
RESEARCH

Conservation Genetics (2026) 27:116
https://doi.org/10.1007/s10592-026-01845-z

	 Brian L. Dorsey
bdorsey@huntington.org

1	 The Huntington, 1151 Oxford Rd, CA 91016 San Marino, 
USA

2	 RIKEN Center for Interdisciplinary Theoretical and 
Mathematical Sciences, Hirosawa 2-1, Wako 351-0198, 
Saitama, Japan

3	 Laboratorio de Ecología Evolutiva, Herbario Eizi Matuda, 
Instituto de Ciencias Biológicas, Universidad de Ciencias y 
Artes de Chiapas, Tuxtla Gutiérrez, CS, Mexico

4	 Wild Cycad Conservancy, c/o 280 Woodside Dr., Woodside, 
CA 94062, USA

Abstract
A majority of cycad species face multiple challenges to their long-term survival, including habitat loss and illegal col-
lecting. Confronting these threats is made more difficult by a lack of understanding of species genetic diversity and an 
unstable taxonomy. A comprehensive and uniform assessment of species boundaries and population genetic structure is 
necessary to ensure that both ex-situ and in-situ conservation programs successfully maintain genetic diversity in threat-
ened species. The genus Dioon (Zamiaceae) is nearly endemic to Mexico (one Honduran species), and most species are 
designated Vulnerable to Critically Endangered. As part of our program to understand the evolution and conservation 
status of Dioon species, we measured levels of genetic diversity, estimated population genetic structure, and demographic 
history of D. tomasellii populations in western Mexico. We also compare morphological traits among populations in both 
univariate and multivariate analyses and compare these to patterns of genetic differentiation. Our results indicate that these 
populations are isolated, with relatively high genetic diversity, and show no evidence of inbreeding. Surprisingly high 
levels of private alleles along with significant allelic and morphological differentiation and local adaptation suggest that 
D. tomasellii, as currently circumscribed, may comprise multiple species. We compare our results to previous studies in 
Dioon and suggest future work aimed at revising the taxonomy of the species and informing conservation efforts.
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Assessing evolutionarily significant units in a widespread species: 
morphology, demography, and adaptive divergence support multiple 
lineages in the southern range of Dioon tomasellii (Zamiaceae)

Brian L. Dorsey1 · José Said Gutiérrez-Ortega2 · Miguel Angel Pérez-Farrera3 · Timothy J. Gregory4

the genetic diversity and structure within a species can pro-
vide estimates of past demography, migration, inbreeding, 
and adaptive potential, all of which are helpful to improve 
assessments of extinction risk (Garner et al. 2020). Recently 
adopted strategies and recommendations for best practices 
in plant conservation have recognized the importance of 
genetic variation as an indicator of population longevity 
and adaptability, and a target for conservation efforts (e.g., 
Frankham et al. 2014; Garner et al. 2020; Hoban et al. 2024; 
Kardos et al. 2021). Taxonomy and population genetics 
are interdependent as taxonomy is often informed by mea-
sures of genetic divergence among populations, especially 
in cryptic species or species complexes, while inaccurate 
taxonomy can affect measures of genetic structure within 
species. Addressing these challenges is both highly neces-
sary and most challenging when morphological distinctions 
among taxa are quite subtle, while at the same time, the 
morphological diversity of particular traits within species 
are substantially variable. In these systems, identifying key 

Introduction

A well-established taxonomy and clear species boundaries 
can help define evolutionary significant units of conservation 
and determine their correct level of threat. Characterizing 
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morphological traits that align with genetic and ecological 
differentiation is critical to determining practical species 
boundaries that can be used to inform conservation assess-
ments and recovery plans.

These are common challenges facing the conservation 
of many species of Cycads (Cycadales), arguably the most 
threatened lineage of plants on the planet, with approxi-
mately 70% of all species assessed as vulnerable to extinc-
tion or worse (IUCN 2025). The taxonomy of several cycad 
genera has been in flux for some time. Historically, cycad 
species labels have often been assigned to herbaria speci-
mens without regard for population-level variability. This 
practice has created vague taxonomic boundaries, causing 
geographically adjacent but distinct populations to be arbi-
trarily grouped under the same name, when perhaps they 
belong to distinct species. As a consequence, over the past 
decade, numerous new taxa have been described, often as a 
result of splitting previously recognized species, based on 
analyses of genetic structure, morphological variation, and 
ecological niche differentiation (e.g., Gutiérrez-Ortega et 
al. 2018a, b, 2020a, b, 2021a, b; Pérez-Farrera et al. 2024). 
While recent studies have assessed genetic diversity across 
genera (e.g., Cabrera-Toledo et al. 2012; Clugston et al. 
2022; Da Silva et al. 2012; Dorsey et al. 2023; González-
Astorga et al. 2008a, b; Wang et al. 2019) the conserva-
tion genetic status of most cycad species is unknown and 
we cannot rely on closely related species to infer genetic 
diversity or to set conservation goals (Hoban et al. 2020). 
Further, phylogenetic work has revealed high levels of mor-
phological homoplasy within cycad genera (Lindstrom et 
al. 2024), which highlights the difficulty faced by botanists, 
regulators, and conservationists when trying to identify and 
assess these species.

There is a clear need for critical studies of species bound-
aries and genetic diversity in cycads using multiple comple-
mentary data sets - a program we have undertaken in the 
genus Dioon (Zamiaceae) (Gutiérrez-Ortega et al. 2018a, 
b; 2020a, b; Gutiérrez-Ortega et al. 2021a, b; Dorsey et al. 
2023).

Dioon includes 18 species, all but one endemic to Mex-
ico (D. mejiae occurs in Honduras). Of the 15 taxa that are 
assessed for the IUCN Red List, eight are considered endan-
gered, and six are vulnerable to extinction (IUCN 2025).
Unassessed taxa are recently described species that have 
been split from other taxa, which suggests that these smaller 
species will be similarly ranked, or worse. In this study, we 
focus on Dioon tomasellii, a species from western Mexico 
that was once defined quite broadly and included populations 
from Guerrero to Sonora (Fig. 1) (de Luca et al. 1984). It is 
now clear that the previous circumscription included at least 
four species: D. tomasellii (de Luca et al. 1984), D. sono-
rense (Chemnick et al. 1997), D. vovidesii (Gutiérrez-Ortega 

et al. 2018a, b), and D. stevensonii (Nicolalde-Morejón et al. 
2009). As currently circumscribed, documented populations 
of D. tomasellii are restricted to Jalisco, Nayarit, Sinaloa, 
and western Durango. Our observations and collection 
locality data, along with publicly available occurrence data, 
suggest a patchy distribution of apparently isolated popula-
tions across this range (GBIF.org 2025). These occur mostly 
on the western slopes of the Sierra Madre Occidental in the 
northern end of the range, but also into the Trans-Mexican 
Volcanic Belt in Jalisco, generally in pine-oak forest and 
tropical deciduous forest.

Given the widespread and discontinuous distribution of 
this species, we hypothesize that the connectivity among 
populations is low and that this may have led to inbreed-
ing and population divergence. We also suspect that there 
may be multiple evolutionary lineages among southern 
populations of D. tomasellii, based on our field observations 
of morphological variation. To test these hypotheses and 
characterize the conservation genetic status of the species, 
we produced population-level RADseq data and measured 
putatively diagnostic leaf traits. Genomic data were used to 
assess the genetic structure among populations, as well as 
their genetic diversity and demographic history. Leaf trait 
data were used test for morphological divergence and to 
confirm the taxonomic utility of these characters. This work 
represents an initial reassessment of the integrity of the spe-
cies as currently circumscribed and adds valuable genetic 
information for the continued conservation of this species.

Methods

Sampling and sequencing protocols

We collected leaf tissue from six localities (18–48 individu-
als per locality) in Jalisco and Nayarit, including the type 
locality (Fig. 1, Appendix 1). Tissue was preserved in silica 
gel in the field and stored at -80º C upon returning to our 
lab. DNA was extracted and RADseq libraries were pre-
pared according to Dorsey et al. (2023). Paired-end 150 bp 
reads were sequenced on one S1 lane of a NovaSeq 6000 
sequencer (Illumina, San Diego, CA) by the Genomics and 
Cell Characterization Core Facility at the University of Ore-
gon. Reads were filtered for quality and adapter sequences 
using the process_radtags program from the Stacks pipe-
line (Davey et al. 2011; Catchen et al. 2013; Rochette et 
al. 2019) and again using bbduk (k = 15, hdist = 1) from 
the BBTools suite v. 38.42 (Bushnell 2019). Raw read and 
process_rad_tag demultiplexing statistics are reported in 
Tables S1-S2. We used the Stacks pipeline to assemble loci 
after optimizing the main assembly parameters – m, M, 
and N. Parameter optimization for Stacks locus assembly 
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was performed as in Dorsey et al. (2023). Briefly, loci were 
assembled from a subset of 61 individuals from all popula-
tions, including two technical replicates, at varying values 
for each parameter. Error rates defined in Mastretta-Yanes 
et al. (2015) were calculated between technical replicates 
at each parameter combination using a custom R script. 
Parameters that minimized error were chosen as optimal 
for this data set: m = 7, M = N=1. Other parameters were left 
at defaults except the minimum minor allele count (--min-
mac), which was set to 3 to ensure any SNP would be pres-
ent in at least two individuals. We removed organellar loci 
that were identified using a blastn search of a combined 
data base of the Cycas taitungensis mitochondrion genome 
(GenBank NC_010303.1) and D. spinulosum chloroplast 
genome (GenBank NC_027512.1). Potential paralogs were 
identified using the R package rCNV (Karunarathne et 
al. 2023) and removed. All loci present in less than 70% 
of individuals were also removed. The R package pcadapt 
was used to identify potentially non-neutral SNPs. Because 
we found that minor allele frequency can affect the num-
ber of non-neutral loci identified, we took a conservative 
approach to assemble neutral and non-neutral sets of loci. 
For the neutral data set we included all SNPs, regardless 

of minor allele frequency (MAF), in the pcadapt analysis. 
Any locus that contained a non-neutral SNP in this analy-
sis was removed from the neutral set. We then ran pcadapt 
ignoring SNPs with MAF < 0.05 to reduce the number of 
loci in our non-neutral data set that may be flagged as such 
due to MAF. This strategy was applied to both the ingroup 
only and the entire set of samples to produced three sets of 
loci: (1) neutral (2507 loci) and (2) non-neutral (85 loci) 
from D. tomasellii samples only and (3) neutral loci (2422) 
including six D. holmgrenii samples as an outgroup. We 
also constructed a reduced data set from the neutral ingroup 
set with 16 individuals per population and a minimum allele 
frequency of 0.05 to reduce computational burden in two 
analyses (reduced set).

Genetic structure among populations

We used several methods to estimate genetic structure 
among sampled localities. First, fineRADstructure (Malin-
sky et al. 2018) was used to estimate a coancestry matrix (-x 
500000 -y 20000000 -z 5000) using the neutral ingroup data 
set, and associated R scripts were used to cluster individu-
als by coancestry and visualize these results in a heat map. 

Fig. 1  Map of Jalisco state and southern Nayarit state showing col-
lection localities of D. tomasellii. Carrizal locality is represented only 
by morphological data. The black rectangle in the inset indicates the 
region displayed in the map. The cyan lines delimit the distribution 

range of D. tomasellii as originally described (De Luca et al. 1984), 
and the yellow lines delimit the distribution of D. tomasellii as cur-
rently circumscribed
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Four independent analyses were run, and the Markov chain 
results were compared using Tracer (Rambaut et al. 2018).

Second, for both the neutral and non-neutral ingroup data 
sets, we used the R package adegenet (Jombart and Ahmed 
2011; R Core Team 2024) to cluster individuals using dis-
criminant analysis of principal components components 
(DAPC; Jombart et al. 2010). We used the find.clusters 
function, which implements K-means clustering, to test if 
individuals clustered by allele frequency data correspond 
to sampling localities (populations). We then used the dapc 
function to test the assignment of individuals to these clus-
ters and to separate individuals based on discriminant func-
tions of principal components. These results were plotted 
with ggplot2 (Wickham 2016).

Third, we used Structure v. 2.3.4 (Pritchard et al. 2000; 
Falush et al. 2003) to estimate genomic components and 
admixture within individuals. For this analysis we ran-
domly chose one SNP per locus in the ingroup data set. We 
ran 10 independent analyses for each number of genomic 
clusters (K) = 1–10, setting burnin to 5000 and number of 
MCMC reps to 500,000. We used the online Clumpak suite 
(Kopelman et al. 2015) to identify and plot modes of each 
K and to estimate the best K overall using the methods from 
Pritchard et al. (2000) and Evanno et al. (2005).

Finally, we estimated the phylogenetic relationships 
among individuals and populations using the neutral out-
group data set. We first created consensus sequences of the 
alleles at each locus within each individual and then aligned 
each locus using mafft (v7.526; Katoh et al. 2002; v7.526; 
Katoh and Standley 2013). For each locus we identified 
the best model of sequence evolution and estimated a gene 
tree with branch using the ultrafast bootstrap in iqtree2 (-B 
2000 -T 1 --quiet -pers 0.2 -nstop 500; Hoang et al. 2018; 
Kalyaanamoorthy et al. 2017; Minh et al. 2020). We then 
used these gene trees as input for a weighted ASTRAL 
(v1.19.3.5; Zhang et al. 2017; Zhang and Mirarab 2022) 
analysis to estimate a species tree.

Genetic diversity and differentiation

We estimated parameters of genetic diversity within each 
identified genomic cluster and parameters of differentiation 
and fixation between them for both the neutral and non-
neutral data sets. We used the R package poppr (Kamvar et 
al. 2014, 2015) to count private alleles within each popula-
tion and a custom R script to calculate the percentage of 
alleles found in each population that were private. We used 
hierfstat (Goudet and Jombart 2018) to estimate F-statistics, 
observed heterozygosity and gene diversity; mmod (Winter 
2012) to estimate G’ST; and Jost’s D, and metapop2 (López-
Cortegano et al. 2019) to estimate rarefied allelic richness 
and allelic divergence. Among-population parameters 

were estimated globally and pairwise. We also estimated 
proportions of genomic variation within and among popu-
lations and Phi-statistics by running an AMOVA as imple-
mented in the R package poppr. Loci with > 5% missing 
data were excluded from the AMOVA, resulting in a data 
set of 943 neutral loci and 34 non-neutral loci. The signifi-
cance of covariance components was evaluated using 9999 
permutations.

Demographic history

We tested for recent population size reductions using the 
Bottleneck (v. 1.2.02; Piry et al. 1999) under both the infi-
nite alleles and the step-wise mutation models using the sign 
test and the standardized differences test, as recommended 
in Piry et al. (1999) for the large number of loci in our data 
set.

Recent historical migration was estimated using Bayes-
Ass3 (Wilson and Rannala 2003) and the coalescent-based 
method implemented in MIGRATE-N v.3.6 (Beerli and 
Felsenstein 1999, 2001). We ran the BayesAss3 analysis on 
the ingroup data set with either the sampling localities or 
the inferred genomic clusters as populations. For each of 
these analyses, we filtered out loci with > 4 alleles then ran 
four independent runs of 3E7 iterations, with a burn in of 
1E7, sampling interval of 10,000, and mixing parameters: 
dM = 0.08, dA = 0.3, dF = 0.04. We verified convergence and 
stationarity using Tracer (Rambaut et al. 2018).

The reduced dataset was used as input for the MIGRATE-
N analysis of historic gene flow among the four genomic 
clusters. A stepwise mutation model with constant mutation 
rates across loci was assumed. Observed FST values were 
used as starting parameters for the estimation of mutation-
scaled migration rates over 4Ne generations (M). The prior 
distribution to estimate M was uniform between 0 and 2000 
with delta = 200. The prior to estimate theta (Θ) consisted 
of a uniform distribution from 0 to 0.25 with delta = 0.025. 
Metropolis-coupled Markov chain Monte Carlo consisted of 
one long chain of 25,000 steps, sampling every 20 steps, 
which gave a total of 500,000 sampled genealogies. The 
first 50,000 genealogies were discarded as burnin. The 
number of migrants per generation (Nm) was estimated via 
ΘaMa→b = 4Nma.

Morphological variation

We measured 23 leaf traits in 148 individuals across 
seven localities of D. tomasellii. For one population 
(Carrizal), we were not able to produce DNA data, so it 
is not included in the above genomic analyses. A second 
population (Rancho Eureka) was not included in the mor-
phological data set.
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Most traits are self-explanatory, but several calculated 
indices require explanation (Fig. 2). We define the falcate 
distance as the distance from the proximal margin of a leaf-
let, at its midpoint, to the chord of the arc defined by that 
margin; it gives a measure of how falcate the leaflet is. We 
also calculated an index of leaf recurve by measuring the 
chord of the arc defined by the abaxial side of a leaflet and 
the length of that leaflet when pressed flat and taking the ratio 
of these two measurements (recurved length/flat length). A 
recurved leaflet will have a shorter chord distance than flat 
length and thus a ratio < 1, while in a flat or straight leaflet, 
those measurements are the same and the ratio = 1. We also 
counted the maximum number of spines found on the distal 
and proximal leaflet margins of a single leaflet. The follow-
ing traits were recorded as discrete states and so were ordi-
nal: leaflet imbricate index where < 25% leaflet overlap = 0, 
25–75% = 1, and > 75% = 2; leaf aspect where straight = 0, 
arching = 1, bent laterally = 2; tomentum (rachis and leaflet 
surfaces) where glabrous = 0, pubescent = 1, tomentose = 2.

Analyses of the morphological data were carried out in 
R (R Core Team 2024). Data for each continuous trait were 
centered by median and scaled by median absolute devia-
tion and then winsorized to reduce the effect of outliers. 
Most traits failed the Shapiro test for normality, so we test 
for differences among populations for each trait using the 
Kruskal-Wallace test and the Dunn post-hoc test to identify 
significant pairwise differences after Holm’s (1979) cor-
rection for multiple tests. The non-normality of most trait 
distributions also precluded the use of typical linear dis-
criminant analysis (LDA) to separate populations based on 

our multivariate data. So, we again used DAPC because the 
principal components are normally distributed and can be 
used as input to LDA. For this and further tests we combined 
Pedro Moreno and Santuario into one group based on indi-
vidual trait comparisons, preliminary multivariate analyses, 
and genomic clustering (see Results). Only continuous traits 
were used for the DAPC. We then used the scores of the first 
two discriminant functions to create a Euclidean distance 
matrix among individuals and used this as input for a per-
manova analysis (Anderson 2001; McArdle and Anderson 
2001) using the function adonis2 in the R package vegan 
v. 2.6-8 (Oksanen et al. 2024) with 9999 permutations. 
Because differences in dispersion among groups can affect 
the results of the permanova method (Anderson 2001), we 
tested for significantly different dispersion with an ANOVA 
on the output of the betadisper function in vegan, although 
permanova is generally less sensitive to the dispersion effect 
(Anderson and Walsh 2013). We used pairwise permanovas 
as post hoc tests for significant differences between popula-
tions (Marinez Arbizu 2020).

Results

Genetic structure across localities

The K-mean clustering method found four genomic clusters 
for both the neutral and non-neutral data sets. The DAPC 
clearly separated the four neutral clusters with no overlap 
among them (Fig.  3a), while the smaller, non-neutral set 

Fig. 2  (a) Falcate distance: 
between the leaflet margin and 
the line connecting the leaflet 
base to the apex, at midpoint of 
leaf. b) Recurve index: the ratio 
between the length of the leaf in 
its natural decurved state when 
viewed from the side (d1) and the 
length when pressed flat (d2)
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produced more dispersed but clearly identifiable clusters, 
with some slight overlap among some (Fig. 3b). Individuals 
from Sierra de Quila and Soledad all clustered separately, 
while individuals from Pedro Moreno and Santuario form 
one cluster, as did those from Rancho Eureka and Mira-
valles (Fig. 3).

Examination of the Markov chain output from the fin-
eRADstructure replicate runs indicates that three of the four 
found a similar globally optimal posterior probability. A 
single run with the highest ESS values after burnin (K and 
posterior > 300) was chosen to represent the optimal solu-
tion. These results indicate that the same groups found in 
the dapc share greater coancestry within them than between 
(Fig. 4). There is also evidence of substructure within these 
groups where several individuals share a high degree of 
coancestry, perhaps indicating parent-offspring groups or 
siblings.

Comparisons among the chosen number of genomic clusters 
(K) in the Structure analysis using the methods of Pritchard et 
al. (2000) and Evanno et al. (2005) suggest 4 groups as the best 
K. Figure 5 shows that these correspond to the groups identi-
fied in the DAPC and fineRADstructure analyses. There are 
only a few individuals in the Miravalles and Rancho Eureka 
populations that show evidence of admixture and this is slight.

The ASTRAL species tree estimated from the neutral gene 
trees clearly separates the same four groups found in our 
clustering analyses and the outgroup individuals into clades 
with local posterior probabilities (LPP) for these main quar-
tets = 1 (Fig. S1). Consistent with our clustering analyses, 
individuals from Miravalles are interspersed among those 
of Rancho Eureka, and those of Pedro Moreno are similarly 
distributed among individuals of Santuario, although inter-
nal branches of the main clades have low LPP, generally. 
Rooting the tree with the D. holmgrenii clade indicates a 

Fig. 3  Scatter plots showing the position of D. tomasellii individuals 
along the three linear discriminant axes from a discriminant analysis 
of principal components of neural (a) and non-neutral (b) loci. Col-
ors indicate sample localities, and the locality names are given at the 

centroid of their respective individuals. Bayesian information criterion 
from the find_clusters method indicated four as the optimal number of 
clusters for both data sets
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branching order where Sierra de Quila was first to diverge, 
followed by Santuario/Pedro Moreno, and finally, Soledad 
and Miravalles/Rancho Eureka split.

Given the consistency of grouping Miravalles with Ran-
cho Eureka and Santuario with Pedro Moreno, we refer to 
them as the Nayarit and Western Jalisco populations, respec-
tively, when considering genomic clusters.

Genetic diversity and differentiation

We used several measures to examine genetic diversity 
within and among genomic clusters identified here. The per 
population percentage of private alleles, allelic richness, 
inbreeding coefficient, observed heterozygosity, and gene 
diversity (expected heterozygosity) are reported in Table 1 

Fig. 5  Results of the structure analysis for populations of D. tomasellii showing the proportion of individuals’ genomes (colors in columns) 
assigned to one of the optimal K = 4 genomic clusters. Individuals are arranged by locality

 

Fig. 4  Heat map showing the pairwise coancestry between individuals 
of D. tomasellii based on nearest-neighbor alleles as calculated in fin-
eRADstructure. Cells represent pairwise estimates. Scale is in summed 

proportions of nearest-neighbor alleles across all loci. Individuals are 
arranged according to a MCMC clustering algorithm based on coan-
cestry and major clusters are outlined in black
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for both neutral and non-neutral loci. Neutral loci show 
moderate levels of heterozygosity (range HO: 0.13–0.16 and 
HS: 0.14–0.18) and no evidence of inbreeding. Notably, we 
see very high proportions of private alleles in each popu-
lation (neutral loci range = 16–25%). Estimates of these 
parameters are much higher for non-neutral loci. Observed 
heterozygosity and gene diversity are roughly twice the 
neutral estimates and the percentage of non-neutral private 
alleles within populations is 20–35%.

Estimates of fixation and allelic diversity are pre-
sented in Tables 2, 3 and 4. From the neutral data, global 

measures of fixation are moderate to high among popu-
lations (ΦST = 0.15, G’ST = 0.19, Table  2) and pairwise 
measures of G’ST range from 0.13 to 0.25 (Table  3, 
lower), with the greatest value between Sierra de Quila 
and Soledad. We also calculated two estimates of allelic 
differentiation among populations: the allelic differentia-
tion, AST, and Jost’s D (DJost). The global AST value from 
neutral loci is 0.30 (Table  2) and pairwise AST values 
range from 0.29 to 0.40 (Table  3A). Jost’s D estimates 
are much lower, with a global estimate of 0.05 and pair-
wise estimates from 0.03 to 0.07. These two statistics are 
complementary in that DJost is a weighted measure that 
de-emphasizes rare alleles, whereas AST is not weighted 
and measures the effect of all alleles equally. Global esti-
mates from the non-neutral data are comparable to the 
neutral ones (Table  2) as are the pairwise estimates of 

Table 1  Estimates of genetic diversity within genetic clusters/populations of Dioon tomasellii
Population Neutral Loci Non-Neutral Loci

N % 
Private 
Alleles

A F HO HS % 
Private 
Alleles

A HO HS

Nayarit 65 15.22 2.49 [2.45,2.53] 0 
[-0.002,0.002]

0.16 [0.14,0.17] 0.18 
[0.16,0.2]

21.68 3.49 
[3.15,3.85]

0.30 
[0.16,0.37]

0.36 
[0.23,0.48]

Western Jalisco 61 14.66 2.34 [2.30,2.39] -0.01 
[-0.02,0.00]

0.13 [0.12,0.15] 0.14 
[0.13,0.15]

20.96 3.30 
[2.97,3.58]

0.30 
[0.21,0.38]

0.32 
[0.24,0.42]

Soledad 45 17.96 2.22 [2.18,2.25] -0.01 
[-0.02,0.00]

0.16 [0.14,0.17] 0.17 
[0.15,0.19]

20.42 2.78 
[2.56,3.03]

0.25 
[0.18,0.31]

0.25 
[0.15,0.32]

Sierra de Quila 44 24.60 2.16 [2.12,2.19] 0 [0.00,0.01] 0.14 [0.12,0.15] 0.16 
[0.15,0.18]

35.93 3.13 
[2.80,3.46]

0.35 
[0.27,0.44]

0.39 
[0.29,0.5]

Mean 54 18.11 2.32 0.00 0.14 0.16 24.75 3.21 0.30 0.33
N number of individuals, A mean allelic richness using rarefaction, F median inbreeding coefficient, HO median observed heterozygosity, HS 
median gene diversity, BS CI bootstrap confidence interval of the estimates.

Table 2  Global differentiation statistics for Dioon tomasellii
ΦIS ΦST ΦIT G’ST DJost AST

0.01 0.15 0.16 0.19 0.05 0.30
DJost Jost’s D, AST Allelic differentiation

Table 3  Pairwise estimates of Hedrick’s G’ST between genetic clusters of Dioon tomasellii
Nayarit Western Jalisco Soledad Sierra de Quila

Nayarit 0.12 0.15 0.25
Western Jalisco 0.13 0.21 0.24
Soledad 0.14 0.20 0.26
Sierra de Quila 0.21 0.20 0.25
Neutral loci below, non-neutral loci above

Table 4  Pairwise estimates of allelic differentiation between genetic clusters of Dioon tomasellii from neutral (A) and non-neutral (B) loci
A Nayarit Western Jalisco Soledad Sierra de Quila
Nayarit 0.29 0.33 0.39
Western Jalisco 0.03 0.37 0.38
Soledad 0.04 0.05 0.40
Sierra de Quila 0.06 0.05 0.07
B

Nayarit Western Jalisco Soledad Sierra de Quila
Nayarit 0.31 0.35 0.41
Western Jalisco 0.04 0.38 0.39
Soledad 0.06 0.08 0.41
Sierra de Quila 0.11 0.10 0.11
Jost’s D below diagonal and AST above



1 3

Page 9 of 16  116Conservation Genetics (2026) 27:116

G’ST, except those involving Sierra de Quila, which are 
somewhat higher (Table  3). Measures of allelic differ-
entiation for non-neutral loci are slightly elevated when 
measured by AST (range = 0.31–0.41) and up to twice the 
neutral estimate for DJost (range = 0.04–0.11, Table 4).

Demography

The results of the Bottleneck analysis were mixed among 
models and statistical tests. Under a stepwise mutation 
model, there is significant evidence for recent population 
reduction in all four populations according to both the sign 
test and the standardized differences test. Under the infinite 
alleles model, however, on we find a significant result for 
the Nayarit, Sierra de Quila, and Soledad populations from 
the sing test but only Sierra de Quila and Soledad from the 
standardized differences test. Since our data are microhap-
lotypes that more closely align with the IAM, we have high 
confidence in a past size reduction in Sierra de Quila and 
Soledad and consider it likely in Western Jalisco but not so 
in Nayarit.

In both BayesAss analyses, all runs within an analysis 
found the same distributions among all parameters and 
ESS values were > 1000 for all except the posterior prob-
ability. When assuming localities as populations, the over-
all proportions of migrants per generation were near zero 
for all populations except those from Santuario into Pedro 
Moreno (0.261) and from Miravalles into Rancho Eureka 
(0.268) (Table 5A). Seventeen individuals in Pedro Moreno 
were identified as last-generation migrants from Santuario 
(posterior probability = 1.0), and 24 individuals in Rancho 
Eureka were identified as migrants from Miravalles, all in 
the previous generation except for one individual from two 
generations back (posterior probability = 1.0). Surprisingly, 
one individual in Soledad and one from Santuario are iden-
tified as migrants from Rancho Eureka, both two genera-
tions back (posterior probability = 1.0). When designating 

the genomic clusters identified above as populations, which 
combines the localities with migrants, we found essen-
tially zero migration among all clusters (Table  5B). The 
Migrate-N analysis for gene flow among genomic clusters 
estimated < 1 migrants over the past 4 N generations, again 
indicating essentially no migration (Fig. S2).

Morphological diversity

The DAPC separated populations of D. tomasellii into 
four clusters with limited overlap among them, indicating 
that the measured traits can potentially be used to 
distinguish populations in this species (Fig. 6). The first 
cluster includes the Western Jalisco population (Santuario 
and Pedro Moreno combined) along with Miravalles 
from Nayarit. The other three are the Carrizal, Soledad, 
and Sierra de Quila populations. The Carrizal population 
occupies a position intermediate between the western 
cluster and Soledad, and while there is much less overlap 
among the distributions of Sierra de Quila and Soledad 
with most other localities, none of the populations occupy 
a wholly distinct space. Quantitative assessments of 
population assignment based on the morphology are also 
provided by the dapc function. The overall proportion 
of individuals assigned to their populations based on the 
discriminant functions was 0.67. Proportions of individuals 
correctly assigned to their original populations are given 
in Table S6, and the posterior probabilities (PP) of these 
assignments are summarized in an assignment plot (Fig. 
S3), which shows the original source population for each 
individual and the PP of every possible assignment. All 
individuals from Sierra de Quila were correctly assigned 
with PP = 1.0, whereas the correct assignment proportions 
ranged from 0.44 to 0.74 for the other populations.

The PERMANOVA on positions in the linear 
discriminant space shows that significant differences exist 
among the population centroids (Table S7). The ANOVA 

Table 5  Estimates of migration among (A) localities and (B) genomic clusters of Dioon tomasellii
A Soledad Miravalles Santuario Pedro Moreno Rancho Eureka Sierra de Quila
Soledad 0.960 (0.015) 0.007 (0.007) 0.007 (0.006) 0.007 (0.007) 0.013 (0.009) 0.007 (0.006)
Miravalles 0.007 (0.007) 0.964 (0.015) 0.008 (0.008) 0.007 (0.007) 0.007 (0.007) 0.007 (0.007)
Santuario 0.007 (0.007) 0.007 (0.007) 0.960 (0.015) 0.007 (0.007) 0.013 (0.009) 0.007 (0.007)
Pedro Moreno 0.015 (0.014) 0.014 (0.014) 0.261 (0.028) 0.681 (0.014) 0.015 (0.014) 0.015 (0.014)
Rancho Eureka 0.011 (0.010) 0.268 (0.024) 0.011 (0.010) 0.011 (0.011) 0.688 (0.014) 0.011 (0.011)
Sierra de Quila 0.007 (0.007) 0.007 (0.007) 0.007 (0.007) 0.007 (0.006) 0.007 (0.007) 0.967 (0.014)
B Nayarit Western Jalisco Soledad Sierra de Quila
Nayarit 0.9851 (0.008) 0.005 (0.005) 0.005 (0.005) 0.005 (0.005)
Western Jalisco 0.005 (0.005) 0.985 (0.009) 0.005 (0.005) 0.005 (0.005)
Soledad 0.007 (0.007) 0.007 (0.007) 0.980 (0.011) 0.007 (0.007)
Sierra de Quila 0.007 (0.007) 0.007 (0.007) 0.007 (0.007) 0.979 (0.012)
Proportions of migrants per generation in row, from column estimated using BayesAss. Mean (SD) across loci. Bold cells are those with non-
trivial estimates of migration
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for differences in dispersion among populations was also 
significant; however, comparing the difference in centroid 
position among the three pairs with significantly different 
dispersions (t-test, p < 0.05; Table S8), it seems unlikely 
that the difference in centroids is a false positive. Post-hoc 
pairwise PERMANOVA tests found significant differences 
between each pair of centroids (Table S9; Fig.  6). The 
contributions of the original variables to the linear functions 
are given in Table S10. We compared these values to the 
expected value, assuming equal contribution among traits, 
and several traits had outsized contributions. Along the first 
linear function, leaf length, leaflet width, and leaflet length/
width were above this threshold. These traits most strongly 
separate Soledad and Sierra de Quila from the Western 
Jalisco and Miravalles populations. In the second linear 
function, petiole width, petiole length, leaf width, leaflet 
curve ratio, falcate distance, and leaf length (in descending 
order) were above the threshold and separated Carrizal 
and Soledad from the other populations according to their 
relative positions.

To more directly test for differences in specific traits 
among populations, we used the Kruskal-Wallis test among 

all populations and the Dunn test between population pairs. 
Significant differences among populations were found for 
all traits measured according to the Kruskal-Wallis test 
(Table S11). We compiled the results from the Dunn pair-
wise tests in three ways. First, violin plots of each trait 
showing the significant differences between populations are 
found in Figures S4-S27. Second, we tallied the number of 
significant comparisons for each trait (Table S12), and third, 
we tallied the number of traits that were significantly dif-
ferent between population pairs (Table S13). Raw P-values 
for pairwise comparisons of every trait are in Table S14. 
Ranking traits by the number of significant pairwise com-
parisons, we find that most of the traits that had an outsized 
contribution to the linear discriminant functions also vary 
among most populations.

In general, Sierra de Quila differs from most popula-
tions in the highest number of characters (11–14 significant 
differences), except Soledad. Sierra de Quila and Soledad 
differ from each other in the fewest traits (4 significant dif-
ferences) and share a number of traits that distinguish them 
from the other populations. They tend to have straighter, 
shorter leaves with glabrous, narrower leaflets, more leaflets 

Fig. 6  Scatter plot showing 
the position of D. tomasel-
lii individuals along the two 
linear discriminant axes from a 
discriminant analysis of principal 
components of 24 morphological 
traits from six localities in Jalisco 
and Nayarit. Locality of individu-
als is indicated by symbols (see 
legend) and polygons enclose 
individuals from each locality
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per meter, and the highest leaflet length to width ratio. They 
differ only in four traits, with Soledad having shorter, wider 
petioles; more decurved leaflets; and a more tomentose 
rachis.

Among the other three populations, Western Jalisco and 
Carrizal have the most deflexed leaflets and Miravalles is 
intermediate among all populations. Western Jalisco and 
Miravalles both tend to have somewhat pubescent and mod-
erately falcate leaflets and long petioles, and Western Jalisco 
also has the greatest forward leaflet angle. Miravalles tends 
to have more widely spaced leaflets than Western Jalisco, 
less recurved leaflets than Western Jalisco and Carrizal, and 
fewer leaflet spines overall. Western Jalisco has the lowest 
leaflet length to width ratio, while Carrizal and Miravalles 
are intermediate among all populations. Carrizal is charac-
terized by shorter, wider petioles similar in length to Sole-
dad, and a consistently tomentose rachis.

Discussion

In this study we examined the genomic and morphological 
variation within the southern populations of Dioon toma-
sellii to identify independent evolutionary lineages and to 
characterize the conservation genomic status of popula-
tions. Our data focus on the states of Nayarit and Jalisco, the 
region surrounding the type locality (De Luca et al. 1984), 
and so represent and initial study until we are able to include 
the northernmost populations in Sinaloa and Durango. We 
found clear population genetic structure and evidence of 
local adaptation. We also find complementary patterns in 
morphological differentiation among populations, with sev-
eral characters distinguishing each. Genetic diversity within 
populations is moderate, with no evidence of inbreeding but 
with a very high percentage of private alleles in each. Taken 
together, these results suggest that there are multiple evolu-
tionary lineages represented by D. tomasellii in its southern 
range.

Drivers of divergence among populations of D. 
tomasellii

Our results provide two possible complementary mechanisms 
that have produced these genetically distinct, isolated, and 
relatively small lineages in Nayarit and Jalisco. First, as 
suggested by the very high percentage of private neutral 
alleles in each population and confirmed by our estimates of 
migration rates, there is apparently no gene flow among any 
of the four recognized populations. We did detect migration 
between sampling localities within the Nayarit and Western 
Jalisco populations (Appendix Table 6), but these localities 
are geographically quite close (1.5–5.5 km apart), whereas 

the distances between the four populations range from 
approximately 100–200 km. This distribution pattern, the 
high levels of allelic differentiation, and the geographically 
limited migration rates among localities likely result from 
a fundamental limit to gene flow in cycads that is the result 
of pollination and seed dispersal mechanisms. Pollination 
in Dioon is by weevils (Tang et al. 2018) whose maximum 
flight distance is not known, but Terry et al. (2001) found 
that over half the mean pollen load is lost from the thrip 
pollinators between male and female cones of Macrozamia 
communis, with a mean distance of 5 m. If pollen retention 
is similar between these pollinators, this suggests that 
effective pollination is highly restricted among populations 
of D. tomasellii. Further, the dispersal mechanism for the 
relatively large seeds of cycads is not known for most 
species, but several studies have suggested that birds and/
or mammals may provide some limited dispersal (Snow 
and Walter 2007; Hall and Walter 2013; Yáñez-Espinosa 
et al. 2021; Gómez-Domínguez et al. 2022). However, 
even when animal dispersal has been observed, the vast 
majority of seeds remain close to the mother plant. This 
suggests that long-distance seed dispersal is uncommon, 
but it cannot be discarded as impossible. However, the lack 
of evidence for recent gene flow among geographically 
distant localities and only partial connectivity between 
close ones, in this and previous studies, is consistent with 
limited seed dispersal and pollination distance in cycads 
(Gutiérrez-Ortega et al. 2020a, b; Gutiérrez-Ortega et al. 
2021a, b; Clugston et al. 2022; Dorsey et al. 2023). Despite 
the evidence for recent population reductions, the levels of 
differentiation between populations seem unlikely to have 
arisen since the bottleneck event, which is inferred to be 
2Ne-4Ne generations in the past (Piry et al. 1999). It is 
therefore likely that these populations have been isolated for 
a long time or that there was a significant level of isolation 
by distance within the ancestral metapopulation, or both. 
The fundamental limit on metapopulation connectivity due 
to pollination and dispersal biology may be one of the main 
drivers of high spatial turnover of Dioon species across 
Mexico (Rossetto et al. 2008; Wessinger 2021), a pattern 
that is becoming more evident within the genus as more 
taxa are re-examined using genomic tools.

We also find evidence of adaptive divergence among 
populations from several analyses. The non-neutral data 
set clustered individuals in the same groups as the neutral 
set and we find a slight increase in measures of popula-
tion divergence (GST, AST, DJost) for the non-neutral data 
set. Also, the percentage of private, non-neutral alleles 
is even higher than that of the neutral set for all popu-
lations, ranging from 21 to 36%. These results, along 
with the morphological variation discussed below, sug-
gest that the population divergence is driven not only by 
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demographic processes but also local adaptation. If true, 
this would be in contrast to previous studies in Dioon 
that found niche conservatism to be a driving factor in 
speciation among closely distributed taxa (Gutiérrez-
Ortega et al. 2020a, b; Gutiérrez-Ortega et al. 2021a, b). 
Further tests of the extent and drivers of local adapta-
tion should focus on environmental and morphological 
correlates of genetic diversification across the species’ 
entire range.

Genetic diversity within populations

The genomic clusters/populations identified here have 
moderate and comparable levels of neutral genetic 
diversity as measured by allelic richness (A, mean 2.32, 
range = 2.16—2.49), observed heterozygosity (HO, 
mean = 0.14, range = 0.13—0.16) and gene diversity (HS, 
mean = 0.16 range = 0.14—0.18). Previous studies have 
used various types of markers to estimate genetic diversity 
in Dioon and this makes comparison difficult. Dorsey et al. 
(2023) used the same microhaplotypes derived from RAD-
seq data as in this study for D. holmgrenii and found simi-
lar estimates of allelic richness but twice the level of HO 
and HS and substantial yet smaller levels of private alleles 
(range = 0.015–0.039). D. holmgrenii also comprises mul-
tiple isolated populations but this distribution apparently 
has not resulted in the same level of divergence as we find 
in D. tomasellii.

Estimates of inbreeding (F) are near zero for all popula-
tions of D. tomasellii in the present study, which is some-
what surprising given the likely bottleneck experienced in 
at least half of the populations and the lack of gene flow 
among all. One explanation is that cycads are dioecious 
and less susceptible to inbreeding due to selfing. However, 
we would expect the low dispersibility and limited pollina-
tion distance discussed above to produce clusters of closely 
related individuals. If related individuals are spatially clus-
tered within populations, one could imagine that, rather than 
increasing the level of inbreeding, a reduction in popula-
tion size that is evenly distributed in effect could potentially 
decrease inbreeding by thinning the population such that 
a less dense cohort of individuals that are more distantly 
related remains. Also, given the slow growth and presumed 
long generation times in cycads, the effect of the bottleneck 
may be delayed, and our estimates of inbreeding may actu-
ally be that of the populations before reductions in size. One 
could test this by comparing coancestry among individuals 
and inbreeding in populations that have and haven’t expe-
rienced a recent bottleneck. Unfortunately, both species for 
which we have genomic data have experienced a recent 
reduction in population sizes.

Morphological characterization and differentiation

Having established that the populations sampled are geneti-
cally differentiated to various degrees, we would like to 
know if they are also distinct morphologically. This will 
facilitate further work addressing local adaptation and help 
us to evaluate our suspicions of multiple potential species 
within D. tomasellii as currently defined. To get at this 
question, we measured or calculated 24 leaf traits, many of 
which are typically used to identify species of Dioon. This 
data set included an additional population, Carrizal, from 
southwest Jalisco, and excluded Rancho Eureka. The mul-
tivariate PERMANOVA analysis confirms that the locali-
ties can be distinguished by a combination of the traits we 
measured. Pairwise PERMANOVAs suggest that all popu-
lations are morphologically distinct; however, the statistical 
difference between Miravalles and Western Jalisco popula-
tions is surprising given the overlap among individuals in 
the linear discriminant space.

Multivariate tests are helpful to determine if the cluster-
ing we infer from LDA plots is non-random and can help 
develop hypotheses of evolutionary trends. But for investi-
gating the evolution of specific characters and the identifica-
tion of distinct morphologies in the field, we would like to 
know the particular characters, if any, that distinguish popu-
lations. To this end, it is helpful to consider the variation of 
traits within populations as well as the differences in central 
tendencies. Reviewing the Dunn test violin plots (Figs. S4-
S27), we find that several traits tend to be more consistent 
within and different between some populations. Traits that 
distinguish Sierra de Quila, and slightly less so Soledad, and 
which are less variable within these populations are leaflet 
width, leaflet length/width, abaxial leaflet surfaces, and leaf-
let curve ratio, and to a lesser degree, leaf length. Sierra de 
Quila has consistently thin, glabrous, straight leaflets com-
pared to the western populations. Soledad also has thinner, 
glabrous leaflets, but they can be deflexed, more similar to 
the western populations. Leaf length is generally shorter 
in these eastern populations, but they do overlap with the 
lower end of the distribution in western populations. Given 
the history of population divergence, characters that sepa-
rate Sierra de Quila and Soledad from the western popu-
lations may represent retention of ancestral traits. Among 
the three western populations, while Carrizal does occupy a 
fairly distinct position in the dapc plot, there are few charac-
ters that do not overlap, despite any significant differences 
between medians. One trait that may distinguish Carrizal 
from Miravalles and Western Jalisco plants is rachis tomen-
tum. Carrizal plants consistently had tomentose rachis, 
whereas vestiture could range from glabrous to tomentose 
in the other two western populations.
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Taxonomic and conservation implications

The taxonomy of the genus Dioon continues to be refined, 
mostly due to reevaluation of taxa using new genomic, mor-
phological, and environmental data (Gutiérrez-Ortega et al. 
2018a, b; Gutiérrez-Ortega et al. 2020a, b; Gutiérrez-Ortega 
et al. 2021a, b; Calonje et al. 2026). An emerging pattern 
from these studies is that the distributions of Dioon species 
are quite limited. This seems to be the case for the popula-
tions in this study as well, despite being included in one 
of the most widespread taxa as originally circumscribed 
(de Luca et al. 1984). We have demonstrated that there are 
indeed multiple evolutionary lineages among the southern 
populations of D. tomasellii and that at least two of these, 
Soledad and Sierra de Quila, can be distinguished morpho-
logically. Accordingly, we are in the process of confirming 
that these two populations should be recognized as new 
species. However, splitting taxa can have important effects 
on their conservation status (Morrison et al. 2009). Dioon 
tomasellii is currently assessed as Vulnerable on the IUCN 
Red List under criterion A2 because of population declines 
and loss of habitat (IUCN 2025). Any segregate taxa will 
have smaller population sizes, smaller extent of occurrence, 
and fewer populations, all potentially increasing their threat 
level. To the extent that conservation efforts can address the 
needs of these local endemic lineages, this recognition of 
increased threat represents progress. However, because the 
populations of D. tomasellii are isolated and genetically dis-
tinct but retain moderate levels of genetic diversity, we feel 
they should each be considered irreplaceable and high prior-
ity for conservation, regardless of taxonomy. This is further 
supported by the potentially adaptive genetic divergence 
among populations, which means that the loss of any one 

would mean a reduction, not only in the number of living 
individuals, but also of ecological and phylogenetic diver-
sity within the genus. Fortunately, Sierra de Quila popula-
tion is within the Sierra de Quila Flora and Fauna Protection 
Area and so has a level of protection and the Santuario 
locality is on a private reserve. Ther remaining populations 
are on private land and so potentially subject to land clear-
ing or other habitat changes.

Conclusions

We have shown here that the populations of Dioon tomasellii 
in the southern portion of its range are isolated and geneti-
cally distinct. These populations harbor high proportions of 
unique alleles, the maintenance of which is likely due to the 
absence of pollen flow and seed dispersal and local adapta-
tion. Further, we find that two of the populations, Sierra de 
Quila and Soledad, diverge morphologically, particularly 
from Western Jalisco and Nayarit populations, with Carrizal 
plants being intermediate. Notably, Sierra de Quila occupies 
the most distinct and narrow section of morphospace and is 
the first diverging lineage in the phylogeny. This strongly 
suggests to us that it may be a distinct taxon. Future work will 
incorporate populations from the northern half of the range 
(i.e., northern Nayarit and Sinaloa) to determine the extent of 
divergence across the distribution and to further evaluate the 
possibility that this taxon consists of multiple species. Given 
the moderate levels of heterozygosity and the very high pro-
portion of private alleles in each population, conservation of 
each population at current or higher numbers of individuals 
will be necessary to prevent the loss of genetic, ecological an 
evolutionary diversity represented by these populations.

Table 6  Voucher information for tissue sampled for DNA extraction from populations of Dioon tomasellii
Locality N DNA N Morph. Voucher Deposited
Santuario 48 28 BLD 308

BLD 309
HNT
SERBO

Pedro Moreno 18 14 - -
Miravalles 40 25 BLD 314

BLD 315
HNT
HNT

Rancho Eureka 25 - BLD 316 HNT
Sierra de Quila 44 23 BLD 310

BLD 311
HNT
HNT

Soledad 48 25 BLD 312
BLD 313

HNT
HNT

Carrizal - 30 - -
N DNA number of samples for DNA extraction, N Morph. number of individuals measured for morphological traits, - no data or voucher

Appendix 1
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