhat simplistic, as is it pos-
sible that this scale—one time-slice at one grid cell—is not enough 
to locally extirpate the species of interest. More complexity could 
be added to our metric of time-informed stability. For example, one 
may want to consider the scale at which local extirpation would 
occur, based on species-specific traits. In spite of this simplicity, the 
concordance between genetic patterns and time-informed stability, 
which comes from two independent types of data—DNA sequences 
and geographical occurrences respectively—suggests that this met-
ric is biologically relevant. We would like to emphasize the utility of 
our novel time-informed metric of habitat stability and hope that it 
will be explored and expanded in additional studies.
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