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Abstract

:

Urbanization is one of the leading causes of habitat loss, which has increased significantly in tropical regions in recent years, leading to the loss of species, their ecological functions, and evolutionary history. To determine the effect of urbanization on the diversity of bat communities in urban and suburban environments, we analyzed the α and β taxonomic, functional, and phylogenetic diversities at four sites along urbanization gradients surrounding a rapidly expanding city (Oaxaca City) in southern Mexico. We recorded bats using conventional techniques such as mist nets and acoustic monitoring. We calculated the diversity of bats in four sites with different urbanization conditions: urban (1), suburban (1), and rural (2). To assess the degree of total differentiation and components of bat turnover and nestedness between sites, we calculated the β taxonomic, functional, and phylogenetic diversities. A total of 33 bat species were recorded. The highest taxonomic and functional diversity was observed in the Center of Oaxaca (the site with the highest level of urbanization). In contrast, the highest phylogenetic diversity was found in the West (the site with the lowest level of urbanization). The total β taxonomic diversity was higher than the functional and phylogenetic diversity. Regarding the contributions of turnover and nestedness, turnover made a more significant contribution than nestedness to the taxonomic and phylogenetic β diversity. In contrast, functional nestedness contributed more to the functional β diversity than turnover. Tadarida brasiliensis, Desmodus rotundus, Sturnira hondurensis, and S. parvidens were recorded in all three urbanization conditions. In the most urbanized site, four Myotis species were recorded: M. fortidens, M. keaysi, M. thysanodes, and M. velifer. We suggest that the analysis of different dimensions of diversity is essential and should be considered to strengthen conservation strategies; moreover, we suggest the preservation of native vegetation mosaics and water bodies within the city to maintain bat diversity.
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1. Introduction


Human population growth has increased exponentially in recent years, leading medium-sized cities to expand into large cities with over a million inhabitants [1]. Consequently, rural or semi-rural areas surrounding these cities have transformed into urban zones [2]. The urbanization process alters landscapes, causing habitat loss and fragmentation. Human activity is considered one of the greatest threats to global biodiversity [3].



In urban landscapes, biological communities interact in response to factors such as city size, climatic context, availability of green spaces, and proximity to native vegetation [4]. Among the most studied biological groups affected by urbanization are flying vertebrates, including bats, where it has been observed that their species richness and abundance decrease in sites with varying degrees of urbanization [5]. However, it has also been noted that results vary by species, as some can adapt to or benefit from some urban regions [1,6].



Bats are a highly diverse and abundant group with a relatively well-known natural and taxonomic history. Additionally, they exhibit a wide variety of diets, feeding strategies, body sizes, flight capabilities, and degrees of habitat specialization [7,8]. Due to these characteristics, bats perform several critical ecological functions, making them an excellent group for studying the impact of urbanization on species diversity.



One of the rapidly growing cities in southern Mexico is Oaxaca de Juárez, which is in the state of Oaxaca. As of 2020, it had an approximate population of four million inhabitants. It is also one of the most visited sites in Mexico by national and international tourists. Within the urban area of Oaxaca de Juárez, 33 bat species have been identified [9], representing 34% of the species found in the state of Oaxaca. However, urban growth may be affecting the presence of these species, making it essential to monitor these organisms continually.



Alpha (α) diversity (species richness) and beta (β) diversity (differences in species composition between communities) are among the most used biodiversity metrics. However, these metrics do not consider the ecological characteristics and evolutionary history of species [10,11]. Recently, various studies have emphasized the importance of considering different facets of communities to better characterize biodiversity, especially in urban areas [12,13,14]. This is because species occupying the same habitats may exhibit different levels of phylogenetic relationships and functional traits [15,16].



Functional diversity has received attention in recent years, as it reflects the variation among species in ecological attributes associated with how they respond to environmental variation and their effects on ecosystem processes and services [17,18]. On the other hand, phylogenetic diversity quantifies evolutionary diversity within communities, describing the evolutionary heritage or relationship of all species in each community [19,20].



Understanding the impact of native ecosystem conversion on bat diversity in cities like Oaxaca is crucial because bats provide a wide range of ecosystem services. Therefore, due to the city’s rapid expansion with suburban areas it is necessary to analyze the effect of urbanization on wildlife, particularly bats. The main objective of this study is to evaluate the α and β taxonomic, functional, and phylogenetic diversities of bat communities at sites with different urbanization gradients in Oaxaca de Juárez and surrounding suburban cities, providing new insights into bat conservation in urban and suburban areas in southern Mexico. We tested whether sites with different urbanization gradients (human population density, green areas, light pollution, and impervious surfaces) affect bat communities’ taxonomic, functional, and phylogenetic diversities.



We expect that sites with high urbanization levels will exhibit lower diversity (species richness, functional, and phylogenetic diversity) while sites with lower urbanization levels will exhibit higher diversity (species richness, functional, and phylogenetic diversity).



This study aims to provide information on how landscape fragmentation in urban areas affects bat communities in the Neotropical region. Moreover, the key mechanisms shaping bat community structure in urbanized sites can be identified by analyzing diversity from a multidimensional perspective (taxonomic, functional, and phylogenetic) in response to habitat conversion. The results of this study can inform conservation policies and habitat management in the Neotropical region to protect biological diversity and promote species coexistence in landscapes altered by human activities.




2. Materials and Methods


2.1. Study Area


In southern Mexico, within the state of Oaxaca, lies the physiographic subprovince known as the Central Valleys of Oaxaca, located in the central portion of the state (Figure 1). This region is characterized by a stepped system of plains [21], covering an area of 2267.42 km2, with diverse types of vegetation such as tropical deciduous forests, xerophilous scrub, oak forests, pine forests, and pine–oak forests [22]. The climate ranges from arid to warm subhumid, with an annual mean temperature of 18 to 22 °C and an average annual precipitation of 500 to 800 mm [23].



For the study, the material collection places were divided into four sites according to urbanization characteristics. The sites were named a priori according to their geographic location, considering Oaxaca City as the central site: (1) Central Site (Urban Site: Oaxaca City and Santa Cruz Xoxocotlán), (2) South Site (Semi-Urban Site: Cuilápam de Guerrero and Villa de Zaachila), (3) East Site (Rural Site: Santa María del Tule and San Pablo Villa de Mitla), and (4) West Site (Rural Site: San Pablo Huitzo and Villa de Etla) (Figure 1, Table 1).



Central Site; Oaxaca City: The total area is 86.69 km2, with an average altitude of 1550 m and an annual mean temperature of 22 °C. Land use is distributed as follows: 25.9% agriculture, 0.9% pasture, 34.9% secondary vegetation, and 38.3% urban areas [24,25]. Santa Cruz Xoxocotlán: The total area is 48.09 km2, with an annual mean temperature of 20.4 °C and an average altitude of 1530 m. Land use is as follows: 63.79% agriculture and 20.27% pasture [24,25].



South Site; Cuilápam de Guerrero: The total area is 48.66 km2, with an annual mean temperature of 20.4 °C and an average altitude of 1560 m. Land use is distributed as follows: 58.98% agriculture, 17.42% induced pasture, 6.97% tropical deciduous forest, and 16.63% urban area [24,25]. Villa de Zaachila: The total area is 81.69 km2, with an annual mean temperature of 20 °C and an average altitude of 1552 m. Land use is as follows: 62.95% agriculture, 23.03% pasture, 11.42% tropical deciduous forest, 2.60% bare soil, and 12.79% urban area [24,25].



East Site; Santa María del Tule: The total area is 25.52 km2, with a temperate climate ranging from 18 to 22 °C and an average altitude of 1560 m. Land use is distributed as follows: 58.61% agriculture, 8.28% induced pasture, and 33.11% urban area [24,25]. San Pablo Villa de Mitla: The total area is 82.93 km2, with temperatures ranging from 14 to 22 °C and an altitude between 1300 and 2800 m. Land use is as follows: 20.93% agriculture, 2.46% urban area, 60.11% tropical deciduous forest, and 16.50% induced pasture [24,25].



West Site; San Pablo Huitzo: The total area is 63.79 km2, with an elevation of 1700 m and an average temperature of 26 °C. Land use is distributed as follows: 9.70% agriculture, 7.14% urban area, 59.9% coniferous and oak forest, and 23.26% induced pasture [24,25]. Villa de Etla: The total area is 8.47 km2, with a semi-warm subhumid climate and temperatures ranging from 18 to 20 °C. The elevation is 1660 m. Land use is as follows: 55.92% agriculture, 18.73% urban area, and 25.35% induced pasture [24,25].




2.2. Data Collection


In the four sites, monthly visits were conducted from January to August 2018, with two nights per site. The sampling covered the dry season (January–April) and the rainy season (May–September). Two techniques were employed for bat recording: mist net captures and acoustic monitoring.



For bat capture, six mist nets sized 12 × 2.6 m with a mesh opening of 2 × 2 cm were used. The nets were placed near trees, paths, roads, urban parks, and buildings, avoiding full moon days. The nets were open from twilight until 03:00 h and checked hourly. Captured bats were measured for total length, forearm length, ear length, leg length, and tail length. Age was determined based on phalangeal ossification, and reproductive condition in males was assessed by testicle position (scrotal for active, inguinal for inactive); females were evaluated for pregnancy, lactation, or post-lactation by palpation of the abdomen [26]. Taxonomic identification followed identification guides [27], and the taxonomic arrangement was based on Ramírez-Pulido et al. [28]. Capture was conducted under permit SGPA/DGVS/07292/17 from the Ministry of Environment and Natural Resources. Specimens were handled following guidelines from the American Society of Mammologists (ASM) for wildlife research. Most specimens were released at capture sites, while others were voucher specimens deposited in the Mammalogy Collection of the Interdisciplinary Research Center for Integral Regional Development, Oaxaca Unit, National Polytechnic Institute (OAX.MA.026.0497).



Acoustic monitoring sessions were conducted using passive recording to comprehensively record species presence using the Avisoft Ultrasound Gate116 Hm detector. This detector was active for ten minutes each hour from 18:00 to 03:00 h, set to high sensitivity, and recordings were made under favorable environmental conditions (rain-free nights with minimal wind). Recordings were analyzed using BatSound (version 4.2), with vocalizations separated for identification using spectrograms from García-Luis and Briones-Salas [9] and Ortega et al. [29].




2.3. Selection of Functional Traits


A functional trait is a measurable property that strongly influences an organism’s performance [30] and is linked to ecosystem processes, ecosystem stability, biological interactions, and/or habitat modification [31]. Ecological and morphological functional traits were selected for 33 bat species, as bat morphology relates to movement capacity, diet, and habitat use, while ecological traits represent species requirements and relate to ecosystem services [15,32,33]. The functional trait values were sourced from Martin-Regalado and Briones-Salas [34] (Table 2, Supplementary Material S1).




2.4. Calculation of α Taxonomic, Functional, and Phylogenetic Diversities


Taxonomic diversity was obtained by considering species richness, i.e., the number of bat species recorded at each site in this study.



For functional diversity, the functional diversity index (FD) by Petchey and Gaston [18,35] was calculated. This index measures the total branch length connecting all species in a functional dendrogram (a multivariate classification analysis based on functional traits). Gower distance was used, recommended for datasets containing both qualitative and quantitative data. The Unweighted Pair Group Method with Arithmetic Mean (UPGMA) was employed to create the distance matrix and construct the dendrogram. The FD index typically correlates positively with species richness. To account for this, a null model approach [36] was used to standardize FD and obtain functional diversity appropriately. The null model randomly selected species but maintained species richness for each site. The Standardized Effect Size (SES) of FD was calculated using the formula: SES.FD = (Meanobs−Meannull)/sdnull, where Meanobs is the mean of observed measurements, Meannull is the mean of 99 iterations under the null model, and sdnull is the standard deviation of null model iterations. Analyses were conducted in R (version 3.3.3) using the FD package [37] and vegan package [38].



Phylogenetic diversity was estimated for each site using the index proposed by Faith [39,40]. This index measures the total branch lengths of a phylogenetic tree and quantifies phylogenetic richness as the total amount of evolutionary history among all species at each site. Phylogeny from Upham et al. [41] was used for calculations (Supplementary Material S2). Some indices of phylogenetic diversity show a positive correlation with species richness. To counteract this effect, null models were performed, and Standardized Effect Size of Phylogenetic Diversity (SES.PD) was calculated similarly to SES.FD. SES.PD was calculated using the “independent swap” null model, which randomizes the data matrix for each site while maintaining species. Analyses were conducted in R (version 3.3.3) using the picante package [42].




2.5. Urbanization vs. Taxonomic, Functional, and Phylogenetic Diversities


To assess the potential relationships between the levels of urbanization and taxonomic, functional, and phylogenetic diversities of bat communities, correlations were conducted between these variables (urbanization vs. diversity). Urbanization values at the four study sites were categorized a priori into three classes (9, 6, and 3; Table 1), based on the following characteristics: percentage of asphalted areas, percentage of green areas, population, housing units, and urbanization level, where 9 represents the most urbanized site and 3 the least urbanized.




2.6. Calculating Taxonomic, Functional, and Phylogenetic β Diversities


To determine the degree of total differentiation and the components of turnover and nestedness of bats among four sites (Center, South, East, and West), according to the Jaccard index [43], we calculated the following: (1) total taxonomic β diversity (Taxoβjaccard); (2) taxonomic β diversity due to turnover (Taxoβjturnover); (3) taxonomic β density due to nestedness (Taxoβjnestedness); (4) total functional β diversity (Funcβjaccard); (5) functional β diversity due to turnover (Funβjturnover); (6) functional β diversity due to nestedness (Funβnestedness), (7) total phylogenetic β diversity (Phyloβjaccard); (8) phylogenetic β diversity due to turnover (Phyloβjturnover); and (9) phylogenetic β diversity due to nestedness (Phyloβjnestedness). Taxonomic, functional, and phylogenetic β diversities were calculated using the function beta.multi for multiples samples and beta.pair for pairwise values. Functional β diversity refers to the variation in functional traits among species from two or more sites [44], and in this study it is based on the volume of convex hull intersections in a multidimensional functional space using four quantitative functional traits (total length, tail length, ear length, and weight). On the other hand, phylogenetic or evolutionary β diversity (phylobeta) measures the phylogenetic distance or dissimilarity between sites (i.e., how phylogenetic relationships change over space or time) [45], and in this study are based on Faith’s phylogenetic diversity [40].



To graphically represent the dissimilarity between pairs of sites in terms of their taxonomic β diversity, functional β diversity, and phylogenetic β diversity, we conducted a cluster analysis based on UPGMA. All analyses were conducted using the “betapart” package [43] in R (version 3.3.3).





3. Results


For the entire region, we recorded 33 species of bats. Species richness was highest at the Central Site of Oaxaca with 26 species, followed by the South, West, and East with 16, 15, and 11 species, respectively (Table 3, Figure 2). Functional diversity was highest at the Central Site (1.461), followed by the West and East; the South exhibited the lowest functional diversity (−0.787). Phylogenetic diversity was highest at the West Site (1.02), followed by the East and Central Sites, while the South had the lowest phylogenetic diversity (−1.09) (Figure 2).



We found a high positive correlation between urbanization and bat species richness (0.93), while functional diversity and urbanization showed a moderate positive correlation (0.62). Finally, phylogenetic diversity and urbanization exhibited a high negative correlation (−0.80) (Figure 2).



Total taxonomic β diversity (0.75) was higher than functional (0.68) and phylogenetic diversity (0.60) (Figure 3). Regarding the contributions of turnover and nestedness, turnover made a more significant contribution (0.62) than nestedness to taxonomic β diversity; a similar pattern was observed for phylogenetic β diversity (0.45). In contrast, functional nestedness contributed more (0.36) to functional β diversity than turnover (Figure 3).



Cluster analyses using UPGMA based on taxonomic dissimilarity (Taxoβjaccard), functional dissimilarity (Funβjaccard), and phylogenetic dissimilarity (Phyloβjaccard) of bats in urban and suburban environments in southern Mexico formed the same groups (Central–South and West–East) based on their taxonomic, functional, and phylogenetic composition. However, for the turnover component of species, Taxoβturnover and Phyloβturnover showed similar clustering patterns. In contrast, Funβturnover exhibited a different pattern where the East Site did not cluster with the other sites. For the nestedness component, Taxoβnestedness and Phyloβnestedness showed similar clustering patterns, whereas Funβnestedness grouped differently (Figure 4).




4. Discussion


Some studies have demonstrated that cities are not favorable habitats for certain bat species, with many being unable to tolerate urban environments [46]. These studies suggest that urbanization can generally be detrimental to the diversity and abundance of some aerial insectivore bat species [47,48]. However, we recorded a high number of species, nearly 34% of the bat species reported for the State of Oaxaca (97 species; [49]), and almost double the number found in other studies on bat diversity in cities across Mexico (e.g., [5,50,51]).



The predominant species in our study belong to insectivore bats of the Family Vespertilionidae and frugivore bats of the Family Phyllostomidae, which are commonly found in urban areas [46] and appear to benefit from resources available in urban and suburban environments [52]. The variety of guilds and the high number of bat species recorded in the Central Valleys of Oaxaca may be attributed to the diverse habitats in the region (e.g., gardens, parks, riparian vegetation, agave crops), which provide adequate resources for bats.



Among the analyzed sites, the highest number of bat species was found in the Central Site, which has the largest territorial extent and the highest percentage of urbanization (70% of asphalt-covered areas; Table 1, Figure 2). This contrasts with our predictions and the findings reported by other authors such as Gutiérrez-Granados and Rodríguez-Zuñiga [5] in a study conducted in Mexico City. However, in some European sites, greater species richness and changes in species-specific activity levels were observed relatively close to the urban center in the transition between urban and peri-urban areas [53].



A wide range of bats in the site with the highest percentage of urbanization could be related to the availability of food resources (e.g., fruits, flower nectar, and insects). Saldaña-Vázquez et al. [54] mention that bats inhabit urban ecosystems not only due to year-round availability of food but also due to the abundance of roosting sites found in cities (e.g., abandoned buildings, sewers, bridges, and large trees). Additionally, it has been documented that habitat complexity in urban areas positively influences bat species richness and foraging activity [5]. Another factor that may affect species richness at these sites is the proximity of mountains to the north of the city, where Benito Juárez National Park is just a few kilometers away, providing a variety of roosting sites and a foraging habitat. Some species, such as Myotis or Mormoops megalophylla, may feed in urban sites and roost in the forests of the adjacent mountains [55]. In this context, it becomes clear that urban-sensitive species decrease while urban-tolerant species, or synurbic species, increase. We recorded only two species at sites with lower urbanization, Pteronotus parnelli and Rhogeessa gracilis, both at the West Site, which could be considered urban-sensitive. In contrast, six species were exclusive to the highly urbanized Central Site (M. megalophylla, D. azteca, M. fortidens, M. keaysi, M. thysanodes, and M. velifer), which could be considered synurbic [1].



In contrast, the East Site, corresponding to a rural area (28% asphalt-covered areas; Table 1, Figure 2), had the lowest number of bat species. This may be attributed to the homogeneity of the landscape and the limited availability of food. Most of the bats recorded at this site are frugivores (e.g., Artibeus lituratus and Sturnira parvidens), likely due to the abundance of cultivated (e.g., guavas, zapotes, mangoes, and plums) and native fruit trees, which serve as the food sources for these species. These animals contribute to the maintaining and restoring of spaces within urban fragments through seed dispersal [46].



Functional diversity varied among sites and was significantly higher in the Central Site, suggesting that bat species in this urban area do not share many functional traits. Interestingly, four species of the genus Myotis were recorded in this highly urbanized site. Despite sharing similar diets and litter sizes, these species exhibit different morphological measures (e.g., total length and ear length). A study revealed significant associations between morphological characteristics and feeding styles within this group of organisms [56]. For instance, aerial feeders like M. velifer and M. fortidens, which feed on moths, flying ants, and small beetles, have tiny hind feet, short calcars, short ears, and narrow tragi [56]. Moreover, these species typically roost in caves, tunnels, and abandoned structures often found in urban and suburban areas. The functional traits of these dominant species provide essential ecosystem services, such as pest control and disease vector regulation [57]. This underscores the importance of incorporating ecological and morphological traits in functional diversity studies [58].



The lowest functional diversity was observed at the South Site (Cuilápam de Guerrero and Villa de Zaachila), a semi-urban area (51% asphalt-covered areas; Table 1), where several frugivore species of the genera Artibeus and Sturnira are present. This suggests significant ecological redundancy in the area, resulting in lower functional diversity, likely due to the abundant availability of fruit resources.



The highest phylogenetic diversity was found at the West Site (San Pablo Huitzo and Villa de Etla), with the smallest territorial extent and lowest percentage of urbanization (12% asphalt-covered areas; Table 1, Figure 2). These findings indicate that the 15 bat species found at this site are more distantly related (i.e., they exhibit greater phylogenetic distances) than those found at other sites. Species such as Leptonycteris nivalis, Pteronotus parnellii, and Rhogeessa gracilis were recorded exclusively at the West Site, potentially providing unique evolutionary information for that location. These species exhibit different feeding habits; for example, L. nivalis feeds on pollen and nectar, probably from the agaves that exist at this site and are used for mezcal production. In contrast, P. parnelli and R. gracilis feed on arthropods at low heights, primarily Lepidoptera and Coleoptera. Gordon et al. [59] mention that the current diversity of foraging strategies in bats, which includes both aerial insectivores and foragers, suggests that different bat lineages have developed specializations in response to their particular ecological context.



Conversely, the South Site exhibited the lowest phylogenetic diversity, suggesting that some bat species in this urban site share similar evolutionary histories (i.e., closely related), which may increase their vulnerability to diseases and environmental changes. These phylogenetic results reflect not only the evolutionary history, genetic diversity, and ecosystem functioning but also how increased urbanization can reduce phylogenetic richness, which sometimes parallels species loss [39,60,61,62]. This loss could be concerning if the most vulnerable species are evolutionary distinct or unique. Under this scenario, the homogenization of the physical environment (i.e., more urbanized sites) may be creating filters that determine which lineages can persist in these environments, leading to phylogenetic clustering and low phylogenetic diversity (i.e., phylogenetic homogenization) [63], which would reduce the ability of bat communities to cope with environmental change. Our results confirm this expectation, revealing that bat phylogenetic diversity was lower in more urbanized sites (South and Central).



We recorded four species shared across four sites: Tadarida brasiliensis, Desmodus rotundus, Sturnira hondurensis, and S. parvidens. The genus Sturnira appears to be highly ecologically plastic, capable of feeding on both wild and cultivated plants, as mentioned in previous studies in this region of Oaxaca [64]. Their ability to exploit a wide variety of fruits enables them to adapt to urbanization and maintain healthy populations [65]. On the other hand, T. brasiliensis, with their high dispersal capability, can travel long distances in search food, and are notable for their ability to adapt to urban environments, influenced by their foraging behavior and ability to adjust to altered landscapes [52,66,67]. The presence of insectivore bats such as T. brasiliensis and Myotis is significant because their diet can include insect pests, providing an ecosystem service with economic benefits [68]. Only one sanguinivore species was recorded, D. rotundus, which has been noted to find roosts in caves in the Sierra Norte of Oaxaca [69] and descend to feed on goats, sheep, and cattle in the Central Valleys of Oaxaca. However, this species did not appear to pose a problem for the livestock in the visited localities (pers. obser.)



In contrast, six exclusive species, five of which are arthropodivore, were recorded at the site with the highest urbanization. Four exclusive species were recorded at the South Site (semi-urban). The opposite was observed at the rural sites, with three species exclusive to the West Site, while no exclusive species were present at the East Site. These findings contradict our predictions of the highest species richness, and in this case, exclusive species were recorded at the more urbanized sites.



Total taxonomic β diversity was higher than functional and phylogenetic diversity, indicating more significant variability in species composition among different sites. Recently, β diversity has been subdivided into nestedness and turnover components [70], which can provide insights into species turnover and variation in species richness. For taxonomic β diversity, the turnover component made the most significant contribution, a pattern also reported in studies of other vertebrates such as amphibians (e.g., [71]) and birds (e.g., [72]).



Contrary to the previous findings, the nestedness component better explained functional β diversity. This suggests that while sites differ in species richness, they share bat species with similar functional traits, leading to reduced turnover in functional traits. This result contrasts with that obtained by Carvalho et al. [73], who studied bats in a conserved area (Amazon biome) and found that differences in species richness contributed slightly more to total functional β diversity than turnover. They observed a similar pattern in total phylogenetic β diversity of bats, whereas in this study, the turnover component made the greatest contribution to phylogenetic β diversity. This inconsistency in results may be influenced by the fact that few bat species can exploit and adapt to urban areas. As mentioned earlier, urban growth has been documented to reduce phylogenetic diversity in addition to species loss [39,46,60,61,62].



Cluster analyses based on taxonomic, functional, and phylogenetic differences revealed two patterns: (1) closely clustered sites (Central–South) based on the similarity of their taxonomic, functional, and phylogenetic compositions. This similarity pattern correlated with geographic distance has been reported in Oaxaca by Calderón-Patrón et al. [74] and Cornejo-Latorre et al. [75], likely due to similar environmental conditions and levels of urbanization these sites; and (2) distant clustered sites (East–West), possibly because, despite the greater geographic distance between them, the environmental and urbanized conditions at both sites are more similar. Additionally, it is important to consider that some bats (e.g., insectivores) can travel approximately 40 km on average per night in search of food [76].



This information is important because not all components of bat diversity are equally affected by urban development. Our findings provide a framework for focusing on the main effects of urban vegetation, building density, and structure, and the potential impact of acoustic and light pollution on bat species assemblages that could be used in urban planning to enhance the resilience of the urban–nature matrix.



In this study, we followed a multidimensional approach to characterizing bat communities, recognizing that the complexity of ecological systems is best described when focusing on different facets of diversity.



We found bat communities that were phylogenetically related. This type of phylogenetic homogenization could explain the structure and assembly of urban bat communities. According to Darwin’s hypothesis, we can expect that the level of competition in communities with more closely related species would be higher [77]. Darwin speculated that niche overlap among more closely related species would make their coexistence more difficult [78], and there is evidence that interspecific competition with urbanized species prevents less urbanized and closely related species from colonizing cities [79]. However, although evolutionary relationships could be related to interspecific competition and niche differences, they may also be related to differences in average fitness between species [77].




5. Conclusions


Urbanization has altered natural ecosystems, making the study of organisms of interest for biodiversity conservation, such as bats, which provide essential ecosystem services, a priority. Maintaining adequate bat diversity levels within urban and suburban settlements can help enhance the potential resilience of these ecosystems exposed to rapid and continuous vegetation changes. Finally, we consider that our study, the first of its kind in Oaxaca, paves the way for future research and provides valuable information that could be used by local and regional governments and stakeholders worldwide as recommendations for green space planning.
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Figure 1. Geographic location of the study area in the Central Valleys of Oaxaca. The analyzed localities are indicated. 
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Figure 2. Relationship between α taxonomic, functional, and phylogenetic diversities and the level of urbanization at four sites in the Central Valleys of Oaxaca, Mexico. 
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Figure 3. Phylogenetic, functional, and taxonomic bats β diversities (i.e., total, turnover, and nestedness) in four sites in the Central Valleys of Oaxaca, México. 
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Figure 4. UPGMA cluster analysis. The groups represent total taxonomic diversity (Taxoβjaccard), functional diversity (Funβjaccard), and phylogenetic diversity (Phyloβjaccard) of bats at four sites in the Central Valleys of Oaxaca, Mexico, based on Jaccard dissimilarity index and its turnover components (Taxoβturnover, Funβturnover, Phyloβturnover) and nestedness components (Taxoβnestedness, Funβnestedness, Phyloβnestedness). 
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Table 1. Urbanization characteristics of the four analyzed sites in the Central Valleys of Oaxaca, Mexico.
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Site

	
Asphalt-Covered Areas

	
Green Areas

	
Population

	
Households

	
Urbanization




	
Level

	
Value






	
Central

	
70%

	
30%

	
371,397

	
87,768

	
Urban site

	
9




	
South

	
51%

	
49%

	
73,346

	
16,347

	
Semi-urban site

	
6




	
East

	
28%

	
72%

	
22,526

	
5113

	
Rural site

	
3




	
West

	
12%

	
88%

	
11,203

	
3477

	
Rural site

	
3











 





Table 2. Functional traits used to quantify the functional diversity of bats in urban and suburban environments in the Central Valleys of Oaxaca.
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Traits

	
Value/Category (Units)

	
Variable Type






	
Morphological traits




	
1. Total length

	
mean (mm)

	
continuous




	
2. Tail length

	
mean (mm)

	
continuous




	
3. Hind foot length

	
mean (mm)

	
continuous




	
4. Ear length

	
mean (mm)

	
continuous




	
5. Forearm length

	
mean (mm)

	
continuous




	
6. Body mass

	
mean (g)

	
continuous




	
Reproductive traits




	
7. Number of offspring per litter

	
average

	
ordinal




	
Ecological traits




	
8. Diet

	
arthropodivore

	
categorical




	

	
frugivore

	
categorical




	

	
sanguinivore

	
categorical




	

	
nectarivore.pollinivore

	
categorical




	

	
nectarivore.pollinivore.insectivore

	
categorical




	
9. Wing bags

	
absent

	
categorical




	
present

	
categorical




	
10. Nasal leaf

	
absent

	
categorical




	
rudimentary

	
categorical




	
11. Uropatagium

	
absent

	
categorical




	
complete

	
categorical




	
conspicuous

	
categorical




	
reduced

	
categorical




	
12. Tail

	
absent

	
categorical




	
embedded

	
categorical




	
free

	
categorical











 





Table 3. Bats species recorded at the four sites in the Central Valleys of Oaxaca. Sites: Center (Oaxaca City and Santa Cruz Xoxocotlán), South (Cuilápam de Guerrero and Villa de Zaachila), East (Santa María el Tule and San Pablo Villa de Mitla), West (San Pablo Huitzo and Villa de Etla). MX = Endemic to Mexico.
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Systematic List

	
Site




	

	
Central

	
South

	
East

	
West






	
Family Emballonuridae

	

	

	

	




	
Balantiopteryx plicata Peters, 1867

	
1

	
1

	
0

	
0




	
Family Molossidae

	

	

	

	




	
Molossus molossus (Pallas, 1766)

	
0

	
1

	
0

	
0




	
Molossus rufus E. Geoffroy Saint-Hilaire, 1805

	
1

	
1

	
0

	
0




	
Nyctinomops laticaudatus (E. Geoffroy Saint-Hilaire, 1805)

	
0

	
1

	
0

	
0




	
Promops centralis Thomas, 1915

	
1

	
0

	
1

	
0




	
Tadarida brasiliensis (I. Geoffroy Saint-Hilaire, 1824)

	
1

	
1

	
1

	
1




	
Family Mormoopidae

	

	

	

	




	
Mormoops megalophylla (Peters, 1864)

	
1

	
0

	
0

	
0




	
Pteronotus davyi Gray, 1838

	
0

	
1

	
0

	
0




	
Pteronotus parnellii (Gray, 1843)

	
0

	
0

	
0

	
1




	
Family Phyllostomidae

	

	

	

	




	
Desmodus rotundus (E. Geoffroy Saint-Hilaire, 1810)

	
1

	
1

	
1

	
1




	
Anoura geoffroyi Gray, 1838

	
1

	
1

	
0

	
1




	
Choeronycteris mexicana Tschudi, 1844

	
1

	
0

	
1

	
1




	
Hylonycteris underwoodi Thomas, 1903

	
0

	
1

	
0

	
0




	
Glossophaga soricina (Pallas, 1766)

	
1

	
0

	
1

	
1




	
Leptonycteris nivalis (de Saussure, 1860)

	
0

	
0

	
0

	
1




	
Leptonycteris yerbabuenae Martínez & Villa, 1940

	
1

	
0

	
1

	
1




	
Artibeus jamaicensis Leach, 1821

	
1

	
1

	
0

	
1




	
Artibeus lituratus (Olfers, 1818)

	
1

	
1

	
1

	
0




	
Dermanura azteca (Andersen, 1906)

	
1

	
0

	
0

	
0




	
Sturnira hondurensis Goodwin, 1940

	
1

	
1

	
1

	
1




	
Sturnira parvidens Goldman, 1917

	
1

	
1

	
1

	
1




	
Family Vespertilionidae

	

	

	

	




	
Aeroestes cinereus (Palisot de Beauvois, 1796)

	
1

	
0

	
0

	
1




	
Myotis californicus (Audubon & Bachman, 1842)

	
1

	
0

	
1

	
1




	
Myotis fortidens Miller & G. M. Allen, 1928 MX

	
1

	
0

	
0

	
0




	
Myotis keaysi J. A. Allen, 1914

	
1

	
0

	
0

	
0




	
Myotis thysanodes Miller, 1897

	
1

	
0

	
0

	
0




	
Myotis velifer (J. A. Allen, 1890)

	
1

	
0

	
0

	
0




	
Eptesicus fuscus (Palisot de Beauvois, 1796)

	
1

	
0

	
0

	
1




	
Lasiurus frantzii (Lesson, 1826)

	
1

	
1

	
0

	
0




	
Dasypterus ega (Gervais, 1856)

	
1

	
1

	
0

	
0




	
Dasypterus intermedius H. Allen, 1862

	
1

	
1

	
0

	
0




	
Rhogeessa gracilis (Miller, 1897) MX

	
0

	
0

	
0

	
1




	
Corynorhinus townsendii (Cooper, 1837)

	
1

	
0

	
1

	
0




	
Total

	
26

	
16

	
11

	
15
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