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Abstract

:

Ecological thresholds represent a critical tipping point along an environmental gradient that, once breached, can have irreversible consequences for species persistence and assemblage structure. Thresholds can also be used to identify species with the greatest sensitivity to environmental changes. Bats are keystone species yet are under pressure from human disturbances, specifically landscape and cave disturbances (i.e., reduced forest cover, urbanization, hunting, tourism). We compared bat assemblages across environmental and disturbance gradients measured at 56 caves in the Philippines to identify species-specific thresholds and assess congruence among species responses. All species exhibited significant responses to one or more gradients, with 84% responding to more than one gradient. Yet mixed responses of sensitivity to some gradients but tolerance to others hindered identification of assemblage thresholds to all gradients except landscape disturbance. However, we identified credible indicator species that exhibit distinct thresholds to specific gradients and tested for differences in ecological and morphological traits between species groups with shared responses (i.e., negative or positive). Few traits were useful for discriminating the direction of a species response, with some exceptions. Species that responded positively to increased landscape disturbance and hunting had greater body mass, whereas species that responded negatively to mining emitted higher peak call frequencies.
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1. Introduction


Ecological thresholds are critical points along an environmental or disturbance gradient at which an ecosystem transitions from one state to another, often in response to changes in environmental conditions mediated by human disturbance [1,2,3]. Crossing these thresholds can lead to rapid, irreversible shifts in the integrity and function of an ecosystem and the wildlife diversity it supports [1,4]. Consequently, ecological thresholds have been used to set regulatory limits on human disturbance to maintain a desired ecosystem state [5,6]. However, thresholds are typically site-specific, and can be difficult to detect at the community level in species-rich assemblages characterized by non-linear, multifaceted responses of individual species [1,7]. Within a community, while many species experience population declines (‘losers’) [8], some species may be relatively tolerant of increasing human disturbance, or even benefit from novel environmental conditions or resources (‘winners’). Ecological thresholds at the community level are based on aggregate responses of both ‘winner’ and ‘loser’ species, thereby obscuring underlying species-specific responses [9]. Thus, management policies based on community-level thresholds may fail to protect all species in the community [2].



One solution is to analyze species-specific responses, particularly of species sensitive to human disturbance (‘losers’), as well as aggregate responses of ‘winner’ and ‘loser’ species to signal community-level thresholds [7,9]. Moreover, aggregating species with shared responses to environmental and human disturbance gradients allows for identification of shared ecological and morphological traits [10,11] that can predict vulnerability to specific gradients [12,13]. For instance, the response of bee species to isolation from natural habitat and agricultural intensification varies based on nesting guilds, with above-ground nesters more negatively affected by landscape changes than below-ground nesters [11]. However, species are rarely exposed to human disturbance independent of other co-occurring and potentially synergistic disturbances, both environmental and human-mediated. This confounds efforts to identify ecological thresholds, both at the community- and species-levels, as well as the trait combinations of ‘winners’ and ‘losers’ that might predict threshold responses.



Bats are the second most speciose mammalian order, but populations are declining in 80% of species [14]. Half of all bat species rely on caves as roosts, where they are commonly subject to multiple disturbances, notably resource extraction (e.g., guano, limestone), cave tourism and vandalism, bat hunting, and loss of foraging habitats surrounding caves [15,16,17,18]. Cave-roosting bat species are ecologically and morphologically diverse. Consequently, differential sensitivity to disturbance is anticipated, and may map to differences in ecological and morphological traits. For example, many Old World insectivorous bat species exhibit adaptations of wing morphology and echolocation signal designs [19,20] that equip them to forage in the dense vegetation of unmodified forests [21]. However, these adaptations (e.g., low wing loading and high-frequency echolocation calls) greatly constrain foraging success in the more open habitats that occur when forests are cleared [22]. Consequently, forest-adapted species may be differentially susceptible to land-use change around caves [23]. Similarly, hunters typically target large-bodied species that roost colonially in large aggregations [24], conferring greater risk to species that share those traits and behaviors.



Phelps et al. [16] reported significant shifts in the composition and structure of cave-roosting bat assemblages in the Philippines, driven by diverse human disturbances. Moreover, species-specific responses to the different disturbance types was detected. Here we extend on this prior work to detect discrete thresholds for cave-roosting bat species and assemblages subject to diverse environmental and disturbance gradients, and to identify indicator traits that distinguish ‘winner’ from ‘loser’ species. We compared bat assemblages along six environmental and disturbance gradients common to cave ecosystems to: (1) identify species-specific threshold responses to multiple gradients; (2) assess congruence among species responses to identify thresholds that define significant shifts in assemblage composition; (3) identify indicator species that exhibit a significant positive or negative response to a gradient; and (4) differentiate ecological and morphological traits (e.g., body mass, wing morphology) between response groups: ‘winners’ and ‘losers’. We predicted that the occurrence and abundance of cave-roosting bat species would vary markedly across gradients owing to the ecological divergence among species. Consequently, we expected that incongruence in species responses would hinder identification of ecological thresholds at the assemblage level, with the exception of landscape disturbance as this was shown to influence assemblage composition in our previous work [16]. Moreover, we expected that ecological traits would differ between tolerant (‘winner’) and sensitive (‘loser’) species.




2. Materials and Methods


2.1. Study Area


Our study was on Bohol Island, a 4100 km2 karst-rich island located in the central Philippines. Human disturbance in and around Bohol’s caves has steadily increased over the past century, with caves frequently developed for tourism or exploited by extractive industries. Wet-rice cultivation and slash-and-burn agriculture has replaced an estimated 97% of the island’s native forests [25]. We selected 56 caves on Bohol Island (Figure 1) exposed to diverse gradients of human disturbance.




2.2. Environmental and Human Disturbance Gradients


Caves were surveyed between July 2011–December 2011 and June 2012–June 2013. We used standard cave survey techniques [26] and a novel disturbance index to assess environmental and human disturbance factors (Table 1) at each cave (see [16] for detailed methods and raw data). Gradients encompass a gradual change in a suite of correlated environmental and human disturbance factors across space. Thus, we used principal component analysis (PCA) to condense our dataset of 18 environmental and human disturbance factors (Table 1) measured at 56 caves into principal component axes that explain the greatest variation among caves. We identified six environmental and disturbance gradients based on principal component axes that explained 74% of variance among surveyed caves (Table 1; Table S1). Landscape disturbance (explained 30.2% of variance) represents a gradient of increased non-forested habitat, urbanization and road development coupled with decreased distance to access (e.g., trails, roads). Cave complexity (13.2%) characterizes superior environmental conditions, specifically greater available roosting area, structural variability, number of entrances, and range in temperature. Mining (10.7%) represents a gradient comprised of both environmental and human disturbance factors, specifically increased mining (of phosphate and/or limestone) and dumping of household waste along with limited range in temperature and humidity. Cave development (8.2%) embodies a gradient of increased modification of the cave and human visitation with limited resource extraction (e.g., cave tourism). Resource extraction (6.2%) represents a gradient of increased extraction of resources (e.g., water, guano) and human visitation in caves located within protected areas. Hunting (5.6%) is associated with greater bat hunting and dumping of household waste but limited mining in caves within the boundaries of protected areas.




2.3. Bat Sampling


We captured bats using mist nets placed across cave entrances and inside passages for two consecutive nights at each cave. Captured individuals were identified to species-level [30], with age and reproductive status assessed, and weight (g) and forearm length (mm) measured prior to release. All methods were in strict accordance with guidelines set forth by the American Society of Mammalogists [31] and were approved by the Texas Tech University Animal Care and Use Committee (ACUC 10015-04, 13031-04).



Raw count data was corrected for differing trapping effort among caves (i.e., number of hours the net(s) were open), yielding adjusted capture rates (individual/hour) for each species at each cave. As recommended by Baker and King [9], data were log10(x + 1)-transformed to reduce the influence of species with highly variable abundance.




2.4. Ecological and Morphological Traits


We selected nine traits (five categorical, four quantitative) that reflect the ecological and morphological diversity among bats that may influence a species’ response to a gradient (Table S2). We focused on traits that describe foraging ecology (i.e., likely to determine responses to landscape disturbance), dependence on caves (i.e., confer sensitivity to cave development, mining, resource extraction), and vulnerability to hunting. Species were also categorized as Philippine endemics or regionally widespread based on current knowledge of their geographic distribution in Southeast Asia [32,33].



2.4.1. Foraging Ecology


Foraging success in insectivorous bats is largely governed by traits that determine their ability to detect, pursue, and capture insect prey, namely echolocation signal design and wing morphology. Trait values are strongly influenced by the challenge that proximity to vegetation or “clutter” poses for flight and echolocation [34,35], so most paleotropical bats fall into one of three ensembles based on foraging space relative to clutter [22]. Old World fruit bats (family Pteropodidae) do not use high-frequency echolocation and rely on vision and olfaction to find fruit and flower resources but are similarly influenced by vegetative clutter and the spatial scale of fruit distribution and availability. Generally, land-use change results in replacement of vegetatively complex foraging habitats of forest with simpler, more open habitats (e.g., crops, villages) and increases distances among resource patches. Dietary niche was categorized into two broad categories, insectivorous or phytophagous (including nectarivorous and frugivorous species) [33,36,37]. Foraging space was categorized as clutter (i.e., species that exploit prey on or close to vegetation in forest interiors with dense background obstacles), semi-clutter (i.e., species that forage at forest edges, in small tree-fall gaps, or over streams), and open (i.e., species that forage in uncluttered space, such as above the forest canopy) [22] based on published information.



Alcohol-fixed specimens collected during our study were used to quantify morphological traits that influence flight. Aspect ratio and wing loading were calculated following equations provided in Norberg and Rayner [34], respectively: A = B2/S, where A is aspect ratio, B is wing span (m) and S is wing area (m2); and C = Mg/S, where C is wing loading, Mg is weight (body mass times gravitational acceleration, g) and S is wing area (m2).



Three-second recordings of echolocation calls were taken from captured bats while in the hand (i.e., Hipposideros, Rhinolophus) and during release using a time expansion detector (Pettersson D240X), with outputs recorded to a digital audio recorder, and analyzed using BatSound4. We identified the frequency at which most energy was expended during the call sequence based on the power spectrum; we considered this the peak frequency (kHz). We compared and supplemented our data using published echolocation records from Bohol Island (see [38]).




2.4.2. Cave Dependence and Hunting


Large-bodied bat species that roost colonially in dense aggregations may be a target for increased hunting pressure, particularly for species that roost in caves [24,39]. Species were assigned as obligatory cave-roosting species if they have only been documented roosting in caves or facultative cave-roosting if they have been reported to use roosts other than caves (e.g., human-made structures, tree hollows) [33,37]. We categorized colony size as small (<100 individuals), medium (100–1000 individuals), and large (>1000 individuals). Categorical traits were refined based on personal observation during this study, if necessary. For example, colony size for Taphozous melanopogon has been reported to range from 10 to 15,000 individuals across Southeast Asia, but we selected a medium colony size because we never observed more than 500 individuals congregated together during our cave surveys. Mean body mass for each species was averaged across all adult, non-reproductive individuals captured in our study.





2.5. Data Analysis


To identify species threshold responses to each of our identified environmental and human disturbance gradients, we used the Threshold Indicator Taxa ANalysis—TITAN, a program that combines change-point analysis and indicator species analysis [9]. TITAN identifies abrupt, non-linear changes (i.e., change-points) in occurrence frequency and relative abundance along each gradient for each species and assesses congruence among species change-points as an indication of assemblage thresholds [9]. We performed TITAN analysis using published R scripts with default settings [9].



2.5.1. Species-Specific Responses to Gradients


To identify species-specific change-points (thresholds) and responses (negative or positive) across a continuous gradient, TITAN uses indicator value (IndVal) scores derived from indicator species analysis [40]. IndVal scores represent the strength-of-association between a species and a defined response group, with species groupings traditionally set a priori across categories of environmental conditions (e.g., levels of forest fragmentation) [40]. However, group classification in TITAN is initially unknown and is determined instead based on abrupt changes in the relative frequency of occurrence and abundance of a species across a continuous environmental gradient [9]. Specifically, occurrence of a species was ordered along each gradient with candidate change-points selected at midpoints between occurrences. Two IndVal scores are produced at each candidate change-point (i.e., one for each side of the candidate change-point) that signifies the strength-of-association based on changes in species abundance and occurrence. A larger IndVal score on the left side of the candidate change-point indicates a negative response, while larger scores on the right side indicate a positive response [9]. Greater differences in species association with a specific side of a candidate change-point (i.e., left or right) results in a larger IndVal score, with the largest score at a change-point and the direction of the response (i.e., negative or positive) retained for comparison with all other candidate change-points along the gradient. The change-point with the maximum IndVal score among all candidate change-points is considered the ecological threshold for that species, with the direction of response at the identified threshold used to assign species into negative or positive response groups. We considered a species to be significantly associated with a response group when IndVal scores had associated p-value < 0.05. Bootstrapping procedures were used to estimate uncertainty around the threshold location and consistency in the directionality in species response (i.e., negative or positive).




2.5.2. Identification of Indicator Species


We assessed species responses as credible indicators of a gradient using diagnostic indices, specifically purity and reliability, based on 500 bootstrap replicates [9]. Purity is the proportion of bootstrap replicates that assign a species to the same response group as initially observed, and reliability is the proportion of bootstrap change-points with IndVal scores with p < 0.05 [9]. We considered species with purity > 0.90 and reliability > 0.75 to be credible indicator species for a particular gradient.




2.5.3. Assemblage-Level Responses to Gradients


Congruence in change-point location among species in a response group (i.e., negative or positive) was used as evidence of assemblage-level thresholds, with an assemblage threshold for each response group. IndVal scores were used to identify assemblage thresholds, with scores standardized to z-scores to facilitate cross-species comparison [9]. Species were grouped according to the direction of their response: z− group had a negative response and z+ group a positive response. IndVal scores for the z− and z+ scores at each point along the gradient were summed. The negative and positive assemblage thresholds correspond to the value along the gradient where the sum(z−) or sum(z+) scores showed a distinct peak, respectively. Strong responses by multiple species to the same gradient value result in a distinctly sharp peak with large sum(z) scores, whereas weak responses result in lower sum(z) values without a distinct peak [9]. Uncertainty around the estimated assemblage thresholds was assessed by bootstrapping the original data and recalculating the change-points, and is expressed as confidence limits (i.e., quantiles of the change-point distribution).




2.5.4. Comparison of Ecological Traits


Species with similar responses to a gradient were grouped as: (i) species with negative responses based on decreased abundance (z− group); and (ii) species with positive responses based on increased abundance (z+ group). We tested for potential associations between species responses to gradients and ecological traits (i.e., do response groups identified by TITAN differ in their traits?). Differences between response groups for each trait were tested independently by using a series of Chi-square (χ2) and Kruskal–Wallis (H) tests. Because of a lack of peak frequency data for three non-echolocating species in the family Pteropodidae (Table S2), we were unable to use multivariate methods to assess trait differences between groups. Specifically, Chi-square tests were performed to assess differences in categorical traits (i.e., endemism, dietary niche, foraging space, roost dependence, and colony size), while differences in quantitative traits (i.e., aspect ratio, wing loading, body mass, and peak call frequency) were assessed using Kruskal–Wallis tests. If significant differences were detected by the Kruskal–Wallis tests (p < 0.05), post hoc Dunn pairwise comparison tests were implemented using the package dunn.test [41]. All analyses were performed using R 3.1.2 [42], with unadjusted p-values reported.






3. Results


We captured 6823 bats, excluding recaptured individuals, of 21 species in seven of the eight families documented in the Philippines. However, two species, Chaerephon plicatus and Cynopterus brachyotis, were captured in fewer than three caves, making their occurrence too infrequent to estimate interpretable results [9], and were excluded from further analyses.



3.1. Assemblage-Level Responses to Gradients


For each gradient, TITAN identified two assemblage-level thresholds that represent the change-point with the strongest congruent response among species (i.e., largest sum(z) score) in a response group (Table 2; Figure 2). However, well-defined peaks in the plotted distribution of sum(z+) and sum(z−) scores were not apparent along any gradient, with the exception of landscape disturbance (Figure 2). Principal component (gradient) values for landscape disturbance ranged from −4.53 to 4.94, indicating that the identified thresholds for the negative response group (sum(z−) = −1.53) and the positive response group (sum(z+) = 2.66) are quite distinct from one another along the gradient. Furthermore, confidence limits of the bootstrap distributions of each response group do not overlap along the gradient of landscape disturbance. Conversely, no clearly defined assemblage-level thresholds were observed for either response groups along any other gradients (Figure 2). Uncertainty in threshold estimates are reflected in the large, overlapping confidence limits associated with each gradient (Table 2; Figure 2). As such, these thresholds should be interpreted with caution.




3.2. Species-Specific Responses to Gradients


In general, all cave-roosting bat species exhibited threshold responses to at least one gradient (Figure 3, Table S3). Sixteen species exhibited significant responses to more than one gradient based on species indicator analysis (IndVal scores with p-value < 0.05), with only Emballonura alecto, Myotis horsfieldii, and Rhinolophus rufus exhibiting threshold responses to only one gradient. Conversely, T. melanopogon exhibited significant responses with defined threshold values along five (out of six) gradients. However, T. melanopogon did not consistently identify with a response group (either z+ or z−) across gradients, but instead displayed mixed responses of sensitivity (z− group) to some environmental and human disturbance gradients (i.e., landscape disturbance and cave complexity) but tolerance (z+ group) to others (i.e., mining, cave development, and bat hunting).



Along the gradient of landscape disturbance, TITAN identified eight out of 19 species with significant IndVal scores (p > 0.05) (Figure 3, Table S3). Four species composed the negative response group (z−, ‘losers’), those species that decrease in relative frequency of occurrence and abundance, with threshold values for these species ranging from −3.52 to 1.06. Another four species responded positively to increased landscape disturbances (z+, ‘winners’) and increased in occurrence and abundance, with threshold values ranging from 2.63 to 2.68. Cave complexity represents a gradient in cave dimensions and microclimate; therefore, caves with high values along this gradient would provide more roosting opportunities due to greater surface area, structural variability, temperature range, and entrances. As such, ten out of 19 species responded positively to increasing cave complexity, with threshold values ranging between −2.01 and 2.30. Only three species were significantly associated with low cave complexity, with threshold values between −0.18 and −1.38. Along the mining gradient, six species responded positively to increased mining activity (z+ thresholds −0.07 to 1.63), while another five species responded negatively (z− thresholds −1.85 to 0.47) (Figure 3). Few species exhibited significant responses to gradients of cave development and resource extraction. Four out of 19 species declined in occurrence and abundance in caves with high hunting activity, while another four species increased. Not surprising, Eonycteris spelaea and Rousettus amplexicaudatus, two species commonly targeted during hunting, were abundant in heavily hunted caves. It is apparent that hunting activities are highest when these two species are present; however, two non-target species had a positive response to hunting (Figure 3). Another four species were negative indicators (z−) of hunting, decreasing in occurrence and abundance at thresholds ranging from −0.79 to 0.46.




3.3. Identification of Indicator Species


We considered species that exhibited significant responses to a gradient (IndVal scores with p-value < 0.05) and with values for purity > 0.90 and reliability > 0.75 to be credible indicator species. At least one indicator species was identified for each of our gradients (Table S3), with the most indicator species along the gradient of cave complexity (n = 10). Of the 19 species included in our study, 16 species (84.2%) were identified as indicator species for at least one gradient. Five species (Miniopterus australis, Rhinolophus arcuatus, Rhinolophus philippinensis, R. amplexicaudatus and T. melanopogon) were indicators for two gradients (Figure 4, Table S3). Specifically, M. australis and R. arcuatus exhibited mixed responses (Figure 4a–b) while the other three species responded positively to each gradient (Figure 4c–e).




3.4. Comparison of Ecological Traits


Species response groups (z+ and z−) differed in at least one ecological trait for each gradient (Table 3). Species that responded positively to landscape disturbance (Table S3) were significantly heavier than those that responded negatively (Kruskal–Wallis test, H = 4.86, p = 0.03; Dunn post hoc pairwise comparison test, Z = −2.20, p = 0.01). Roost dependence differed between response groups to cave complexity (Chi-square test, χ2 = 5.43, p = 0.02). Except for one species (Hipposideros obscurus), all obligate cave-roosting species responded positively to increased cave complexity, whereas facultative cave-roosting species exhibited mixed responses. Along the mining gradient, the positive response group differed in peak call frequency from the negative response group (H = 8.07, p < 0.01). Specifically, species sensitive to mining activities emit a significantly higher peak frequency (Z = 2.84, p = 0.002). Species that responded positively to cave development (H = 3.84, p = 0.05) had greater wing loading than species that responded negatively (Z = −1.96, p = 0.03). Along the gradient of resource extraction, response groups differed in foraging space (χ2 = 6.38, p = 0.04), with only clutter-tolerant species responding positively. Wing loading (H = 4.81, p = 0.03) and body mass (H = 4.81, p = 0.03) significantly differed between response groups along the hunting gradient. Species that responded positively to increased bat hunting had greater wing loading (Z = −2.19, p = 0.01) and were heavier (Z = −2.19, p = 0.01) than those that were sensitive to hunting disturbance.





4. Discussion


Our study provides evidence of ecological thresholds for individual species and assemblages of cave-roosting bats along multiple environmental and human disturbance gradients. As predicted, a lack of congruent responses among species prevented detection of assemblage-level thresholds for all gradients, with the exception of landscape disturbance. Most species exhibited significant responses to one or more gradients, yet there was no evidence that cave-roosting bat species respond to gradients at the same change-point or in the same direction (i.e., positive, negative), with responses varying considerably. Despite these mixed responses, we were able to identify species that demonstrated strong, consistent responses to specific conditions along each gradient; these species were considered credible indicator species. Differences in ecological and morphological traits between ‘winner’ and ‘loser’ species were apparent for all gradients, but some trait differences were difficult to interpret.



Our study demonstrates that cave-roosting bat assemblages exhibit a clear threshold to landscape disturbance, but only species-specific responses to all other gradients. This finding has management implications, as it points to human disturbances in the landscape surrounding the cave as being more influential on assemblage composition than cave disturbance. Such findings have been documented for other cave-dwelling wildlife (i.e., cave invertebrates [43,44]), and are supported by our prior work [16]. Alarmingly, species sensitive to landscape disturbance showed a marked decrease in overall occurrence and abundance at relatively low thresholds to landscape disturbance. Thus, efforts to prioritize and manage cave systems should also consider the surrounding landscape and make efforts to restore or preserve the forested habitats near cave entrances. Although assemblage thresholds to landscape disturbance can guide effective management practices, they do not reveal the mechanisms that drive changes in cave-roosting bat assemblages. We suggest that the reduction in forest cover surrounding the cave, coupled with expanding urbanization, reduces local food availability and increases commuting costs to reach suitable foraging areas.



A lack of congruent responses among bat species resulted in detections of weak assemblage thresholds to all other gradients. Identification of thresholds for assemblages can be problematic in species-rich assemblages because they require commonality in ecological traits that influence the response to disturbance. Similarly, Lindenmayer et al. [45] failed to identify thresholds for bird and reptile assemblages to a gradient in landscape cover between native eucalyptus and exotic pines in Australia, and attributed this to trait diversity and divergent responses even among ecologically similar species. Likewise, along all gradients except landscape disturbance, no single threshold value could explain the response of our diverse bat assemblage. Rather, our results suggest that there is overlap in threshold values in which the risk of losing sensitive species is likely greater, but also that species differ in their susceptibility to environmental and human disturbance gradients. Moreover, because species are subject to multiple disturbance gradients, there may be interactions among responses that further prevent threshold detection. Interactions may arise if a species is tolerant of, or favored by, one disturbance or gradient but sensitive to another (Figure 4). For example, it is possible that selection for complex caves buffers species from disturbance by mining or hunting (Figure 4). Diverse, interacting responses to multiple gradients may also drive complexity of cave assemblage systems in multi-cave landscapes, as few caves are likely to offer identical conditions.



Along each gradient, there was a suite of species that responded positively (i.e., increasing in occurrence frequency and relative abundance, ‘winners’) and another suite of species responding negatively (i.e., decreasing in occurrence and abundance, ‘losers’). Distinguishing between species response patterns makes sense from a broad management viewpoint, as there is limited evidence that all species in an assemblage will respond to environmental and disturbance gradients in the same manner (i.e., positive or negative) or at the same threshold. In fact, studies aimed at aggregating species responses to identify community-level thresholds often report mixed species responses and wide-ranging threshold values [46,47,48]. In such instances, the identification of credible indicator species that exhibit strong associations with a specific gradient may be more informative. For example, Suarez-Rubio et al. [46] suggested managing exurban developments to maintain thresholds in forested areas required by the most sensitive bird species in their study in order to also protect other forest-interior species. Interestingly, over half of all bat species in our study were considered positive indicators of complex caves. Our results point to the fact that the protection of more complex caves, that is, caves with greater surface area, structural variability, number of entrances, and range in temperature, would support a greater proportion of the cave-roosting bat assemblage. Moreover, combinations of indicator species with shared responses can increase the certainty of cave assessments across gradients. For example, relatively high abundances of R. arcuatus and M. australis would indicate a complex cave with a low incidence of hunting, since both species respond positively to cave complexity and negatively to hunting (Figure 4). Collections of indicator species with a congruence in response direction and/or ecological threshold provide greater confidence that site conditions are assessed correctly [49], and may be a powerful tool for proactively monitoring or prioritizing sites.



As expected, our results align with previous findings that ecological and morphological traits influenced species’ responses to human disturbance [11,50,51,52,53,54]. Specifically, in our study, five of the nine selected traits differed significantly between response groups. Body mass was a distinguishing trait across two gradients, with ‘winners’ being significantly heavier than ‘losers’ along gradients of landscape disturbance and bat hunting. Our results are not surprising since large-bodied bat species typically have high wing loading values and hence flight is fast but not maneuverable [34]. Large-bodied species may thus be more tolerant of the simplification in vegetative structure and greater commuting distances that accompany landscape disturbance (e.g., greater urbanization and road development, loss of forested habitats). Similarly, Frank et al. [53] and Hanspach et al. [54] reported that larger bats with greater wing loading were more tolerant of structurally simplified habitats, such as agricultural fields and heavily grazed pastures. That said, it is interesting that wing loading and foraging space were not independent discriminating characteristics between ‘winners’ and ‘losers’ along the gradient of landscape disturbance in our study. Our finding that larger-bodied species occurred more frequently and in greater abundance in caves with greater hunting pressure seems counter-intuitive, but we suspect this instead reflects active selection by hunters for caves occupied by two of the heaviest species in our study, R. amplexicaudatus and E. spelaea. Hunter preference for both species has been documented in other regions of the Philippines, including Negros [55] and Mindanao islands [56]. Hunting of bats in the Philippines is widespread, with roughly a third of all bat species hunted despite legal protection under the Philippine Wildlife Act and Philippine Cave Management Act [24]. Not surprising, dependence on caves was positively associated with cave complexity, with obligate cave-roosting species occurring more often and at greater abundance in more complex caves than facultative species. Caves with greater roosting area and structural variability can accommodate a wider range of roosting preferences and offers segregation from other roosting bats and refuge from disturbance [16,27].



Other differences in ecological and morphological traits between ‘winners’ and ‘losers’ were difficult to interpret, hence did not provide a solution for identifying ecological thresholds. For example, species sensitive to mining emitted a significantly higher peak frequency, while those tolerant of resource extraction tended to be clutter-tolerant species. Interestingly, species that emit high frequency calls typically forage in cluttered habitats (i.e., clutter-tolerant) [34], thus, taken together, bat species characterized by these two traits appear to be tolerant of resource extraction in caves but not mining. The traits selected for our study are not exhaustive, and future studies should include additional traits that may be more informative (e.g., home range size, dispersal ability). Likewise, future studies should consider the role of human disturbance in altering interactions among species (e.g., competition, predation), particularly when differences in the sensitivity to human disturbances differ among species. For example, reproductive timing in cave-roosting bat species in Malaysia is strongly linked with increased insect biomass driven by seasonal monsoons, unlike foliage-roosting bat species [57]. Consequently, the reproductive success of cave-roosting bat species would be more severely compromised by increased spatio-temporal variability in rainfall patterns predicted by climate change projections. Unpredictable shifts in insect abundance would likely contribute to rapid population declines in cave-roosting species, providing a competitive advantage for insectivorous bat species that roost in foliage.



Methods that identify ecological thresholds, such as TITAN, are a valuable tool to prioritize sites in greatest need of management [58], and provide practitioners with non-arbitrary targets that have been demonstrated to improve conservation outcomes [59]. However, the application of ecological thresholds to improve bat conservation has lagged behind other taxa, particularly invertebrates and birds, and has focused primarily on bat responses to forest fragmentation in the Neotropics [47,60]. Our study is the first to highlight the importance of considering both assemblage and species-specific thresholds in bats subject to diverse environmental and disturbance gradients. As keystone species in cave ecosystems [61,62], cave-roosting bats are ideal taxa to rapidly gauge the integrity of caves and the surrounding landscape. Cave-roosting bats are legally protected under the Philippine Wildlife Act and Philippine Cave Management Act, yet there has been little enforcement due to a lack of countrywide cave inventories [25] or targeted methods to identify priority caves. Our results can directly inform policies to prioritize caves in the Philippines. Specifically, assemblage-level thresholds to landscape disturbance identified in our study should be used to establish regulatory limits on land-use change around caves occupied by bats. Moreover, a majority of species in our study responded positively to cave complexity, indicating that more complex caves with minimum landscape disturbance should be prioritized to conserve maximum bat diversity. Thresholds in individual species responses to other gradients provide additional insights likely to be most useful for management of species of conservation concern, particularly near-threatened, Philippine-endemic species (i.e., R. rufus and Myotis macrotarsus). Lastly, response plots (Figure 4) can be used to prioritize both caves for protection and threats for intervention, and to provide quantitative targets for mitigation and intervention efforts.
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Figure 1. Caves (n = 56) surveyed on Bohol Island, the Philippines (see insert). Map created using the World Topographic basemap in ArcGIS® software by Esri. See Table S1 for additional information about each cave. 
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Figure 2. Ecological thresholds identified for cave-roosting bat assemblages along environmental and human disturbance gradients. Connected circles represent the summed z-scores for all species in the negative (blue) and positive (red) response groups at each candidate change-point along gradients: (a) landscape disturbance, (b) cave complexity, (c) mining, (d) cave development, (e) resource extraction, and (f) bat hunting. The largest sum(z) score for each response group result from congruent responses among species at a similar change-point, which defines the assemblage-level threshold along the gradient (vertical dashed lines with 95% confidence intervals in shading). 
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Figure 3. Species-specific change-points along environmental and human disturbance gradients. Species that exhibited a significant response (p < 0.05) to a respective gradient are shown: (a) landscape disturbance, (b) cave complexity, (c) mining, (d) cave development, (e) resource extraction, and (f) bat hunting, with each species’ corresponding threshold represented by circles. Blue circles represent ‘losing’ species (z−) with corresponding species labels on the left axes (see Table S2 for details) and red circles correspond to ‘winning’ species (z+) with corresponding species labels on the right axes. Circles are sized in proportion to the magnitude of each species’ response (based on z-scores), with overlapping horizontal lines representing the 95% confidence limits after 500 replicates. Species are ordered by increasing taxon-specific change-points along gradients, and alternate in order between ‘winners’ and ‘losers’. 
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Figure 4. Threshold responses of indicator species to environmental and human disturbance gradients. Two-dimensional response plots depict ecological thresholds of indicator species along environmental and human disturbance gradients and predict distribution of conditions influencing species occurrence and abundance in caves. Specific thresholds (±95 confidence intervals) along each gradient are identified by cross-hair symbol, with color-coded zones representing above (green), within (yellow), and below (red) the 95% CI for both gradients. Congruence in response direction in these zones are identified by these color-codes, while incongruent responses are represented by overlapping shades of these color-codes. Miniopterus australis (a) and Rhinolophus arcuatus (b) exhibit a negative response to bat hunting but positive response to cave complexity. Rhinolophus philippinensis (c) and Rousettus amplexicaudatus (d) prefer complex caves with mining and landscape disturbance, respectively. Taphozous melanopogon (e) responded positively to bat hunting and cave development. 
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Table 1. Description of the 18 environmental and human disturbance factors measured at 56 caves on Bohol Island, the Philippines, with principal component loadings of each factor for the six gradients included in our study.
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Factors

	
Method

	
Description

	
Landscape Disturbance

	
Cave Complexity

	
Mining

	
Cave Development

	
Resource Extraction

	
Hunting






	
Available roosting area

	
Cave surveys

	
Upper half of total surface area (m2) of a cave available to roosting bats, calculated following published methods and equations [27].

	
0.10 [0.01–0.22]

	
0.50 [0.16–0.51]

	
−0.04 [−0.46–−0.02]

	
0.11 [0.01–0.38]

	
−0.26 [−0.38–−0.02]

	
−0.12 [−0.35–−0.02]




	
Structural variability

	
Total cave length divided by the greatest length between two survey stations [28]. Single tunnel caves have a structural variability of 1.0, with an increasing value indicating greater complexity in chamber and passageways.

	
0.21 [0.08–0.28]

	
0.39 [0.08–0.45]

	
−0.19 [−0.41–−0.02]

	
−0.09 [−0.40–−0.01]

	
−0.23 [−0.37–−0.01]

	
0.06 [0.01–0.35]




	
Number of entrances

	
Total number of cave entrances, including vertical entrances.

	
0.13 [0.11–0.21]

	
0.37 [0.09–0.45]

	
−0.16 [−0.42–−0.01]

	
0.08 [0.01–0.36]

	
−0.14 [−0.43–−0.02]

	
0.07 [0.02–0.58]




	
Temperature range

	
Difference between maximum and minimum temperature values (°C) recorded at survey stations using a hand-held weather station.

	
0.11 [0.01–0.22]

	
0.35 [0.04–0.48]

	
−0.35 [−0.52–−0.03]

	
0.17 [0.02–0.49]

	
0.27 [0.02–0.45]

	
−0.07 [−0.45–−0.01]




	
Humidity range

	
Difference between maximum and minimum humidity values (%) recorded as above.

	
0.10 [0.02–0.19]

	
0.05 [0.02–0.41]

	
−0.47 [−0.54–−0.06]

	
−0.13 [−0.53–−0.02]

	
0.50 [0.03–0.57]

	
−0.18 [−0.54–−0.02]




	
Non-forested habitat

	
Google Earth images & visual observations in 1-km radius

	
Percentage of non-forested habitat calculated using ImageJ analysis software (https://imagej.nih.gov).

	
0.35 [0.32–0.38]

	
−0.16 [−0.25–−0.02]

	
−0.09 [−0.23–−0.01]

	
−0.05 [−0.20–−0.01]

	
−0.01 [−0.25–−0.01]

	
0.02 [0.01–0.28]




	
Urbanization

	
Number of human residents.

	
0.35 [0.30–0.38]

	
−0.17 [−0.27–−0.02]

	
−0.15 [−0.27–−0.02]

	
−0.06 [−0.24–−0.01]

	
0.17 [0.01–0.28]

	
0.10 [0.01–0.29]




	
Distance to village

	
Euclidean distance (km) to the center of the nearest village/neighborhood and point of access (e.g., foot trail, road) to the cave.

	
0.33 [0.27–0.37]

	
−0.25 [−0.34–−0.06]

	
−0.14 [−0.30–−0.01]

	
−0.09 [−0.23–−0.02]

	
−0.04 [−0.22–−0.02]

	
−0.06 [−0.26–−0.02]




	
Distance to access

	
0.21 [0.12–0.29]

	
0.13 [0.02–0.40]

	
0.41 [0.03–0.46]

	
−0.06 [−0.44–−0.02]

	
0.10 [0.01–0.44]

	
−0.42 [−0.46–−0.12]




	
Protected area

	
Scored binarily: 1 (cave lies within boundaries of protected area), or 0 (not within boundaries).

	
0.28 [0.21–0.32]

	
−0.01 [−0.27–0.02]

	
0.02 [0.01–0.41]

	
0.48 [0.04–0.49]

	
0.06 [0.01–0.43]

	
0.15 [0.02–0.39]




	
Road development

	
Most developed roadway (e.g., highway, dirt lane) observed in 1-km radius of cave entrance.

	
−0.07 [−0.19–−0.01]

	
0.28 [0.03–0.43]

	
0.25 [0.03–0.50]

	
−0.47 [−0.62–−0.03]

	
0.36 [0.02–0.56]

	
−0.26 [−0.50–−0.02]




	
Mining

	
Visual observations & resident interviews

	
Percentage of the cave area affected by a specific disturbance type: mining for limestone and/or phosphate, modification of the cave structure to accommodate humans (e.g., tourists, miners), dumping of household waste (e.g., trash, sewage) and vandalism/graffiti.

	
0.17 [0.05–0.26]

	
0.19 [0.02–0.35]

	
0.25 [0.02–0.42]

	
−0.20 [−0.49–−0.02]

	
0.19 [0.02–0.57]

	
0.58 [−0.59–−0.03]




	
Cave modification

	
0.27 [0.20–0.31]

	
0.05 [0.01–0.31]

	
0.30 [0.02–0.43]

	
−0.09 [−0.41–−0.01]

	
0.10 [0.01–0.46]

	
0.37 [−0.46–−0.02]




	
Household waste

	
0.28 [0.20–0.32]

	
0.15 [0.02–0.32]

	
0.24 [0.02–0.35]

	
0.23 [0.01–0.37]

	
0.00 [0.01–0.31]

	
−0.07 [−0.34–−0.01]




	
Vandalism/graffiti

	
0.07 [0.01–0.19]

	
−0.05 [−0.35–−0.01]

	
0.29 [0.03–0.49]

	
0.48 [0.04–0.61]

	
0.34 [0.02–0.64]

	
−0.26 [−0.59–−0.08]




	
Resource extraction

	
Proportion of interviewee responses that reported they or other residents visited the cave to extract resources (e.g., guano, swiftlet nests, water) or hunt bats.

	
−0.29 [−0.33–−0.23]

	
0.11 [0.01–0.23]

	
0.02 [0.01–0.28]

	
0.28 [0.02–0.35]

	
−0.10 [−0.35–−0.01]

	
0.02 [0.01–0.39]




	
Bat hunting

	
−0.32 [−0.36–−0.25]

	
0.23 [0.03–0.32]

	
0.08 [0.01–0.27]

	
−0.02 [−0.26–−0.01]

	
0.15 [0.01–0.30]

	
0.16 [0.01–0.34]




	
Visitation frequency

	
Greatest visitation frequency (i.e., daily, weekly, monthly or yearly/never) indicated by two or more interviewees.

	
−0.26 [−0.31–−0.17]

	
0.03 [0.01–0.25]

	
−0.10 [−0.35–−0.01]

	
0.22 [0.02–0.46]

	
0.41 [0.02–0.50]

	
0.31 [0.02–0.49]








Principal component loadings [95% confidence intervals] of environmental and human disturbance factors for each gradient based on 999 iterations of resampling with replacement. Loadings greater than 0.30 (in bold) explain a moderate percentage of the variation among caves [29].













[image: Table] 





Table 2. Ecological thresholds for cave-roosting bat assemblages along environmental and human disturbance gradients.






Table 2. Ecological thresholds for cave-roosting bat assemblages along environmental and human disturbance gradients.





	
Gradient

	
Response Group

	
Assemblage Threshold

	
Confidence Limits




	
0.05

	
0.10

	
0.50

	
0.90

	
0.95






	
Landscape disturbance

	
sum(z−)

	
−1.53

	
−3.52

	
−3.30

	
−2.13

	
−1.02

	
−0.10




	
sum(z+)

	
2.66

	
0.10

	
0.63

	
2.66

	
2.68

	
2.68




	
Cave complexity

	
sum(z−)

	
−0.18

	
−2.01

	
−1.61

	
−0.81

	
−0.18

	
0.16




	
sum(z+)

	
0.59

	
0.02

	
0.27

	
0.69

	
2.14

	
2.22




	
Mining

	
sum(z−)

	
0.38

	
−1.85

	
−1.85

	
0.08

	
0.47

	
0.68




	
sum(z+)

	
0.01

	
−0.24

	
−0.09

	
0.18

	
1.47

	
1.63




	
Cave development

	
sum(z−)

	
−0.50

	
−1.28

	
−1.23

	
−0.65

	
1.01

	
1.27




	
sum(z+)

	
1.50

	
−0.02

	
0.18

	
0.86

	
1.72

	
1.89




	
Resource extraction

	
sum(z−)

	
−0.43

	
−1.37

	
−1.34

	
−0.99

	
0.52

	
0.70




	
sum(z+)

	
1.25

	
−0.20

	
0.04

	
1.12

	
1.39

	
1.39




	
Bat hunting

	
sum(z−)

	
0.21

	
−1.08

	
−1.08

	
−0.25

	
0.33

	
0.38




	
sum(z+)

	
0.60

	
0.07

	
0.18

	
0.52

	
1.40

	
1.40








Assemblage-level thresholds are determined by the summation of z-scores for all species in the negative (sum(z−)) and positive (sum(z+)) response groups, with the largest aggregate z-scores for each group used to identify threshold values along each gradient. Confidence limits correspond to the cumulative frequency distribution of assemblage thresholds resulting from 500 replicates.
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Table 3. Comparison of ecological traits between ‘winner’ and ‘loser’ bat species across environmental and human disturbance gradients.
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Gradients




	
Landscape Disturbance

	
Cave Complexity

	
Mining

	
Cave Development

	
Resource Extraction

	
Bat Hunting






	
Categorical traits

	
χ2

	
p-value

	
χ2

	
p-value

	
χ2

	
p-value

	
χ2

	
p-value

	
χ2

	
p-value

	
χ2

	
p-value




	
Endemism

	
0.01

	
0.91

	
1.47

	
0.22

	
0.01

	
0.91

	
1.02

	
0.31

	
0.80

	
0.37

	
0.10

	
0.75




	
Dietary niche

	
3.21

	
0.07

	
0.09

	
0.76

	
0.28

	
0.60

	
0.28

	
0.60

	
1.64

	
0.20

	
2.03

	
0.15




	
Roost dependence

	
0.42

	
0.51

	
5.43

	
0.02

	
0.09

	
0.76

	
0.42

	
0.51

	
0.65

	
0.42

	
0.05

	
0.83




	
Foraging space

	
4.85

	
0.09

	
0.18

	
0.91

	
0.57

	
0.75

	
0.57

	
0.75

	
6.38

	
0.04

	
2.11

	
0.35




	
Colony size

	
2.15

	
0.37

	
1.12

	
0.57

	
0.48

	
0.79

	
0.15

	
0.93

	
5.11

	
0.08

	
5.73

	
0.06




	
Continuous traits

	
H

	
p-value

	
H

	
p-value

	
H

	
p-value

	
H

	
p-value

	
H

	
p-value

	
H

	
p-value




	
Aspect ratio

	
0.81

	
0.36

	
0.31

	
0.58

	
0.03

	
0.87

	
0.06

	
0.81

	
1.97

	
0.16

	
0.00

	
1.00




	
Wing loading

	
2.16

	
0.14

	
1.93

	
0.16

	
2.41

	
0.12

	
3.84

	
0.05

	
3.08

	
0.08

	
4.81

	
0.03




	
Peak frequency

	
0.22

	
0.64

	
0.15

	
0.70

	
8.07

	
<0.01

	
0.02

	
0.90

	
0.36

	
0.55

	
0.30

	
0.59




	
Body mass

	
4.86

	
0.03

	
0.55

	
0.46

	
3.53

	
0.06

	
1.50

	
0.22

	
2.49

	
0.11

	
4.81

	
0.03








Chi-square tests (χ2) were used to compare categorical traits between species response groups (z− and z+) distinguished by Threshold Indicator Taxa ANalysis, with Kruskal–Wallis tests (H) used to compare continuous traits between groups. Significant results are in bold.
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