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			ABSTRACT

			Introduction: The genus Sechium P. Brown (Cucurbitaceae) includes 11 species, of which two are domesticated and nine grow in the wild. The Central American clade of Sechium has six species distributed in Panama and Costa Rica. These species have characteristics that can be transferred from wild to domesticated species. 

			Objective: To use three machine learning stacking algorithms and multivariate tools to describe geographic distribution, diversity degree, and endemism, to identify major conservation areas and to promote research for the improvement of the domesticated species. 

			Methods: Two hundred and nine occurrence records were retrieved from the Global Biodiversity Information Facility. Raster values extracted from 21 bioclimatic variables were analyzed with descriptive and multivariate statistics. The species distribution algorithms were assembled with the SSDM library from R software. 

			Results: Most species are distributed in type A and C climates, mainly in volcanic soils, with abundant organic matter. These species can grow at altitudes exceeding 2 000 m and tolerate low temperatures and high humidity levels. K-medoids established two groups and a 0.39 average silhouette coefficient, which indicates a low clustering trend. The stacked distribution models recorded good performance in areas under the curve (AUC) (> 0.75) and true skill statistic (> 0.75). 

			Conclusions: The main variables that supported the models were elevation, soil types, and precipitation. The main endemism and species diversity areas were in the Cordillera de Talamanca, the Cordillera de Guanacaste, the Cordillera de Tilarán, and the Central Volcanic Range (Costa Rica). These species thrive under similar environmental conditions; however, the diverse areas have significantly different precipitation and soil types.

			Key words: domesticated species; machine learning; diversity; endemism; soil types.

			

			RESUMEN

			Análisis biogeográfico del clado centroamericano de Sechium (Cucurbitaceae)

			Introducción: El género Sechium P. Brown (Cucurbitaceae) incluye 11 especies, de las cuales dos son domesticadas y el resto son silvestres. El clado centroamericano de Sechium incluye seis especies distribuidas en Panamá y Costa Rica. Estas especies tienen características que pueden ser de utilidad y transferibles de especies silvestres a especies modificadas. 

			Objetivo: Ejecutar tres algoritmos de aprendizaje automático apilados y herramientas multivariadas para describir la distribución geográfica, medir el grado de diversidad y endemismos de las especies centroamericanas de Sechium para identificar áreas de conservación y promover la investigación para el mejoramiento de especies cultivadas del género. 

			Métodos: Doscientos nueve puntos de ocurrencia fueron extraídos de la Global Biodiversity Information Facility. Los valores ráster se obtuvieron a partir de 21 variables bioclimáticas, donde se analizaron con estadística descriptiva y multivariada. Los modelos de distribución de especies apiladas fueron ejecutados con la librería SSDM del software R. 

			Resultados: La mayoría de las especies se distribuyen en climas tipo A y C, principalmente en suelos volcánicos con abundante materia orgánica. Estas especies prosperan en altitudes superiores a los 2 000 m y toleran bajas temperaturas con altos índices de humedad. El análisis k-medoides estableció dos grupos con un coeficiente de la silueta de 0.39, el cual indica una baja tendencia al agrupamiento. Los modelos de distribución apilados tuvieron buenos rendimientos en términos de área bajo la curva y del estadístico de habilidad verdadera (> 0.75). 

			Conclusiones: Las principales variables que apoyaron los modelos fueron la elevación, los tipos de suelo y la precipitación. Las principales áreas de endemismo y diversidad de especies se ubican en la Cordillera de Talamanca, la Cordillera de Guanacaste, la Cordillera de Tilarán y la Cordillera Volcánica Central (Costa Rica). Estas especies prosperan en condiciones ambientales similares; sin embargo, las diferentes áreas tienen precipitaciones y tipos de suelo significativamente diferentes.

			Palabras clave: especies domesticadas; aprendizaje automático; diversidad; endemismo; tipos de suelo.
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			INTRODUCTION

			The genus Sechium P. Brown includes 11 species and five of these are distributed in Mexico: S. edule (Jacq.) Sw., S. compositum (Donn. Sm.) C. Jeffrey, S. chinantlense Lira & F. Chiang, S. hintonii (P.G. Wilson) C. Jeffrey, and S. mexicanum Lira & M. Nee. This study focuses on the remaining six species, which are mainly distributed in Costa Rica and Panama: S. tacaco (Pittier) C. Jeffrey, S. venosum (L.D. Gómez) Lira & F. Chiang, S. villosum (Wunderlin) C. Jeffrey, S. pittieri (Cogn.) C. Jeffrey, S. panamense (Wunderlin) Lira & F. Chiang, and S. talamancense (Wunderlin) C. Jeffrey. According to their morphological, geographic, and molecular characteristics, these species are divided into two groups: Mexican and Central American clades (Barrera-Guzmán et al., 2021; Cross et al., 2006; Lira et al., 1997; Lira & Nee, 1994; Monge & Loría, 2017; Sebastian et al., 2012; Wunderlin, 1976). Lira (1995) and other authors have provided valuable morphological information about the Central American clade of Sechium and its possible contribution to S. edule and S. tacaco, the only two species of this genus that have been domesticated. Nevertheless, the biogeographical information about the Central American species is scarce. Geographic Information Systems (GIS) currently provide data on the climate and ecological variables of a given territory. These tools, along with multivariate analyses, are essential for such studies about conservation, localization, potential distribution models, and endemism (Mateo et al., 2011).

			The species distribution models (SDM) are based on different machine learning algorithms (Schmitt et al., 2017). One of the most used algorithms is MaxEnt or maximum entropy (Phillips, 2010); however, MaxEnt has some deficiencies, because the bias in sampling or the spatial resolution can provide arbitrary results. Choosing the appropriate configuration requires advanced knowledge, hindering the use of qualitative variables for evaluation purposes (Baldwin, 2009). Stacked SDMs involve compiling fundamental information from each algorithm and subsequently merging it. Although the output raster layer provides strong results, they must be assessed with the area under the curve (AUC-ROC), Cohen’s Kappa calculator, and the True Skill Statistic (TSS).

			The stacked SDMs are fundamental to determine the biogeographical and ecological characteristics of a species. For instance, they provide information about the species’ prevalence, diversity, and degree of endemism (Gelfand, 2022). They also help to establish environmental variables influencing the taxa distribution (Bedair et al., 2023). Other outstanding applications include development of climate change models for spatial biodiversity predictions that support forest restoration (Zwiener & Alves, 2023); research about the climate change-related phenological variation of plants (Bayliss et al., 2022); and biodiversity patterns and assembly processes of communities (Dubuis et al., 2011). Although reviews prefer individual models (such as MaxEnt), a positive trend towards research and evaluations about stacked machine learning models has arisen (Qazi et al., 2022).

			The Sechium species of the Central American clade are distributed in the mountains of Panama and Costa Rica (Fig. 1); however, the limited number of samples collected restricts the morphologic, agronomic, and ecological study into the species. The evaluation of SDMs requires a certain number of matches (Schmitt et al., 2017). Given the rarity of some Central American Sechium species, the hypothesis is that all the species are distributed under the same environmental conditions and, consequently, independent studies about their distribution are not required. However, the stacked SDMs provide a wider perspective about each species. In addition, their results are more consistent regarding the Sechium species communities. Therefore, the objective of this research was to use stacked machine learning algorithms (Random Forest (RF), Support Vector Machines (SVM), and Classification Tree Analysis (CTA) and multivariate tools (clustering and main components) to determine the geographical distribution, diversity degree, and endemism of the Central American Sechium species in Costa Rica and Panama. This research also aimed to expand databases, identify key conservation areas, and promote the genetic improvement of domesticated species.

			MATERIALS AND METHODS

			Points of occurrence: Two-hundred and nine points of occurrence were retrieved from the Global Biodiversity Information Facility (GBIF, 2024) for the Sechium species of the Central American clade: 147 of S. pittieri, 16 of S. tacaco, 15 of S. venosum, 13 of S. talamancense, 9 of S. panamense, and 9 of S. villosum. Nineteen WorldClim bioclimatic variables (Fick & Hijmans, 2017) were used in raster format, with a 30 arcsecond (~1 km2) resolution. The raster formats of the Köppen climate classification (Beck, 2012), the Harmonized World Soil Database v 1.2 (Fischer et al., 2002), and the elevation data (~1 km2 resolution) (Fick & Hijmans, 2017) were added as well. The raster values were obtained with the QGIS Point Sampling Tool version 3.20.1 (QGIS Development Team, 2020) and were exported to a spreadsheet.

			Statistical and multivariate analysis: The raster values of the 20 quantitative (19 WorldClim variables and elevation) and qualitative (weather and soil) variables were analyzed with the descriptive statistics of the RStudio software (R Core Team, 2020). The aim was to obtain temperature and humidity referential values, using the package ggstatsplot (Patil, 2021) and package psych (Revelle, 2020). Given that the quantitative variables did not comply with the assumptions of the analysis of variance, the Kruskal-Wallis test was used to determine the differences between species. If significant differences were detected, Dunn’s post hoc test was applied. In addition, the Support Vector Machine classification method was applied, using the Kernel function, to classify any habitat types found in the area (Meyer et al., 2019). The package clustertend (Yilan & Rutong, 2015) was used to calculate the Hopkins (H) statistics, to verify the clustering trend of the raster values of the 20 quantitative variables. The package clValid was used to determine the selection of the (hierarchical and non-hierarchical) clustering algorithm (Brock et al., 2008). This procedure was used to determine a non-hierarchical k-medoids clustering, to find similar edaphoclimatic conditions, using package factoextra (Kassambara, 2017) and package FactoMineR (Lê et al., 2008). The NbClust package (Charrad et al., 2014) enables a consensus of up to 30 clustering indexes and was used to calculate the number of optimal clusters. All the abovementioned packages were executed with the RStudio software (R Core Team, 2020).

			Algorithms used in the stacked modeling: To develop the distribution models, a Pearson correlation analysis was carried out to eliminate the R < -0.90 and R > 0.90 variables, to prevent collinearity, and to prevent compromising the effectiveness of the models (Phillips et al., 2010). Meanwhile, qualitative variables, such as climate and soil, were added. The Random Forest (RF) algorithms (Breiman, 2001) were used to model the presence or absence of species in areas where sampling was not carried out, based on the occurrence records. In addition, the classification tree analysis algorithm (CTA) was used to identify priority areas, given its capacity to predict the presence of endangered species or species with limited distribution (Schmitt et al., 2017). Finally, the support vector machine (SVM) algorithm was chosen because of its high accuracy and capacity to manage non-linear data (Vapnik, 1998). When outliners are in place, they have a high prediction level and provide strong results. The three algorithms were executed and assembled with the stacked species distribution models (SSDM) (Schmitt et al., 2017), which can generate random data about pseudo-absences in areas where species are absent. In addition, they can calculate the diversity of the species and the weighted endemism index (WEI). Twenty-five percent of the data were used in the test, while the remaining 75 % were used for training objectives (Hijmans & Elith, 2013). The aim was to eliminate the spatial classification bias studied by Lobo et al. (2007).

			To evaluate the effectiveness of the models, some indicators such as the rate of change indicator (ROC) and the total severity score (TSS) were used. ROC values higher than 0.75 indicate a good performance, while TSS values higher than 0.75 indicates excellent performance. Meanwhile, 0.4 < TSS < 0.75 indicates an optimum performance and TSS < 0.4 indicates a low performance. Cohen’s Kappa coefficient accurately quantifies the predicted points after the elimination of the random match probability (RMP). In this study, its value fluctuated between -1 and 1: values closer to 1 indicate an excellent performance of the model, while values closer to -1 show a poor performance. The TSS was calculated (specificity + sensitivity) -1) to adjust for the dependence of Cohen’s Kappa on prevalence. TSS optimizes and corrects the problems of Kappa, considering the performance criteria. In addition, the TSS and Kappa share the same performance criteria (Allouche et al., 2006).

			Meanwhile, the Jackknife test was used to observe the contribution of each environmental variable to the distribution models, along with ROC, Cohen’s Kappa, TSS, and the percentage of correct predictions (PCP). The assembly of the three algorithms was calculated with the package SSDM (Schmitt et al., 2017). The raster format resulting from the assembly of the three models (diversity and endemism maps) were exported with the raster package (Hijmans, 2020), to appropriately edit and visualize them in the QGIS Point Sampling Tool version 3.16.2 (QGIS Development Team, 2020).

			RESULTS

			Climate and soil diversity: The predominant climate was tropical wet (Af). This type of climate can be found in 29.2 % of the 209 points of occurrence, followed by Cfb (27.3 %), Am (20.6 %), Cwb (18.7 %), Aw (3.83 %), and Cwc (0.47 %). The last climate type was only reported for a S. pittieri specimen. Most Central American Sechium species can be found in tropical (A) and temperate (C) climates, with their respective variations (Fig. 2). S. talamancense, S. tacaco, and S. pittieri were found in most occurrences’ records and, consequently, covered different climates. The S. villosum and S. panamense specimens can only be found in andosols. The S. pittieri specimens can be found in cambisols (38.1 %), andosols (25.9 %), arenosols (18.4 %), nitisols (7.48 %), kastanozems (5.44 %), regosols (4.08 %), and leptosols (0.68 %) (Fig. 3).

			S. panamense: This species is native to Chiriquí, Panama, where it grows in elevations that fluctuate between 1 500 and 3 000 m.a.s.l. (Lira, 1995). Its botanical description is based merely on six collected samples. Consequently, registering more individuals and populations is fundamental to find variations and possible hybridizations that could drive their study and exploitation. As a result of the elevation in which it thrives, this species could be used in genetic improvement programs. Regarding the points of occurrence of this study, S. panamense grows at a mean annual temperature of 19 ºC; however, it can thrive in lower (10 ºC minimum) and higher (31 ºC maximum) temperatures and tolerates precipitations of 2 600-3 000 mm. It is typically found in Am, Af, and Cfb climate types (Fig. 2). S. panamense can perfectly adapt to volcanic and permeable andosols, with a light layer of organic matter (Fig. 3). The elevation interval of this species is 1 300-2 000 m.a.s.l.; however, Lira (1995) reported that it can expand its limits to 3 000 m.a.s.l.

			S. pittieri: This species is rarely found in Nicaragua; however, it prevails in Costa Rica, where it is consumed as a vegetable. As a result of its phenotypic and genetic plasticity, it can adapt to different environments, with a wide range of elevations (up to 2 500 m.a.s.l.). This phenomenon could indicate that S. pittieri has a wide genetic diversity and could be used to improve domesticated species, just like S. talamancense and S. panamense (Lira, 1995). According to this research, this species grows and develops at a mean annual temperature of 19 ºC; however, it can thrive at lower (2 ºC minimum) and higher (32 ºC maximum) temperatures. In addition, it can adapt to areas with average precipitations of 2 600-3 200 mm, although one specimen was found in an area with 4 000 mm annual precipitation. Its climatic adaptability range allows its establishment in the six climate types (Af, Am, Aw, Cfb, Cwb, and Cwc) (Fig. 2) and seven soil types (Fig. 3) registered in this study. Its elevation interval is 900-2 900 m.a.s.l., which matches the findings of Lira (1995). However, S. pittieri was also found at an elevation of 16 m.a.s.l. The adaptability of this species suggests a wide genetic variability that has not been explored and that should be studied with morphologic and molecular markers.

			S. tacaco: This species can be found in the Cordillera de Talamanca, Costa Rica, in elevations of 1 000-1 700 m.a.s.l. It is locally known as tacaco (Wunderlin, 1976). Domesticated and semi-domesticated populations of this species can be found in San José, Costa Rica, where its fruits are used in regional dishes (Lira, 1995). Morales (1994) studied the plant and reproductive morphology of S. tacaco and found similarities with the anatomical structure of the organs, multicellular trichomes, floral nectary structures, and anomocytic stomata in the plant and reproductive organs of S. edule. Lira (1995) emphasized the low morphological diversity of the S. tacaco fruits, except for the presence/absence of thorns and the amount of fiber. However, Monge and Loría (2017) described the morphology of five S. tacaco populations from distant localities with a similar average elevation (1 100 m.a.s.l.) and observed diversity and significant differences regarding the weight, length, and width of its fruit. The most important findings of Monge and Loría (2017) were fruits with 6-7 complete longitudinal sutures and 2-5 incomplete longitudinal sutures; this information might help to clarify the evolution processes of the species and the genus Sechium. According to the ecological data of this study, the mean annual temperature requirement of this species is 18 ºC; however, it can tolerate lower (9 ºC minimum) and higher (30 ºC maximum) temperatures. It grows in areas with 2 200-2 800 mm precipitations, and its elevation interval is 1 400-2 000 m.a.s.l. The occurrence records match tropical (Aw, Af, and Am) and warm (Cwb and Cfb) areas (Fig. 2). Although it can adapt to a wide range of soils, it thrives under crop conditions in andosols and nitisols, because of its high structural stability, depth, and low base saturation (Fig. 3).

			S. talamancense: Also known as chayotillo and tacaquillo, this species (just like S. tacaco) is endemic to the Cordillera de Talamanca, Costa Rica. It can be found in the cloud forest, at an elevation of 2 400-3 200 m.a.s.l. Because of the low temperatures of the area where it thrives, S. talamancense could be used for gene transfer and to improve the resistance to frost of the domesticated species (Lira, 1995). Few specimens have been kept in herbaria. The species requires a mean annual temperature of 20 ºC; nevertheless, it can tolerate lower (9 ºC minimum) and higher (30 ºC maximum) temperatures. This species grows under humid conditions, with a precipitation of 3 300-3 800 mm and at an elevation interval of 500-2 200 m.a.s.l. However, it has been found at an elevation of up to 3 200 m.a.s.l. (Lira, 1995). S. talamancense can be found in Af, Am, Aw, Cfb, and Cwb climates. As a result of its water requirements, it prefers arenosols, but it can also develop in cambisols and andosols (Fig. 2, Fig. 3).

			S. venosum: This species is endemic to the Caribbean Coast of Costa Rica and its pendular inflorescence is very similar to S. hintonii. It adapts to high-humidity conditions (Lira, 1995), suggesting that its genetic structure is resistant to phytopathogens, which represent a significant issue for domesticated Sechium species (Olguín-Hernández et al., 2013). Consequently, it is one of the main foci of the genetic improvement of the agriculturally important crops (Newstrom, 1990). Like the rest of the Central American species, there are few S. venosum specimens in herbaria. It requires a mean annual temperature of 17 ºC but can tolerate lower (6 ºC minimum) and higher (30 ºC maximum) temperatures. Like S. talamancense, it can thrive in high-humidity environments, with annual precipitations of 2 600-3 700 mm. Its elevation interval fluctuates between 1 100 and 2 500 m.a.s.l. This species can adapt to Cfb, Am, and Af climates and prefers andosols, arenosols, and cambisols (Fig. 2, Fig. 3).

			S. villosum: This species in endemic to Costa Rica and thrives in disturbed tropical or cloud forest environments, at an elevation of 1 500-2 000 m.a.s.l. Like S. venosum, it develops in humid environments, which could be a source of gene resistance against fungal diseases (Lira, 1995). S. villosum requires a temperature of 19 ºC; however, it tolerates lower (6 ºC minimum) and higher (29 ºC maximum) temperatures. Like all the other species of the clade, it develops in humid environments, with precipitations of 2 900-3 500 mm, and its elevation interval fluctuates between 800 and 900 m.a.s.l.; however, it can be found above 2 700 m.a.s.l. Lira (1995) reported elevation intervals of 1 500-2 000 m.a.s.l. for this species. The occurrence records match the Cfb and Af climates, with a predominance of andosols (Fig. 2, Fig. 3).

			Multivariate analysis: Two clusters (k = 2) were created using the non-hierarchical k-medoids and the 209 points of occurrence. The NbClust package was used to calculate the optimum number. The H coefficient was 0.04, which is lower than the threshold (0.5); consequently, the data can be subjected to a clustering analysis, despite their low trend. The two first dimensions accounted for 59.6 % of the total variation (Fig. 4A). Dimension 1 provided 35.1 % of the total variation and was integrated by the elevation variables bio1, bio15, bio4, and bio2 (Fig. 4C).

			Stacked modeling: The RF, CTA, and SVM algorithms recorded good performances: AUC > 0.85, Kappa > 0.75, and TSS > 0.75 (Fig. 5A). The Jackknife test showed that the soil variable made the greatest contribution to the Sechium species and is responsible for its distribution (Fig. 5B). The three algorithms showed a significant Pearson correlation (average: 0.85). This result indicated that the individual models had similar percentages (86 %) of correct predictions.

			The assembly of the RC, CTA, and SVM algorithms —used to quantify the diversity of the species— indicated that the greatest diversity of Sechium can mainly be found in the central mountain region of Costa Rica (Limón, Cartago, Puntarenas, San José Heredia, and Alajuela) and Panama (Bocas del Río, Chiriquí, Bocas de Toro). This phenomenon could be associated with factors including elevation, temperature, and humidity (Fig. 6). Although the red areas on the maps show the greatest diversity, the number of species is closer to four, which indicates low diversity levels. The areas with less diversity are the coasts and most of the Panamanian territory.

			Fig. 7 shows the endemism percentages, which are very similar to the diversity results recorded in Fig. 6. Endemism is measured as a proportion of the total species within a given area. It shows the percentage of the local species that can be endangered if their habitats are destroyed or threatened (Shipley & McGuire, 2022). The greatest concentration of endemism in Costa Rica can be found in the central and mountain area, while in Panama they are more scattered and less concentrated. Therefore, the Cordillera de Talamanca is a notable region due to its high concentration of endemism.

			DISCUSSION

			The predominant climates of the occurrence records were type A and C, this is because Sechium species have a wide phenotypic plasticity and can adapt to different environments; on the other hand, mountainous areas favor a rich variety of climates where species can diversify in morphological, genetic and physiological aspects. Andosol is the predominant soil for the Central American Sechium species. This type of soil has a high organic matter content, a volcanic origin, and a high-water retention and cation exchange capacity. The SVM classification analysis and the Kruskal-Wallis test failed to divide the species into groups or significantly different means. In particular, the Kruskal-Wallis test was only able to differentiate the Sechium species into precipitation related variables (bio13: wettest precipitation month; bio15: precipitation seasonality; and bio6: wettest quarter precipitation). Most occurrence records showed low consistency levels, suggesting that all of them can cluster in a single group; however, the NbClust package can only calculate the parameters based on a minimum of two clusters. There are no well-defined groups of the species. Their distribution is limited to Costa Rica and Panama and, consequently, their edaphoclimatic conditions are very similar and they probably interact in the same ecological niches.

			

			Most of the occurrence records of the species are distributed in different clusters —i.e., one cluster can include several points of occurrence of distinct species. They occupy similar ecological niches, due to their limited distribution in Costa Rica and Panama. For instance, 65 % and 35 % of the 147 occurrence records of S. pittieri were included in cluster 1 and cluster 2, respectively (Fig. 4B). The silhouette coefficients of the two clusters were 0.42 and 0.38 (Fig. 4D), respectively, which is lower than the threshold (0.5), suggesting that all the occurrence records could be grouped in a single cluster. The high elevation and precipitation fluctuations resulted in a multivariate sensitivity analysis. In addition, soil and climate types play a major role in the distribution of the species (Fig. 5B). The high diversity levels in the mountains could be influenced by the variety of microclimates and the available habitats. This situation is different in low diversity areas, where factors such as urbanization or a greater agricultural activity could reduce the possibilities of finding Sechium species.

			On the one hand, the mountains of Costa Rica, such as the Cordillera de Talamanca, Cordillera de Guanacaste, Cordillera de Tilarán, and the Central Volcanic Range, usually have microclimates and specific temperature, light, soil diversity, and humidity conditions that favor the development of Sechium and other species. On the other hand, the strong geographical isolation is also a major endemism factor in this area (Noroozi et al., 2018; Peñas et al., 2005). Mountain ranges are also sensitive to climate change (La Sorte & Jetz, 2010), which impacts several major bioclimatic variables, such as mean daily temperature, seasonality, and precipitation (Chang et al., 2024). This situation can trigger phenological and aptitude changes that damage the diversity of the species (Munson & Sher, 2015). In addition, factors such as agricultural expansion, new crops, deculturization, urban developments, recreation, and tourism impact endemism areas (Wani et al., 2023).

			Wild populations of S. edule can be found in Mexico, particularly in Veracruz. They are distributed in the cloud forest, where the specific humidity and shade conditions allow their development. The fruits of these species have different morphological characteristics (Villanueva-Jiménez, 2012). Likewise, the cloud forest of the Costa Rican Mountain ranges is the characteristic habitat of Sechium and other species. Their association with other plants enables most of these species to climb tall trees. Regarding endemism and diversity, in some cases, there are few points of occurrence; this is a key indicator that limits the perception of the actual distribution of the species under study.

			The multivariate analysis (k-medoids and principal components) showed a slight clustering trend of the species, suggesting that Central American Sechium is mainly distributed under the same bioclimatic conditions. However, this was not the case regarding the soil type variable. The analysis of variance did not show significant differences for most of the studied variables, unlike the precipitation variables.

			The references included in this study suggest that the high humidity and low temperature conditions required by these species, the Central American Sechium species should be included in genetic improvement programs. They can be used to improve not only the domesticated species, but also to obtain cucurbitacin and pharmaceuticals. Within Mexico, successful interspecific hybridization (S. edule × S. compositum) has been carried out. In addition, several edible domesticated species and their wild and bitter ancestor were subjected to intraspecific hybridization, obtaining genotypes of outstanding hybrid vigor regarding the number of secondary metabolites (Aguiñiga-Sánchez et al., 2015; Avendaño-Arrazate et al., 2014; Cadena-Iñiguez et al., 2008). Compatibility tests between species of interest should be carried out for this type of research. In addition, studies about the morphological, molecular, and biochemical characteristics of the populations of this genus should be conducted.

			Central American Sechium species thrive under similar bioclimatic conditions; however, significant precipitation differences were recorded. These species develop in volcanic soils, high humidity conditions, and highly fluctuating elevation ranges, but mainly in C type climates. These characteristics are ideal for the improvement of Sechium domesticated species. They are also interesting from a bioprospecting point of view, mainly in the research about their biochemical components (e.g., cucurbitacins). The Costa Rican Mountain ranges are the main habitat of Sechium species.
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			Fig. 1. Geographic distribution of the Central American Sechium (Cucurbitaceae) species in Costa Rica and Panama. 

			Data points from specimens retrieved from the Global Biodiversity Information Facility website.
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			Fig. 2. Climate type percentages of the points of occurrence of Sechium (Cucurbitaceae) species from Costa Rica and Panama.. Cwc = Temperate, dry winter, and cold summer; Cwb = Temperate, dry winter, and warm summer; Cfb = Temperate, without dry season, and warm summer; Aw = Tropical savannah; Am = Tropical monsoon; Af = Tropical rainforest. Climate Group A: tropical, no month with average temperatures below 18 °C, precipitation is still higher than evaporation. Climate Group C: the average temperature of the coldest month is between -3 °C and 18 °C and that of the warmest month exceeds 10 °C, these climates are in temperate forests.
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			Fig. 3. Soil type ratio in the points of occurrence of Sechium (Cucurbitaceae) species from Costa Rica and Panama.

		

		
			
				[image: ]
			

		

		
			Fig. 4. Multivariate analysis for Sechium species: A. K-medoids cluster plot. B. Percentages of the points of occurrences of Sechium species in the clusters. C. Contribution of the variables to the components 1 and 2. D. Cluster silhouette plot (average silhouette width: 0.39).
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			Fig. 5. A. Algorithms evaluated with AUC (Y axis) (> 0.75) and subsequently weighed with the previous metric means and B. Jackknife test for variable relative contribution to the algorithms. bio1 = mean annual temperature; bio2 = mean diurnal range (monthly mean (max temperature - min temperature)); bio3 = isothermality (bio2/bio7) (×100); bio4 = temperature seasonality (standard deviation ×100); bio12 = annual precipitation; bio13 = wettest month precipitation rate; bio15 = precipitation seasonality (coefficient of variation); bio16 = wettest quarter precipitation rate; bio18 = warmest quarter precipitation rate; bio19 = coldest quarter precipitation rate; clms = climates; elvt= elevation.
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			Fig. 6. Distribution of species diversity of Sechium (Cucurbitaceae) in Central America (Costa Rica and Panama).
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			Fig. 7. Map of the endemism of Central American Sechium species in Costa Rica and Panama. The caption shows endemism percentages.
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ABSTRACT
Introduction: The genus Sechium P. Brown (Cucurbitaceae) includes 11 species, of which two are domesticated
and nine grow in the wild. The Central American clade of Sechium has six species distributed in Panama and
Costa Rica. These species have characteristics that can be transferred from wild to domesticated species.
Objective: To use three machine learning stacking algorithms and multivariate tools to describe geographic
distribution, diversity degree, and endemism, to identify major conservation areas and to promote research for
the improvement of the domesticated species.
Methods: Two hundred and nine occurrence records were retrieved from the Global Biodiversity Information
Facility. Raster values extracted from 21 bioclimatic variables were analyzed with descriptive and multivariate
statistics. The species distribution algorithms were assembled with the SSDM library from R software.
Results: Most species are distributed in type A and C climates, mainly in volcanic soils, with abundant organic
‘matter. These species can grow at altitudes exceeding 2 000 m and tolerate low temperatures and high humidity
levels. K-medoids established two groups and a 0.39 average silhouette coefficient, which indicates a low cluster-
ing trend. The stacked distribution models recorded good performance in areas under the curve (AUC) (> 0.75)
and true skill statistic (> 0.75).
Conclusions: The main variables that supported the models were elevation, soil types, and precipitation. The
‘main endemism and species diversity areas were in the Cordillera de Talamanca, the Cordillera de Guanacaste,
the Cordillera de Tilarn, and the Central Volcanic Range (Costa Rica). These species thrive under similar envi-
ronmental conditions; however, the diverse areas have significantly different precipitation and soil types.

Key words: domesticated species; machine learning; diversity; endemism; soil types.





