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Abstract 


Background and Aims: 
Parasitic plants represent approximately 1% of the world’s angiosperm diversity. The highest richness of parasitic plant species among angiosperms belongs to Orobanchaceae, the only family with three main nutritional stages: autotrophic, hemiparasitic, and holoparasitic. Hemiparasitic genera are the most diverse, unstudied, and sometimes neglected within Orobanchaceae. Pedicularideae, the largest tribe of hemiparasitic taxa in Orobanchaceae, contains several poorly known genera. One of these is Lamourouxia, a genus of 30 species distributed throughout the Americas, but mostly endemic to Mexico. Due to the lack of knowledge about the biogeographic patterns, endemism, and conservation status of Lamourouxia species, the objectives of this study were to estimate their species richness and endemism, determine the areas of endemism in the Americas, and assess their conservation status.



Methods: 
Applying a taxonomic revision of physical and digitized herbaria specimens, citizen science observations, and scientific open access databases, we conducted biogeographic analyses for the whole genus. Moreover, the conservation status of all Lamourouxia species was assessed following the IUCN Red List guidelines.



Key results: 
The highest species richness, highest weighted endemism, and corrected weighted endemism values occurred in southern Mexico. Three areas of endemicity were distributed throughout western Mexico. Four species were classified as Endangered (EN), and three as Critically Endangered (CR) according to the IUCN risk categories. Endemic and rarely recorded Lamourouxia species were mostly distributed in unprotected areas in the Sierra Madre del Sur, Mexico.



Conclusions: 
The Mexican Transition Zone is the center of diversification of Lamourouxia, and one third of the genus is endemic to this region. It is strongly encouraged to carry out actions to conserve threatened species of Lamourouxia, which are distributed in the Sierra Madre del Sur, the biogeographic province with the highest number of endemic species in Mexico.



Key words: Americas, endemic species, hemiparasitic species, IUCN, Mexico, Pedicularideae.
	                            

Resumen 


Antecedentes y Objetivos: 
Las plantas parásitas representan aproximadamente 1% de la diversidad mundial de angiospermas. La mayor riqueza de especies de plantas parásitas pertenece a Orobanchaceae, la única familia con tres principales niveles nutricionales: autótrofo, hemiparásito y holoparásito. Los géneros hemiparásitos son los más diversos, desconocidos y olvidados dentro de Orobanchaceae. Pedicularideae, la tribu más grande de taxones hemiparásitos, contiene varios géneros escasamente estudiados. Uno de esos es Lamourouxia, con 30 especies distribuidas en América y mayormente endémicas de México. Debido al vacío de conocimiento de los patrones biogeográficos, endemismo y estado de conservación de sus especies, los objetivos de este estudio fueron estimar la riqueza de especies y endemismo, determinar las áreas de endemismo en América y evaluar su estado de conservación.



Métodos: 
Con la revisión taxonómica de ejemplares de herbario físicos y digitalizados, observaciones de ciencia ciudadana y bases de datos científicas de acceso libre, realizamos análisis biogeográficos para Lamourouxia. También evaluamos el estado de conservación de sus especies siguiendo los lineamientos de la Lista Roja de la UICN.



Resultados clave: 
Los más altos valores de riqueza de especies, endemismo ponderado y endemismo ponderado corregido se encontraron en el sur de México. Tres áreas de endemismo se distribuyen en el occidente de México. Cuatro especies fueron clasificadas en la categoría de riesgo de la UICN “amenazada” y tres como “críticamente amenazada”. Las especies endémicas y raramente registradas de Lamourouxia se encuentran distribuidas principalmente en áreas sin protección de la Sierra Madre del Sur, México.



Conclusiones: 
La Zona Mexicana de Transición es el centro de diversificación de Lamourouxia y un tercio del género es endémico de esta región. Se recomienda implementar acciones para conservar las especies amenazadas de Lamourouxia que se distribuyen en la Sierra Madre del Sur, la provincia biogeográfica con el mayor número de especies endémicas de México.



Palabras clave: América, especies endémicas, especies hemiparásitas, UICN, México, Pedicularideae.
                                    






		
			Introduction

			Parasitic plants are angiosperms that attach to host plants by means of specialized structures known as haustoria, to obtain carbon, nutrients, and water (Press and Phoenix, 2005; Nickrent, 2020). They represent about 1% of flowering plant diversity with ca. 4750 species (Heide-Jørgensen, 2013; Nickrent, 2020; Cai, 2023). Based on phylogenetic studies, it has been proposed that they evolved independently at least 12 times in equal number of orders and 27 families among angiosperms (Westwood et al., 2010; Nickrent, 2020; Krasylenko et al., 2021). The most diverse family of parasitic plants is Orobanchaceae with 102 genera and 2163 species, containing 49.3% of total parasitic plant diversity among angiosperms (Nickrent, 2020; Teixeira-Costa and Davis, 2021). Also, it is the only family with several levels of photosynthetic activity and dependence on its hosts (Westwood et al., 2010). Orobanchaceae contains photosynthetic, hemiparasitic, and holoparasitic species and varieties or subspecies (Heide-Jørgensen, 2013; Schneider et al., 2016). Hemiparasitic taxa partially obtain their needs of water and nutrients from their hosts, while the rest of their nutrients are generated by photosynthesis. Hemiparasites can sometimes survive without haustorial connections to a host, but their development is poorer than with a host, and they are known as facultative hemiparasites. There are also cases where a parasitic plant parasitizes another parasitic plant attached to a non-parasitic host. This interaction is called hyperparasitism. On the other hand, holoparasitic taxa have reduced or no photosynthetic activity, so all or most of their nutritional requirements are obtained from their hosts. Contrary to hemiparasites, holoparasites are necessarily dependent on a host, and sometimes they form self-parasitic haustoria in the presence of a non-parasitic host, a phenomenon termed autoparasitism (Heide-Jørgensen, 2013; Goyet et al., 2019; Krasylenko et al., 2021). 

			Recently, studies in Orobanchaceae have focused on genome evolution in hemi- and holoparasites (Yoshida et al., 2019; Zhou et al., 2019), horizontal gene transfer from the host to the parasite (Yang et al., 2016; Schneider et al., 2018), absorption of toxic metals by holoparasites (Turnau et al., 2018), alternative edible broomrapes (Renna et al., 2018), and taxonomic determination based on volatile organic compounds (Tóth et al., 2016), among other examples. Most of the leading studies have focused on the genomics and phylogenetics of holoparasitic genera (Schneeweiss et al., 2004; Weiss-Schneeweiss et al., 2006; Li et al., 2013; McNeal et al., 2013), while hemiparasitic genera have been addressed only in topics like phylogenetics and taxonomy (Tank and Olmstead, 2009; Tank et al., 2009; Morawetz et al., 2010; Robart et al., 2015; Uribe-Convers and Tank, 2016; Freeman et al., 2020). Therefore, many hemiparasitic genera remain unstudied and poorly known, such as Lamourouxia Kunth.

			
Lamourouxia belongs to Pedicularideae, the most diverse tribe of Orobanchaceae, with 21 genera and 1033 species. It is a monophyletic clade of root hemiparasitic plants, mainly distributed in the Americas and Asia (McNeal et al., 2013; Fu et al., 2017; Nickrent, 2020; Teixeira-Costa and Davis, 2021). Lamourouxia comprises 30 species endemic to the Americas, which are distributed from Mexico to Peru, with 19 species endemic to Mexico (Ernst, 1972; Francisco-Gutiérrez et al., 2022; 2023). Because most Lamourouxia species are endemic and distributed in Mexico, it was considered one of the representative genera of the flora for this country (Rzedowski, 2019). The Mexican species of Lamourouxia were studied by Paray (1950), but then forgotten during half a century, from the generic treatment of Ernst (1972) until the taxonomic revision by Francisco-Gutiérrez et al. (2023). Ernst (1972) classified the genus into three sections based on floral morphology: Adelphidion W.R. Ernst, Hemispadon Benth., and Lamourouxia. On a global scale, none of the genera of Orobanchaceae have been studied concerning their richness, endemism, or biogeographic patterns. Regarding the environmental legislation of the countries of the Americas, only L. barbata (Bertol.) MacVean, Cristof., T.F Daniel & Baldini (formerly named L. lanceolata Benth.) is included in the list of threatened species of Guatemala (CONAP, 2009). None of the Lamourouxia species have had their conservation status evaluated according to the IUCN Red List guidelines (IUCN, 2023). 

			In a previous taxonomic treatment of the Mexican species of Lamourouxia (Francisco-Gutiérrez et al., 2023), it was found that 26 of 30 species of the genus in the Americas were distributed in southern Mexico, particularly in the Mexican Transition Zone (MTZ), a complex area where Neotropical and Nearctic floras and faunas overlap (Halffter, 1976, 1987; Halffter and Morrone, 2017). The MTZ has a rich biological diversity and has been studied in more than 130 biogeographic and endemicity analyses (López-García and Morrone, 2023). The biogeographic regionalization that best fits the conceptualization of Halffter (1987) is the one proposed by Morrone (2014; 2020), where, besides classifying the complexity of biomes of the MTZ, biogeographic provinces and subprovinces for the rest of the Americas are included as well.

			To know the biogeographic patterns and the risk categories of each species of Lamourouxia, this study aimed to 1) estimate the species richness and endemism of Lamourouxia by biogeographic regionalization and grid cells, 2) determine the areas of endemism of Lamourouxia in the Americas, and 3) assess the conservation status of all species of Lamourouxia.

		

		
			Material and Methods

			
				
Taxonomic determination of Lamourouxia species


				A taxonomic revision of herbarium specimens housed in the four main Mexican herbaria was undertaken: ENCB, IBUG, MEXU, and XAL. Also, digitized specimens of the following herbaria were revised: A, AAU, ARIZ, ASU, BR, BRU, CAS, CLEMS, CM, COLO, CR, DES, E, F, G, GBH, GH, GOET, HAO, JE, K, L, M, MICH, MO, NY, OBI, P, RSA, TEX, UNM, US, UTC, W (all acronyms according to Thiers, 2023). All digitized specimens were obtained from the databases of the Red de Herbarios del Noroeste de México (Red de Herbarios del Noroeste de México, 2022), the Portal de Datos Abiertos de Colecciones Biológicas (Portal de Datos Abiertos UNAM, 2022), TROPICOS (TROPICOS, 2022), the virtual herbarium of the New York Botanical Garden (NYBG Steere Herbarium, 2022), and the Global Biodiversity Information Facility (GBIF, 2021a).

			  For all the recognized species in the classification of Ernst (1972), the digitized types of the Lamourouxia species stored in the JSTOR Plants database (JSTOR, 2021) were consulted. Many of these species from Mexico and Central America were lectotypified in the monograph of the Mexican Lamourouxia by Francisco-Gutiérrez et al. (2023). Dichotomous keys and descriptions provided by Ernst (1972), Turner (1993), and Francisco-Gutiérrez et al. (2022) were used for taxonomic determination of herbarium specimens, as well as photographs of living plants of Lamourouxia from the iNaturalist node Mexico database (Naturalista, 2021). For this study, only observations from iNaturalist of species with poor representation in herbaria and records outside the known distribution of widespread species were used. The herbarium specimens and observations of citizen science taxonomically determined for this study are available in Appendix 1 (see supplementary material).

				Due to the morphological similitude and diversity of the species, all the specimens from Mexico and several from Central America were personally determined when possible. Data of species distributed in Central and South America of which there are no digitized herbarium specimens (Lamourouxia gutierrezii Oerst., L. multifida Kunth, L. sylvatica Kunth, L. virgata Kunth, L. viscosa Kunth, and L. xalapensis Kunth) were downloaded from the Global Biodiversity Information Facility (GBIF, 2021b, c, d, e, f, g, respectively). Only specimens determined by authorities in Orobanchaceae (N.H. Holmgren, J.L. Fernández-Alonso, K. Barringer, U. Molau, and M.J.M. Christenhusz) were used for this study (records from BM, CONN, CR, DUKE, E, INB, IND, ITIC, KANU, KU, LAGU, MO, TEFH, UCR, UNA, US, and USF herbaria). A database of the Lamourouxia specimens of the CIIDIR herbarium was provided by Arturo-Castro-Castro.

				Also, botanical expeditions to find rare species Lamourouxia colimae W.R. Ernst & Baad, L. dispar W.R. Ernst, L. jaliscana W.R. Ernst & Baad, L. gracilis B.L. Rob. & Greenm., L. parayana W.R. Ernst (with two to five specimens in literature and herbaria) were carried out in 2019 in the type localities and surrounding municipalities in the states of Colima (24-27 October), Jalisco (22-25 February, 18-23 November), Mexico and Morelos (18-23 November), Puebla (10 December), and Veracruz (19 October, 7 November).

			

			
				Geographic data

				Geographic coordinates were used when indicated on the herbarium specimen labels. When localities were not specified but without geographic coordinates, they were georeferenced using Google Earth Pro v. 7.3.4 (Google, 2021). Duplicated, unlocated or doubtful localities were excluded. Also, spatial data from taxonomically determined Naturalista (2021) observations were included. Maps of biogeographic analyses were designed in QGIS v. 2.18.15 (QGIS Development Team, 2016), using the digital elevation model (30 s resolution) provided by Fick and Hijmans (2017) and the shapefiles of the biogeographic regions and provinces for the Americas provided by Lowenberg-Neto (2014), based on the regionalization of Morrone for the Americas (Morrone, 2014) and Mexico (Morrone et al., 2017).

			

			
				Species richness and endemism

				Species richness and endemism were estimated by different area criteria: 1) biogeographic regionalization proposed by Morrone (Morrone, 2014; Morrone et al., 2017), and 2) grid cells of 0.5 × 0.5 degrees for comparison purposes. To analyze the patterns of biodiversity of Lamourouxia, we estimated the species richness, weighted endemism (WE), and corrected weighted endemism (CWE). Species richness is a measure of species diversity and is a count of the number of species inhabiting a given area or habitat (Kiester, 2013). WE is the species richness weighted by the inverse of the range size of each species, so species occurring over smaller ranges will have higher scores. CWE is the weighted endemism index divided by the species richness (Crisp et al., 2001; Guerin et al., 2015). These analyses were performed with Biodiverse v. 3.1 (Laffan et al., 2010). All indexes were calculated in the software with origin in 0° latitude and longitude. The resulting files were processed with the tool “Calculate Statistics” of ArcCatalog in ArcMap v. 10.5 (ESRI, 1999-2010). 

			

			
				Areas of endemism

			  Areas of endemism were obtained employing the Endemicity Analysis, with the method established by Szumik et al. (2002) and Szumik and Goloboff (2004), available in the software NDM/VNDM v. 2.5 (Goloboff, 2004). Geographic coordinates of all Lamourouxia records were included in a xyd file (Appendix 2, see supplementary material), generated with the tool GeX (Santos and Fuhlendorf, 2018) available at UFABC (2023). The file xyd was edited with TextEdit v. 1.15 (Apple, 1995-2019), and can be opened with NotePad v. 11.2302 (Microsoft, 2023). Cell size was adjusted to 0.5 for “X” and “Y”, and the grid origin was established automatically by the program at X= -111.283, Y= 32.143. The parameters used in the program were: 1) scores equal to or higher than 2.0 and two or more defining species, 2) 1000 replicates of search with overlapping subsets if 98% of species were unique, 3) edge proportions for each search, and 4) “Set minimum species score” value of 0.6. The most frequent area in the replicates estimated by the program was selected. The files generated were transformed into polygons in DIVA-GIS v. 4.2 (Hijmans et al., 2004).

			

			
				Conservation status assessments

				Conservation assessments for each Lamourouxia species followed the Guidelines for Using the IUCN Red List Categories and Criteria (IUCN Standards and Petitions Committee, 2022). Geographic ranges of the Extension of Occurrence (EOO) and Area of Occupancy (AOO) were calculated using the Geospatial Conservation Assessment Tool (GeoCAT, 2015) based on Bachman et al. (2011). This tool employs the default scale of 2 × 2 km grid cells suggested in the guidelines for the calculation of geographic ranges. Records of verified herbarium specimens and determined observations from Naturalista (2021) were used. Studies containing information on threats in the geographic range of each species were included to determine the risk category they belong (Aguilar-Tomasini et al., 2020; Alcocer et al., 2018; Almazán-Núñez et al., 2016; Bax and Francesconi, 2018; Cruz-Romero et al., 2020; Escalante and Aguilar-Ortega, 2021; Eva et al., 2012; Hernández-Flores et al., 2017; Munroe et al., 2007; Novo-Fernández et al., 2018; Olivera-Lozano, 2018; Pérez-González et al., 2017; Ponce-Reyes et al., 2012; Robalino et al., 2017; Rosete-Vergés, 2014; Soto-Molina and Delgado-Granados, 2020; Tapia-Armijos et al., 2015). Protected areas where species are distributed were obtained from the layer of government and private protected areas in Latin America and the Caribbean provided by the UNEP-WCMC and IUCN (2022).

			

		

		
			Results

			
				Databases and temporality of collections

				This study is the result of the revision of 2075 physical and digitized specimens from 48 herbaria and 49 selected observations from Naturalista (2021) (which illustrate the species diversity in Fig. 1). The total number of records was 2116. Of these, 1583 were georeferenced (74.81%). The georeferenced records occur in Belize (2), Colombia (41), Costa Rica (44), Ecuador (229), El Salvador (23), Guatemala (46), Honduras (26), Mexico (1088), Nicaragua (35), Panama (16), and Peru (33). Except for the type specimens, 24 of 2071 herbarium specimens (1.15%) were collected before 1900; 1617 specimens (78.07%) in the 20th century, mostly in the 1970s to 1990s; and 430 (20.76%) after the year 2000 (Fig. 2A).
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Figure 1:



Diversity of the Lamourouxia Kunth species. Section Adelphidion W.R. Ernst: A. Lamourouxia brachyantha Greenm. (Naturalista, 2023a); B. Lamourouxia dasyantha (Cham. & Schltdl.) W.R. Ernst (Naturalista, 2023b); C. Lamourouxia sylvatica Kunth (Naturalista, 2023c); D. Lamourouxia virgata Kunth (Naturalista, 2023d). Section Hemispadon Benth.: E. Lamourouxia avendanoi Franc.Gut. (Naturalista, 2023e); F. Lamourouxia barbata (Bertol.) MacVean, Cristof., T.F. Daniel & Baldini (Naturalista, 2023f); G. Lamourouxia dispar W.R. Ernst (Naturalista, 2023g); H. Lamourouxia gracilis B.L. Rob.; I) Lamourouxia gutierrezii Oerst. (Naturalista, 2023i); J. Lamourouxia integerrima Donn.Sm. (Naturalista, 2023j); K. Lamourouxia nelsonii B.L. Rob & Greenm. (Naturalista, 2023k); L. Lamourouxia pacifica Franc.Gut.; M. Lamourouxia rhinanthifolia Kunth (Naturalista, 2023m); N. Lamourouxia smithii B.L. Rob. & Greenm. (Naturalista, 2023n); O. Lamourouxia viscosa Kunth (Naturalista, 2023o). Section Lamourouxia: P. Lamourouxia longiflora Benth. (Naturalista, 2023p); Q. Lamourouxia macrantha M. Martens & Galeotti; R. Lamourouxia ovata M. Martens & Galeotti (Naturalista, 2023r); S. Lamourouxia xalapensis Kunth (Naturalista, 2023s); T. Lamourouxia multifida Kunth (Naturalista, 2023t); U. Lamourouxia pringlei B.L. Rob. & Greenm. (Naturalista, 2023u); V. Lamourouxia zimapana B.L. Turner (Naturalista, 2023v) (Photographic credits: Table S1).
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Figure 2:



Temporality and biogeographic distribution of the records of the Lamourouxia Kunth species in the Americas. A. records of Lamourouxia Kunth by decade analyzed in this study; B. species richness of Lamourouxia by biogeographic regions; C. species richness by biogeographic provinces sensu
Morrone (2014), and Morrone et al. (2017). TS: Total species, ESR: Endemic species to the region, ESP: Endemic species to the province. Biogeographic regions: MTZ: Mexican Transition Zone. Biogeographic provinces: BB: Balsas Basin, CAU: Cauca, CD: Chihuahuan Desert, CH: Chiapas Highlands, D: Desert, GT: Guatuso-Talamanca, MAG: Magdalena, MOS: Mosquito, PAR: Páramo, PC: Puntarenas-Chiriquí, PL: Pacific Lowlands, PUN: Puna, R: Rôndonia, SMS: Sierra Madre del Sur, SMOC: Sierra Madre Occidental, SMOR: Sierra Madre Oriental, TAM: Tamaulipas, TMVB: Trans-Mexican Volcanic Belt, V: Veracruzan, WE: Western Ecuador, Y: Yungas.













				

			

			
				Species richness

			

			
				Species richness by biogeographic regionalization

				
Lamourouxia is distributed across 21 biogeographic provinces from three regions in the Americas. The richest region is the MTZ with 25 species (11 of which are endemic), followed by the Neotropics with 18 (five endemic), and the Nearctic with five (no endemisms) (Table 1, Fig. 2B). The richest province is the Sierra Madre del Sur (SMS) with 18 species, followed by the Trans-Mexican Volcanic Belt (TMVB) with 15, and the Balsas Basin (BB) with ten, all of them in Mexico. The province with the largest number of endemic species is the SMS with three species, followed by the Sierra Madre Occidental (SMOC) with two. Finally, the Chiapas Highlands (CH), Pacific Lowlands (PL), TMVB, and Puntarenas-Chiriquí (PC, located between Costa Rica and Panama) provinces possess one endemic species each (Table 1, Fig. 2C).

				
					

Table 1:




Species richness, infrageneric classification (sensu
Ernst, 1972), and continental distribution of Lamourouxia Kunth species by political division and biogeographic regionalization (sensu
Morrone, 2014; Morrone et al., 2017). Biogeographic regions: MTZ: Mexican Transition Zone, NA: Nearctic, NT: Neotropics. Biogeographic provinces: BB: Balsas Basin, CAU: Cauca, CD: Chihuahuan Desert, CH: Chiapas Highlands, D: Desert, GT: Guatuso-Talamanca, MAG: Magdalena, MOS: Mosquito, PAR: Páramo, PC: Puntarenas-Chiriquí, PL: Pacific Lowlands, PUN: Puna, R: Rôndonia, SMS: Sierra Madre del Sur, SMOC: Sierra Madre Occidental, SMOR: Sierra Madre Oriental, TAM: Tamaulipas, TMVB: Trans-Mexican Volcanic Belt, V: Veracruzan, WE: Western Ecuador, Y: Yungas. *: Endemic species of the Mexican Transition Zone; +: Endemic species of the Neotropics.
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				Species richness by grid cells

				The study area was divided into 6952 cells of 0.5 × 0.5 degrees. The species richness was homogeneous along most Nearctic and Neotropical regions with cells of one to three species. Most of the richest cells were found in the MTZ region (Fig. 3): A) a cell with ten species in a zone of very rugged orography in the eastern SMS; B) a cell with nine species along the TMVB and Veracruzan provinces including three biodiversity conservation zones (Pico de Orizaba National Park, which includes the country’s highest peak; part of the Tehuacán-Cuicatlán Biosphere Reserve (TCBR) and Cañón del Rio Blanco National Park, CRBNP); C) a cell with nine species in the PL; and D) close to the richest one, a couple of cells with eight species in the SMS which includes the Sierra de Juárez and part of the TCBR (Fig. 3A). Many other cells containing five to seven species are found along the CH, SMS, and Sierra Madre Oriental (SMOR). Three species were registered in only one cell across the Americas: L. colimae, L. jaliscana, L. parayana, followed by L. gracilis within two cells.
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Figure 3:



Maps of Lamourouxia Kunth species richness and endemism areas based on the biogeographic regionalization of Morrone (2014). A. species richness; B. weighted Endemism: C. corrected Weighted Endemism; D. areas of endemism. Biogeographic provinces with Lamourouxia Kunth species: 0) Nearctic region (it includes Tamaulipan and Chihuahuan Desert of Mexican regionalization of Morrone et al., 2017), 1) Sierra Madre Occidental, 2) Sierra Madre Oriental, 3) Trans-Mexican Volcanic Belt, 4) Sierra Madre del Sur, 5) Chiapas Highlands, 13) Pacific Lowlands, 14) Balsas Basin, 15) Veracruzan, 17) Mosquito, 18) Guatuso-Talamanca, 19) Puntarenas-Chiriquí, 24) Magdalena, 26) Cauca, 28) Western Ecuador, 39) Yungas, 48) Páramo, 49) Desert, 50) Puna.













				

			

			
				Endemism

			

			
				Weighted endemism (WE)

				Weighted endemism values were low and homogeneous along Nearctic and Neotropical regions. Weighted endemism analysis retrieved six main cells with high and moderate values (Fig. 3): A) the highest value was found in the PL (Central Guerrero), followed by B and C) cells in the PL (Sierra de Cuale in Jalisco, and northeastern Colima, respectively), D) a cell in the eastern TMVB, and E and F) located in the SMS (Fig. 3B).

			

			
				Corrected Weighted endemism (CWE)

				Corrected Weighted endemism analysis recovered almost all the cells across the American continent with low values. The cell with the highest value was found in A) the PL (northeastern Colima), whereas cells with low values were B) in the PL (Sierra de Cuale, Jalisco), C) in the south-central TMVB, D) the PL (south-central Oaxaca) (Fig. 3C).

			

			
				Areas of endemism

				The endemicity analysis estimated three areas of endemism of L. in the Americas, all of them in Mexico (Fig. 3D). The first and largest encompasses the SMS, TMVB, and PL provinces. This area was distinguished by very restricted species: Lamourouxia colimae (microendemic to Colima state), L. jaliscana (microendemic to Jalisco state), and the recently described L. avendanoi Franc. Gut. endemic to the SMOC. The second and third areas covered the SMOC and PL, and a small surface of the Sonoran province. The last two areas of endemism were characterized by the species L. avendanoi, L. pacifica Franc. Gut. & Ruiz-Sanchez, and L. longiflora Benth. (the latter endemic to the SMOC) (Fig. 3D).

			

			
				Conservation assessments

				According to the criteria of the IUCN Red List (IUCN Standards and Petitions Committee, 2022), Lamourouxia species were classified in the following categories: Least Concern (LC), nine species; Near Threatened (NT), two; Vulnerable (VU), 12; Endangered (EN), four; and Critically Endangered (CR), three (Table 2). Nineteen species were distributed within protected areas in nine countries.

				
					

Table 2:




Conservation status assessments of Lamourouxia Kunth species. Criteria based on the IUCN Standards and Petitions Committee (2022). NR: number of records, GR: geographic range, EOO: Extent of Occurrence, AOO: Area of Occupancy, LC: Least Concern, NT: Near Threatened, VU: Vulnerable, EN: Endangered, CR: Critically Endangered. Biogeographic regions abbreviated: Sierra Madre Occidental (SMOC), Sierra Madre del Sur (SMS), Tehuacán- Cuicatlán Biosphere Reserve (TCBR), Trans-Mexican Volcanic Belt (TMVB).
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			Discussion

			
				Temporality of collections

				The reduction in the number of recent collections of Lamourouxia in the late 20st century in Mexico, where most species inhabit and where most records are from, can be attributed to the increasing insecurity conditions (García-Jiménez and Vargas-Rodríguez, 2021) for students and researchers during fieldwork in areas of high species richness and endemism (i.e., Guerrero, Michoacán, and Sinaloa states), and the continuous deforestation of preserved forests (Ponce-Reyes et al., 2012; Rosete-Vergés et al., 2014). An increasing number of citizen science records can be a useful tool for precisely locating observed specimens and collecting them for deposition in scientific collections.

			

			
				Species richness

				The species richness obtained in this study shows a similar pattern with the American genera Echeandia Ortega (Ortiz-Brunel et al., 2021), Dahlia Cav. (Carrasco-Ortiz et al., 2019) and Cosmos Cav. (Vargas-Amado et al., 2020), in which areas of highest richness were distributed in the MTZ. We also obtained the same distribution of the cells with the highest values of species richness of Lamourouxia as in the analysis of species richness for the SMS with 9524 species of vascular plants. This similarity in the distribution of richest cells is due to the complex orography and volcanic activity of the MTZ, temperature fluctuations (Mastretta-Yanes et al., 2015), high levels of speciation, and accumulation of lineages from the Nearctic and Neotropics (Aragón-Parada et al., 2023). 

				The MTZ region is the center of diversification of Lamourouxia with 25 of 30 species of the genus. Data obtained in this study allow us to establish that Lamourouxia probably originated in Mexico with later southward dispersal. Wolfe et al. (2005) hypothesized that dispersal from North to South America is one of the possible paths for radiating taxa in Orobanchaceae. This pathway has been confirmed in other amphitropical genera, i.e., Castilleja Mutis ex L.f. (Pedicularideae; Tank and Olmstead, 2009), and Aphyllon Mitch. (Orobancheae; Schneider and Moore, 2017). The MTZ is an important region where a biotic interchange between the Nearctic and Neotropical regions occurs (Morrone, 2014; 2020). The MTZ harbors 323 genera of flowering plants distributed either in North or South America, or in both (Villaseñor et al., 2020). The MTZ also harbors other endemic and rare genera of Orobanchaceae, such as Silviella Pennell (Wolfe et al., 2005), the holoparasitic and monotypic Eremitilla Yatsk. & J.L. Contr. (Yatskievych and Contreras-Jiménez, 2009), as well as Escobedia Ruiz & Pav. and Seymeria Pursh (Rzedowski, 2019). According to the taxonomic revision of the Lamourouxia species of Mexico (Francisco-Gutiérrez et al., 2023), no hosts were reported in literature, herbarium specimens, and citizen science observations. Therefore, the identity and influence of the hosts in the richness and dispersal of the species is still unknown.

			

			
				Weighted Endemism and Corrected Weighted Endemism

				The WE analysis recovered cells with similar geographic locations and moderate to high values like those obtained by Ortiz-Brunel et al. (2021) for Echeandia, and the vascular plants of the SMS (Aragón-Parada et al., 2023). CWE analysis showed only one cell with the highest value in the state of Colima. CWE obtains values of per-species endemism, while WE retrieves richness-based endemism. The differences between the number of cells in both analyses can be explained by the masking effect of the per-species endemism metrics, where absolute concentrations of range-restricted species can be hidden by non-restricted species occurring simultaneously (Guerin et al., 2015). The only cell with high value in the CWE analysis is because of the presence of Lamourouxia colimae, which is the only species occurring in its own grid, biologically meaningful by being distributed in a different type of vegetation regarded to the other species in Lamourouxia (tropical deciduous forests vs. pine-oak and cloud forests), low elevation (450-500 m vs. >1500 m), and different soil (calcareous vs. volcanic substrates).

			

			
				Areas of endemism

				The endemicity analysis recovered three areas of endemism. Most of the surface of these areas belongs to the MTZ (SMS, SMOC, TMVB provinces). The same pattern occurs in the Mexican woody bamboos (Ruiz-Sanchez et al., 2020). The largest area of endemism of Lamourouxia matches with that obtained for Mexican endemic epiphytic bromeliads and orchids (Estrada-Sánchez et al., 2019). The smaller endemism areas of Lamourouxia include El Salto, Durango and Sierra de Quila, Jalisco, which are areas of endemism of Mexican angiosperms (Sosa and De-Nova, 2012). Also, it is coterminous with the area of endemism of many Mexican angiosperms (Rodríguez et al., 2018) located in western Jalisco. The MTZ is an extensive area with complex orography, Neotropic and Nearctic biotic exchange, and climatic stability zones, which has led to endemicity, diversification, and radiation of various lineages since the Miocene (Pinilla-Buitrago et al., 2018; Sosa et al., 2018; Morrone, 2020; Aragón-Parada et al., 2023).

			

			
				Conservation assessments

				Previously, Lamourouxia brachyantha Greenm., L. macrantha M. Martens & Galeotti, and L. nelsonii B.L. Rob. & Greenm. were considered microendemic species. This category was assigned to species recorded in a single cell of one degree per side throughout Mexico by Sosa and De-Nova (2012). In this study, with cells of 0.5 degrees per side, three species were registered as microendemics in only one cell across the Americas: L. colimae, L. jaliscana, L. parayana, followed by L. gracilis in two cells. According to the Red List of threatened species (IUCN, 2023), Orobanchaceae has 72 species evaluated but no single genus as a whole. Forty species are evaluated in the category LC, five in NT, nine in VU, six in EN, three CR, and one extinct (EX). With the evaluations given in this study, the potential three CR, four EN, 12 VU, two NT, and nine LC species to be included in the IUCN Red List, would duplicate the number of the evaluated species in Orobanchaceae. This information could address efforts in conservation, and inclusion of threatened species in the protection laws, specifically the NOM-059-SEMARNAT-2010 (SEMARNAT, 2010) from Mexico, where most Lamourouxia species are endemic.

				According to our conservation assessments, most species populations are fragmented and threatened by human activities throughout the Americas. Surprisingly, the SMS with the highest number of endemic species in Mexico (Aragón-Parada et al., 2021) only has two small, protected areas in the western portion (Cuenca Abastecedora del Distrito Nacional de Riego 043 Nayarit, Sierra de Manantlán Biosphere Reserve) and two little areas at the eastern portion (TCBR and CRBNP) (Fig. 4). Specimens of most species were not collected within protected areas, including the species evaluated in the categories CR. Considering the evidence obtained with this study and the comprehensive evaluation of the endemism of vascular plants in the SMS, it is suggested to include most threatened Lamourouxia species distributed in Mexico in the conservation law NOM-059-SEMARNAT-2010 (SEMARNAT, 2010), and increase the protection in the eastern portion of this province relevant to the flora of Mexico. This kind of studies evaluating endemism and conservation status can be replicated particularly with holoparasitic genera, which have a high extinction rate because of the specificity of their host (Cai, 2023; Schneider and Moore, 2017), being threatened by multiple biotic, abiotic and anthropogenic pressures.
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Figure 4:



Map of protected areas in the Sierra Madre del Sur biogeographic province in southern Mexico and Lamourouxia Kunth species richness. A. cuenca Abastecedora del Distrito Nacional de Riego 043 Nayari; B Sierra de Manantlán Biosphere Reserve; C. Tehuacán-Cuicatlán Biosphere Reserve; D. Cañón del Río Blanco National Park. Protected areas obtained from the layer of the government and private protected areas in Latin America and the Caribbean provided by the UNEP-WCMC and IUCN (2022).













				

			

		

		
			Conclusion

			The MTZ is the center of diversification of Lamourouxia, and one third of the species of this genus is endemic to this region. Twenty-two of 30 species are classified in IUCN Red List categories. Fieldwork is necessary to rediscover microendemic species. Most Lamourouxia species are threatened and should be included in the protection laws in several countries of the Americas to ensure their protection.

		

	



Acknowledgments

Thanks to Dolores González-Hernández and Marcos Bodo Nuñez-Oberg for the English revision of the manuscript. We are grateful to herbarium staff María del Rosario García-Peña, Gilda Ortiz (MEXU), and María de la Luz Arreguín (ENCB) for the loan of specimens for taxonomic revision, Sergio Avendaño-Reyes and Israel Acosta Rosado (XAL) for facilities provided during this study. Field trips were carried out with company or assistance of Rebeca Rosas-Campos, Nadhya Campos-Salas, Yessica Ramírez-Martínez, Miguel Cházaro-Basáñez, Rodrigo Carral-Domínguez, Carlos Arzaba-Villalba, Jaime E. Rivera-Hernández, Abel F. Vargas-Ruedas, Maite Lascurain, Emmanuel García-Gutiérrez, Mary Isidro, Fermín Hernández, and Rosario Gregorio. Data from the CIIDIR herbarium were provided by Arturo Castro-Castro, and information on personal collections was donated by Juan Pablo Ortiz-Brunel. The first author is grateful to the neurologist Dr. Mariano García-Bartolo for his medical assistance in the final stage of his Ph.D. research, and to the family Moreno-Pochat, and Miryam Ruiz-Madrigal for their hospitality in Xalapa and Guadalajara, Mexico, respectively. 




Literature cited

Agramont, A. R. E., S. F. Maass, G. Nava Bernal, J. I. Valdez-Hernández and T. S. Fredericksen. 2012. Effect of human disturbance on the structure and regeneration of forests in the Nevado de Toluca National Park, Mexico. Journal of Forestry Research 23: 39-44. DOI: https://doi.org/10.1007/s11676-012-0226-8 

Aguilar-Tomasini, M. A., T. Escalante and M. Farfán. 2020. Effectiveness of natural protected areas for preventing land use and land cover changes of the Transmexican Volcanic Belt, Mexico. Regional Environmental Change 20: 84. DOI: https://doi.org/10.1007/s10113-020-01660-3 

Alcocer, J., M. Merino-Ibarra, L. A. Oseguera and O. Escolero. 2018. Anthropogenic impacts on tropical karst lakes: “Lagunas de Montebello” Chiapas. Ecohydrology 11(8): e2029. DOI: https://doi.org/10.1002/eco.2029 

Almazán-Núñez, R .C., P. Corcuera, L. Parra-Juárez, J. Jiménez-Hernández and G. M. Charre. 2016. Changes in structure and diversity of woody plants in a secondary mixed pine-oak forest in the Sierra Madre del Sur of Mexico. Forests 7(4): 90. DOI: https://doi.org/10.3390/f7040090 

Apple. 1995-2019. TextEdit v. 1.15. Apple Inc. https://macdownload.informer.com/textedit/1.6/
				

Aragón-Parada, J., P. Carrillo-Reyes, A. Rodríguez, G. Munguía-Lino, M. M. Salinas-Rodríguez and J. A. De-Nova. 2023. Spatial phylogenetics of the flora in the Sierra Madre del Sur, Mexico: Evolutionary puzzles in tropical mountains. Journal of Biogeography 50(10): 1679-1691. DOI: https://doi.org/10.1111/jbi.14679

Aragón-Parada, J., A. Rodríguez, G. Munguía-Lino, J. A. De-Nova, M. M. Salinas-Rodríguez and P. Carrillo-Reyes. 2021. Las plantas vasculares endémicas de la Sierra Madre del Sur, México. Botanical Sciences 99(3): 643-660. DOI: https://doi.org/10.17129/botsci.2682 

Bachman, S., J. Moat, A. W. Hill, J. de la Torre and B. Scott. 2011. Supporting Red List threat assessments with GeoCAT: geospatial conservation assessment tool. Zookeys 150: 117-126. DOI: https://doi.org/10.3897/zookeys.150.2109 

Bax, V. and W. Francesconi. 2018. Environmental predictors of forest change: An analysis of natural predisposition to deforestation in the tropical Andes region, Peru. Applied Geography 91: 99-110. DOI: https://doi.org/10.1016/j.apgeog.2018.01.002

Cai, L. 2023. Rethinking convergence in plant parasitism through the lens of molecular and population genetic processes. American Journal of Botany 110(5): e16174. DOI: https://doi.org/10.1002/ajb2.16174

Carrasco-Ortiz, M., G. Munguía-Lino, A. Castro-Castro, G. Vargas-Amado, M. Harker and A. Rodríguez. 2019. Riqueza, distribución geográfica y estado de conservación del género Dahlia (Asteraceae) en México. Acta Botanica Mexicana 126: e1354. DOI: https://doi.org/10.21829/abm126.2019.1354

CONAP. 2009. Lista de especies amenazadas de Guatemala -LEA- y listado de especies de flora y fauna silvestres CITES de Guatemala. Documento Técnico 67 (02-2009). Consejo Nacional de Áreas Protegidas. Guatemala, Guatemala.

Crisp, M. D., S. Laffan, H. P. Linder and A. Monro. 2001. Endemism in the Australian flora. Journal of Biogeography 28(2): 183-198. DOI: https://doi.org/10.1046/j.1365-2699.2001.00524.x

Cruz-Romero, B., J. Téllez-López and F. M. Carrillo-González. 2020. Análisis de cambios en las coberturas y usos de suelo de la cuenca del río Cuale, Jalisco, México. Documents d’Anàlisi Geogràfica 67(1): 33-50. DOI: https://doi.org/10.5565/rev/dag.554

Ernst, W. R. 1972. Floral morphology and systematics of Lamourouxia (Scrophulariaceae: Rhinanthoideae). Smithsonian Contributions to Botany 6: 1-63. DOI: https://doi.org/10.5962/bhl.title.123249

Escalante, T. and K. Y. Aguilar-Ortega. 2021. Estructura areográfica y efectos del cambio de uso de suelo en especies endémicas de la Faja Volcánica Transmexicana. Dugesiana 28(2): 305-316. DOI: https://doi.org/10.32870/dugesiana.v28i2.7164

ESRI. 1999-2010. ArcGIS Desktop: release 10. Environmental Systems Research Institute, Inc. Redlands, California, USA. https://enterprise.arcgis.com/es/portal/10.3/use/deploy-app-portal-obsolete.htm#ESRI_SECTION1_1DE2E80BD7FC44BFB842377DD95D1503
				

Estrada-Sánchez, I., J. García-Cruz, A. Espejo-Serna and G. López-Ortega. 2019. Identification of areas of endemism in the Mexican cloud forests based on the distribution of endemic epiphytic bromeliads and orchids. Phytotaxa 397(2): 129-145. DOI: https://doi.org/10.11646/phytotaxa.397.2.1

Eva, H. D., F. Achard, R. Beuchle, E. de Miranda, S. Carboni, R. Seliger, M. Volimar, W. A. Holler, O. T. Oshiro, V. Barrena-Arroyo and J. Gallego. 2012. Forest cover changes in tropical South and Central America from 1990 to 2005 and related carbon emissions and removals. Remote Sensing 4(5): 1369-1391. DOI: https://doi.org/10.3390/rs4051369

Fick, S. E. and R. J. Hijmans. 2017. WorldClim2: new 1-km spatial resolution climate surfaces for global land areas. International Journal of Climatology 37(12): 4302-4315. DOI: https://doi.org/10.1002/joc.5086

Freeman, C. C., R. K. Rabeler and W. J. Elisens. 2020. Orobanchaceae. Flora of North America 17: 456-687.

Fu, W., X. Liu, N. Zhang, Z. Song, W. Zhang, J. Yang and Y. Wang. 2017. Testing the hypothesis of multiple origins of holoparasitism in Orobanchaceae: Phylogenetic evidence from the last two unplaced holoparasitic genera, Gleadovia and Phacellanthus. Frontiers in Plant Science 8: 1380. DOI: https://doi.org/10.3389/fpls.2017.01380

Francisco-Gutiérrez, A., E. Ruiz-Sanchez, D. González and A. Lira-Noriega. 2022. Two new species of Lamourouxia (Orobanchaceae) from western Mexico. Phytotaxa 549(1): 051-066. DOI: https://doi.org/10.11646/phytotaxa.549.1.4 

Francisco-Gutiérrez, A., E. Ruiz-Sanchez, D. González and A. Lira-Noriega. 2023. Lamourouxia (Orobanchaceae) of Mexico. Phytotaxa 582(1): 1-73. DOI: https://doi.org/10.11646/phytotaxa.582.1.1

García-Jiménez, C. I. and Y. L. Vargas-Rodríguez. 2021. Passive government, organized crime, and massive deforestation: The case of western Mexico. Conservation Science and Practice 3(12): e562. DOI: https://doi.org/10.1111/csp2.562

GBIF. 2021a. Global Biodiversity Information Facility. https://www.gbif.org (consulted November, 2021).

GBIF. 2021b. Global Biodiversity Information Facility Occurrence Download. DOI: https://doi.org/10.15468/dl.kr6jde (consulted November, 2021).

GBIF. 2021c. Global Biodiversity Information Facility Occurrence Download. DOI: https://doi.org/10.15468/dl.jdq6pv (consulted November, 2021).

GBIF. 2021d. Global Biodiversity Information Facility Occurrence Download. DOI: https://doi.org/10.15468/dl.zwxzwc (consulted November, 2021).

GBIF. 2021e. Global Biodiversity Information Facility Occurrence Download. DOI: https://doi.org/10.15468/dl.mp78k8 (consulted November 2021).

GBIF. 2021f. Global Biodiversity Information Facility Occurrence Download. DOI: https://doi.org/10.15468/dl.f82grw (consulted November, 2021).

GBIF. 2021g. Global Biodiversity Information Facility Occurrence Download. DOI: https://doi.org/10.15468/dl.spusfh (consulted November, 2021).

GeoCAT. 2015. GeoCAT-Geospatial Conservation Assessment Tool. Global Biodiversity Information Facility (GBIF). Copenhagen, Denmark. http://geocat.kew.org (consulted August, 2023).

Goloboff, P. 2004. NDM/VNDM: programs for identification of areas of endemism (version 3.0). https://www.lillo.org.ar/phylogeny/endemism/ (consulted November 2023).

Google. 2021. Google Earth Pro v. 7.3.4. https://www.google.com/earth/versions/#earth-pro (consulted November 2023).

González-Elizondo, M. S., M. González-Elizondo, L. Ruacho-González, I. L. López-Enríquez, F. I. Retana-Rentería and J. A. Tena-Flores. 2013. Ecosystems and Diversity of the Sierra Madre Occidental. In: Gottfried, G. J., P. F. Ffolliott, B. S. Gebow, L. G. Eskew and L. C. Collins (eds.). Merging science and management in a rapidly changing world: Biodiversity and management of the Madrean Archipielago III. Proceedings RMRS-P-67. U.S. Department of Agriculture, Forest Service, Rocky Mountain Research Station. Fort Collins, USA. Pp. 203-211.

Goyet, V., S. Wada, S. Cui, T. Wakatake, K. Shirasu, G. Montiel, P. Simier and S. Yoshida. 2019. Haustorium inducing factors for parasitic Orobanchaceae. Frontiers in Plant Science 10: 1056. DOI: https://doi.org/10.3389/fpls.2019.01056

Guerin, G. R., L. Roukolainen and A. J. Lowe. 2015. A georeferenced implementation of weighted endemism. Methods in Ecology and Evolution 6(7): 845-852. DOI: https://doi.org/10.1111/2041-210X.12361

Halffter, G. 1976. Distribución de los insectos en la Zona de Transición Mexicana: relaciones con la entomofauna de Norteamérica. Folia Entomológica Mexicana 35: 1-64.

Halffter, G. 1987. Biogeography of the montane entomofauna of Mexico and Central America. Annual Review of Entomology 32(1): 95-114. DOI: https://doi.org/10.1146/annurev.en.32.010187.000523 

Halffter, G. and J. J. Morrone. 2017. An analytical review of Halffter’s Mexican Transition Zone, and its relevance for evolutionary biogeography, ecology and biogeographical regionalization. Zootaxa 4226(1): 1-46. DOI: https://doi.org/10.11646/zootaxa.4226.1.1

Heide-Jørgensen, H. S. 2013. Introduction: The parasitic syndrome in higher plants. In: Joel, D. M., J. Gressel and L. J. Musselman (eds.). Parasitic Orobanchaceae: Parasitic Mechanisms and Control Strategies. Springer. Berlin, Germany. Pp. 1-18. DOI: https://doi.org/10.1007/978-3-642-38146-1_1

Hernández-Flores, M. L., E. M. Otazo-Sánchez, M. Galeana-Pizaña, E. I. Roldán-Cruz, R. Razo-Zárate, C. A. González-Ramírez, E. Galindo-Castillo and A. J. Gordillo-Martínez. 2017. Urban driving forces and megacity expansion threats. Study case in the Mexico City periphery. Habitat International 64: 109-122. DOI: https://doi.org/10.1016/j.habitatint.2017.04.004

Hijmans, R. J., L. Guarino, C. Bussink, P. Mathur, M. Cruz, I. Berrantes and E. Rojas. 2004. DIVA-GIS versión 4. Un sistema de información geográfica para el análisis de distribución de especies. Manual. Centro Internacional de la Papa, Instituto Internacional de Recursos Genéticos Vegetales. Lima, Peru. 83 pp.

IUCN. 2023. The IUCN Red List of Threatened Species. Version 2022-2. https://www.iucnredlist.org (consulted June, 2023).

IUCN Standards and Petitions Committee. 2022. Guidelines for Using the IUCN Red List Categories and Criteria, version 15.1. http://www.iucnredlist.org/documents/RedListGuidelines.pdf (consulted June, 2023).

JSTOR. 2021. JSTOR Plants Database. https://plants.jstor.org (consulted October, 2021).

Kiester, A. R. 2013. Species Diversity, Overview. In: Levin, S. A. (eds.) Encyclopedia of Biodiversity (Second Edition). Elsevier. Cambridge, USA. Pp. 706-704.

Krasylenko, Y., J. Těšitel, G. Ceccantini, M. O. Oliveira-da-Silva, V. Dvořák, D. Steele, Y. Sosnovsky, R. Piwowarczyk, D. M. Watson and L. Teixeira-Costa. 2021. Parasites on parasites: hyper-, epi-, and autoparasitism among flowering plants. American Journal of Botany 108: 1-14. DOI: https://doi.org/10.1002/ajb2.1590

Laffan, S. W., E. Lubarsky and D. F. Rosauer. 2010. Biodiverse, a tool for the spatial analysis of biological and related diversity. Ecography 33: 643-647. DOI: https://doi.org/10.1111/j.1600-0587.2010.06237.x

Li, X., T.-C. Zhang, Q. Qiao, Z. Ren, J. Zhao, T. Yonezawa, M. Hasegawa, M. J. C. Crabbe, J. Li and Y. Zhong. 2013. Complete chloroplast genome sequence of holoparasite Cistanche deserticola (Orobanchaceae) reveals gene loss and horizontal gene transfer from its host Haloxylon ammodendron (Chenopodiaceae). PLoS ONE 8(3): e58747. DOI: https://doi.org/10.1371/journal.pone.0058747

López-García, M. M. and J. J. Morrone. 2023. Sixty years of Halffter’s Mexican Transition Zone: a systematic review using bibliometric tools. Revista Mexicana de Biodiversidad 94: e945114. DOI: https://doi.org/10.22201/ib.20078706e.2023.94.5114

Lowenberg-Neto, P. 2014. Neotropical region: a shapefile of Morrone´s (2014) biogeographical regionalization. Zootaxa 3802(2): 300. DOI: https://doi.org/10.11646/zootaxa.3802.2.12

Mastretta-Yanes, A., A. Moreno-Letelier, D. Piñero, T. H. Jorgensen and B. C. Emerson. 2015. Biodiversity in the Mexican highlands and the interaction of geology, geography and climate within the Trans-Mexican Volcanic Belt. Journal of Biogeography 42: 1586-1600. DOI: https://doi.org/10.1111/jbi.12546

McNeal, J. R., J. R. Bennett, A. D. Wolfe and S. Mathews. 2013. Phylogeny and origins of holoparasitism in Orobanchaceae. American Journal of Botany 100: 971-983. DOI: https://doi.org/10.3732/ajb.1200448 

Microsoft. 2023. NotePad v. 11.2302. Microsoft Corporation. https://apps.microsoft.com/detail/9MSMLRH6LZF3?hl=es-es&gl=ES
				

Morawetz, J. J., C. P. Randle and A. D. Wolfe. 2010. Phylogenetic relationships within the tropical clade of Orobanchaceae. Taxon 59(2): 416-426. DOI: https://doi.org/10.1002/tax.592007

Morrone, J. J. 2014. Biogeographical regionalization of the Neotropical region. Zootaxa 3782(1): 001-110. DOI: https://doi.org/10.11646/zootaxa.3782.1.1

Morrone, J. J. 2020. The Mexican Transition Zone, a natural biogeographic laboratory to study biotic assembly. Springer. Switzerland. 191 pp. DOI: https://doi.org/10.1007/978-3-030-47917-6

Morrone, J. J., T. Escalante and G. Rodríguez-Tapia. 2017. Mexican biogeographic provinces: map and shapefiles. Zootaxa 4277(2): 277-279. DOI: https://doi.org/10.11646/zootaxa.4277.2.8

Munroe, D. K., H. Nagendra and J. Southworth. 2007. Monitoring landscape fragmentation in an inaccessible mountain area: Celaque National Park, western Honduras. Landscape and Urban Planning 83(2-3): 154-167. DOI: https://doi.org/10.1016/j.landurbplan.2007.04.001

Naturalista. 2021. Comisión Nacional para el Conocimiento y Uso de la Biodiversidad, iNaturalist.org. https://www.naturalista.mx/home (consulted October, 2021).

Naturalista. 2023a. Lamourouxia brachyantha. Observation 41148115. iNaturalist.org, Comisión Nacional para el Conocimiento y Uso de la Biodiversidad. https://www.naturalista.mx/observations/41148115 (consulted September, 2023).

Naturalista. 2023b. Lamourouxia dasyantha. Observation 37588138. iNaturalist.org, Comisión Nacional para el Conocimiento y Uso de la Biodiversidad. https://www.naturalista.mx/observations/37588138 (consulted September, 2023).

Naturalista. 2023c. Lamourouxia sylvatica. Observation 110142756. iNaturalist.org, Comisión Nacional para el Conocimiento y Uso de la Biodiversidad. https://www.naturalista.mx/observations/110142756 (consulted September, 2023).

Naturalista. 2023d. Lamourouxia virgata. Observation 146571344. iNaturalist.org, Comisión Nacional para el Conocimiento y Uso de la Biodiversidad. https://www.naturalista.mx/observations/146571344 (consulted September, 2023).

Naturalista. 2023e. Lamourouxia avendanoi. Observation 119673227. iNaturalist.org, Comisión Nacional para el Conocimiento y Uso de la Biodiversidad. https://www.naturalista.mx/observations/119673227 (consulted September, 2023).

Naturalista. 2023f. Lamourouxia barbata. Observation 19834373. iNaturalist.org, Comisión Nacional para el Conocimiento y Uso de la Biodiversidad. https://www.naturalista.mx/observations/19834373 (consulted September, 2023).

Naturalista. 2023g. Lamourouxia dispar. Observation 15750339. iNaturalist.org, Comisión Nacional para el Conocimiento y Uso de la Biodiversidad. https://www.naturalista.mx/observations/15750339 (consulted September, 2023).

Naturalista. 2023i. Lamourouxia gutierrezii. Observation 77240189. iNaturalist.org, Comisión Nacional para el Conocimiento y Uso de la Biodiversidad. https://www.naturalista.mx/observations/77240189 (consulted September, 2023).

Naturalista. 2023j. Lamourouxia integerrima. Observation 5046758. iNaturalist.org, Comisión Nacional para el Conocimiento y Uso de la Biodiversidad. https://www.naturalista.mx/observations/5046758 (consulted September, 2023).

Naturalista. 2023k. Lamourouxia nelsonii. Observation 48499091. iNaturalist.org, Comisión Nacional para el Conocimiento y Uso de la Biodiversidad. https://www.naturalista.mx/observations/48499091 (consulted September, 2023).

Naturalista. 2023m. Lamourouxia rhinanthifolia. Observation 5725110. iNaturalist.org, Comisión Nacional para el Conocimiento y Uso de la Biodiversidad. https://www.naturalista.mx/observations/5725110 (consulted September, 2023).

Naturalista. 2023n. Lamourouxia smithii. Observation 134907967. iNaturalist.org, Comisión Nacional para el Conocimiento y Uso de la Biodiversidad. https://www.naturalista.mx/observations/134907967 (consulted September, 2023).

Naturalista. 2023o. Lamourouxia viscosa. Observation 81136703. iNaturalist.org, Comisión Nacional para el Conocimiento y Uso de la Biodiversidad. https://www.naturalista.mx/observations/81136703 (consulted September, 2023).

Naturalista. 2023p. Lamourouxia longiflora. Observation 60569119. iNaturalist.org, Comisión Nacional para el Conocimiento y Uso de la Biodiversidad. https://www.naturalista.mx/observations/60569119 (consulted September, 2023).

Naturalista. 2023r. Lamourouxia ovata. Observation 38248282. iNaturalist.org, Comisión Nacional para el Conocimiento y Uso de la Biodiversidad. https://www.naturalista.mx/observations/38248282 (consulted September, 2023).

Naturalista. 2023s. Lamourouxia xalapensis. Observation 145916977. iNaturalist.org, Comisión Nacional para el Conocimiento y Uso de la Biodiversidad. https://www.naturalista.mx/observations/69231769 (consulted September, 2023).

Naturalista. 2023t. Lamourouxia multifida. Observation 69231769. iNaturalist.org, Comisión Nacional para el Conocimiento y Uso de la Biodiversidad. https://www.naturalista.mx/observations/9280293 (consulted September, 2023).

Naturalista. 2023u. Lamourouxia pringlei. Observation 145916977. iNaturalist.org, Comisión Nacional para el Conocimiento y Uso de la Biodiversidad. https://www.naturalista.mx/observations/145916977 (consulted September, 2023).

Naturalista. 2023v. Lamourouxia zimapana. Observation 60479482. iNaturalist.org, Comisión Nacional para el Conocimiento y Uso de la Biodiversidad. https://www.naturalista.mx/observations/60479482 (consulted September, 2023).

NYBG Steere Herbarium. 2022. C. V. Starr Virtual Herbarium, New York Botanical Garden. https://sweetgum.nybg.org/science/vh/ (consulted February, 2022).

Nickrent, D. L. 2020. Parasitic angiosperms: How often and how many? Taxon 69(1): 5-27. DOI: https://doi.org/10.1002/tax.12195

Novo-Fernández, A., F. Shannon, C. Wehenkel, P. M. López-Serrano, M. Molinier and C. A. López-Sánchez. 2018. Landsat time series analysis for temperate forest cover change detection in the Sierra Madre Occidental, Durango, Mexico. International Journal of Applied Earth Observation and Geoinformation 73: 230-244. DOI: https://doi.org/10.1016/j.jag.2018.06.015

Olivera-Lozano, G. 2018. Continuidad de la urbanización informal en los espacios de pobreza metropolitanos, rémora del desarrollo y déficit de la política de vivienda: Cuernavaca, México. Territorios 39: 97-133. DOI: https://doi.org/10.12804/revistas.urosario.edu.co/territorios/a.5412 

Ortiz-Brunel, J. P., G. Munguía-Lino, A. Castro-Castro and A. Rodríguez. 2021. Biogeographic analysis of the American genus Echeandia (Agavoideae: Asparagaceae). Revista Mexicana de Biodiversidad 92: e923739. DOI: https://doi.org/10.22201/ib.20078706e.2021.92.3739

QGIS Development Team. 2016. QGIS Geographic Information System. Open Source Geospatial Foundation Project.

Paray, L. 1950. El género Lamourouxia en México. Boletín de la Sociedad Botánica de México 11: 5-16. DOI: https://doi.org/10.17129/botsci.965

Pérez-González, M. L., L. Capra-Pedol, N. Dávila-Hernández, L. Borselli, S. Solís-Valdez and A. J. Ortiz-Rodríguez. 2017. Spatio-temporal land use changes in the Colima-Villa de Álvarez metropolitan area, and their relationship to floodings. Revista Mexicana de Ciencias Geológicas 34(2): 78-90. DOI: https://doi.org/10.22201/cgeo.20072902e.2017.2.435

Pinilla-Buitrago, G. E., T. Escalante, A. Gutiérrez-Velázquez, P. Reyes-Castillo and O. R. Rojas-Soto. 2018. Areas of endemism persist through time: A palaeoclimatic analysis in the Mexican Transition Zone. Journal of Biogeography 45: 952-961. DOI: https://doi.org/10.1111/jbi.13172

Ponce-Reyes, R., V. H. Reynoso-Rosales, J. E. M. Watson, J. VanDerWal, R. A. Fuller, R. L. Pressey and H. P. Possingham. 2012. Vulnerability of cloud forest reserves in Mexico to climate change. Nature Climate Change 2: 448-452. DOI: https://doi.org/10.1038/NCLIMATE1453 

Portal de Datos Abiertos UNAM. 2022. Dirección General de Repositorios Universitarios, Universidad Nacional Autónoma de México. https://datosabiertos.unam.mx/biodiversidad/ (consulted February, 2022).

Press, M. C. and G. K. Phoenix. 2005. Impacts of parasitic plants on natural communities. New Phytologist 166: 737-751. DOI: https://doi.org/10.1111/j.1469-8137.2005.01358.x

Red de Herbarios del Noroeste de México. 2022. Universidad de Sonora, Universidad Estatal de Arizona. https://herbanwmex.net/portal/ (consulted February, 2022).

Renna, M., A. Signore, V. M. Paradiso and P. Santamaria. 2018. Faba greens, globe artichoke’s offshoots, crenate broomrape and summer squash greens: unconventional vegetables of Puglia (Southern Italy) with good quality traits. Frontiers in Plant Science 9: 378. DOI: https://doi.org/10.3389/fpls.2018.00378

Robalino, J., A. Pfaff and L. Villalobos. 2017. Heterogeneous local spillovers from protected areas in Costa Rica. Journal of the Association of Environmental and Resource Economists 4(3): 795-820. DOI: https://doi.org/10.1086/692089

Robart, B. W., C. Gladys, T. Frank and S. Kilpatrick. 2015. Phylogeny and biogeography of North American and Asian Pedicularis (Orobanchaceae). Systematic Botany 40(1): 229-258. DOI: https://doi.org/10.1600/036364415X686549

Rodríguez, A., A. Castro-Castro, G. Vargas-Amado, O. Vargas-Ponce, P. Zamora-Tavares, J. González-Gallegos, P. Carrillo-Reyes, M. Anguiano-Constante, M. Carrasco-Ortiz, M. García-Martínez, B. Gutiérrez-Rodríguez, J. Aragón-Parada, C. Valdes-Ibarra and G. Munguía-Lino. 2018. Richness, geographic distribution patterns, and areas of endemism of selected angiosperm groups in Mexico. Journal of Systematics and Evolution 56(5): 537-549. DOI: https://doi.org/10.1111/jse.12457

Rosete-Vergés, F.A., J. L. Pérez-Damián, M. Villalobos-Delgado, E. N. Navarro-Salas, E. Salinas-Chávez and R. Remond-Noa. 2014. El avance de la deforestación en México 1976-2007. Madera y Bosques 20(1): 21-35. DOI: https://doi.org/10.21829/myb.2014.201173

Ruiz-Sanchez, E., G. Munguía-Lino, G. Vargas-Amado and A. Rodríguez. 2020. Diversity, endemism and conservation status of native Mexican woody bamboos (Poaceae: Bambusoideae: Bambuseae). Botanical Journal of the Linnean Society 192(1): 281-295. DOI: https://doi.org/10.1093/botlinnean/boz062

Rzedowski, J. 2019. Los géneros de fanerógamas que, sin ser exclusivos de México, dan carácter a su flora. Revista Mexicana de Biodiversidad 90: e902946. DOI: https://doi.org/10.22201/ib.20078706e.2019.90.2946

Santos, C. M. D. and M. Fuhlendorf. 2018. GeX: an automated tool for generating XYD files for analysis of endemicity using VNDM. Cladistics 35: 125-129. DOI: https://doi.org/10.1111/cla.12236

Schneeweiss, G. M., A. Collwell, J.-M. Park, C.-G. Jang and T. F. Stuessy. 2004. Phylogeny of holoparasitic Orobanche (Orobanchaceae) inferred from nuclear ITS sequences. Molecular Phylogenetics and Evolution 30(2): 465-478. DOI: https://doi.org/10.1016/S1055-7903(03)00210-0

Schneider, A. C. and A. J. Moore. 2017. Parallel Pleistocene amphitropical disjunctions of a parasitic plant and its host. American Journal of Botany 104: 1745-1755. DOI: https://doi.org/10.3732/ajb.1700181

Schneider, A. C., A. E. L. Colwell, G. M. Schneeweiss, and B. G. Baldwin. 2016. Cryptic host-specific diversity among western hemisphere broomrapes (Orobanche s.l., Orobanchaceae). Annals of Botany 118(6): 1101-1111. DOI: https://doi.org/10.1093/aob/mcw158

Schneider, A. C., H. Chun, S. Stefanovic and B. G. Baldwin. 2018. Punctuated plastome reduction and host-parasite horizontal gene transfer in the holoparasitic plant genus Aphyllon. Proceedings of the Royal Society B 285: 20181535. DOI: http://doi.org/10.1098/rspb.2018.1535

Sesnie, S. E., B. Tellman, D. Wrathall, K. McSweeney, E. Nielsen, K. Benessaiah, O. Wang and L. Rey. 2017. A spatio-temporal analysis of forest loss related to cocaine trafficking in Central America. Environmental Research 12: 054015. DOI: https://doi.org/10.1088/1748-9326/aa6fff

SEMARNAT. 2010. NORMA Oficial Mexicana NOM-059-SEMARNAT-2010. Protección ambiental-Especies nativas de México de flora y fauna silvestres-Categorías de riesgo y especificaciones para su inclusión, exclusión o cambio-Lista de especies en riesgo. Secretaría del Medio Ambiente y Recursos Naturales. Diario Oficial de la Federación. Cd. Mx., México. http://dof.gob.mx/nota_detalle.php?codigo=5173091&fecha=30/12/2010
				

Sosa, V. and J. A. De-Nova. 2012. Endemic angiosperm lineages in Mexico: Hotspots for Conservation. Acta Botanica Mexicana 100: 293-315. DOI: https://doi.org/10.21829/abm100.2012.38

Sosa, V., J. A. De-Nova and M. Vásquez-Cruz. 2018. Evolutionary history of the flora of Mexico: Dry forests cradles and museums of endemism. Journal of Systematics and Evolution 56(5): 523-536. DOI: https://doi.org/10.1111/jse.12416

Soto-Molina, V. H. and H. Delgado-Granados. 2020. Distribution and current status of permafrost in the highest volcano in North America: Citlaltepetl (Pico de Orizaba), Mexico. Geofísica Internacional 59(1): 39-53. DOI: https://doi.org/10.22201/igeof.00167169p.2020.59.1.2079

Szumik, C. and P. A. Goloboff. 2004. Areas of endemism: an improved optimality criterion. Systematic Botany 53(6): 968-977. DOI: https://doi.org/10.1080/10635150490888859

Szumik, C., F. Cuezzo, P. A. Goloboff and A. E. Chalup. 2002. An optimality criterion to determine areas of endemism. Systematic Biology 51(5): 806-816. DOI: https://doi.org/10.1080/10635150290102483

Tank, D. C. and R. G. Olmstead. 2009. The evolutionary origin of a second radiation of annual Castilleja (Orobanchaceae) species in South America: The role of long distance dispersal and allopolyploidy. American Journal of Botany 96(10): 1907-1921. DOI: https://doi.org/10.3732/ajb.0800416

Tank, D. C., J. M. Egger and R. G. Olmstead. 2009. Phylogenetic classification of subtribe Castillejinae (Orobanchaceae). Systematic Botany 34(1): 182-197. DOI: https://doi.org/10.1600/036364409787602357

Tapia-Armijos, M. F., J. Homeier, C. I. Espinosa, C. Leuschner and M. de la Cruz. 2015. Deforestation and forest fragmentation in South Ecuador since the 1970s - Losing a hotspot of biodiversity. PLoS ONE 10(11): e0142359. DOI: https://doi.org/10.1371/journal.pone.0142359

Teixeira-Costa, L. and C. C. Davis. 2021. Life history, diversity, and distribution in parasitic flowering plants. Plant Physiology 187(1): 32-51. DOI: https://doi.org/10.1093/plphys/kiab279 

Thiers, B. M. 2023. Index Herbariorum: a global directory of public herbaria and associated staff. New York Botanical Garden. http://sweetgum.nybg.org/ih/ (consulted May, 2023).

Tóth, P., A. K. Undas, F. Verstappen and H. Bouwmeester. 2016. Floral volatiles in parasitic plants of the Orobanchaceae. Ecological and taxonomic implications. Frontiers in Plant Science 7: 312. DOI: https://doi.org/10.3389/fpls.2016.00312

TROPICOS. 2022. Tropicos.org. Missouri Botanical Garden. https://tropicos.org/home (consulted February, 2022).

Turnau, K., R. Jędrzejczyk, A. Domka, T. Anielska and R. Piwowarczyk. 2018. Expansion of a holoparasitic plant, Orobanche lutea (Orobanchaceae), in post-industrial areas - a possible Zn effect. Science of the Total Environment 639: 714-724. DOI: https://doi.org/10.1016/j.scitotenv.2018.05.189

Turner, B. L. 1993. Two new species of Lamourouxia (Scrophulariaceae) from Mexico. Phytologia 74: 464-467.

UFABC. 2023. Universidade Federal do ABC. Generating .xyd files for NDM/VNDM analyses. http://gex.mfuhlendorf.com/index.php (consulted September, 2023).

UNEP-WCMC and IUCN. 2022. UN Environment Programme World Conservation Monitoring Centre and International Union for Conservation of Nature. Protected Planet: The World Database on Protected Areas (WDPA) and World Database on Other Effective Area-based Conservation Measures (WD-OECM). http://www.protectedplanet.net (consulted May, 2022).

Uribe-Convers, S. and D. C. Tank. 2016. Phylogenetic revision of the genus Bartsia (Orobanchaceae): disjunct distributions correlate to independent lineages. Systematic Botany 41(3): 672-684. DOI: https://doi.org/10.1600/036364416X692299

Vargas-Amado, G., A. Castro-Castro, M. Harker, M. E. Vargas-Amado, J. L. Villaseñor, E. Ortiz and A. Rodríguez. 2020. Western Mexico is a priority area for the conservation of Cosmos (Coreopsideae, Asteraceae), based on richness and track analysis. Biodiversity and Conservation 29: 545-569. DOI: https://doi.org/10.1007/s10531-019-01898-2

Villaseñor, J. L., E. Ortiz, C. Delgadillo-Moya and D. Juárez. 2020. The breadth of the Mexican Transition Zone as defined by its flowering plant generic flora. PLoS ONE 15(6): e0235267. DOI: https://doi.org/10.1371/journal.pone.0235267

Weiss-Schneeweiss, H., J. Greilhuber and G. M. Schneeweiss. 2006. Genome size evolution in holoparasitic Orobanche (Orobanchaceae) and related genera. American Journal of Botany 93(1): 148-156. DOI: https://doi.org/10.3732/ajb.93.1.148

Westwood, J. H., J. I. Yoder, M. P. Timko and C.W. dePamphilis. 2010. The evolution of parasitism in plants. Trends in Plant Sciences 15(4): 227-235. DOI: https://doi.org/10.1016/j.tplants.2010.01.004

Wolfe, A. D., C. P. Randle, L. Liu and K. E. Steiner. 2005. Phylogeny and biogeography of Orobanchaceae. Folia Geobotanica 40: 115-134. DOI: https://doi.org/10.1007/BF02803229

Yang, Z., Y. Zhang, E. K. Walufa, L. A. Honaas, P. E. Ralph, S. Jones, C. R. Clarke, S. Liu, C. Su, H. Zhang, N. S. Altman, S. C. Schuster, M. P. Timko, J. I. Yoder, J. H. Westwood and C. W. dePamphilis. 2016. Horizontal gene transfer is more frequent with increased heterotrophy and contributes to parasite adaptation. Proceedings of the National Academy of Sciences USA 113(45): E7010-E7019. DOI: https://doi.org/10.1073/pnas.1608765113

Yatskievych, G. and J. L. Contreras-Jiménez. 2009. A new genus of holoparasitic Orobanchaceae from Mexico. Novon 19(2): 266-276. DOI: https://doi.org/10.3417/2008088

Yoshida, S., S. Kim, E. K. Walufa, J. Tanskanen, Y.-M. Kim, L. Honaas, Z. Yang, T. Spallek, C. E. Conn, Y. Ichihashi, K. Cheong, S. Cui, J. P. Der, H. Gundlach, Y. Jiao, C. Hori, J. K. Ishida, H. Kasahara, T. Kiba, M.-S. Kim, N. Koo, A. Laohavisit, Y.-H. Lee, S. Lumba, P. McCourt, J. C. Mortimer, J. M. Mutuku, T. Nomura, Y. Sasaki-Sekimoto, Y. Seto, Y. Wang, T. Wakatake, H. Sakakibara, T. Demura, S. Yamaguchi, K. Yoneyama, R. Manabe, D. C. Nelson, A. H. Schulman, M. P. Timko, C. W. dePamphilis, D. Choi and K. Shirasu. 2019. Genome sequence of Striga asiatica provides insight into the evolution of plant parasitism. Current Biology 29(18): 3041-3052. DOI: https://doi.org/10.1016/j.cub.2019.07.086

Zhou, T., M. Ruhsam, J. Wang, H. Zhu, W. Li, X. Zhang, Y. Xu, F. Xu and X. Wang. 2019. The complete chloroplast genome of Euphrasia regeli, pseudogenization of ndh genes and the phylogenetic relationships within Orobanchaceae. Frontiers in Genetics 10: 444. DOI: https://doi.org/10.3389/fgene.2019.00444




				Supplementary Information

				
					

Table S1:




Photographic credits and accession addresses.




[image: 57474877031_t3_tabla.png]












				

				
					

Appendix 1:




Database with georeferenced herbaria specimens and observations of citizen science with accessions addresses of Lamourouxia Kunth species in the Americas. Appendix 2: XYD file with georeferenced occurrence data of Lamourouxia Kunth species.
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