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Abstract

Background: Biodiversity is described considering its alpha (local taxon richness), beta (difference of taxa between localities), or gamma
(regional richness) components. We assessed the alpha component using different facets, taxonomic and phylogenetic. In Mexico, more than
half of the genera of the Heliantheae tribe are included in a phylogeny, and a taxonomically curated geographic database is available, facilitating
their study under these concepts.

Question: Where is the greatest alpha diversity of Heliantheae genera concentrated in Mexico from a taxonomic and phylogenetic perspective?
Data description: Geographic data of 75 genera of Heliantheae in Mexico (gamma diversity) and phylogeny including 45 Mexican genera.
Study site: Mexico, divided into a grid of 253 cells 1° of latitude and longitude.

Methods: We analyzed 22,166 records for Heliantheae to determine alpha taxonomic richness and weighted endemism. Phylogenetic diversity
and endemism were evaluated using 13,251 records from 45 genera included in the molecular data phylogeny obtained with U.PhyloMaker. We
analyzed and performed maps using Biodiverse and QGIS programs.

Results: Twenty cells with high alpha diversity values were identified, 11 placed in the Mexican mountainous regions and nine in the arid or
semiarid areas. A high correlation exists between alpha taxonomic and phylogenetic diversity.

Conclusions: Including missing taxa in phylogeny could change the biogeographic patterns of taxonomic and phylogenetic endemism. All
indices are necessary to select priority areas for the conservation of the tribe and associated biodiversity.

Keywords: alpha diversity, arid zones, endemism, mountains, Neotropics.

Resumen

Antecedentes: La biodiversidad se describe considerando sus componentes alfa (riqueza local de taxones), beta (diferencia de taxones entre
localidades) o gamma (riqueza regional). Se evalud el componente alfa utilizando dos diferentes perspectivas, taxonomica y filogenética. En
Meéxico, mas de la mitad de los géneros de la tribu Heliantheae se incluyen en una filogenia y se cuenta con una base de datos geografica curada
taxonémicamente, que facilitan su estudio bajo estos conceptos.

Pregunta: ;Donde hay mayor diversidad alfa de géneros de Heliantheae bajo un enfoque taxonémico y filogenético?

Descripcion de datos: Datos geograficos de 75 géneros de Heliantheae en México (diversidad gamma) y una filogenia con 45 géneros mexi-
canos.

Sitio de estudio: México, dividido en una reticula de 253 celdas con 1° de latitud y longitud.

Métodos: Se analizaron 22,166 registros de 75 géneros de Heliantheae para la riqueza taxonémica alfa y el endemismo ponderado. La diver-
sidad y el endemismo filogenéticos se evaluaron utilizando 13,251 registros de 45 géneros incluidos en la filogenia molecular obtenida de
U.PhyloMaker. Los analisis y mapas se realizaron en los programas Biodiverse y QGIS.

Resultados: Veinte celdas mostraron valores de diversidad alfa elevados, 11 de ellas ubicadas en zonas montafiosas y nueve en zonas aridas y
semiaridas de México. Una correlacion significativa se observo entre la diversidad taxondmica y filogenética.

Conclusiones: Incluir taxones faltantes en la filogenia podria cambiar los patrones biogeograficos del endemismo taxondmico y filogenético.
Todos los indices son necesarios para elegir areas prioritarias para la conservacion de la tribu y la biodiversidad asociada.

Palabras clave: diversidad alfa, endemismo, montafas, Neotropico, zonas aridas.
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e commonly analyze biological diversity by considering all or some of its components. For exam-

ple, the alpha component determines local species richness, the beta component determines species

differences between localities, and the gamma component determines species richness in an entire

region (Whittaker 1972). They help us to detect spatial distribution patterns at different geographic
scales using different quantitative techniques, such as data matrices that record and rank data on the incidence or
abundance of taxa in a geographic environment. We then apply indices or estimators of these matrices, which are
statistics that help measure or compare diversity between different sites. Then, the similarity or dissimilarity between
sites is assessed and visualized using cluster analysis or other alternative multivariate methods (Murguia-Romero &
Rojas 2001, Tuomisto 2010, Rodriguez et al. 2017).

Knowing how living beings are distributed geographically is crucial to identifying areas rich in taxa (high tax-
onomic diversity) or lineages (high phylogenetic diversity). Both facets of biodiversity allow its study from the
weighting of its alpha component (taxonomic alpha or phylogenetic alpha), which helps a better understanding of
biogeographic patterns or to make decisions about the selection of priority sites for its conservation (Whittaker 1972,
Brooks et al. 2006, Jarzyna & Jetz 2016, Mishler 2023). Among the different metrics that allow understanding of
taxonomic alpha diversity is the richness of taxa present in a site (Richness or Taxonomic Richness, TR), which is
equal to the number of taxa in each site (Gonzalez-Orozco et al. 2011); another is weighted endemism (WE), which
is the sum of the reciprocal of the total number of areas in which each taxa occurs (Crisp et al. 2001). In contrast,
phylogenetic alpha diversity can be measured by its phylogenetic diversity (PD), obtained by summing the lengths of
the branches of a phylogeny (Faith 1992) or through its phylogenetic endemism (PE), where each branch of a phylo-
genetic tree is weighted by the inverse of the size of the total range of the clade (Rosauer et al. 2009). Furthermore,
recognizing sites with high alpha biodiversity (taxonomic and phylogenetic) allows us to quantify our knowledge and
propose research areas that are key to understanding biodiversity evolution.

Mexico is among the countries with the utmost vascular plant taxonomic richness in America, only surpassed
by Brazil and Colombia (Ulloa-Ulloa ef al. 2017). The taxonomic information currently available allows us to
highlight that there are around 287 families in the country, of which Asteraceae is one of the 37 families with
the highest relative importance to prioritize botanical studies and thus better understand the Flora of Mexico
(Murguia-Romero et al. 2023). Currently, the Asteraceae family is classified into 50 tribes (Susanna et al. 2020),
of which 26 are found in the country, including 428 genera and approximately 3,127 species (Villasefior 2018,
Redonda-Martinez 2022).

Advances in the taxonomy of Asteraceae in Mexico have allowed for improved taxonomic curation of collections
and databases, which now constitute key support for describing patterns in their distribution. An evaluation of their
richness at broad scales (for example, 1° latitude and longitude grid cells) could serve to contrast results and reduce
the spatial bias that still exists in geographic databases (Villasefior 2018). On the other hand, although the kinship re-
lationships at the species level are far from complete, at the generic level, the phylogenetic knowledge is satisfactory
(Qian & Jin 2021, Qian et al. 2024). Tribes Astereae, Cichorieae, Eupatorieae, Heliantheae, and Millerieae include
most of the genera in the family, with Astereae and Heliantheae having the most significant number of genera, 53 and
75, respectively (Redonda-Martinez 2022). The meta-phylogeny of Smith & Brown (2018) includes approximately
70 % of the genera of the family in Mexico; similarly, the NCBI nucleotide databases (2024) contain around 80 % of
them. Both sets of molecular data would allow obtaining a phylogeny that would help to understand spatial distribu-
tion patterns at the genus level from a phylogenetic perspective.

The genus is a taxonomic category that includes a set of species that share common characteristics among its
members and isolate it from another species group (Stuessy 1990, Villasefior 2004). Its importance, although little
explored in biodiversity studies, lies in the fact that the higher the generic alpha diversity in a region, the greater its
diversity at other taxonomic levels (e.g., families or species) and the greater its ecological complexity (Villasefior
2004, Villasefior et al. 2005, Suarez-Mota et al. 2017). In this way, the genera function as key members for under-
standing local or regional biodiversity, especially in groups of plants with high taxonomic diversity, as in the Astera-
ceae family in Mexico.
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Based on molecular data, the tribe Heliantheae forms a monophyletic group placed within another more inclusive
monophyletic group, known as the Heliantheae alliance, along with 11 other tribes (Baldwin et al. 2002, Mandel et
al. 2019, Rivera et al. 2021, Susanna et al. 2020, Zhang et al. 2021, 2024). The tribes Coreopsideae and Neurolae-
neae appear to be the closest phylogenetically to Heliantheae (Susanna ef al. 2020, Zhang et al. 2021, 2024). The
tribe is distinguishable by a combination of morphological characters, such as opposite leaves, heterogamous heads
with paleae on the receptacle, fertile or sterile female ray florets, hermaphrodite and fertile disk florets, and cypselae with
or without pappus of awns, scales, or awns and scales. Its members generally have a base chromosome of x = 19
(Robinson 1981, Baldwin et al. 2002). The phylogeny of the tribe is considered resolved at the subtribe and generic
levels (Panero & Jansen 1997, Panero et al. 1999, Plovanich & Panero 2004, Schilling & Panero 2002, 2010, 2011,
Moraes & Panero 2016, Tomasello et al. 2019, Freire et al. 2023, Moreira et al. 2023, de Almeida et al. 2024). To
date, no studies provide data on its distribution in Mexico using a current circumscription with the phylogenetic ap-
proach proposed by Susanna et al. (2020). Therefore, this work aims to evaluate, from a geographical perspective,
the alpha diversity of the Heliantheae genera that would allow the recognition of sites with high taxonomic and
phylogenetic richness, which could support future criteria to explain their biogeographic history and propose priority
sites for their conservation.

Materials and methods

Phylogeny. The function “phylo.maker” of the “U.PhyloMaker” package (Jin & Qian 2023) was used to generate a
genera time-calibrated phylogenetic tree derived from the plant mega-phylogeny from Zanne et al. (2014) and Smith
& Brown (2018). The phylogenetic tree contains the molecular information for 45 of the 75 genera of Heliantheae
present in Mexico (Villasefior 2018, Redonda-Martinez 2022); no other Heliantheae genera were added to the phy-

logeny (Figure 1, Table 1).

Geographic data. A geo-referenced database was used that includes the 75 genera of Heliantheae distributed in Mexi-
co; such database was built from information contained in the repository of the Sistema Nacional de Informacién so-
bre Biodiversidad (SNIB 2024) of the Comision Nacional para el Conocimiento y Uso de la Biodiversidad (CONA-
BIO) and the Instituto de Biologia, Universidad Nacional Auténoma de México UNAM-IBdata (Murguia-Romero
et al. 2024), in addition to a specialized database for the family structured by J. L. Villasefior (unpublished data). All
records of the 75 genera were used to obtain taxonomic alpha diversity values. In contrast, only the distribution data
of the 45 genera obtained by the phylogeny were used for the phylogenetic alpha diversity indices. The database in-
cludes 22,166 unique records (not counting duplicates) for the 75 genera and 13,251 unique records for the 45 genera
included in the phylogeny. The reviewed specimens are deposited in the herbaria ANSM, CHAPA, CREG, CICY,
CIIDIR, COCA, CODAGEM, CTES, ECOSUR, ENCB, F, FCME, GH, GUADA, HUAA, HUAZ, HUMO, IBUG,
IEB, INEGI, K, LL, MEXU, MICH, MOBG, NY, OAX, QMEX, SERBO, TEX, UADY, UAS, UAGC, UAMIZ,
UAT, UCAM, US, SLPM, VT, WIS, XAL, and ZEA (acronyms according to Thiers 2024), as well as the particular
collection of the Hinton’s family (GBH, Hinton ef al. 2019). To evaluate the genera’s taxonomic and phylogenetic
alpha diversity, 1° latitude and longitude grid cells were used in which Mexico was divided, considering a total of
253 grid cells (Operational Geographic Units or OGUs, Figure 2).

Alpha diversity. For each of the 253 OGUs, we calculated the genera richness (TR), phylogenetic diversity (PD),
weighted endemism (WE), and phylogenetic endemism (PE) using the Biodiverse program (Laffan et a/. 2010). We
performed a Spearman correlation test using the different taxonomic and phylogenetic diversity values employing R
Core Team (2024) to evaluate the correlation between the other variables. Finally, we mapped the results using the
QGIS v. 3.14 (2020) package.
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Figure 1. Phylogeny of the genera of the tribe Heliantheae (Asteraceae) obtained from the information included in U.PhyloMaker (Jin & Qian 2023).

Results

Phylogeny (Figure 1). The phylogeny does not contain genera from the subtribes Ambrosiinae (seven), Ecliptinae
(three), Enceliinae (two), Helianthinae (three), Montanoinae (one), Rojasianthinae (one), Rudbeckiinae (one), Spi-
lanthinae (two), Verbesininae (four), Zaluzaniinae (one), and Zinniinae (five). These genera not included in phylog-
eny show different distribution ranges, from broader to restricted to two cells.

Taxonomic and phylogenetic alpha diversity. The Heliantheae genus richness (TR) varies between 1 and 39 per OGU
(Supplementary data). The cells with the highest richness are in the states of Chiapas, Hidalgo, Michoacén, Nuevo
Ledn, Oaxaca, Puebla, Querétaro, San Luis Potosi, and Veracruz (Figure 3A). This pattern is like that found for
phylogenetic diversity (PD) (Figure 3B); in fact, both values show a significant positive correlation (rho = 0.96, P <
0.001, Table 2), greater than between TR and the other values (Table 2).

Grid cells with a high weighted endemism (WE) value were identified in the states of Baja California, Chiapas, Du-
rango, Hidalgo, Nuevo Leon, Oaxaca, Puebla, Querétaro, San Luis Potosi, and Veracruz (Figure 3C). The grid cell 251
in Chiapas stands out with significant WE value, characterized by the presence of genera with almost exclusive distribu-
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tion, such as Rensonia S.F. Blake, whose distribution extends to Guatemala, El Salvador, and Costa Rica, as well as Ro-
Jasianthe Standl. & Steyerm. and Squamopappus R K. Jansen, N.A. Harriman & Urbatsch also recorded in Guatemala.

Four grid cells (3, 111, 128, 136) with important phylogenetic endemism values (PE) stand out (Figure 3D, Table
3). Grid 3 is in the extreme north of Baja California, characterized by Agnorhiza (Jeps.) W.A. Weber, a genus with a
distribution extending to California, USA. The grid cell 136 is in Durango, where Chromolepis Benth., Damnxantho-
dium Strother, and Trichocoryne S.F. Blake are distributed, all endemic to Mexico. Finally, grids 111 and 128 are in
Nuevo Leon, characterized by the distribution of Engelmannia Torr. & A. Gray, a genus with a broader distribution
toward the central plains of the United States, and Vigethia W.A. Weber, a genus endemic to Mexico. All the genera
mentioned constitute elements positioned principally in subtribes with long branches of the phylogeny (Figure 1).

When analyzing PE, only some cells coincided with TR and PD (Figure 3D). A higher significant positive cor-
relation exists between PE and PD (rho =0.91, P < 0.001, Table 2) and is lower than that observed between WE and
PE (Table 2).

Table 3 includes the 20 cells that showed the highest values for the variables considered. In addition, the table
contains the richness ratio for the taxonomic indices, which reflects the relationship between taxonomic values and
total richness at a site. For phylogenetic data, the table includes the relationship between phylogenetic values
and the lengths of each branch of the pruned tree. These proportions allow identifying sites that, despite having
low taxonomic or phylogenetic diversity, have high-weighted endemism or phylogenetic endemism, as in grid cell
3 (Table 3).

Table 1. Genera of the tribe Heliantheae with distribution in Mexico. Those found in the phylogeny obtained by U.PhyloMaker are
marked with an asterisk.

Number Subtribe Genus
1 Spilanthinae Acmella Rich. ex Pers. *
2 Engelmanniinae Agnorhiza (Jeps.) W.A. Weber*
3 Helianthinae Aldama La Llave*
4 Ambrosiinae Ambrosia L.*
5 Helianthinae Bahiopsis Kellogg
6 Ecliptinae Baltimora L.*
7 Engelmanniinae Berlandiera DC.*
8 Engelmanniinae Borrichia Adans.*
9 Helianthinae Calanticaria (B.L. Rob. & Greenm.) E.E. Schill. & Panero*
10 Ecliptinae Calyptocarpus Less.*
11 Ecliptinae Clibadium F. Allam. ex L.*
12 Chromolepidinae Chromolepis Benth.*
13 Ecliptinae Damnxanthodium Strother*
14 Helianthinae Davilanthus E.E. Schill. & Panero *
15 Ecliptinae Delilia Spreng*
16 Helianthinae Dendroviguiera E.E. Schill. & Panero*
17 Ambrosiinae Dicoria Torr. & A. Gray
18 Ambrosiinae Dugesia A. Gray
19 Ecliptinae Eclipta L*
20 Enceliinae Encelia Adans.*
21 Engelmanniinae Engelmannia Torr. & A. Gray*
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Number Subtribe Genus
22 Ambrosiinae Euphrosyne DC.
23 Enceliinae Flourensia DC.
24 Enceliinae Geraea Torr. & A. Gray*
25 Helianthinae Gonzalezia E.E. Schill. & Panero*
26 Ambrosiinae Hedosyne Strother
27 Enceliinae Helianthella Torr. & A. Gray*
28 Helianthinae Helianthus L.*
29 Helianthinae Heliomeris Nutt.
30 Zinniinae Heliopsis Pers.
31 Zaluzaniinae Hybridella Cass.
32 Helianthinae Hymenostephium Benth.
33 Helianthinae lostephane Benth.*
34 Ambrosiinae Iva L.
35 Ecliptinae Jefea Strother *
36 Helianthinae Lagascea Cav.*
37 Ecliptinae Lasianthaea DC.*
38 Ambrosiinae Leuciva Rydb.
39 Ecliptinae Lundellianthus H. Rob.*
40 Ecliptinae Melanthera Rohr*
41 Montanoinae Montanoa Cerv.
42 Ecliptinae Otopappus Benth.*
43 Ambrosiinae Parthenice A. Gray
44 Ambrosiinae Parthenium L.*
45 Ecliptinae Perymeniopsis H. Rob.*
46 Ecliptinae Perymenium Schrad.*
47 Zinniinae Philactis Schrad.
48 Ecliptinae Plagiolophus Greenm.
49 Verbesininae Podachaenium Benth.
50 Rudbeckiinae Ratibida Raf.
51 Ecliptinae Rensonia S.F. Bake*
52 Rojasianthinae Rojasianthe Standl. & Steyerm.
53 Spilanthinae Salmea DC.
54 Zinniinae Sanvitalia Lam.
55 Helianthinae Sclerocarpus Jacq.
56 Helianthinae Sidneya E.E. Schill. & Panero*
57 Helianthinae Simsia Pers.*
58 Ecliptinae Sphagneticola O. Hoffm.*
59 Spilanthinae Spilanthes Jacq.
60 Verbesininae Squamopappus R.K. Jansen, N.A. Harriman & Urbatsch
61 Helianthinae Synedrella Gaertn.*
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Number Subtribe Genus
62 Zinniinae Tehuana Panero & Villasefior
63 Verbesininae Tetrachyron Schltdl.
64 Helianthinae Tithonia Desf. ex Juss.*
65 Zinniinae Trichocoryne S.F. Blake*
66 Ecliptinae Tuxtla Villasefior & Strother
67 Verbesininae Verbesina L.
68 Engelmanniinae Vigethia W.A. Weber*
69 Helianthinae Viguiera Kunth*
70 Ecliptinae Wamalchitamia Strother*
71 Ecliptinae Wedelia Jacq.*
72 Ambrosiinae Xanthium L.*
73 Zaluzaniinae Zaluzania Pers.*
74 Ecliptinae Zexmenia La Llave
75 Zinniinae Zinnia L.
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Figure 3. Distribution of genera of the Heliantheae tribe in Mexico. Cells in yellow show lower alpha diversity than those with red colors. A. Genus
richness (TR). B. Phylogenetic diversity (PD). C. Weighted endemism (WE). D. Phylogenetic endemism (PE).

Discussion

The alpha diversity analysis of the Heliantheae genera in Mexico allowed the detection of essential centers of taxo-
nomic richness and endemism (TR and WE), and phylogenetic diversity and endemism (PD and PE). These identi-
fied grid cells, under different approaches focusing on biodiversity, could help formulate alternatives to explain the
evolutionary histories of their components and propose priority sites for conservation (Jarzyna & Jetz 2016). The
examples mentioned in the following paragraphs, highlight the taxonomic or phylogenetic diversity relevance of
some parts of the Mexican territory, potentially serving as elements for the authorities in charge of biodiversity con-
servation to consider different viewpoints to assess diversity, as discussed in other countries by authors such as Daru
et al. (2019), Nitta et al. (2022) or Lu et al. (2023).

The higher alpha diversity, taxonomic and phylogenetic, occurs in many grid cells throughout the country, espe-
cially in its eastern part, from Nuevo Ledn to Chiapas (Figure 3). Considering the taxonomic richness, its levels of
endemicity have already been discussed and evaluated both by the entire richness of genera in the family (Villasefior
1990) and for the tribe Heliantheae in particular (Villasefior 1991). The distribution patterns observed for the tribe
partially coincide with the taxonomic distribution of the flora at the species level (Villasefior & Meave 2022). Like-
wise, from the phylogenetic and biogeographic viewpoints, significant similarities are observed; the results obtained
here do not differ from those obtained for the species of the North American flora (Mishler et al. 2020) or Mexico
(Sosa et al. 2018).
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Heliantheae taxonomic and phylogenetic alpha diversity concentrates in both the Neotropical region and the
Mexican Transition Zone (Morrone 2019, Villasefior et al. 2020), characterizing regions mainly associated with the
country’s mountain ranges (CONABIO 1997). The Trans Mexican Volcanic Belt (Eje Volcanico) and the Balsas De-
pression (grid cells 191, 192, and 201), the mountains of central Veracruz (grid cell 196), the mountains of northern
Oaxaca (portions of grid cells 212 and 228), the Sierra Madre Occidental (grid cells 135 and 136), the Sierra Madre
Oriental (grid cells 111, 128, 141, 153, 163, 177, and 178), the east of the Sierra Madre del Sur (grid cells 225 and
227), and the Soconusco region (grid cell 251) stand out. It is also possible to highlight grid cells 3 and 152 located
in arid and semi-arid areas, the first in the northern part of the country in a portion of the Californian and Sonoran
biogeographic provinces, the other in the Southern Altiplano (Southern Highland, CONABIO 1997).

In the Mexican Altiplano (Highland), important cells were identified for their number of Heliantheae genera; for
example, in this region, high values of TR and PD are recorded in the center of San Luis Potosi (grid cell 152), where
the occurrence of genera that are mainly associated with arid or semi-arid environments stands out, such as Berland-
iera DC., Dugesia, or Jefea Strother (Pinkava 1967, Villasefior 1990, Villasefior & Téllez-Valdés 2004). Other criti-
cal areas with TR and PD values are in the Trans Mexican Volcanic Belt and the Balsas Depression, particularly in
central and western Michoacan and southern Puebla (grid cells 191, 192, and 211), with genera from both temperate
forests (Lasianthaea DC., Perymenium Schrad., and Verbesina L.) and seasonally dry tropical forests (Dendrovigui-
era E.E.Schill. & Panero) (Villasefor et al. 2021).

Due to their genus richness, other significant regions are in northern Oaxaca, southern Puebla, and western Ve-
racruz (grid cells 212 and 228). For Puebla in particular, this region stands out as necessary for conservation con-
sidering their endemic species (Villasefior et al. 2023b); a representative of the tribe in this region is the genus Da-
vilanthus (Schilling & Panero 2010). These grid cells constitute part of a region of great biogeographic interest due
to its high biological diversity, the Tehuacan-Cuicatlan Valley floristic province (Rzedowski 1978, Villaseior et al.
1990, Villasenor et al. 2023b). Its phylogenetic endemism located in grid cell 211 has a significant number of nearly
endemic species of Puebla and species of Cactaceae, categorized as a region of mixed endemism, including both
neo- and paleo-endemic species (Villasefior et al. 2023b, Soto-Trejo et al. 2024).

Similarly, in southern Mexico, Aragon-Parada et al. (2023) considered the Sierra Madre del Sur province as a sig-
nificant center of taxonomic and phylogenetic diversity; in this study, grid cells 225 and 227 are identified as worthy
for their genera richness. Another region equally remarkable for its endemism is the Soconusco (grid cell 251), in the
state of Chiapas, which records high WE and PE values; here is located an important center of endemism for the tribe,
previously identified by Villasefior (1991) considering a broader taxonomic circumscription of the tribe. The Chiapas
mountains are characterized by genera of restricted distribution, an area identified as relevant for its biodiversity and
endemism, both taxonomic (for example, Gonzalez-Espinosa et al. 1997, Beutelspacher et al. 2017, Villasefior et al.
2013) and phylogenetic (Sosa et al. 2018).

In northern Mexico, along the Sierra Madre Occidental in Durango, grid cell 136 stands out for its WE, PD, and
PE values. Endemic or almost endemic genera, such as Chromolepis, Damnxanthodium, and Trichocoryne, occur
there. Similarly, grid cell 3, located in Mexicali and its surroundings in Baja California, occupies part of the Cali-
fornian and Sonoran provinces. However, only five genera are recorded there, with high WE and PE values (Table

Table 2. Spearman correlation (rho) values found when alpha diversity variables for the Mexican genera of Heliantheae are analyzed.
The correlation was determined using the grid cells into which the country was divided (Figure 2). PD: Phylogenetic diversity, PE: Phy-

logenetic endemism, TR: Genera richness, WE: Weighted endemism. Confidence interval: 95%, P < 0.001.

Variable TR PD WE PE
TR 1
PD 0.96 1
WE 0.91 0.87 1
PE 0.87 0.91 0.90 1
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3), undoubtedly due to the restricted presence of Agnorrhiza, reaching its southern distribution limit here. In north-
eastern Mexico, along the Sierra Madre Oriental, two diversity centers are identified; one includes grid cells 111,
128, and 141, the two first ones standing out for their high WE and PE values where the distribution of the genera
Engelmannia and Vigethia is recorded, genera with an affinity for temperate biomes. These same grid cells have been
identified with high endemism richness (667 and 581 species, respectively), with affinities to the temperate and xerophi-
lous scrub biomes (Villasefior et al. 2023a). Grid cell 141, for its part, recorded important values of TR and PD; this
grid cell has the highest taxonomic alpha diversity, both richness, and endemism at the species level for the northeast
region of Mexico (Villasefior et al. 2023a). This places the grid cell as necessary for conservation not only for the
tribe but also for the flora in general.

Another center of diversity in this mountain range includes grid cells 163, 177, and 178, located in the southern
part of the province known as Carso Huasteco (Villasefior & Ortiz 2022), where it joins the provinces of Altiplano
Sur and Trans Mexican Volcanic Belt; there, significant values of TR and PD stand out, grid cells 163 and 177 con-
centrating more than 1,000 species (Villasefior & Ortiz 2022). This part of the country should be considered crucial
for its conservation, not only for the Heliantheae tribe but for all other species of vascular plants it includes. The
genera Perymeniopsis H. Rob. and Tetrachyron Schltdl. occur in the mountainous parts of these grid cells, in biomes
such as temperate and humid mountain forests (Villasefior 2010).

Table 3. Cells with the highest alpha diversity values for the genera of Heliantheae in Mexico. PD: phylogenetic diversity. PE: Phylogenetic endemism.
TR: Genera richness. WE: Weighted endemism.

Grid cell TR (TR/Total WE (WE/Total number  PD (PD/Total length of PE (PE/Total length of
rid ce

number of genera) of genera) branches) branches)
228 39 (52 %) 1.219 (5 %) 108.714 (56 %) 1.796 (<1 %)
211 39 (52 %) 1.016 (3 %) 102.324 (52 %) 1.65 (<1 %)
178 35 (47 %) 0.898 (3 %) 99.395 (51 %) 1.741 (<1 %)
196 38 (51 %) 0.963 (3 %) 116.028 (59 %) 2.049 (1 %)
128 31 (41 %) 1.351 (4 %) 118.681 (61 %) 6.521 (3 %)
251 31 (41 %) 2.528 (8 %) 87.523 (45 %) 2.631 (1 %)
212 32 (42 %) 0.734 (2 %) 100.062 (51 %) 1.56 (<1 %)
141 31 (41 %) 0.634 (2 %) 100.423 (51 %) 1.68 (<1 %)
191 31 (41 %) 0.609 (1 %) 94.218 (48 %) 1.895 (<1 %)
136 26 (35 %) 1.322 (4 %) 99.152 (51 %) 6.294 (3 %)
178 35 (47 %) 0.898 (2 %) 99.395 (50 %) 1.741 (<1 %)
177 35 (47 %) 0.824 (2 %) 94.809 (48 %) 1.423 (<1 %)
244 33 (44 %) 1.271 (3 %) 88.72 (45 %) 1.66 (<1 %)
111 26 (34 %) 1.215 (4 %) 98.922 (50 %) 5.978 (3 %)
152 32 (42 %) 0.734 (2 %) 109.183 (55 %) 1.779 (<1 %)
227 33 (43 %) 0.739 (2 %) 97.786 (50 %) 1.57 (<1 %)
192 28 (37 %) 0.613 (2 %) 94.741 (48 %) 1.949 (<1 %)
3 5(6 %) 1.168 (23 %) 41.666 (21 %) 6.517 (3 %)
163 35 (47 %) 0.726 (2 %) 100.653 (51 %) 1.443 (<1 %)
225 30 (40 %) 0.442 (1 %) 92.184 (47 %) 1.136 (<1 %)
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The results suggest that the Heliantheae tribe has a chief influence on the biogeographic history of Mexico. Its
origins date back 10 million years (Mya), during the geological events of the late Miocene to the late Pliocene, char-
acterized by volcanism in different parts of the Trans-Mexican Volcanic Belt and culminating 3 Mya (Ferrari et al.
1999, 2012) with aridity events (Graham 2018). They all helped establish most lineages of the subtribes (Figure 1).
Likewise, the cycles of glaciation and aridity during the Pleistocene, between 2.58 Mya and the present (Metcalfe et
al. 2000), gave rise to other genera of Heliantheae.

Another time-calibrated phylogeny proposes that Heliantheae originated around 30 Mya (Rivera et al. 2021),
hypothesizing their origins because of the geological events as the formation of the Sierra Madre Occidental, the
Sierra Madre Oriental, and Sierra Madre del Sur and probably more tropical climates (Cevallos-Ferriz et al. 2012).
However, we use a time-calibrated phylogeny here according to the Phylomaker tree (Jin & Qian 2023), like Mandel
etal. (2019).

Studies on spatial phylogenetics conducted in families such as Cactaceae and Orchidaceae (Amaral et al. 2022,
Gutiérrez-Rodriguez et al. 2022) contrast in their PD and PE results concerning Heliantheae. A plausible explanation
for these differences is the unlike environments in which these families have diversified. Cactaceae, for example, are
distributed primarily in arid and semi-arid areas of the Mexican Plateau, while Orchidaceae is preferentially found
in the tropical regions of southern and southeastern Mexico. In contrast, Heliantheae genera positively occur in more
temperate climates throughout the mountainous areas, although they also thrive in the country’s semi-arid regions.
In the same sense, the results shown here partially contrast with those obtained by Sosa ef al. (2018), who analyzed
lineages for dry forest taxa. In these forests, the proportion of genera of the Heliantheae tribe is lower, although the
results shown here locate certain critical areas also identified by Sosa et al. (2018) within this environment. An ex-
ample is the biogeographic province Depresion del Balsas (Balsas Depression, CONABIO 1997), where grid cells
191, 192, and 208 are located, recording high TR and PD values (Supplementary Material).

We suggest that Heliantheae taxonomic and phylogenetic alpha diversity values reflect biogeographic patterns that
will not change drastically when new information is incorporated at the generic level, at least for TR and PD metrics.
Their high correlation (> 0.9) suggests that using either alpha biodiversity index would allow the same alpha spatial
patterns to be determined. Accordingly, we consider the phylogenetic tree balanced in terms of taxonomic represen-
tativeness and geographic distribution of taxa. In this context, a study in Mexico focused on the Sierra Madre del Sur
province (Aragén-Parada et al. 2023) used a phylogeny with all the taxa distributed in this province and scenario 3 of
the “PhyloMaker” package to add just over 30 % of the missing species. The authors obtained high correlation values
between the TR and the PD. Although we did not include the missing Heliantheae genera, the classification between
the TR and PD indices is very high, which indicates a good representativeness of the genera of this tribe. However,
it is possible that at the species level, using only the taxa with molecular data in PhyloMaker, the relationships will
change due to the low representativeness of the phylogeny or the spatial bias in its known distribution (Rodrigues &
Gaston 2002).

Although the metrics are correlated, they could not function as surrogates for each other, or at least this is not
advisable when biodiversity conservation is the objective. To discuss conservation issues, the phylogenetic diver-
sity index (PD) has been proposed as a better metric to describe biodiversity than the taxonomic index (TR) (Miller
et al. 2018). Other alternatives suggest integrating metrics such as taxonomic diversity (TR, WE), phylogenetic
diversity (PD, PE), and evolutionary distinctiveness (ED) in a complementary analysis to prioritize areas (Lu et al.
2023). For example, cells with the same TR = 10 can have PD values between 29.9 and 61.6 (Supplementary Mate-
rial). In conservation analysis, deciding if prioritized cells have high TR or PD or a balance in both perspectives is
essential.

The lower correlation between WE and PE than the other indices may increase when considering a complete
phylogeny. According to the Rosauer et al. (2009) formula, phylogenetic endemism would be more significant if
endemic genera were included in long branches. For example, other important centers of endemism are grid cells
213, 214, 241, 248, and 249, which show high WE value (Supplementary Material) but are not detected as relevant
for their PE because the genera in these cells are not found in the phylogeny used.
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Including these missing genera could provide valuable information. Their inclusion could be through using the
morphological relationships considered by taxonomists and postulating them as a proposal for kinship. Missing gen-
era can be included based on their classification at the subtribe level, such as Dicoria Torr. & A. Gray and Parthenice
A. Gray (subtribe Ambrosiinae), restricted to specific grid cells in the northeast of the country (grid cells 53 and 73,
respectively). Both genera are part of a long branch due to their classification in the subtribe Ambrosiinae. Similarly,
Dugesia A. Gray, a genus restricted to central Mexico (grid cells 177, 178,192, 193, 194, 195, 211, and 212), could be
included as a member of a long branch by its classification into the subtribe Ambrosiinae, or Plagiolophus Greenm.
and Tuxtla Villaseior & Strother, the former distributed in Campeche and Yucatan (grid cells 167, 181, 182, 183, and
199), and the latter restricted to southern Veracruz (grid cells 213 and 214). Both correspond to a long-branch clade in
the subtribe Ecliptinae. A final example is Tehuana Panero & Villasefior, endemic to southeastern Oaxaca (grid cells
241, 248, and 249), which would be included as a member of a long branch within the subtribe Zinniineae.

Considering both taxonomic and phylogenetic diversity, several grid cells discussed have also been identified as
important centers of diversity when analyzing species of the Asteraceae family (Suarez-Mota et al. 2017), Cactaceae
(Amaral et al. 2022), or the entire flora of dry forests (Sosa et al. 2018). The taxonomic and phylogenetic alpha
diversity values of Heliantheae, especially WE and PE, could be used as essential elements for conservation at the
genus level, regardless of the coarse scale used here. In addition to conserving Heliantheae genera with a particular
evolutionary history, they could help in the preservation of their associated flora because of the strong correlation
between members of the family and other members of the flora (Villasefior et al. 2005, Villasefior et al. 2007).

We propose analyzing all these indices separately, based on the existing set of indexes, to assess phylogenetic
alpha diversity. Our approach complements the regions identified formerly through alpha taxonomic diversity. It
may provide a more comprehensive understanding when applied to different taxonomic categories (e.g., species) or
alternative methodologies (CANAPE, Mishler et al. 2014).

No Mexican Heliantheae genera or species are considered in CITES Appendices (CITES 2025) or NOM-
059-SEMARNAT-2010 (SEMARNAT 2010). Only 373 species of Asteraceae (94 of them members of Heliantheae)
are considered rare, only recorded in a single 1° longitude and latitude grid cell (Villasefior et al. 2024); most of them
should be considered in Red List categories (IUCN 2023).
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