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Introduction

The Millettioid/Phaseoloid (MP) clade of Fabaceae is globally distributed, economically important, and highly diverse, making it an attractive system for studying biogeographic and macroecological patterns at a global scale. We conducted the first global macroecological study to map and explore the environmental drivers of the MP clade's species richness patterns.





Methods

We compiled 116,212 species occurrences (161 genera) for the MP clade and 20 environmental variables (19 bioclimatic variables and elevation). Geospatial analyses were performed to estimate species richness patterns and biogeographic heterogeneity. The effects of environmental variables on the species richness of the MP clade were measured through multiple regression models.





Results

Our study identified the megathermal regions as hotspots of species richness for the MP clade. While species distributions and richness largely fit the latitudinal diversity gradient pattern, there was a significant negative relationship between the species richness of the MP clade along the latitude and longitude. The Afrotropic biogeographic realm had the highest alpha diversity (~36%); in terms of biome types, tropical and subtropical moist broadleaf forests had the highest alpha diversity (25%), while the beta diversity revealed a high dispersal rate and habitat tracking. Furthermore, the species richness was positively influenced by multiple climatic factors, with the mean diurnal range of temperatures and precipitation in the warmest quarter having strongest influence.





Discussion

Overall, the staggering species richness patterns could be explained by multiple diversity gradient hypotheses. Particularly, colder climates play a crucial role in shaping the species richness pattern by limiting the ecological opportunities for MP clade species in the higher latitudes of the Northern Hemisphere. This suggests that the species richness patterns of the MP clade can be described as "when dispersal meets adaptation." Our study provides a new basis for identifying priority regions for conservation of legumes.
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1 Introduction

Global species richness patterns are notably uneven, and the underlying mechanisms for this spatial heterogeneity are still debated for many taxa across geographical scales (Wiens, 2011; Tietje et al., 2022). These species richness and diversity dynamics are quantified using two main diversity indices—alpha (α-diversity) and beta (β-diversity). Unequivocally, there is an indication of the potential influence of habitat filtering and bioclimatic variables such as temperature and precipitation shaping the global patterns of distributions and species richness of several plant groups (Kreft and Jetz, 2007; Mittelbach et al., 2007; Saupe et al., 2019; Tripathi et al., 2019; Hurtado et al., 2020; Huang et al., 2021). However, the relative importance of these factors is scale dependent as the underlying drivers vary across taxonomic groups and regions. It is thus imperative to identify the most important environmental variable that predicts species richness for distinct clades and how species richness vary across biogeographic realms and biomes along latitude. This holistic understanding is essential as it remains fundamental to ecology, evolution, and conservation fields (Socolar et al., 2016; Pontarp et al., 2019; Fontana et al., 2020; Zizka et al., 2020; Chartier et al., 2021; Sabatini et al., 2022).

The latitudinal diversity gradient hypothesis suggests species richness decreases from the equator (mid-latitude) to the higher latitudes, i.e., peaks in the tropics (Schluter, 2016; Pontarp et al., 2019). However, there are exceptions where the latitudinal diversity gradient is either inverted (i.e., species richness peaks in temperate regions) or flattened (i.e., species richness remains the same across the tropic and temperate regions) (Mannion et al., 2014). In nearly all cases, five hypotheses are commonly used to explain the underlying mechanisms driving the latitudinal diversity gradient patterns (Mittelbach et al., 2007; Behera and Roy, 2019; Brodie and Mannion, 2022). The energetic limits hypothesis supports greater species richness in the lower latitudes due to higher energy availability, e.g., abundant water, and solar energy for plant development (Etienne et al., 2019). The historical perturbation hypothesis, proposes that species richness is low in higher latitudes due to perturbations such as glaciations that prevented species from (re)colonizing those areas (Gaston and Blackburn, 2000). For the Tropical conservation hypothesis, diversity is associated with temperature or seasonality coinciding with the diversification of taxonomic families under warmer conditions in the early-middle Eocene [ca. 56–40 million years ago (Mya)] (Romdal et al., 2013). The enhanced diversification hypothesis supports that temperature and seasonality dynamics can influence diversification rates. While in the case of the climate stability hypothesis, a stable environment can allow species to specialize in reliable resources. These hypotheses have been used to explain the species richness along the latitudinal gradients for several plant groups, e.g., Ericales (Chartier et al., 2021), Medicago L. (Yang et al., 2022), and multiple plant species (Behera and Roy, 2019; Fontana et al., 2020; Sabatini et al., 2022), but have not been fully understood for many other taxa.

Fabaceae is one of the well-known successful angiosperm families with approximately 22,000 species (LPWG, 2022). Fabaceae originated at ca. 67 Mya near the Cretaceous/Paleogene boundary (Zhao et al., 2021), and occupy nearly all global ecosystems (Lavin et al., 2005; Lewis et al., 2005; LPWG, 2022). Previous studies focusing on species distribution modeling based on biogeography (De La Estrella et al., 2012), endemic species (Oyebanji et al., 2021) and habitat restricted species (Salako et al., 2021) have revealed the response of the legumes under different climatic scenarios. Recent studies have also provided insights into the role of environmental variables in predicting the global species richness patterns of Fabaceae (Zhao et al., 2022). For instance, in Medicago L., Yang et al. (2022) found a contrasting effect of environmental energy in temperate and tropical biomes, with species richness increasing with energy in the temperate and decreasing in the tropics, hence limiting its distribution in the tropic region. Previous macroecological studies in Fabaceae have been divisive due to its vast number of species. Hence, we still lack a comprehensive understanding of the key environmental factors influencing the species richness patterns of some clades, particularly the Millettioid/Phaseoloid (MP) clade.

Currently, the MP clade comprises over 3,000 species belonging to six traditionally defined tribes—Abreae, Desmodieae, Indigofereae, Millettieae, Phaseoleae (including tribe Diocleeae sensu de Queiroz et al., 2015), and Psoraleeae. Many species of this clade have extraordinary economic importance, especially for agriculture (e.g., species of Phaseolus L., Glycine Willd., and Vigna Savi) and medicine (e.g., species of Abrus Adans. and Cajanus Adans). However, while the MP clade arose during the Paleocene in the tropics (Zhao et al., 2021) and has adapted to diverse ecological settings worldwide (Lewis et al., 2005), the species richness across regions and global biomes diversity (α- and β-diversity) are yet to be explored. Again, the gross relative impacts of environmental variables [bioclimatic variables and elevation] on the species richness patterns of the MP clade lack scrutiny. Therefore, more comprehensive analyses are needed to decipher how the species richness varies along geographic gradients and decouple the environmental variables driving its present-day species richness pattern.

Here, we sampled the global distribution of 116,212 occurrence data to explore the macroecological settings of the MP clade and its six tribes. Specifically, we addressed four main questions:

	(1) Where are areas of high species richness for the MP clade? We predict the tropical region to have a higher species richness than the temperate region due to the favorable climatic conditions. Broadly, the species richness of the MP clade in the Southern Hemisphere is expected to be higher compared to those of the Northern Hemisphere.

	(2) Does the global distribution and species richness of the MP clade follow a latitudinal diversity gradient? Due to the known high dispersal rate of the species of the MP clade, we hypothesize: (i) weak or flat latitudinal gradient diversity and (ii) negative correlation between the geographical gradient (across latitudes and longitudes) and the species richness. In contrast, we expect different correlation patterns between the geographic gradients and species richness patterns of the MP clade tribes.

	(3) How does the species richness of the MP clade differ across the biogeographic realms, biomes and ecoregions? The MP clade represents a coherent group with novel traits for adaptation. We expect the colonization of all delimited ecoregions and biomes, especially tropical biomes. Additionally, we seek to explore global species richness patterns (α-diversity) and variations among the biomes (β-diversity).

	(4) Which environmental factor drives the species richness of the MP clade? We expect the bioclimatic variables to be stronger predictors of the species richness pattern compared to elevation because the MP clade species are born migrators. Additionally, we expect that the environmental variables with the strongest predictive influence will vary between tribes.






2 Methods



2.1 Species occurrence records

We compiled the genera and species for the six tribes of the MP clade (Abreae, Desmodieae, Indigofereae, Millettieae, Phaseoleae, and Psoraleeae) from primary literature (e.g., Wojciechowski et al., 2004; Lewis et al., 2005; de Queiroz et al., 2015; LPWG, 2017; Ohashi et al., 2018). We also explored online databases such as Plants of the World online (https://powo.science.kew.org/); World Flora Online (https://wfoplantlist.org/plant-list/); International Legume Database & Information Service (http://www.ildis.org/LegumeWeb/); Legume Data Portal (https://www.legumedata.org/taxonomy/papilionoideae/) and The Families of Flowering Plants (Watson and Dallwitz, 1999). We assembled occurrence records using the spocc R package v. 1.2.0. (Chamberlain et al., 2016) and note that where no records were obtained using spocc, Global Biodiversity Information Facility (GBIF) was used to curate the occurrences manually (GBIF.org, 2022; https://doi.org/10.15468/dl.5wjbnz). For instance, 10 genera (e.g., Campylotropis Bunge, Dipogon Liebm., Eminia Taub, Flemingia Wight & Arn., Millettia Wight & Arn., Mecopus Benn., Oxyrhynchus Brandegee, Phaseolus L., Platycyamus Benth., and Rhodopis Urb.) were manually curated from GBIF, thus allowing us to retrieve occurrence data for species. As a result, we initially extracted and assembled a total of 1,857,986 occurrence records for 201 genera.

We employed various methods to overcome the problem of incomplete data due to spatial and taxonomic errors (e.g., Zizka et al., 2019). First, the data were filtered to retain records under the family Fabaceae, those with only geographical coordinates, and those labeled as preserved specimens resulting in 187 genera with a total of 538,400 occurrence records for the MP clade (Table S1.1 in Supporting Information S1). The second approach involved the cross-validation and removal of spatial outliers using the R package CoordinateCleaner v. 2.0.9 (Zizka et al., 2019). The CoordinateCleaner is an automated approach that can detect and remove potential geographical biases from occurrence data (Maldonado et al., 2015; Zizka et al., 2020) and was performed by excluding: (1) records without geographic coordinates; (2) duplicated coordinates and scientific names from the same locality; (3) records in the sea; (4) points assigned to country and province centroids; and (5) records with low (< 1 km) coordinate precision. Finally, the taxonomic identification was performed using the kwer R package (Walker, 2021). The package automatically reconciles taxon names (including accepted genera, species, subspecies, and variety) with taxonomic databases such as Plants of The World Online, International Plant Names Index, and World Checklists of Vascular Plant. Additionally, International Legume Database & Information Service database was also explored to substantiate taxonomic nomenclatures in some cases. This resulted in 116,212 records comprising of species, subspecies, and varieties) from the MP clade which represented approximately 80% (161 genera) of the genera (Supporting Information S1).




2.2 Environmental data

We derived environmental data for climatic variables and elevation. For the climatic variables, we used 19 bioclimatic variables from CHELSA v. 2.1 (Climatologies at High resolution for the Earth Land Surface Areas (https://chelsa-climate.org/) (Karger et al., 2017) while elevation data was extracted from NASADEM Merged DEM Global 1 arc-sec V001 (NASA, 2020). To ensure that the variables had similar spatial resolutions, the extracted raster layers were resampled to 30 arc-sec in QGIS (QGIS Development Team, 2021). We then performed variable selection using the function “select07_cv” in R package mecofun v.0.1.9000 (Zurell et al., 2020), which automatically drops the highly correlated variables (Spearman’s rank correlation coefficient > 0.7) after cross-validation of their univariate importance on model responses. Finally, 11 variables were retained for the analyses—10 bioclimatic variables and elevation (Supporting Information S2).




2.3 Estimation of species richness and mapping

The occurrence records of each species from the MP clade (using tribe level grouping) were used as presence–absence points to estimate species richness and the distribution patterns of the MP clade and its tribes. First, 10 × 10-degree grids were generated over the global distribution extent and masked to land areas. The grids were then joined to the mapped species occurrences based on spatial attributes using the Join Attributes by Location tool in QGIS v.3.22.11 LTR (QGIS Development Team, 2021), which generated records of all species occurring in each grid. The resulting layer was used to generate site(grid)-by-species richness/abundance matrices using the R package fossil v.0.4.0 (Vavrek, 2011). The matrices were used to estimate species richness in each grid using the “specnumber” function in R package vegan v.2.6-2 (Oksanen et al., 2022). Further, grid(raster)-based maps of species distribution were estimated using the R package speciesgeocodeR v.2.0-10 (Topel et al., 2017). We also examined the spatial homogeneity and heterogeneity of species abundance across latitudes using the Squared Chord Distance (SCD) dissimilarity metric in the analogue v. 2.0 R package (Simpson and Oksanen, 2021).




2.4 Species richness patterns in biogeographic realms, biomes, and ecoregions

We constructed the global biogeography (ecoregion, realms, and biome) for the MP clade and inferred the species richness pattern. Eight biogeographic realms and fourteen biomes were defined according to Dinerstein et al. (2017) (https://ecoregions.appspot.com/; Supporting Information S3). Species diversity (abundance and richness) in the realms and biomes were generated to gain the understanding of the composition and distribution patterns. Thereafter, we quantified the α-diversity of each biome by estimating the species richness and pairwise β-diversity to investigate the species compositional variations. For the β-diversity dissimilarity, we used the Betapart v.1.5.6 R package (Baselga, 2010; Baselga, 2012) to calculate spatial turnover (replacement)—measured with Simpson pairwise (turnover), nestedness-fraction—measured with Sorensen pairwise (nestedness), and total dissimilarity—measured with Sorensen pairwise (total dissimilarity) (Tables S3.1–3.9 in Supporting Information S3). The sum of the turnover and nestedness described the total dissimilarity and the value is scaled between 0 and 1; the closer the value to 1, the higher the dissimilarities between the biomes. The turnover dynamics is high when the proportion of species shared between two areas is low, and when the proportions of species lost and gained from one area to the other are similar (Koleff and Gaston, 2002).




2.5 Statistical analyses

All statistical analyses were performed in R (R Core Team, 2023). To determine if the distribution of the MP clade and its tribes followed a typical latitudinal diversity gradient pattern, associations between species richness and latitude were inferred from Generalized Additive Models (GAM) based on smoothed conditional means and the trend lines were visualized using the R package ggplot2 v.3.3.6 (Wickham, 2016). This approach allowed us also to estimate the geographical range limits of the studied taxa along the latitude and longitude (Supporting Information S4). Further, we used multivariate regression analysis to test the effects of geographical gradients and the selected environmental variables on the species richness patterns for the six tribes and when combined. For this, we first used variation inflation factor (VIF) analysis to eliminate multicollinearity (VIF < 7) among the environmental variables; high collinearity can violate assumptions of independence of model predictor variables (Chatterjee and Hadi, 2006). Then, we applied model selection and averaging to find the best combination of the environmental variables that explained the species richness variances of the MP clade. The model selection involved generating all possible models through exhaustive screening based on main effects using the automated model selection and multimodel inference ranked with corrected Akaike Information Criterion (AICc) as implemented in the glmulti v.1.0.8 R package (Calcagno, 2020). Because several best models (multiple top-ranked models whose performances were not significantly different) were generated, we performed model averaging for all models with delta AICc (ΔAICc) values < 2 (Anderson and Burnham, 2004). The details of the summarized models and comparisons among the different data sets are presented in Supporting Information S5. The resulting averaged models were utilized to fit negative binomial Genralized Linear Models (GAM) with the function “glm.nb” in R package MASS v.7.3-55 (Venables and Ripley, 2002) to infer the association between species richness and the selected environmental variables (bioclimatic and elevation). Both latitude and longitudinal gradients were used as explanatory variables. A positive coefficient of relationship from the model output indicated that as the value of the independent variable increased (here, environmental variables), the mean of the species richness also increased. In contrast, a negative coefficient of relationship suggested that the species richness decreased as the independent variable increased (Supporting Information S5). All the statistical significances were determined based on three probability levels: p < 0.05, p < 0.01, and p < 0.001. In addition, the relative importance of the 11 environmental variables’ association with model-explained species richness variances were estimated and scaled to 100% for comparative purposes.





3 Results



3.1 Species richness pattern

The areas of high species richness for the MP clade vary within the megathermal regions—America (e.g., Brazil, Costa Rica, El Salvador, Nicaragua, and Panama), Africa (e.g., South and West, and Madagascar), East Asia (e.g., East China, Japan, and South Korea), and Australia (e.g., North and Queensland) (Figure 1; Supporting Information S4). The MP clade occupies the Old and New World (longitude −178.13° S to 179.43° N: latitudes −43.64° S to 64.12° N) but at different species richness peaks. While all the tribes have high species richness in the low to mid-latitude, the Phaseoleae and Psoraleeae slightly extended species richness to the high latitude (ca. 64°) in the Northern Hemisphere. The species richness for all the tribes is spatially higher in the tropics than in the temperate region (Figure 1B). The turnover analyses showed a heterogenous species richness of the MP clade across latitudes with peaks in some temperate regions (Figure 1C).




Figure 1 | Species richness pattern of the MP clade and its tribes. (A) The global species richness map of the MP clade. (B) Regression (generalized additive model) trend lines of species richness variance across latitudes. (C) Squared Chord Distance (SCD) bar plots showing the turnover (spatial heterogeneity) of species abundance across latitudes.






3.2 Species richness along the latitude and longitude

The observed species richness pattern of the MP clade largely followed the latitudinal diversity gradient pattern i.e., higher in the tropics than the temperate zones. The species richness of the MP clade and its tribes along the latitudes and longitudes was mostly statistically significant (Figures 1B, 2; Table 1). The latitudinal gradient had a positive predictive influence for the Desmodieae and Psoraleeae, contrasting the negative predictive effect on Abreae, Indigofereae, Millettieae, and Phaseoleae. For longitudinal gradient, we found negative effects on Desmodieae, Phaseoleae, and Psoraleeae and positive effects on Abreae, Indigofereae, and Millettieae. However, the observed positive influence on the species richness of Abreae and Millettieae along the longitude was not significant. When combined, there was a significant negative relationship between the species richness of the MP clade along the latitude and longitude.




Figure 2 | Species richness variation along the latitude and longitude. (A) Species richness for the tribes along the latitude and longitude—positive correlation for the tribes Desmodeae and Psoraleeae. (B) Species richness for the whole MP clade along the latitude and longitude is negative and significant.




Table 1 | Effects of latitudinal and longitudinal gradient on the species richness patterns of the MP clade.






3.3 Biogeography and biome species richness patterns

The species of the MP clade are distributed in all realms except the Antarctic and Psoraleeae lacking occurrence in the Oceania (Figures 3A–C; Table S3.1 in Supporting Information S3). The realms with the highest percentage species richness (α-diversity) were the Afrotropic (~ 36%) and the Neotropics (~ 26%), which accounted for more than 50% of total species richness while Oceania (~ 1%) had the least. The tribe Psoraleeae had the highest species richness in Oceania (~ 38%) and Desmodieae in the Neotropics (~ 26%). While the Afrotropic harbors high species richness of the tribes Millettieae (~ 40%), Abreae (~ 50%) and Indigofereae (~ 66%), Phaseoleae is highest (~ 32%) in the Afrotropics and Neotropic with marginal differences.




Figure 3 | Species richness analyses of the tribes of the MP clade: (A) Realms; (B) Percentage species richness of each realm; and (C) Ecoregions.



The MP clade occupied multiple ecoregions and areas of high species richness differ as observed in the Afrotropic (West Sudanian savanna, Central Zambezian wet miombo woodlands), Australasia (mostly the tropical savanna), Indo-Malay (Taiwan subtropical evergreen forests and Northern Indochina subtropical forests), Nearctic (Southeast US conifer savannas), Neotropics (e.g. Cerrado, Isthmanian-Atlantic moist forest, Brazilian Atlantic dry forests), Palearctic (Evergreen and montane deciduous forest), and Islands of Oceania. Similarly, the species richness patterns following the α- and β-diversity also varied between biomes.

Except for the Tundra, the species of the MP clade are distributed in all other biomes—Abreae (10); Indigofereae, Millettieae and Psoaraleeae (12); and Desmodieae and Phaseoleae (13) (Figures 4A-C; Table S3.2 in Supporting Information S3). The biomes with the highest percentage species richness (α-diversity) were the Tropical and Subtropical Moist Broadleaf Forests (~ 25%) and the Temperate Grasslands, Savannas and Shrublands (~ 21%), while the Boreal Forests/Taiga (<1%) had the lowest. The Tropical and Subtropical Moist Broadleaf Forests harbor the highest α-diversity in four tribes including Desmodieae (~ 24%), Phaseoleae (~ 26%), Abreae (~ 27%), and Millettieae (~ 31%) while the Temperate Grasslands, Savannas and Shrublands tribes, as well as Mediterranean Forests, Woodlands & Scrub had the highest for the tribe Indigofereae (~ 28%) and Desmodieae (~ 24%), respectively.




Figure 4 | Species richness analyses of the tribes of the MP clade: (A) Biomes; (B) Matrix chord showing α-diversity; (C) Percentage species richness of each biome; (D) Nestedness; (E) Spatial turnover; and (F) Total dissimilarity. TSMBF, Tropical & Subtropical Moist Broadleaf Forests; TSDBF, Tropical & Subtropical Dry Broadleaf Forests; TSCF, Tropical & Subtropical Coniferous Forests; TBMF, Temperate Broadleaf & Mixed Forests; TCF, Temperate Conifer Forests; BFT, Boreal Forests/Taiga; TGSS, Temperate Grasslands, Savannah and Shrublands; TSGSS, Temperate Grasslands, Savannas & Shrublands; FGS, Flooded Grasslands & Savannas; MGS, Montane Grasslands & Shrublands; MFWS, Mediterranean Forests, Woodlands & Scrub; DXS, Deserts & Xeric Shrublands; M, Mangrove.



The pairwise dissimilarity analyses showed variable β-diversity between biomes for the MP clade species (Figures 4D-F; Tables S3.3–3.9 in Supporting Information S3). The nestedness ranged between 0.00 and 0.97 and was generally low, except for the biome pairs Tropical & Subtropical Moist Broadleaf Forests vs. (–Mangrove, and –Flooded Grasslands & Savannas); Boreal Forests/Taiga vs. (–Deserts & Xeric Shrublands, –Tropical & Subtropical Moist Broadleaf Forests, –Temperate Conifer Forests, –Temperate Grasslands, Savannas & Shrublands, –Tropical & Subtropical Moist Broadleaf Forests, and –Temperate Grasslands, Savannah and Shrublands); and Temperate Grasslands, Savannas & Shrublands vs. Flooded Grasslands & Savannas) which are > 0.5. The turnover pairwise ranged between 0.00 and 1.00 but was lowest in Boreal Forests/Taiga vs. the Temperate Grasslands, Savannas and Shrublands (0.00) and highest (1.00) in pair Mangrove vs. Boreal Forests/Taiga. The total dissimilarity between the biomes ranged from 0.54 to 1.00 and turnover pairwise was lowest (0.00) in Boreal Forests/Taiga vs. the Temperate Grasslands, Savannas and Shrublands and highest (1.00) in pair Mangrove vs. Boreal Forests/Taiga. The β-diversity pairwise between biome assemblages varied among the tribes as shown by the differences in turnover and nestedness. The highest total dissimilarity (1.00) was between the Temperate Broadleaf & Mixed Forests vs. Temperate Conifer Forests biomes for the tribe Abreae. The Mediterranean Forests, Woodlands & Scrub biomes had high total dissimilarities with all other biomes for the tribes Desmodieae and Indigofereae, while total dissimilarities among biomes were generally high (> 0.5) for the tribes Millettieae, Phaseoleae, and Psoraleeae. Comparatively, nestedness was generally lower than the turnover in most tribes except for the tribe Phaseoleae and the marginal difference in the tribe Abreae. Thus, indicating different levels of species replacement, loss or gain, habitat tracking, coexistence, and dispersal accounting for the species richness of the studied group.




3.4 Magnitude of environmental variables on the species richness

The influence of environmental factors (10 bioclimatic variables and elevation) on the species richness patterns of the MP clade was relatively weak (Table 2; Figure 5; Table S5.2 in Supporting information S5). The variables with the highest relative importance to species richness dynamics included the mean annual daily mean air temperatures (Abreae and Indigofereae), the ratio of diurnal variation to annual variation in temperatures (Desmodieae and Psoraleeae), the mean diurnal range of temperatures (Millettieae), and the wettest quarter of the year (Phaseoleae). The annual daily mean air temperatures also had the strongest influence (> 50%) in predicting the species richness of the whole MP clade. By contrast, elevation had low relative importance on species richness of the whole MP clade and its components tribes except for the tribe Abreae. Overall, only two environmental variables (mean diurnal range of temperatures and precipitation of warmest quarter) positively and significantly influence (p < 0.001) the species richness of MP clade, except for the tribe Abreae. The increase in the species richness of the tribe Abreae was positively correlated with the mean annual daily mean air temperatures, the ratio of diurnal variation to annual variation in temperatures, precipitation of the coldest quarter, accumulated precipitation, and elevation; however, these relationships were not significant.


Table 2 | Effects of environmental factors on the species richness of the MP clade.






Figure 5 | Relative influence of environmental and biogeographic variables on the diversity of the MP clade and its components. (A) Plot of coefficient between the taxa groups and (B) Relative contribution of the environmental variables to the species richness are presented in bar charts and the significant values are marked by asterisk; * = p < 0.05, and *** = p < 0.001. AMT, The mean annual daily mean air temperatures averaged over one year; MDR, The mean diurnal range of temperatures averaged over one year; RDAT, The ratio of diurnal variation to annual variation in temperatures; MTWM, The highest temperature of any monthly daily mean maximum temperature; MTWQ, The wettest quarter of the year is determined (to the nearest month); AP, Accumulated precipitation amount over one year; PWM, Precipitation of the Wettest Month; PDM, Precipitation of the Driest Month; PWQ, Precipitation of Warmest Quarter; PCQ, Precipitation of the Coldest Quarter; and ELV, Elevation.



Similar environmental variables significantly influenced the species richness of the tribes Desmodieae and Psoraleeae. While the ratio of diurnal variation to annual variation in temperatures (Coefficient = –0.93 for both tribes), and precipitation of the coldest quarter (Coefficient = –0.05 for both tribes) negatively influence the species richness, the precipitation of the driest month (Coefficient = 0.04 for both tribes), accumulated precipitation (Coefficient = 0.32 for both tribes) and elevation (Coefficient = 0.06 for both tribes) positively influence the dynamics of species richness of the two tribes. For the tribes Millettieae and Phaseoleae, the species richness was positively and significantly determined by precipitation of the wettest month (Coefficient = 0.21 and Coefficient = 0.11, respectively), and the wettest quarter of the year (Coefficient = 0.32 and Coefficient = 0.04, respectively). The precipitation during the coldest quarter had notably different impacts on the species richness of two tribes, Millettieae (Coefficient = –0.06) and Phaseoleae (Coefficient = 0.04). However, the species richness of the tribe Phaseoleae was only significantly influenced by the precipitation during the driest month (Coefficient = –0.04). The species richness of the tribe Indigofereae was uniquely, negatively, and significantly influenced by mean annual daily mean air temperatures (Coefficient = –0.79) while other significant climatic variables were the ratio of diurnal variation to annual variation in temperatures (Coefficient = 0.33), precipitation of the wettest month (Coefficient = –0.12), and precipitation of the driest month (Coefficient = –0.07). Our analyses showed that species richness of the whole MP clade was significantly driven by the climatic variables such as mean annual daily mean air temperatures (Coefficient = –0.78), precipitation of the driest month (Coefficient = –0.06), mean diurnal range of temperatures (Coefficient = 0.54), the ratio of diurnal variation to annual variation in temperatures (Coefficient = 0.30), and precipitation of the coldest quarter (Coefficient = 0.40).





4 Discussion

The current study represents the first attempt to produce a profound understanding of the macroecology of the MP clade by assembling a large dataset, which aggregates and complements earlier studies on Fabaceae (De La Estrella et al., 2012; Jin et al., 2013; Yang et al., 2022). Investigations on global geographical distribution patterns of economical important and hyperdiverse clades can provide valuable insights into the possible environmental variables shaping the diversity, help identify the hotspot regions, and enhance conservation strategies. Our study shows that MP clade presents a global distribution with the geographical centers of high species richness being the megathermal areas (Figure 1). Remarkably, these areas are within the recently mapped global locations of critical natural assets for nature’s contributions to people (Chaplin-Kramer et al., 2022) and similar to the reported distribution pattern of the legumes where they generally occur in the tropics and some parts of the temperate regions (Lavin et al., 2004; LPWG, 2022). The high species richness of the MP clade in the tropics may be attributed to its origin and continued radiation in the tropical zones (Zhao et al., 2021), which has been complemented by the results from this study that temperature dynamics is a significant determinants of species richness patterns. Thus, this finding fits the tropical conservatism predictions which is consistent with the origin of most angiosperm lineages in the Cenozoic (Behera and Roy, 2019; Tietje et al., 2022). Therefore, it is crucial to explicitly prioritize these hotspot regions to advance conservation goals to protect more species from the MP clade by targeting both high and low species richness hotspots.



4.1 Patterns of species richness along the geographic gradient

On the effects of geographic effects on distribution and species richness patterns of the MP clade and its tribes, we found heterogeneous species richness patterns in the tropic and temperate zones, contrasting our assumptions of homogenous species richness patterns in both zones. Also, the strength and direction of the latitudinal diversity of the MP clade and its tribes vary but peaked around the equator (mainly mid to lower latitude) except for the tribes Desmodieae and Psoraleeae with slightly higher species richness in the high latitudes towards the Northern Hemisphere (Figures 1B, C). The variation in the direction and strength of the species richness along the latitude also agrees with previous studies. For instance, niche conservatism (weak latitudinal gradient diversity) limits the distribution of cold-adapted Medicago species (Fabaceae) in the tropics (Yang et al., 2022), standing in stark contrast to the strong latitudinal diversity patterns observed in the global variation in plant species richness (Tietje et al., 2022). Brodie and Mannion (2022) proposed two potential reasons to explain inversions in the latitudinal gradient of diversity and the higher heterogenous turnover in temperate regions compared to the tropics. Firstly, during hothouse climates, diversity becomes concentrated at higher latitudes as the equatorial regions become excessively hot (Sun et al., 2012; Allen et al., 2020). Secondly, during periods of elevated global temperatures, a flattened latitudinal temperature gradient tends to accompany it. Consequently, diversity may track other factors such as habitat area rather than latitudinal gradient. Also, given the age of the MP clade, the latitudinal gradient diversity pattern could be driven by climatic variables and niche equivalents. Nevertheless, the species richness patterns observed here largely conform to the expected idiosyncrasy of latitudinal gradient diversity; species richness is higher towards the equator, which does not strongly support our hypothesis.

Similar to previous studies (Behera and Roy, 2019; Etienne et al., 2019; Brodie and Mannion, 2022; Tietje et al., 2022), we propose that energetic limits, climate stability, and enhanced diversification hypotheses may explain the staggering higher species richness of the MP clade in tropical and subtropical zones while the historical perturbation hypothesis may explain the low species richness in higher latitudes of the temperate zone. The harsh environmental conditions in the temperate zone may have imposed range contractions and expansions along the latitude e.g., tribe Abreae restricted (niche conservatism) to the mid-latitude. Of the three tribes (Desmodieae, Psoraleeae and Phaseoleae) that extended their niches to the higher latitudes, only the species richness of the tribe Phaseoleae failed to have positive relationships with the latitude. Hence, the observed positive effects of the latitudinal gradient on the species richness of the tribes Desmodieae and Psoraleeae indicate they possess a high adaptation and can utilize the available environmental resources to increase the niche space. We may translate the niche expansion and ecological resilience of the tribes Desmodieae and Psoraleeae in high latitudes contribute to the observed high heterogeneous turnover of the MP clade in the Northern Hemisphere and broadly consistent with the well-known species-area relationship assumptions (Rosenzweig, 1995; Mccain, 2009; Tietje et al., 2022). Thus, our findings yield novel insight into the diversification patterns and recommend further study to investigate evolutionary mechanisms for the diversification within this important legume clade.




4.2 Ecoregion and biome richness

The α- and β-diversity patterns may help to test whether the species richness of the MP clade is driven by the independent dispersal events, adaptation to a heterogenous environment, and species loss or gain/replacement. Interestingly, our study showed that the Tropical and Subtropical Dry Broadleaf Forests, as well as Temperate Grasslands, Savannas and Shrublands, had the highest species richness. Thus, implying that the MP clade’s species may have never colonized the Tundra and less in Boreal Forest/Taiga (the world’s terrestrial carbon storehouse) biomes due to extremely low temperatures, little precipitation, and poor nutrients. The extent of the turnover and nestedness underscores the total dissimilarity among the biomes of the MP clade. High replacements of species among the biomes contributes to the species richness of the tribes Desmodieae, Indigofereae, Millettieae and Psoraleeae. In contrast, a non-random process of disaggregation of assemblages where biomes with low richness host part of the species of richer biomes influenced the species richness of the tribe Phaseoleae. Whereas both the turnover and nestedness substantially promote the species richness of the tribe Abreae.

Disparities among multiple biomes due to the replacement of species among biomes (e.g., biomes support unique species), species loss (e.g., one biome supports a subset of species present at another), or a combination of both processes have been reported (Baselga, 2010; Baselga, 2012). On the one hand, turnover reflects a process of substitution of species by environmental selection or historical restriction. For instance, our global sampling revealed that Alysicarpus glumaceus (Vahl) DC. (Tropical & Subtropical Moist Broadleaf Forests; Mangrove; and Temperate Grasslands, Savannas & Shrublands);, Erythrina lysistemon Hutch. (Tropical & Subtropical Moist Broadleaf Forests; Montane Grasslands & Shrublands; Mediterranean Forests, Woodlands & Shrubs; and Temperate Grasslands, Savannas & Shrublands) and Indigofera suffruticosa Mill. (except in Montane Grasslands & Shrublands; Mediterranean Forests, Woodlands & Shrubs; and Boreal Forests/Taiga), have successfully adapted to multiple biomes, suggesting they can easily replace species lost in different biomes. On the other hand, nestedness reflects differential dispersal ability to isolated biome in varying spatial scales (Fontana et al., 2020; Enkhtur et al., 2021). Nestedness in the MP clade is largely linked to energy availability, resulting in lower species richness in colder biomes than in tropical biomes. However, the presence of some species adapted to harsher environments within this clade is not surprising, given that N-fixation is prevalent in the subfamily Papilionoideae (Mckey, 1994; Sprent et al., 2017), which includes representatives from the MP clade (Sprent et al., 2017; Zhao et al., 2021). Therefore, our study evinced that both dispersal (including long-distance dispersal) and adaptation to different biomes play significant roles in determining the species richness of the MP clade and its tribes. This phenomenon can be best described as “when dispersal meets adaptation.” Thus, we suggest that stochastic long-distance dispersal, which is common in Fabaceae (Schaefer et al., 2012; Jabbour et al., 2018), as an additional event contributing to the global species richness dynamics of the MP clade.




4.3 Main environmental factors driving the species richness patterns of the MP clade

Our study showed that climatic factors strongly predict species richness patterns of the MP clade than elevation. In general, variations in temperature and precipitation either positively or negatively influence the species richness of each of the tribes of the MP clade. The colonization of the species from the tribes Desmodieae and Psoraleeae is influenced by the precipitation of the driest month and accumulated precipitation available even in higher elevations compared to the tribe Indigofereae that is influenced by the ratio of diurnal variation to annual variation in temperatures. Whereas the species richness of tribes Millettieae and Phaseoleae were significantly supported by temperature and precipitation variations. In contrast, these climatic variables predicted the species richness of the tribe Abreae but not significant. Hence, we consider that the tribe Abreae establishes its species richness mainly by tracking habitat availability while exploiting the stable climatic conditions in the tropics. Overall, increase in the mean diurnal range of temperatures and precipitation of the warmest quarter will significantly increase the species richness of the MP clade (Figure 5).

Our findings agree with numerous previous studies that have shown that climatic factors (e.g., temperature seasonality and isothermality) significantly influence plant distribution and species richness as it affects the key traits that support niche expansion (Molina-Montenegro and Naya, 2012; Kröger, 2018; Gong and Gao, 2019; Sheard et al., 2020; Huang et al., 2021). Both temperature and precipitation are essential for the species richness of the MP clade. Temperature imposes direct effect on metabolisms (Brown et al., 2004; Fuhrman et al., 2008), productivity (Wang et al., 2016), ecological interactions (Bruno et al., 2015), and speciation rate (Allen and Gillooly, 2006). The ratio of diurnal variation to annual variation in temperature affects plant functions like stomata opening and photoperiodism, which regulate seasonal reproduction, including flowering (Zhao et al., 2018). Temperature at low elevations may have also stimulated resource exploitation, photosynthesis, and physiological stability, leading to higher growth rates and staggering species richness of the studied group. These also correlate with high species richness in the tropical biomes (than the similar habitats in the temperate region) and megathermal ecoregions. Also, the increase in precipitation may have contributed to the survival of the species in harsh biomes (Gwitira et al., 2014; Zhao et al., 2018) and has strong effects on the species of the MP clade particularly the woody species of the tribes Millettieae and Phaseoleae. These climatic variables have potential effects on the N-fixing symbioses in angiosperms (Li et al., 2015). We showed that the diurnal range and temperature range both describe temperature fluctuations which may be better suited to characterize climatic conditions for the MP clade at higher altitudes, i.e., it can impose habitat contraction and expansion. Therefore, we conjecture that temperature and wetter growth season mostly promote the species richness and coexistence of the MP clade compared to the elevation as the species of this clade are born migrators.




4.4 Caveats

In macroecological studies, acknowledging the limitations of the available occurrence data from public databases such as GBIF and its associated information repository is fundamental to interpreting the resulting geographical patterns. However, despite these limitations (e.g., erroneous geographic records, and misidentification of taxon), these data are often used to reconstruct biogeography maps and species distribution modeling in broad perspectives. Similarly, we were able to minimize these problems by conducting series of taxonomical and geographical filtering methods. The exclusion of incorrect species and coordinates did not alter the broad patterns of our sampling coverage in both cases of each studied group and sufficient for our analyses i.e., the representative species of the MP clade and biogeography distribution. We achieved broad occurrence data for the MP clade robust enough to inherently understand the macroecological configurations and environmental factors predicting the species richness patterns of the six tribes of the MP clade without bias.





5 Conclusions

We provide the first global distribution patterns for the MP clade highlighting areas of high species richness that deserve sustainable management and conservation of the family Fabaceae. Our study showed that megathermal regions are areas of high species richness for the MP clade, with the tropical and subtropical moist broadleaf forests biome being the most suitable biome. The relative importance of environmental factors varies among the tribes. Generally, climate variability precipitation (warmest quarter, driest month, and wettest month) and the mean diurnal range of temperatures significantly influenced the species richness patterns of the MP clade compared to geographical gradients. In addition, the MP clade also relies on dispersal and adaptation to novel ecological niches to achieve present-day global species richness. Thus, slight alterations in environmental conditions could affect the species richness patterns of the MP clade. Nevertheless, numerous questions persist without answers, encompassing the intricate interplay between climate, diversification, latitude, and functional diversity of the MP clade. These would be interesting research areas to investigate in subsequent studies, as doing so will help clarify how ecology and evolutionary processing affect biodiversity distributions, management, and conservation.
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