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Abstract. The increased availability of phylogenetic, morphological, and geographic information from different biological groups has
allowed for the testing of several scenarios on the origin and assembly of the biota around the world. The biogeographical approaches
used to understand the origin of the Yucatan Peninsula Biotic Province (YPBP) flora were previously based on floristic comparisons and
do not consider the phylogenetic relationships among taxa, complicating the understanding of their biogeographical history. In order to
improve the understanding of biogeographical and evolutionary processes implied in the occurrence of the endemic flora of the YPBP, we
constructed a geobiotic scenario, which integrates lineage divergence events obtained from previous phylogenetic and biogeographical
studies, along with geological/tectonic and climatic events occurring in the area. To strengthen the biogeographical hypotheses, we
constructed a phylogenetic tree as a framework for an approximation of the periods of history with the greatest influence on the evolution
of the flora. Additionally, we searched for morphological traits of relevance for dispersal, establishment, and adaptation to the current
environmental conditions of the YPBP. The evidence gathered in the present work strongly suggests that the origin of the endemic flora
of the YPBP has been driven by various factors and processes that occurred at different times in the history of the Earth (mainly in the
Pliocene and early Pleistocene). These include hybridization, isolation after long-distance dispersal from the Antilles, as well as the
influence of environmental changes during the Pleistocene. Those climatic fluctuations reduced the geographic range of some ancestral
lineages, leading to geographic isolation of populations in the northern part of the YPBP, where the climate has been more stable over time.
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Endemic species are species distributed exclusively in a
natural, predefined area and are considered unique results
of evolution (Hobohm, 2014), highlighting the importance
of “endemism” for biogeography. Specific locations across
the Earth with high levels of endemism are often associated
with climatic stability, serving as refugia for paleoendemic
lineages that had broader distributions in the past (Anderson,
1994). Additionally, endemism is associated with sites of
rugged relief, high levels of environmental heterogeneity
(Noroozi et al.,, 2018), and geographical isolation,
such as on oceanic islands or mountain peaks, which
promote genetic differentiation and subsequent allopatric
differentiation (Kier et al., 2009; Losos and Ricklefs, 2009).
In contrast, sites with a history of high climatic instability
tend to host fewer endemic species, often of recent local
divergences known as neoendemic lineages (Merckx et
al., 2015; Noguera-Urbano, 2016). Endemic species are
useful for establishing the boundaries of biogeographical
areas (Crother and Murray, 2011; Morrone, 2014) and are
essential criteria for the conservation of biological diversity
at local, regional, and global scales (Fattorini, 2017).

Phylogenetic hypotheses provide direction for the
reconstruction of geographic distributions and for the
elucidation of the processes of diversification, dispersal,
extinction, and vicariance (Santiago-Valentin and
Olmstead, 2004; Kadereit, 2017; Morrone, 2022). The
study of the geographic distribution of phylogenetically
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related endemic species can improve the understanding
of the biogeographical processes which shaped the biota
of a given area. For example, areas with geographically
restricted sister species suggest in situ diversification
processes, where the time elapsed has been insufficient
for the expansion of their distribution range (Kadereit,
2017), and/or where there are geographic or ecological
barriers preventing the sister species from achieving more
extensive distributions (Merckx et al., 2015). Moreover,
allopatric speciation resulting from vicariant divergence
can be inferred from geographically isolated sister species
(Morrone, 2004; Luebert and Weigend, 2014; Chiapella and
Demaio, 2015; Kadereit, 2017). The increased availability
of phylogenetic, morphological, and geographic information
from different biological groups has allowed for the testing
of several scenarios on the origin and assembly of the
biota around the world (e.g., Chiapella and Demaio, 2015;
Kadereit, 2017; Zizka, 2019). Additionally, knowledge of
the divergence times of closely related species, evaluated
in the context of tectonic or paleoclimatic events, helps to
elucidate speciation events by isolation after long-distance
dispersal (Grandcolas et al., 2008; Andrus et al., 2009;
Luebert and Weigend, 2014). Furthermore, the analysis
of functional traits of relevance for their distribution and
establishment, such as growth form and dispersal syndrome,
may strengthen the biogeographical hypotheses of interest
(Wen et al., 2014).
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The Yucatan Peninsula Biotic Province (YPBP) is
considered a biogeographical unit based on its biotic, phys-
iographic, morphotectonic, and environmental attributes
(Barrera, 1962; Morrone, 2019). It is located in the
Neotropics (Fig. 1) on the karst platform impacted by the
meteorite that triggered the fifth mass extinction on Earth,
approximately 65 Mya (Renne et al., 2013). The southern
YPBP re-emerged from the seabed during the Oligocene
(~32 Mya) and continued to be exposed in staggered
episodes up to the Holocene (<0.01 Mya) on the northern
coast (Bryant et al., 1991; Lugo-Hubp et al., 1992). This
geological phenomenon suggests a recent establishment and
evolution of the flora in this region, particularly in coastal
zones (Miranda, 1958). Today, this area (ca. 300, 000 km?)
harbors a floristic diversity of ca. 2, 860 taxa of vascular
plants (modified from Carnevali et al., 2010b), of which
around 6% are endemic (180 spp.) and quasi-endemic
species (8 spp.) (Carnevali et al., 2021b). Quasi-endemics
are limited to the area of endemism but also reach the border
or transition zones with adjacent biogeographical provinces
or are represented by a few isolated populations beyond the
boundaries and into neighboring provinces. This percentage
is relevant considering the relatively short time that has
elapsed since the re-emergence of the YPBP, its low relief
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complexity, and its relatively close connection with the rest
of Mexico and Central America (Ramos, 1975; Lugo-Hupb
et al., 1992; Morrone, 2019).

It has been hypothesized that the origin of endemism in
the northern YPBP was strongly influenced by Pleistocene
climatic fluctuations that resulted in the fragmentation
of tropical dry forests (TDF), leading to the isolation and
differentiation of many plant groups (Carnevali et al.,
2003; Espadas-Manrique et al., 2003; Espadas-Manrique,
2004). Miranda (1958) suggested that the origin of these
endemic species may be explained by edaphic conditions
in the area and the establishment of lineages from southern
Mexico and northern Central America in these new
environmental conditions. However, the biogeographical
approaches used to understand the origin of the YPBP
flora have been based on floristic comparisons (Estrada-
Loera, 1991; Ibarra-Manriquez et al., 2002; Espadas-
Manrique et al., 2003; Ramirez-Barahona et al., 2009) and
do not consider phylogenetic relationships. Studying the
phylogenetic relationships of the endemic flora of the YPBP
is necessary for understanding past scenarios of the origin
of the biota (Morrone, 2022) and a first step to estimating
possible responses to anthropogenic disturbances and future
environmental changes (e.g., Edwards and Still, 2008).
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Ficure 1. Study area. A, Elevations of the YPBP karst platform and the occurrence of surface rivers, concentrated mainly in the south;
B, Geographic location of the Yucatan Peninsula Biotic Province (YPBP) in the Neotropics, note the proximity to the Antilles (highlighted

in yellow).
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Here, we review the documentation of geological/
tectonic and climatic events that have occurred in the
area, as well as lineage divergence events obtained from
previous phylogenetic and biogeographical studies, in
order to improve the understanding of the biogeographical
and evolutionary processes implied in the occurrence of
the endemic flora of YPBP. We constructed a phylogenetic
tree as a framework for an approximation of the periods of
history with the greatest influence on the evolution of the
flora. To strengthen the biogeographical hypotheses, we
searched for morphological traits of relevance for dispersal,
establishment, and adaptation to the current environmental
conditions of the YPBP.

We hypothesized that the origin of the endemic flora
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was mostly influenced by climatic changes that occurred
during the Pleistocene, reflected in the current geographical
distribution of allopatric sister species with high niche
conservatism in seasonally dry habitats and in recent
divergence times. This geographic isolation should be
independent of the ability of the lineages to disperse long
distances. However, the environmental characteristics of the
YPBP, insularity (at least of the northern dry ecosystems),
and climatic gradient, could have promoted another
evolutionary process that contributed to the diversity of
the endemic flora, such as isolation after a long-dispersal
event (either from the West Indies and from other parts of
America) or ecological divergence (with respect to adjacent
areas or inside the environmental gradient).

METHODS

For the compilation of phylogenetic and biogeographical
hypotheses, we performed a metasearch of evolutionary and
biogeographical scientific publications based on molecular
phylogenetic and/or morphological evidence of endemic
and quasi-endemic taxa of the YPBP. First, we used the
Datataxa script (Ruiz-Sdnchez et al., 2019) to extract meta-
information on articles from the Genbank database (Benson
et al., 2018). The search categories were Phylogenetic
studies (including the terms phylogen*®, monop*, systemat*,
sistemat®,  relationsh*, relacio*), Phylogeographic
studies (phylogeog®*, filogeog*), Phylogenomic analysis
(phylogenom*, genome-scale, “plastid genome”), Diversity
studies (diver*, geneti*, pop*, pobl*) and Biogeography
(biogeog*). The endemic species list of Carnevali et al.
(2021b) was updated with the addition of taxa recently
recognized as endemic (e.g., Echites yucatanensis Millsp.
ex Standl.; Carnevali et al., 2021a) and recently described
species (e.g., Matelea falcata Juarez-Jaimes, G.M.
Hernandez-Baron & W.D. Stevens; Gonolobus caamali
Carnevali & R. Duno) (Apocynaceae). Additionally, other
taxa were included that were not considered endemic by
those authors (e.g., Harpalyce torresii Sao-Mateus & M.
Sousa, H. yucatanense Miranda ex Sdo-Mateus & M. Sousa,
Gouinia latifolia var. guatemalensis (Hack.) J.J. Ortiz),
sometimes because they were found at the southernmost
boundary of the YPBP (e.g., Miconia hondurensis Donn.
Sm., (Melastomataceae), Rhynchospora pusilla Chapm. ex
M.A. Curtis (Cyperaceae)).

Second, a search for biogeographical and systematic
studies based on morphological data was conducted for
each taxon endemic to the YPBP from the academic search
engine Google Scholar (https://scholar.google.com/),
with the name of the taxon in question as a keyword (e.g.,
Justicia_dendropila).

The nomenclature used follows the Angiosperm
Phylogenetic Group IV classification system (APG, 2016).
Information on phylogenetic relationships and divergence
dates was extracted based on bootstrap, Neighbor-joining
(NJ), Maximum Parsimony (MP) or Maximum Likelihood
(MV) methods. Only those phylogenetic relationships
whose statistical support was above 60% and whose analyses
included a sampling of more than 50% of the species
of the genus present in the study area were considered.

Where possible, divergence dates were extracted both for
cladogenetic events at the species level and for the most
recent clade in which the endemic species was included, if
the phylogenetic resolution did not reach the specific level.

In order to have an approximation of the age of origin
of the endemic taxa, two data sources were used. In one
approach, divergence dates, and their confidence intervals,
were extracted from previously published chronograms
(e.g., Cuenca et al., 2007; Cuevas-Chapa, 2016; Lavor et
al., 2018). This information was contextualized within the
framework of paleoclimatic and geological events that have
occurred since the exposure of the YPBP seafloor 32 Mya
(Szaboetal., 1978; Lugo-Hubp et al., 1992; Aragén-Moreno
et al., 2012). Additionally, a phylogenetic reconstruction
was performed with V.Phylomaker (Jin and Qian, 2019), a
package implemented in the open source software R (Core
Team, 2021. This software generates dated phylogenies
(timelines) from a list of species and compared them with
a mega phylogenetic tree of vascular plants (GBOTB.
extended.tre) that includes 74, 533 species and all 479
families known to date. For this purpose, a list of vascular
plant species obtained from the YPBP Digital Flora (Duno
et al., 2019) and updated with the aforementioned endemic
species list was used. Because V.Phylomaker uses the list
of species accepted by The Plant List (TPL; http://www.
theplantlist.org/) as a reference, in order for the program to
identify the correct branch insertion position, new names
were updated using the r.bind function. Since the phylogeny
obtained is not resolved at the species level, the values for
divergence times are probably overestimated for some plant
lineages, especially those with few representatives in the
YPBP. FIGTREE package (Rambaut, 2009) was used for
phylogeny visualization.

To document the general distribution patterns of
the endemic flora, as well as its related taxa, a search of
herbarium records in national (CICY, MEXU) and foreign
(MO, SELBY) institutions was performed, and records with
supporting collections were obtained from the GBIF online
database (www.gbif.org). This information was compared
and supplemented with information obtained from other
online databases (e.g., SEINet, Jstor, Tropicos), protologues,
and regional floras, such as Flora of Guatemala (Gentry
and Standley, 1974), Flora Mesoamericana (e.g., Davidse
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et al., 1994), Digital Flora of the Yucatan Peninsula (Duno
et al., 2019), Flora of the Valley of Mexico (Rzedowski &
Rzedowski, 2001), and Flora Novogaliciana (McVaugh,
1987; 1995). A database containing information on habit,
habitat, phenology, pollination and dispersal syndromes,
reproductive aspects of the species, as well as morphological
characters of possible adaptive relevance, was compiled
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from the review of these data sources. Biogeographical
provinces follow Morrone (2019), except in the case of the
southern limits of the YPBP, which follow Lundell (1934)
and Carnevali et al. (2010b). Those authors have a broader
geographic delimitation of the area based on topography
and hydrology, characteristics which could help explain the
role of the southern transitional zone.

REsuLTS

Phylogenetic hypothesis

A total of 184 endemic and quasi-endemic species
were included in the search. According to Datataxa, only
63 YPBP endemic taxa have been included in studies with
genetic data recorded in GenBank, either phylogenetic (49),
biogeographical (9), phylogeographic (2) or population
genetic diversity (1) (some of these studies include more
than one taxon, i.e., Gonzdlez Martinez, 2019 and Majure
et al., 2012). However, phylogenetic hypotheses based on
molecular information with high support and resolution were
only found for 34 endemic species, representing 18 vascular
plant families, and 18.4% of the endemic flora diversity
(Appendix 1). Most of the hypothetical relationships were
found at the species level, with five species belonging to
unsolved clades consisting of two or three taxa.

Divergence times

We found 12 divergence times based on dated phylogenies,
eight of them (66%) corresponding to the Pleistocene
(Appendix 1; Fig. 2A). Regarding the phylogenetic tree
constructed with V.Phylomaker (Fig. 2B), the greatest peak
of evolutionary divergence (32 divergence nodes; 17% of
endemic species) occurred 4-2 Mya, corresponding to the
late Pliocene and early Pleistocene.

Distribution patterns
Most of the hypothesized sister species of the endemic
taxa compiled in this work have an allopatric distribution

and are absent in the YPBP (17 spp.). Of these, three are
in the Antilles region, 11 taxa have their distribution
limits in adjacent biogeographical provinces to the YPBP,
and three are in provinces farther away from continental
America, mainly in the Chiapas Highlands, the Mexican
Plateau, and Pacific Lowlands provinces. Three pairs of
taxa are allopatric within the limits of the YPBP, and are
distributed along the north-south humidity and temperature
gradients of the YPBP. Sympatric distributions were found
in eight pairs of phylogenetical related taxa, which have the
following distribution: three of them are fully restricted to
the YPBP, four have a broader distribution along YPBP and
the neotropics, and two are widely distributed in Central
America but are limited to the southern part of the YPBP
(Appendix 2).

Morphological characteristics

There is a great diversity of growth forms in the YPBP
endemic taxa, including parasitic herbs, climbing shrubs,
and epiphytes, but the most common are trees (47), shrubs
(38), and terrestrial herbs (29). Most of the endemic species
have dispersal mechanisms that can reach long distances,
such as animal-dispersed berries (84) and those with
adaptations for wind (67) or water dispersal (12). Another
less diverse group of species have mechanisms for medium-
to short-distance dispersal, such as explosive (36) or gravity
dispersal (4).

DiscussioN

Influence of the Pleistocene on the origin of the YPBP
endemic flora

During the Miocene (23-5.3 Mya), xeric, savannah, and
tropical dry forest (TDF) communities dominated the YPBP
and many other Neotropical areas (Becerra, 2005; De-Nova
et al., 2011; Leyden, 1984; Pennington et al. 2000, 2009,
2018; Islebe and Leyden, 2006). The climatic instability
that characterized the Pleistocene (2.6-0.01 Mya) led to
local and mass extinctions that affected lineages in different
areas of the YPBP. On one hand, the biotic dispersal of
plant communities of boreal affinity led to the replacement
of whole biomes in the Neotropics, particularly in the
southern part of the YPBP (Gutiérrez-Ayala et al., 2012;
Islebe and Leyden, 2006). Expansions and contractions of
the distribution ranges of these plant communities resulted
in the fragmentation of the TDF and increased its isolation
by restricting it to the northern part of the YPBP. This
could have promoted allopatric speciation processes in
lineages with high niche conservatism, as has occurred in
many Neotropical lineages (Becerra, 2005; De-Nova et al.,
2011; Montafio-Arias et al., 2018; Pennington et al., 2000,

2009; Rivera-Martinez et al., 2022). Therefore, the origin
and current distribution of these species are the result of
contraction in the geographic range of the ancestral species,
which inherently led to local extinction processes (Habel et
al.,2010).

The northern part of the YPBP has experienced greater
climatic stability over time, with generally warm and dry
environments (Torrescano-Valle and Islebe, 2015), so it
likely functioned as a refuge for lineages adapted to these
environments, such as some groups of plants and reptiles
(Rzedowski, 1991; Espadas-Manrique et al., 2003; Lee,
2010). This area coincides with the tropical deciduous
forest with columnar cacti (TDFCC), a variant of the TDF
endemic to parts of Yucatan associated with limestone
outcrops and consistent flooding during the rainy season
(Perry et al., 1989; Beach, 1998; Espadas-Manrique et al.,
2003; Batllori-Sanpedro et al., 2006). It is also home to a
great diversity of endemic plant species (91 spp.), which
represent about 54% of the total endemic spermatophyta
flora, mainly in the Apocynaceae, Cactaceae, and
Euphorbiaceae families (Carnevali et al., 2021). Although
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FIGURE 2 (above). Geobiotic scenario of the Yucatan Peninsula Biotic Province (YPBP). Constructed from divergence dates of endemic
vascular plants of the YPBP published in previous works (black circles), and their confidence intervals (black lines), and complemented
with the number of cladogenetic events (dashed line) according to a phylogenetic tree (below) generated from V.Phylomaker (2, 824 native
taxa = black branches; 184 endemic taxa = red branches) in relation to the geological and climatic events that have occurred since their
resurgence from the seafloor. Geological data based on Ramos (1975) and climatic data taken from Orellana et al. (1999).

many of these species inhabit diverse environments in the
northern part of the YPBP (Carnevali et al., 2021), others
are restricted to a single vegetation association, such as
Zephyranthes orellanae Carnevali, Duno & J.L. Tapia in the
TDFCC, or to a few localities, such as Ruehssia calichicola
(Carnevali & Judrez-Jaimes) L.O. Alvarado (Carnevali
etal.2010a,2016). These restrictions could be related to the
micro-scale environmental heterogeneity of the area (see
In situ speciation section).

It is well known that climate variations in the Pleistocene
(2.6-001 Mya) played a central role in the recent
biogeographical distribution of many vascular plant species
(Gentry, 1982; Ramirez-Barahona and Eguiarte, 2013;
Tribsch and Schonswetter, 2003). The influence of the
Pleistocene on the YPBP biota has been reported for various
biological groups, including endemic plants and several
vertebrate groups (Lee, 2010; Espadas-Manrique, 2004;
Stinnesbeck et al., 2021). Geographic isolation between
species endemic to the YPBP and their phylogenetically
related congeneric species, especially those restricted to

TDF habitats and that diverged after the late Pliocene (<3.5
Mya), supports this hypothesis (Fig. 2; Appendix 1).

We found evidence of vicariance processes in the
continental Neotropics such as in geographically isolated
TDF sister species. For example, Myrmecophila christinae
Carnevali & Gémez-Judrez (Orchidaceae) is geographically
separated by the Isthmus of Tehuantepec from M.
grandiflora (Lindl.) Carnevali, Tapia-Mufioz & I. Ramirez,
which is distributed on the Mexican portion of the Pacific
Lowlands and Veracruz provinces (Carnevali et al., 2003)
(Fig. 3A). The vicariant distribution patterns observed for
several groups of Myrmecophila Rolfe sister species, all
native to the TDF, suggest that this genus previously had
a much wider distribution (Carnevali et al., 2003). Also,
Bakeridesia yucatana (Standl.) D.M. Bates (Malvaceae),
currently restricted to the eastern part of the YPBP, diverged
from B. nelsonii (Rose) D.M. Bates during the last quarter
of the Pleistocene (Donnell, 2012; Hoorn et al., 2019). The
latter species thrives in dry forests from southeastern Mexico
to northern Nicaragua. Platymiscium yucatanum Standl.



104 HARVARD PAPERS IN BOTANY

(Fabaceae) diverged during the Quaternary period and has
a wide distribution in the YPBP, but it is geographically
isolated from all of its congeners (Saslis-Lagoudakis et
al., 2008). We found 18 similar evolutionary hypotheses
proposed in taxonomic studies based on morphological
similarity and species sharing the same distribution pattern
(Appendix 1).

Other studies on lineages distributed in the YPBP which
did not include endemic species have also demonstrated
the influence of the Pleistocene on the current flora.
For instance, the genus Neomillspaughia S.F. Blake
(Polygonaceae) is composed of three species restricted to
fragments of TDF in Central America (Ortiz-Diaz et al.,
2013). However, only N. emarginata (H. Gross) S.F. Blake
is found in the YPBP, while the other two species grow
within a minimum distance of 300 km between southern
Guatemala and northern Nicaragua (Ortiz-Diaz et al., 2013).
Also, the phylogenetic and geographic structure among
some Capparaceae groups reflects the isolation of ancestral
populations that were previously connected (Mercado and
Escalante, 2019). The evolution of many lineages within
families such as Malpighiaceae and Fabaceae is closely
linked to the history of the TDF (da Silva et al., 2012; Willis
et al., 2014a). Given the geographic distance between the
remaining TDF fragments, and the role of humid tropical
forests of the mountains of southern Mexico and Guatemala
as environmental barriers for TDF communities, vicariance
is the likely factor which restricted these taxa to the YPBP.

The multiple evolutionary divergence events of endemic
species between the late Pliocene (<5.3 Mya) and the
early Pleistocene (Fig. 2) support the notion that climatic
changes during this period influenced the divergence of
species. However, it is important to consider that the lack
of phylogenetic resolution of the outermost nodes (species
level) may lead to overestimating the age of the divergence of
some groups, such as several groups with few representatives
in the YPBP [e.g., Loeselia campechiana C. Gut. Bdez &
Duno] or others with unresolved relationships (e.g., Justicia
L.). Therefore, it is estimated that a larger number of more
recent divergence events may have occurred. Despite this,
the calibrated phylogenetic framework (e.g., V.Phylomaker
trees) has contributed to several biogeographical and
ecological studies (Capichoni and Gerdhold, 2020), and
they provide approximations of the time of divergence at
the level of genera or clades within genera.

Although most cases correspond to lineages restricted to
TDF habitats, the Pleistocene also influenced the evolution
of lineages typical of colder and humid environments. The
southern portion of the YPBP was arid during glacial peaks
alternating with humid interglacial periods (Leyden, 1984;
Islebe and Leyden, 2006; Metcalfe et al., 2009; Gutiérrez-
Ayala et al., 2012). This climatic change possibly caused
the extinction of entire communities of boreal species,
leaving only a few relict communities of endemic species
or ‘paleoendemic’ species, respectively. A phylogeographic
study of Zamia prasina W. Bull (Zamiaceae) shows that its
populations remained restricted to the southeastern YPBP
during the Last Glacial Maximum (Pleistocene-Holocene)
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(Montalvo-Fernandez et al., 2019). Paleoclimatic
reconstruction models employed in that work indicate
very few or no environments available for successful
establishment of populations in the YPBP at that time, which
suggests scenarios of local extinction followed by the re-
expansion of the distribution range throughout the warmer
Mid-Holocene periods. This pattern is consistent with the
glacial refuge hypothesis (Ramirez-Barahona and Eguiarte,
2013). Additionally, the genetic structure of Pinus caribaea
var. hondurensis (Sénécl.) W.H. Barret & Golfari (Pinaceae)
indicates a demographic history associated with expansion
and contraction events (Rebolledo et al., 2018). Populations
of this species in northern Belize are more closely related
to populations in Honduras than to populations closer to
southern Belize.

Enriquebeltrania Rzed. (Euphorbiaceae) is a genus
endemic to Mexico with just two known species: E.
crenatifolia (Miranda) Rzed., and E. disjuncta De-Nova &
Sosa. Separated by more than 2,000 km and by the Mexican
Highlands, both taxa grow in similar coastal environments
(De-Nova et al., 2006) (Fig. 3B). It has been hypothesized
that this geographic separation occurred as a result of the
displacement of the Chortis Block in a west-to-east direction
along the Mexican Pacific coast approximately 45-38 Mya
(Cuevas-Chapa, 2016). However, there is still uncertainty
about the validity of this displacement model due to the
complex tectonic history of the Caribbean (Moreno and
Manea, 2021). An alternative hypothesis, proposed here,
is that during the Oligocene-Miocene, this group was
more diverse and widespread along coastal areas, but the
marine fluctuations during the Pleistocene and Holocene
led to extinctions that resulted in the geographic separation
of these species. No fossils belonging to this genus have
been found; therefore, we can only speculate that both
species come from a common ancestral species whose
intermediate populations went extinct in other coastal
regions due to changes in sea level or climatic shifts. The
surviving populations had to be highly resilient and moved
to the newly emerged coastal environments. Moreover, the
myrmechocorous dispersal syndrome of the genus may
have contributed to its geographic restriction.

While geographic isolation may shed light on the
processes involved in the generation of endemism, dispersal
may obscure interpretations. We found ten cases where the
most likely phylogenetically related species to an endemic
taxon is present in the YPBP but has a broad distribution
in Mexico, Central America, and the Antilles (Appendix 1).
Some of these species pairs are sympatric in the YPBP,such as
Bonellia flammea (Millsp. ex Mez) B. Stahl & Kaillersjo and
B. macrocarpa (Cav.) B. Stahl & Killersjo (Primulaceae);
Ceiba schottii Britten & Baker f. and C. aesculifolia
(Kunth) Britten & Baker f. (Malvaceae); Coccoloba spicata
Lundell and C. diversifolia Jacq. (Polygonaceae); Gliricidia
maculata (Kunth) Kunth ex Walp. and G. sepium (Jacq.)
Kunth ex Walp. (Fabaceae); Metastelma yucatanense W.D.
Stevens and M. schlechtendalii Decne. (Apocynaceae);
Tillandsia dasyliriifolia Baker and T. limbata Schltdl.
(Bromeliaceae). Distinguishing between different allopatric
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Ficure 3. Geographic distribution of endemic taxa and their phylogenetically most closely related relatives, representing some of the
potential biogeographical settings that gave rise to the endemic flora of the YPBP. A, Myrmecophila christinae (®) and M. grandiflora
(A); B, Enriquebeltrania crenatifolia (®) and E. disjuncta (&); C, Wittmackia mesoamericana (®) and W. caymanesis (A); D, Beaucarnea

pliabilis (@) and B. guatemalensis (A).

mechanisms (vicariance or establishment after dispersal) is
one of the main challenges in biogeography (Runemark et
al., 2012). However, these patterns may suggest dispersal
processes that took place after divergence by isolation of
these species in the past. This scenario is supported by
the relative accessibility to the YPBP territory for several
groups of plants.

Other endemic TDF species may have experienced
incipient divergence processes given the geographical
separation of their populations during the Pleistocene.
Today, isolated populations in the Central Depression of
Chiapas (Mexico) and Central America of near endemic
species of the YPBP, such as Bakeridesia gaumeri (Standl.)
D.M. Bates (Malvaceae), Chiococca motleyana Borhidi
(Rubiaceae), Mammillaria columbiana subsp. yucatanensis
(Britton & Rose) D.R. Hunt (Cactaceae), and Stenocereus
laevigatus (Salm-Dyck) Buxb. (Cactaceae), might well be
in the process of genetic and morphologic differentiation.
These taxa have not been recognized as separate species,
likely due to the lack of thorough systematic studies.

Long-Distance Dispersal Followed by Geographic Isolation

Floristic affinities of the YPBP and the Antilles have been
reported for some groups within Apocynaceae, Arecaceae,
Icacinaceae, Orchidaceae, Rubiaceae and Salicaceae,
among others (Miranda, 1958; Rzedowski, 1978; Estrada-
Loera, 1991; Chiappy-Jhones et al., 2001; Trejo-Torres and
Ackerman, 2001; Ibarra-Manriquez et al., 2002). However,
the main affinity between these two regions is for widely
distributed taxa, especially those from coastal environments,
suggesting recent dispersal and establishment (Espejel,
1987; Estrada-Loera, 1991).

The endemic flora of the YPBP originating from the
Caribbean may have arisen as a result of long-distance
dispersal followed by geographic isolation, along with
the processes of gene drift and adaptation to new local
conditions (Lomolino, 2016). Long-distance dispersal is
a relatively rare phenomenon in nature, where migrating
populations would have to circumvent the effects of
bottleneck phenomena, such as inbreeding depression
(Levin et al., 2003). This could explain why there are
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only three cases of endemic taxa with sister species from
the Caribbean. Additionally, the geographic proximity
between the YPBP and the Antilles has probably allowed
continued gene flow between populations of species with
long-distance dispersal capabilities (anemochory, hydro-
chory, or zoochory). For example, a great diversity of
birds, such as Vireo olivaceus L. (Vireonidae), disperse
the fruits of species such as Erythroxylum havanense
Jacq. (Erythroxylaceae) (Islam, 2011). A high dispersal
capacity of fruits and seeds limits speciation as it increases
gene flow, while limited dispersal promotes rapid genetic
differentiation and speciation (Givnish, 2010; Levin et al.,
2003).

The best documented case of this speciation mechanism
is that of Wittmackia mesoamericana (1. Ramirez, Carnevali
& Cetzal) Aguirre-Santoro (Bromeliaceae), the only
member of the genus in continental Central America. The
other species of the genus are concentrated in the Antilles
(Aguirre-Santoro, 2018) (Fig. 3C). This species diverged
from W. caymanensis (Britton ex L.B. Sm.) Aguirre-
Santoro about 0.1 Mya (Aguirre-Santoro et al., 2015;
Aguirre-Santoro et al., 2016), and its fleshy berries are
likely dispersed by birds. The fruits of most members of the
subfamily Bromelioideae (Smith and Downs, 1979) have
similar dispersal scenarios. However, only a single wild
population of this species is known to exist on the east coast
of the YPBP (Quintana Roo, Mexico). This is most likely
due to the low success of the expansion of its range, coupled
with local extinction events that are associated with land
use changes in that area of the YPBP (Ellis et al., 2017).
Two similar cases occur within the Eudicotyledoneae,
although these endemic species have a wider geographical
distribution in the YPBP, suggesting an older origin and
a better adaptation to the local conditions: e.g., Thouinia
paucidentata Radlk. (Sapindaceae), whose sister species, 7.
portoricensis Radlk., is endemic to Puerto Rico (Acevedo-
Rodriguez et al., 2017). Members of this genus that display
anemochory are distributed in the Caribbean, and they
diversified mainly in limestone soils (Gonzdlez-Gutiérrez
et al., 2016). Finally, Randia truncata Greenm. & C.H.
Thomps. (Rubiaceae), restricted to the northern YPBP,
appears to be closely related to R. ciliolata C. Wright
(Appendix 1), a species restricted to Jamaica and western
Cuba (Gustafsson and Persson, 2002).

The biotic exchange between these land masses has
occurred in both directions and has had different implications
for the evolution of the flora. In the west-to-east direction,
the YPBP has served as a bridge for the dispersal of the biota
from Mexico and Central America to the Antilles, where
some groups of plants have experienced adaptive radiation
by occupying the multiple available niches in these islands.
For example, in Encyclia Hook. (Orchidaceae), at least
three lineages have dispersed to the Antilles, and one of
them subsequently, and rapidly, diversified there (Carnevali
et al., 2022). In the east-to-west direction, there are
diverse Antillean lineages with few representatives in the
YPBP, such as Casearia yucatanensis (Standl.) T. Samar.
& M.H. Alford (Salicaceae) and Coccothrinax readii H.J.
Quero (Arecaceae) (Jestrow et al., 2017). This distribution
pattern suggests sporadic dispersal events with little or no
subsequent diversification.
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Although the YPBP has not been an area of great plant
diversification, the conditions there have facilitated the
passage of lineages from the Antilles and northern South
America to other parts of Mexico, where groups such as
Diospyros L. (Ebenaceae) and Pilosocereus Byles & G.D.
Rowley (Cactaceae) have diversified (Garcia-Diaz et al.,
2015; Lavor et al., 2018, 2020). Additional geographic
disjunctions with the Caribbean have been reported for
genera of Arecaceae, such as Sabal Adans. (Zona, 1990;
Heyduk et al., 2016) and Pseudophoenix H. Wendl. ex
Sarg. (Zona, 2002); however, neither phylogenetic nor
biogeographical studies have addressed this.

In situ speciation

The present review found phylogenetic evidence of four
clades completely restricted to the YPBP in the genera
Dictyanthus Decne. (Fig.4A),Matelea Aubl.(Apocynaceae),
Nopalea Salm-Dyck (Cactaceae, often included in Opuntia
Mill.) (Fig. 4B), and Passiflora L. (Passifloraceae), each
including two species. The low species diversity found
in these clades may indicate two important aspects of the
history of the region. First, this pattern may suggest that
cladogenetic events occurred very recently: i.e., these are
neoendemic lineages that have been unable to expand their
distribution range or diversify further (Bruchmann and
Hobohm, 2014). The times of divergence between Nopalea
inaperta Schott ex Griffiths and N. gaumeri Britton & Rose
(~2 Mya) (Majure et al., 2012) support this hypothesis
(Fig. 2). Also, Passiflora itzensis (J.M. MacDougal)
Port.-Utl. and P. xiikzodz J.M. MacDougal diverged 6—4
Mya but have not spread to other areas of the Neotropics
(Porter-Utley, 2014). Second, the relative orographic and
environmental homogeneity in the YPBP does not provide a
broad variety of niches where lineages can undergo adaptive
radiation, as has occurred on many islands worldwide (Kier
et al., 2009; Givnish et al., 2014). Nonetheless, the YPBP
has an environmental gradient and a microenvironmental
heterogeneity that have favored in situ evolutionary
divergence processes at different geographic scales, as
detailed below.

On a microenvironmental scale, selective local adapta-
tion processes also seem to have led to the divergence of
some lineages in the YPBP. For example, morphological
differences in androgynophore length and the position of
floral nectaries between the sister species Passiflora itzensis
and P. xiikzodz (Porter-Utley, 2014) may have led to selective
pressures and, ultimately, sympatric speciation among them.
The biogeographical evidence indicates that this genus
underwent rapid diversification spreading to Central America
from North America (Muschner et al., 2012) involving
large floral variation among its species (Acha et al., 2021).
In the Apocynaceae, Dictyanthus aeneus Woodson and D.
yucatanensis Standl. are sister species (Gonzdlez-Martinez,
2019) that coexist in TDFs in the northern part of the
YPBP, although in different microenvironments (Fig. 4A).
Dictyanthus aeneus grows in the shady understory, while D.
yucatanensis thrives in open environments, such as forest
margins and along road edges (Carnevali, 2021b). However,
the infrequent occurrence of natural hybrids between the two
species (Carnevali, 2011) suggests that barriers to gene flow
between them are still not well-established.
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FiGURE 4. Geographic distribution of endemic taxa and their phylogenetically most closely related relatives, representing some of the
potential biogeographical scenarios that gave rise to the endemic flora of the YPBP. A, Dictyanthus aeneus (A) and D. yucatanensis (®);
B, Nopalea gaumeri (®) and N. inaperta (A); C, Wimmeria lundelliana (A) and W. obtusifolia (®@); D, Citharexylum calvum (®) and

C. hirtellum (A).

The relatively more complex orographic conditions in the
southern portion of the YPBP (Duch, 1991), combined with
higher moisture and nutrient levels in the soil (Bautista et
al.,2011; 2015), led to a greater number of available niches
than in the northern part of the YPBP. These conditions
possibly favored sympatric diversification processes in
these rainforests, which gave rise to neoendemic species;
however, these divergences are likely very recent due to the
climatic instability during the Pleistocene. The availability
of humid niches in the southern YPBP may be a plausible
explanation for the endemism of Syngonanthus Ruhland
(Eriocaulaceae) (3 endemic spp.) rather than a limitation
in their dispersal capacity (anemochory or hydrochory), as
observed in the large number of microendemics within the
genus (Echternacht, 2012). Also, although the phylogenetic
relationships of many Justicia species inhabiting the YPBP
are unknown, at least five are microendemic taxa, restricted
to humid sites in the central and southern areas of the YPBP.

On a regional scale, climatic and edaphic gradients in
the YPBP may have favored adaptive processes, resulting
in differentiated populations over time. According to some
studies on the biogeography of the flora of the YPBP
(Espadas-Manrique et al., 2003; Ibarra-Manriquez et al.,
2002), there is a marked separation in the biotic components

between the north and south of the YPBP, where the
climatic conditions are markedly different (Orellana et
al., 1999). This environmental divergence seems to have
shaped the speciation between sister species that inhabit
different geographic areas within it, such as Harpalyce
torresii Sao-Mateus & M. Sousa and H. yucatanense Sao-
Mateus & M. Sousa (Fabaceae) (Sao-Mateus, 2018), and,
based on morphological similarity, between Wimmeria
lundelliana Carnevali, R. Duno, J.L. Tapia & I. Ramirez
and W. obtusifolia Standl. (Celastraceae) (Carnevali et al.,
2009) (Fig. 4C). Also, Citharexylum calvum Moldenke
(Verbenaceae) has a few populations inhabiting the
driest tropical forests of the northeast YPBP, and its most
likely related species, C. hirtellum Standl., has a wider
distribution in the wetter forests in the southern YPBP,
Mexico, and Central America (Frost et al., 2017; 2020)
(Fig. 4D). This genus originated in the mesic environments
of central-northern Mexico, with at least three transitions
to arid environments (Frost et al., 2017). Additionally, the
pattern of geographic divergence between the legumes
Mariosousa dolichostachya (S .F. Blake) Seigler & Ebinger,
endemic to the central and northern areas of the YPBP, and
M. usumacintensis (Lundell) Seigler & Ebinger, distributed
in Mexico, Central America, and the south of the YPBP,
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coincides with the environmental gradient of this province
(Miller et al., 2017).

In the YPBP, many endemic species are not restricted to a
single vegetation type but are widely distributed throughout
the territory (Carnevali et al., 2021b). This suggests that
environmental barriers have not been strong enough to
promote diversification processes within the YPBP. The lack
of important geographic barriers, coupled with dispersal
capabilities observed in many endemic species, probably
favored broad distribution within the YPBP. Nonetheless,
some cases suggesting divergence processes at the
subspecies level within the YPBP have been documented
from phylogeographic and population structure studies.
Cakile lanceolata subsp. alacranensis (Millsp.) Rodman
(Brassicaceae) is a taxon restricted to the driest areas of the
coastal dune vegetation in the Alacran reef, an ecologically
restrictive area in terms of humidity and temperature. In fact,
the subspecific taxa of C. lanceolata (Millsp.) O.E. Schulz
diverged less than 2 Mya (Willis et al., 2014b). A study on
Metastelma schlechtendalii Decne. (Apocynaceae) also
reported genetic differentiation between populations in the
southern and northern areas of the YPBP (Liede-Schumman
etal.,2014).

Evolutionary Divergence in Areas Adjacent to the YPBP
from Adaptation to Local Conditions

Some authors have highlighted the strong floristic
affinity of the YPBP with Central America and Mexico
(Miranda, 1958; Estrada-Loera, 1991; Ibarra-Manriquez
et al., 2002; Duno de Stefano et al., 2012). However, this
region has significantly different environmental restrictions
compared to contiguous geographic areas, including
complex microtopology and northwest-to-southeast edaphic
and climate gradients (Vargas et al., 2014). The combination
of the climatic, orographic, and edaphic characteristics of
the YPBP has likely acted as an ecological filter for several
plant lineages. Despite the lack of obvious geographic
barriers, some families which are widely distributed in
the Neotropics, such as Crassulaceae and Ericaceae, are
completely absent in this area. Other families, such as
Marcgraviaceae, Melastomataceae, Polemoniaceae, and
Pinaceae, barely reach the southern, more humid, limits
of this province. This pattern is interesting because the
absence of orographic barriers that could prevent the arrival
of lineages from the southern part of the YPBP indicates the
likelihood that ecological factors restrict the establishment
of many biological groups in this area.

The environmental conditions of the YPBP possibly
promoted evolutionary divergence between populations
in this area and neighboring areas of southern Mexico
and Central America. This phenomenon has already been
evidenced in biogeographical works indicating a marked
pattern of biotic separation between these areas (e.g.,
Poaceae, Dadvila-Aranda et al., 2004; amphibians and
reptiles, Barrera, 1962). This same pattern of geographic
divergence was found in 13 taxa endemic to the YPBP;
the phylogenetically closest relatives of these taxa have a
relatively broad distribution and long-distance dispersal
characteristics, but do not penetrate the YPBP territory
(Appendix 2). Taxonomic studies of selected groups based on
morphological similarity indicate that at least 18 other pairs
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of hypothetically related species show the same distribution
pattern. Since most of these species have long-distance
dispersal mechanisms, this low diversity cannot be attributed
to a limited dispersal capability. Also, it is important to note
that quasi-endemic species, such as Acalypha gentlei Atha
(Euphorbiaceae), Eugenia winzerlingii Standl. (Myrtaceae)
or Haematoxylum campechianum L. (Fabaceae), which
also appear in the Gulf of Mexico province, could reflect
the transitional zone characteristic of the southern portion
of the YPBP, and explain the historical challenge of its
southern delimitation (Morrone, 2019). These species grow
in the more atypical humid conditions of the YPBP, which
is mainly dry.

Some taxa endemic to the YPBP have morphological
characteristics that are particularly distinctive from the
rest of the species in the same genus. These adaptive
morphological characters may be of evolutionary importance
for the taxa. For example, Beaucarnea pliabilis (Baker)
Rose (Nolinaceae) has a larger number of foliar papillae
that protect stomata in contrast to its sister species B.
guatemalensis Rose, which grows in humid tropical forests
from central Guatemala to northern Nicaragua (Rojas-
Pifia et al., 2014) (Fig. 3D). As observed in other species
of Asparagaceae (Solano et al., 2017), these differential
adaptations between lineages suggest that their evolutionary
divergence may be associated with the colonization of
drier environments and provide indications of the selective
pressures that shaped their diversification. Pilostyles maya
P. Ortega, Gonz.-Martinez & S. Vazquez is the only species
in the genus that has hermaphroditic flowers, a condition
considered ancestral and rare in Apodanthaceae, where
most species are dioecious or monoecious (Azevedo, 2010;
Schaefer and Renner, 2011). Additionally, P. maya presents
cleistogamous flowers, an autapomorphic character in the
genus (Ortega-Gonzdlez et al., 2020). Both characters
require low energy expenditure and are deemed reproductive
strategies that increase the likelihood of self-pollination
(Bawa and Beach, 1981; Cardoso et al., 2018). This may be
advantageous in the absence of pollinators or in the variable
seasonal conditions of the YPBP.

In some cases, the occurrence of species with highly
atypical morphological traits within their group has caused
them to be considered separate, monotypic genera. This may
be evidence of the ecological divergence mentioned above.
For example, Plagiolophus Greenm. (Asteraceae) is the only
member of the tribe Ecliptinae that has a projection on the
apex of the cypsela (or apical rostrum) (Azevedo-Bringel,
2014). This structure facilitates its attachment to mammalian
hair or to the feathers of birds, thus promoting long-distance
dispersal (Sorensen, 1986). However, this genus is restricted
to the Yucatan peninsula and is phylogenetically related to
the genus Jefea Strother, which is absent from the YPBP.
Attilaea abalak E. Martinez & Ramos (Anacardiaceae) has
characteristics similar to species of Spondias L., but it is
distinguished by having a climbing (vs. arborescent) habit,
and a bicarpellary (vs. unicarpellary) gynoecium (Martinez
and Ramos, 2007; Mitchell and Daly, 2015). Both characters
can be ecologically favorable for faster establishment when
invading new areas and for increasing the possibility of
seed dispersal relative to members of Spondias (Howe and
Smallwood, 1982).
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Finally, the only two species of Manfreda Salibs.
(Asparagaceae) present in the YPBP, M. paniculata L. Hern.,
R.A. Orellana & Carnevali and M. petskinil R.A. Orellana,
L. Hern. & Carnevali, have different characteristics than the
rest of the genus: perennial (vs. deciduous) leaves, paniculate
(vs. racemose) inflorescences, and flowers subtended by a
single bracteole (vs. two bracteoles) (Herndndez-Sandoval
etal.,2008). These authors suggest that geographic isolation
may have promoted its evolutionary and morphological
divergence. However, an intergeneric hybrid origin between
Manfreda and Agave L. has also been proposed for M.
paniculata L. Hern., R.A. Orellana & Carnevali (Carnevali,
2013). The uniqueness or peculiarity of the morphological
characters in these species may be the result of the extinction
of morphologically similar lineages or ancestral lineages,
or of morphological divergences arising from selective
pressures related to the YPBP environment.

Hybridization

In vascular plants, hybridization is a process that regulates
and catalyzes biological diversity, being more common in
some groups than in others (Rieseberg et al., 2007; Schley
et al., 2022). Natural hybrids have been documented within
families, such as Orchidaceae [Maxillariella x yucatanensis
(Carnevali & R. Jiménez) M.A. Blanco & Carnevali, and
Myrmecophila x laguna-guerrerae Carnevali, Ibarra-
Gonzédlez & J.L. Tapia] and Fabaceae [Vachellia x
cedilloi (L. Rico) Seigler & Ebinger]. Also, in Tillandsia
L. (Bromeliaceae), T. maya 1. Ramirez & Carnevali
has intermediate morphology between T. brachycaulos
Schltdl. and T. balbisiana Schult. f., suggesting a hybrid
origin (Ramirez et al., 2000). However, we only found
phylogenetic evidence for the hybrid origin of Stylosanthes
quintanarooensis Gama & Davila (Fabaceae), a tetraploid
species which likely arose from a single clone locally
adapted to humid conditions in southeastern YPBP (Stappen
et al., 2002).

Another work suggests hybrid origin in Anthericaceae.
The genus Echeandia Ortega has a large variation in the
number of chromosomes between species, suggesting
that hybridization has been a key driver of diversification
(Cruden, 1999; Rodriguez and Castro-Castro, 2005). In
fact, E. luteola Cruden, endemic to the YPBP, is pentaploid
(n = 40), which supports the hypothesis of a hybrid origin
(Cruden, 1994). The populations mentioned above thrive
mainly in flooded plant communities, particularly in
the southern YPBP, where communities of seasonal and
perennial environments converge. These hybrid zones
are usually common in overlapping areas of different
environments, also known as ecotones (Schley et al., 2022).
However, only a few isolated individuals (in some cases,
only a single individual) have been found in these areas.
Thus, whether hybridization processes lead to successful
hybrid speciation events is still an unanswered question
(Mallet, 2007).

It is worth noting that the study of natural populations
in the YPBP is biased by the lack of specialists for multiple
taxonomic groups in the region; therefore, hybrid speciation
events are probably more common than reported, since that
adaptive introgression is especially common in novel or
disturbed environments (Rieseberg et al., 2007).
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Anthropogenic influence

Anthropogenic activities have impacted the flora of the
YPBP since the establishment of the Mayan civilization
about 10, 000 years ago (Binford, 1983; Rico-Gray and
Garcia-Franco, 1991). The plant communities inhabiting the
YPBP have been modified throughout its long anthropogenic
history (Rico-Gray and Garcia-Franco, 1991; Chiappy et
al., 2000; Fedick and Morrison, 2004; Dupuy et al., 2015).
At the peak of the Mayan civilization, some 3,000—4,000
years ago, the high population density caused a profound
impact on the vegetation, climate, and soil in the region
(Binford, 1983; Islebe et al., 1996). However, the forests
are highly resilient and have recovered, even after the sisal
industry significantly impacted the landscape (Ceccon et al.,
2002; Gonzalez-Iturbe et al., 2002). These forests currently
account for the second largest patch of continuous vegetation
in America, but the region has the highest deforestation rates
in the Neotropics (Ellis et al., 2017).

The flora of the YPBP currently faces serious anthro-
pogenic threats from changes in land use due to urban and
agricultural expansion, as well as from energy and tourism
projects (Sanchez-Sanchez et al., 2015; Reyes-Garcia et al.,
2019). Approximately 51% of the endemic taxa are listed in
a risk category, of which some 44% are listed as threatened
or critically threatened (Carnevali et al., 2021b).

Conclusions

The evidence gathered in the present review strongly
suggests that the origin of the endemic vascular flora
of the YPBP has been driven by various factors and
processes that occurred at different times in the history of
the Earth. However, the biogeographical and phylogenetic
patterns of most of the species studied show the influence
of Pleistocene climatic fluctuations on the processes of
speciation. Such environmental changes may have had
different consequences for the flora and resulted in different
distribution patterns, depending on the dispersal and
adaptive capabilities of the lineages. Additionally, although
less frequently, other processes such as hybridization, local
adaptation, and geographic isolation after long-distance
dispersal, must also have contributed to the creation and
diversification of the endemic flora of this region.

Greater climatic stability in the northern region of the
YPBP allowed for the isolation of lineages associated with
drier and more seasonal environments compared to the
southern region. The environmental conditions of the YPBP
promoted ecological divergence within this area, while the
regional environmental conditions led to processes of large-
scale divergence. However, the probability of dispersal
between the YPBP and the Antilles, given their geographic
proximity and the various dispersal capabilities of species,
has prevented differentiation by isolation in the lineages that
have arrived in the YPBP.
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APPENDIX 1

Possible biogeographic hypothesis about origin of YPBP endemic species, according to their phylogenetic relationships and
estimated divergences times taken from previous work (values in parenthesis), and according to a phylogenetic reconstruc-
tion with the V.Phylomaker package [values in brackets], as well as biological attributes of biogeographical relevance. YPBP
endemic or quasiendemic taxa (@) and their sister taxon or taxa (A ), unless otherwise noted when both of them are endemic.

Abbreviations. Growth forms, (Categories) ARB = Arborescent, EPI = Epiphyte, HER = Herbaceous, LIA = Liane,
SHR = Shrubby, SUC = Succulent; (Subcategories) Cli = Climbing, Palm = Palm, Par = Parasitic, Ros = Rosseted,
Shr=Shrubb, Shr-1=Shrubb-like, Suf = Suffrutex, Tree =Tree, Tree-1=Tree-like. Dispersal syndromes, ANE = Anemochory,
BAL = Balochory, BAR = Barochory, HYD = Hydrochory, ZOO = Zoochory; (Subcategories) Chi = Chiropterophily,
Epi = Epizoochory, Mast = Mastocory, My = Myrmecochory, Orn = Ornithophily. Phylogenetic evidence, N= Nuclear,
C= Chloroplast, BS = Bootstrap, CF= Concordance factors, ML = Maximum Likelihood, MP =Maximum Parsimony,

JN = Jacknife, PP = Posterior Probability.

LINEAGE Endemix taxa / Geographic distribution Growth Dispersal Phylogenetic
Famil Related taxa & .
y Stimated time form  syndrome evidence
Genus " . (References)
# spp. (# spp. divergence in
in YPBP | # My (Literature)
endemic species) ~ [V-Phylomaker]
Zamia prasina /
Zamiaceae Molecular (N+C)
Z.variegata SHR
Zamia § %40(2 Montalvo-
1.7 (0.74-2.28) Shr-1 as Ferndndez et al.,
~60 (2/2) 2019
[12.9]
G ) y Molecular (N+C)
aussia maya
Arecaceae 100 BS /
G. gomez-pompae ARB 700 0.95 PP
Gaussia Cuenca et al., 2007,
s 10 (5-17) Palm Orn, Chi Cuenca and
[12.97] Asmussen-Lange,
2007
Hechtia schottii / Molecular (N+C)
Clade
Bromeliaceae . & Morphology
(H. lepidophylla, SuC 0.56 PP
Hechtia H. glomerata, BAR Ramirez-Morillo
%0 (1/1 H. ghiesbreghtii) Ros etal.,2018;
>90 (/) ~1 Rivera-Martinez
[24.2] et al., 2022
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LINEAGE Endemix taxa / Geographic distribution Growth  Dispersal Phylogenetic
Family Related taxa & f d id
Stimated time orm syndrome evidence
Genus X . (References)
#spp. (# s divergence in
in%?l.’BP /pg ’ My (Literature)
endemic species) [ V-Phylomaker]
Molecular (N+C)
. Tillandsia & Morphology
Bromeliaceae PP
dasyliriifolia / >0.85 PP
Tillandsia T limbata EPI ANE Pinzén et al.,
2016;
> 650 (21/6 ;
(21/6) [0.02] Granados et al.,
2017
Wimackia Molecular (N+0)
Bromeliaceae mesoamericana / P &y
. . W. caymanensis EPI 700 43 ML/ 0.49 CF
Wittmackia
(Facul) (Orn) )
(<0.3) Aguirre-Santoro,
44 (1/1) ) .
[8.26] 2015; Aguirre-San-
toro et al., 2016
Molecular
. Beaucarnea
Nolinaceae S
pliabilis / ARB ©99BS/0.99 PP +
Beaucarnea . ANE (N) 88 BS /1.0 PP
B. guatemalensis Tree-1
~12 (1/1) Rojas-Pifa et al.,
[25.7] 2014
Myrmecophila Molecular &
Orchidaceae christinae | Morphology
Myrmecophila M. grandifiora EPI ANE (N) 79 MP
8 (4/1) [0.91] Camezv(:;l(l)l3 etal.,
1. Carlowrightia 1. Molecular
Acanthaceae CZU; rlan;lha / 0.95 PP/ 89 ML
alarothyrsus SHR
Carlowrightia amplexicaulis BAL McDade etal., 2018
2. Henrya Clade Suf 2. Molecular
28 (2/2) 5(3.5-6.8) 100 BS / 89 MP
[2.54] Daniel et al., 2008
Acanthaceae Justicia dendropila / Molecular (N+C)
SHR
Justicia J.valvata BAL (098 PP/ 51 BS)
Shr
> 700 (22/7) [14.3] Kiel et al., 2018
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. Molecular (N+C) +
Apocynaceae Dictyanthus Morphology
aeneus (A) / HER
Dictyanthus D. yucatanensis (®) - ANE 0.99 PP
17 (4/2) Gonzdlez-Martinez,
[15.4] 2019
Apocynaceae Matelea gentlei / Molecular (C)
HER
Matelea M. micrantha ANE 98 ML
Cli
McDonnell et al.,
~100-200 (8/4) [3.32] 2018
Metastelma Molecular (C)
Apocynaceae
yucatanense / HER Ev_supp
Metastelma .. ANE B
M. schlechtendalii Cli Liede-Schumann
> 70 (4/1)
[0.19] etal. 2014
Apodanthaceae  Pilostyles maya / Molecular (C)
HER
Pilostyles P. mexicana ND 0.67PP/61 BS
Par p
Ortega-Gonzdlez et
11 (1/1) [15.08] al.. 2020
Nopalea Molecular (C+N)
inaperta (A) / olecular (L+
Cactaceae perta SUC 0.55 PP/ 60 BS
N. gaumeri (®
Nopalea g (®) Shr 700 Majure et al., 2012;
10 (212) 1.5 (1-2) Hernandez-Hernan-
[2.56] dezetal., 2014
Celastraceae Wm.lmerm Morphological
lundelliana (A) / ARB Slmllarlty
Wimmeria - ANE
W. obusifolia (®) Tree Carnevali et al.,
~15(4/2) 2009

[5.49]
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Enriquebeltrania Molecular (C+N)
Euphorbiaceae ~ crenatifolia/ - (100 BS />0.98 PP)
Enriguebeltrania E. disjuncta ZN?O De Novaet al.,
17.6 (621-32.2 Shr (Myr) 2006;
2 (1) 6(6.21-32.2) Cuevas-Chapa,
[22.03] 2016
Calliandra
Fabaceae belizensis / SHR Molecular (N+C)
Calliandra C. magdalenae BAL (0.98 PP/0.94 BS)
Shr
~135 (6/2) <26 Souza et al., 2013
[20.8]
Gliricidia Molecular (N+C)
Fabaceae maculata / ARB 99 BS
Gliricidia G o BAR (9 BS)
epun Tree Lavin et al.
3@ [0.85] 2001, 2003
Fabaceae Harpalyce Molecular (N)
torresii (A) / ARB
99 BS / 100 ML
Harpalyce BAL
H. yucatanense (@) Tree Sio Mat
do Mateus,
34@472) [9.78] 2018
Fabaceae Lonchocarpus Molecular (N)
yucatanensis / ARB
Lonchocarpus L drii ANE (100 PP)
endit Tree Sousa et al.
~180(12/3) [6.6] 2014
Fabaceae Mariosousa Molecular (N+C)
dolichostachya / ARB (100 BS / 1 PP)
Mariosousa M. usumacintensis Tree BAR Seigler et al.,
13 (1/1) 2006;

[25.1]

Miller et al., 2017
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Platymiscium Molecular (N+C)
Fabaceae yucatanum / + Morphology
o P. dimorphandrum TREE
Platymiscium + P. jejunum Tree ANE 96 BS/1PP
~20 (1/1) <25 Saslis-Lagoudakis
[62.36] et al., 2008
Malpighia souzae Molecular (N+C)
Malpighiaceae + Morphology
/ M. emarginata SHR
Malpighia 700 (54 BS)
+ M. stevensii Shr
>50 (8/2) Davis and
[2.14] Anderson, 2010
Ayenia fasciculata /
Malvaceae A. simulatrix + SHR Molecular
. p BAL/Z0OO
Ayenia A. abutilifolia (C) 59 BS
Shr (EPI)
~70 (3/1) ~2.6 Sharber, 2018
[9.8]
Bakeridesia Molecular
Malvaceae yucatana / (N+C)
.. SHR 700 Donnell et al.,
Bakeridesia B. nelsonii (Epi) 2012;
~3 Shr Pl Donnell,
~30 (4/1) 663 2012;
[6.63] Hoorn et al., 2019
Ceiba schottii / \
Malvaceae C. aesculifolia + one &,
accession of TREE Molecular (N+C)
Ceiba C. samauma Tree ANE Pezzini et al.,
18 (2/1) 7.3 (3.7-11) 2021
[3.05]
. Passiflora itzensis
Passifloraceae A)/ Molecular (N)
(A) HER & Morphology
Passiflora .. 700
P. xiikzodz (@) Cli Porter-Utley,
~500 (21/6) [13.7-6.2%] 2014
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Polygonaceae  Coccoloba spicata / Molecular (N+C)
TREE
Coccoloba C. diversifolia 700 26 MP /70 ML
Tree
~150 (14/5) [45] Burke etal.
Molecular (C) &
Primulaceae  Bonellia flammea / Morphology
SHR
Bonellia B. macrocarpa 700 91 IN
Shr
~22 (5/3) [5.7] Killersjo and Stahl,
2003
Randi / Molecular
. andia truncata
Rubiaceae R. ciliolata [+ TREE N+6)
Randia R. mitis in Borges 700 0.99 PP/98 BS
et al.,2021] Tree Gustafsson and
>110 (5/3) [1.6] Persson, 2002;
’ Borges et al., 2021
Serjania
Sapindaceae yucatanensis / Molecular (N+C)
0.93 PP/ 81 BS
Serjania Balsas LIA ANE 3
guerrirensis Acevedo-Rodriguez
~230 (14/2) etal., 2017
[4.3]
Sapindaceae paIZZ’lifiIZZ‘ch‘a ) Molecular (N+C)
82 BS
Thouinia . . LIA ANE
T. portoricensis Acevedo-Rodriguez
~30 (3/1) [12.5] etal., 2017
Verbenaceae Citharexylum Molecular (N+C)
calvum / SHR
. 60 ML/ 100 PP
Citharexylum . 700
C. hirtellum Shr . |
~130 (7/1) rost et al.,

[2] 2017; 2020




