

  biology-10-00693




biology-10-00693







Biology 2021, 10(8), 693; doi:10.3390/biology10080693




Perspective



Do We Need to Use Bats as Bioindicators?



Danilo Russo *[image: Orcid], Valeria B. Salinas-Ramos[image: Orcid], Luca Cistrone, Sonia Smeraldo, Luciano Bosso *[image: Orcid] and Leonardo Ancillotto





Wildlife Research Unit, Dipartimento di Agraria, Università degli Studi di Napoli Federico II, Via Università, 100, 80055 Portici, Italy









*



Correspondence: danrusso@unina.it (D.R.); luciano.bosso@unina.it (L.B.)







Academic Editor: Douglas S. Glazier



Received: 18 June 2021 / Accepted: 19 July 2021 / Published: 21 July 2021



Abstract

:

Simple Summary


Bioindicators are organisms that react to the quality or characteristics of the environment and their changes. They are vitally important to track environmental alterations and take action to mitigate them. As choosing the right bioindicators has important policy implications, it is crucial to select them to tackle clear goals rather than selling specific organisms as bioindicators for other reasons, such as for improving their public profile and encourage species conservation. Bats are a species-rich mammal group that provide key services such as pest suppression, pollination of plants of economic importance or seed dispersal. Bats show clear reactions to environmental alterations and as such have been proposed as potentially useful bioindicators. Based on the relatively limited number of studies available, bats are likely excellent indicators in habitats such as rivers, forests, and urban sites. However, more testing across broad geographic areas is needed, and establishing research networks is fundamental to reach this goal. Some limitations to using bats as bioindicators exist, such as difficulties in separating cryptic species and identifying bats in flight from their calls. It is often also problematic to establish the environmental factors that influence the distribution and behaviour of bats.




Abstract


Bats show responses to anthropogenic stressors linked to changes in other ecosystem components such as insects, and as K-selected mammals, exhibit fast population declines. This speciose, widespread mammal group shows an impressive trophic diversity and provides key ecosystem services. For these and other reasons, bats might act as suitable bioindicators in many environmental contexts. However, few studies have explicitly tested this potential, and in some cases, stating that bats are useful bioindicators more closely resembles a slogan to support conservation than a well-grounded piece of scientific evidence. Here, we review the available information and highlight the limitations that arise in using bats as bioindicators. Based on the limited number of studies available, the use of bats as bioindicators is highly promising and warrants further investigation in specific contexts such as river quality, urbanisation, farming practices, forestry, bioaccumulation, and climate change. Whether bats may also serve as surrogate taxa remains a controversial yet highly interesting matter. Some limitations to using bats as bioindicators include taxonomical issues, sampling problems, difficulties in associating responses with specific stressors, and geographically biased or delayed responses. Overall, we urge the scientific community to test bat responses to specific stressors in selected ecosystem types and develop research networks to explore the geographic consistency of such responses. The high cost of sampling equipment (ultrasound detectors) is being greatly reduced by technological advances, and the legal obligation to monitor bat populations already existing in many countries such as those in the EU offers an important opportunity to accomplish two objectives (conservation and bioindication) with one action.
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1. Introduction


The scientific literature is crowded with definitions for “bioindicator”. According to the Oxford Dictionary of Zoology, an indicator species is “a species of narrow amplitude with respect to one or more environmental factors and that is, when present, indicative of a particular environmental condition or set of conditions” [1]. An even more general definition, which we adopt for the goals of this paper, might include processes beyond organisms and see bioindicators as “any biological entity (taxon or process) that responds in some way to environmental characteristics or their alteration”.



Many bioindicator subcategories have been proposed according to the information conveyed by such responses. For instance, [2] distinguished between environmental, ecological, and biodiversity indicators. While ecological bioindicators are used to detect and monitor the effects of a stressor on the biota, environmental indicators allow detecting and monitoring changes in a given environmental state, and biodiversity indicators make it possible to identify and monitor species diversity in a certain region [2].



However, since many organisms respond to environmental characteristics and their changes, it is clear that the number of bioindicator candidates is potentially extremely high—thousands, at least—which complicates their selection. Choosing the “right” bioindicator is by no means trivial because its use will affect policy and management decisions, and undoubtedly, using too many bioindicators may generate contrasting results and be confusing (e.g., [3]). What bioindicator should be used is a sensitive matter that too often leads to partisan arguments, as well as to attempts to “sell” a given organism as a bioindicator because raising its public image in terms of “usefulness” would support its protection. Although this is understandable, it is also unethical because of the decision-making implications of choosing a given bioindicator.



To help prevent such problems, well-established criteria have been formulated, and several proposals exist or have been adopted by the scientific community. For instance, [4] identified a seven-step path that is still valid. Perhaps the most important aspect is that, as established in step 1, the user needs should be determined before developing a list of candidate indicators. It is, then, important to define screening criteria against which indicators should be scored, summarise the results of the scoring process, decide how many indicators are needed and, on such bases, make a final selection [4].



With 1440 species currently known to science, bats are the second most diverse order of mammals and provide a substantial contribution to global vertebrate diversity (Mammal Diversity Database, [5]). There is mounting evidence that bats provide crucial ecosystem services, including suppression of agricultural pest arthropods, pollination, and seed dispersal of an impressive number of plant species, among which several are of high economic value [6,7]. Being sensitive to human action, many bat populations are imperilled; hence, they are legally protected in many regions of the world [8].



Discussion about the use of bats as bioindicators is at least over two decades old. In a 2009 seminal paper, five international bat specialists presented well-grounded arguments on why bats are potentially valuable bioindicators [9]. At least for European bat specialists and conservationists, another two landmarks are represented by the International Symposium on the importance of bats as bioindicators, held in Granollers (Barcelona) in 2012 [10], and a special issue of the journal “Mammalian Biology” devoted to the topic [11]. From the policy viewpoint, EUROBATS (The Agreement on the Conservation of Populations of European Bats, currently binding 37 States Parties on bat conservation) adopted Resolution 6.13, titled “Bats as Indicators for Biodiversity” (https://www.eurobats.org/official_documents/meeting_of_parties/resolutions, consulted on 5 May 2021). In a nutshell, this resolution urges parties to develop national, regional, and pan-European bat biodiversity indicators, facilitate the incorporation of bat data within multi-taxa indicators, support the objective of gathering the data for these indicators and forge cooperation platforms to facilitate data exchange.



In this article, we present the state-of-art of using bats as bioindicators, showing that only a limited number of studies addressed the topic comprehensively and that bats appear to be promising bioindicators, at least in certain environmental contexts. We also highlight limitations and advantages and identify future research and applications, with a special focus on temperate regions.




2. Testing Bats as Bioindicators: Where Are We Now?


Despite the considerable attention received by the topic, relatively few attempts have been made to test real-world bioindication applications, and much of the debate on bat sensitivity to environmental changes relies on conservation biology studies showing how bats react adversely to anthropogenic stressors. Few examples of bat-based bioindication schemes are available. In the UK, a “bat index” is part of a suite of organisms used to estimate temporal trends of biodiversity across the country [12]. The index comprises ten bat species trends (two of which are combined), and its recent increase was taken as evidence for a recovery of some bat species after considerable 20th-century population declines [12]. Although this index, along with the others used in the assessment, is highly important to provide a picture of UK biodiversity and its trends (and supposedly indicate “sustainable development”), it does not make it possible to identify the environmental changes that produce the recorded index variation, nor may bats alone summarise the biota responses to human-induced stressors. Hence, in this case, too—one of the few real-world examples of bat bioindication—the use of bats as ecological, or environmental bioindicators appears to be quite limited.



Likewise, an ambitious project that has so far involved nine European countries aimed at developing an index that assesses bat conservation status in the European continent [13]. In that case, a prototype indicator was built from national trends of 16 bat species from nine countries for which hibernacula counts were systematically available. Data were summarised as regional trends and indices, which led to identifying species trends and indices for Europe eventually summarised as a European indicator. As in the UK case, this is a remarkable attempt to reach a good understanding of bat trends in the continent which may inform bat conservation and management. However, the very causes of such trends may be hypothesised but are extremely difficult to be objectively identified: they can be many and waive a tapestry of complex interactions with bat populations, ultimately resulting in the observed responses.



Despite the interest of policymakers and conservationists in employing bats as bioindicators, research lags, and relatively few cases of explicit testing of bat indication performances are available. For example, a simple Scopus search (on 31 January 2021) made using “bats” and “bioindicators” as keywords retrieved 103 documents. Of these, 42 documents addressed the topic in some way, while others were either not strictly relevant or regarded monitoring techniques. In some cases, claiming that bats are useful bioindicators appears more an attempt to emphasise their societal and ecological values and promote conservation than a sound scientific statement based on well-grounded evidence.



Below, we discuss environmental contexts, processes, and management practices for which bats may likely be used as effective bioindicators based on current knowledge.



2.1. River Quality


Many studies showed that rivers often provide rich bat species assemblages with key foraging opportunities and that both water quality and riparian vegetation affect food availability [14]. Biological assessment of river quality is among the main bioindication goals worldwide, and it is therefore somewhat surprising that even this highly promising bat bioindication opportunity has not been tested thoroughly. The few studies published showed contrasting results, yet at least some of them suggest that bats might be useful bioindicators of river quality. In a paper [15] set in England and Wales, the authors developed a predictive model of Daubenton’s bat (Myotis daubentonii) distribution and abundance at waterway sites based on available monitoring acoustic data. This species is strictly associated with riparian habitats, being perhaps one of the most habitat-specialised bat species in Europe. The model included terms such as biological water quality, waterway width, mean annual discharge, and the presence of trees [15]. The activity was predicted to be higher on larger waterways with abundant woodland nearby but a high amount of site-specific variation was found. The activity was also related to aquatic macroinvertebrate diversity (associated with good chemical water quality). Overall, M. daubentonii activity could be predicted from habitat and water quality data, but precision was somewhat too low to apply the model routinely for river quality evaluation. The authors of [16] worked on the same species, this time in the Iberian Peninsula, where they explored correlations between bat activity, as established from monitoring data that had been summarised in the “QuiroRius” index, and two common indices used to characterise river quality (macrobenthos, IBMWP; vegetation, QBR). The weak correlations found showed little agreement among indices, which questions the use of the QuiroRius index for bioindication. This was instead seen as a complementary index that cannot be used alone [16].



Another study [17], carried out in North Carolina, showed more promising results when several bat species were taken into account based on acoustic surveys. Using state-wide water quality information from official biological assessment surveys and urban land cover data, [17] found that bats responded to water quality and urbanisation independently, that responses were species-specific, and that those recorded at the local scale were evident at a landscape scale. The authors concluded that water quality may be used as a predictor for the presence of species of conservation concern, but the study also shows some potential for bat-based bioindication of water quality independent of other landscape stressors such as urbanisation.



Finally, [18] showed that assemblages of foraging bats along Italian rivers were associated with environmental status and quality (Figure 1).



River quality was established according to two officially adopted indices, one (STAR_ICMi) based on macrobenthic invertebrate assemblages and another, the fluvial functionality index (IFF), including a suite of biotic and abiotic features to capture river ecosystem health.



In that study too, bat activity was measured acoustically. Higher activity levels were recorded for some species as the values of quality indices increased, while the activity of other species declined; thus, [18] opportunistically pooled together species showing the same trends, which strengthened the indication performances. These results are encouraging; however, as for the others mentioned above, locally adapted bat populations might show different responses in other geographic regions, so the findings of this study warrant confirmation over a broader geographic range.




2.2. Farming Practices


Many bat species occur in farmland, and despite the well-known influence of farming practices on bat richness and activity suggesting that these mammals might act as suitable bioindicators in agroecosystems (see [19,20] for a review), few studies have explored this issue. Overall, bats show contrasting reactions to low-intensity vs. conventional farmland, probably because the former management category provides resources and conditions that are more generally favourable to a broad range of wildlife [19,20]. This shows, at least, that bats have the potential to be employed as both ecological and environmental indicators of farming practices. One of the big issues to cope with, however, is that bat responses may potentially be due to many factors, often involving different spatial and temporal scales, and are likely influenced by landscape effects. Difficulties in controlling factors acting “beyond plot” as well as “within-plot” variation (hedgerow network size, the spread of pesticides, water availability, cultivation types, etc.) may help explain the contrasting results obtained when comparing bat activity or species richness between organic vs. conventional cultivations. For instance, out of eight studies specifically designed to pursue this goal, four found more bat species or higher activity at organic sites [21,22,23,24], one detected a few bat species that were more abundant at organic sites, and three found no difference between organic and conventional farmland [25,26,27]. However, after rigorously controlling for the characteristics of landscapes surrounding their study sites, [24] found that organic soybean cultivations had higher bat and insect abundance than conventional ones. Noticeably, insect abundance and dry weight (i.e., food availability) only partly explained differences in bat activity, probably because other factors such as the use of pesticides at conventional sites may have had a substantial influence [24].




2.3. Forest Structure and Management


Bats are mostly forest mammals. Many species roost and/or forage in the forest, or use forest patches and corridors for commuting and migration stopovers. The presence and activity of bats in the forest are highly influenced by the forest age and structure, and, in turn, forest management. For example, the availability of suitable tree roosts (and cavities) is highly affected by forest management, which also influences forest heterogeneity, such as the presence of edges, clearings, and undergrowth—features providing foraging opportunities to different bat species, depending on their hunting strategies [28]. For example, coppice (in which trees are cut to ground level and regrow agamically) is a form of management that implies high tree density and small tree diameters, making the forest unsuitable for both roosting and foraging at its core. However, it also generates clearings and edges, which favours feeding by edge specialists such as, in Europe, pipistrelle bats [29]. Well-preserved high forest, hosting many veteran or dead trees rich in cavities and enough space for core foraging, is exploited by many tree-roosting species and ground or foliage gleaners [29]. Therefore, it is expected that bats will exhibit species-specific responses to forest management and that this will concern both roosting and foraging behaviour, setting the scene for the use of these mammals as indicators of forest management. Despite the overwhelming literature that is available on the ecology of forest bats and their conservation implications (e.g., [30]), explicit attempts to use bats as bioindicators in this context are surprisingly rare. In one of such cases, not only were bats found to respond clearly to different management options applied to a range of forest types and structures, but such effects were detected on total bat activity expressed as the sum of all bat passes recorded [31]. This offers a robust, taxonomy-independent approach to bioindication in forest ecosystems. There is also mounting evidence that bats exhibit responses to wildfires [32,33,34], so bats may offer considerable potential for bioindication of after-fire recovery patterns.




2.4. Urbanisation


Urban areas filter out many mammal species, including bats [35]. Notwithstanding this impact, bats still represent the most numerous urban-dwelling order of mammals, with ca. 80 species out of the over 1400 currently described [35]. At the landscape level, there is a clear negative relationship between the amount of urban space in the landscape and bat richness, and bat richness typically declines along gradients of increasing urbanisation. Although urban areas provide several bat species with considerable roosting opportunities in buildings, prey is often scarce—it is mostly concentrated in green or blue spaces (e.g., [36])—and artificial illumination repels most bat species, apart from a handful of species that exploit insects attracted at lights [37]. Moreover, anthropogenic noise [38] and predation by opportunistic animals such as domestic cats also have adverse effects on bats. As for farmland, singling out the specific drivers that elicit responses by bats can be tricky, but also in urban habitat, there is great potential for bat bioindication, and species richness or community composition are likely to prove effective, at least to highlight urbanisation gradients or urban sustainability.




2.5. Bioaccumulation


Bats typically accumulate chemicals such as pesticides and heavy metals from their food, which is a threat to bat survival but also offers an important opportunity for bioindication [39,40]. For example, flying foxes in Australia proved to be excellent bioindicators of environmental metal exposure: kidney and fur lead concentrations in recent specimens were lower than those recorded in samples taken in the early 1990s. Likewise, insectivorous bats in China were used to study mercury bioaccumulation [41]. In aquatic ecosystems, contaminants are transferred from freshwater sediments to bats through their insect prey, and a water habitat specialist such as M. daubentonii provides compelling evidence about bat bioindication potential in this context. Fur samples from this species were taken before and after remediation work (sediment dredging) was carried out at a German pond [42]. Measures made on the sediment after remediation showed only a weak decline in heavy metal content, while a pronounced decline was recorded from bat fur analysis, confirming that this bat species is an effective bioindicator of metal contamination in aquatic ecosystems [42]. The possibility of carrying out analysis on fur makes the approach non-invasive, thus being applicable to mammals at risk, such as bats.




2.6. Climate Change


Bats are widespread across the globe and their physiological requirements are greatly influenced by ambient temperature, which affects life cycle characteristics such as hibernation and reproduction [43]. Bats are therefore likely to react to climate change, yet responses have so far been recorded only in a few species (e.g., [44]). The bat’s large body surface makes dehydration a considerable risk that must be prevented by drinking nightly, so climate change-driven disappearance of drinking sites poses a further threat to bats. This dependence upon climate makes bats excellent candidate organisms to indicate biotic responses to climate change, as proposed by [45]. This idea is pursued by the CA18107 COST Action “ClimBats” (www.climbats.eu, accessed on 10 May 2021), a European-Union funded action that, among its several goals, aims at designing monitoring networks spread across Europe to monitor compositional changes in bat assemblages such as to reflect responses to climate change.




2.7. Surrogate Taxa


Surrogate taxa (or biodiversity indicators) are groups of organisms whose species richness may effectively indicate the species richness of other taxa [46] providing a cost-effective way of capturing overall diversity and informing conservation planning, such as in establishing priorities for the selection of areas to be protected. Several groups may also be pooled together to strengthen their bioindication power, in a so-called “shopping basket” approach [47]. It is a common (anecdotal) experience that greater numbers of bat species are found in well-preserved sites where the overall biodiversity of animal communities is also high, whereas degraded environments tend to host a much lower number of bat species [48]. On such bases, using bats as a surrogate taxon would be tantalising; however, while few studies have tested their performances in this respect, such studies also provided contrasting results.



Perhaps the most promising results regard a study carried out in Denmark which used a comprehensive (434) species dataset available from atlases of bats, butterflies, birds, amphibians, reptiles, large moths, and click beetles [49]. In that study, bats and large moths proved as the most robust taxa in selecting grid cells that included the greatest richness of other taxa. In French forests, however, although bats were the most congruent taxon for alpha-diversity with bryophytes and ground beetles, they were classified as a low-cost yet inefficient surrogate group [50]. Likewise, [51] examined four tropical forest types in the Philippines and restricted their analysis to bats, birds, and trees, showing results that discourage the use of bats as a surrogate taxon in those contexts at moderate (100 × 35 km) spatial scales. Similarly, in Amazonian tropical forests, bats did not show good performances as biodiversity indicators, possibly—as the authors put it—because of bats’ specific responses to land-use change and high mobility. In Germany, bats also showed limited potential to predict hotspots of phylogenetic (rather than taxonomic) diversity across species groups including dragonflies, grasshoppers, butterflies, and birds [52]. The study advised against using one taxon as a surrogate for others and highlighted that phylogenetic diversity correlated negatively with the amount of broadleaf forest, probably because specialised forest bats are closely related (such as those in the genus Myotis).



All the above-mentioned studies considered different geographic regions, ecosystem types, spatial scales, taxonomic assemblages, data sources or sampling methods, and sometimes even tackled varying goals, which may explain why they led to contrasting findings and, overall, provided a confused general picture.





3. Potential Limitations to the Use of Bats as Bioindicators


The use of bats as bioindicators has pros and cons (Figure 2). The authors of [5] identified eight points on which bases bats would represent excellent bioindicators.



These comprise: (a) relative taxonomic stability; (b) wide geographic ranges; (c) rich trophic diversity; (d) provision of key ecosystem services, (e) graded responses to environmental alteration correlated with those of other biodiversity components, such as insects; (f) rapid population declines due to slow population growth; (g) possibility of measuring several variables (population size, feeding activity, etc.); and (h) the role of bats as reservoirs of emerging infectious diseases whose epidemiology could reflect environmental stress.



Such criteria are therefore a mix of intrinsic features of bat natural history, their correlation with anthropogenic stressors, and practical sampling aspects. While this analysis provides a general picture of the potential value of bats as bioindicators, some of these aspects, as well others, merit further discussion, especially in light of new knowledge on bat biology, ecology, and technology applied to sampling.



3.1. Taxonomical Issues


Bats show relative taxonomic stability compared with many other animal taxa; however, in the last years, their taxonomy has proven relatively fluid due to the advent of molecular approaches that have resolved phylogenetic relationships and revealed many cryptic species (e.g., [53,54]). Even if we limit our analysis to the European region alone, many new cryptic species appeared on the scene in the last few decades. One of the most striking examples is offered by an abundant and widespread European species, the former “common pipistrelle” Pipistrellus pipistrellus, which in 1997 was split into two valid species (also differing in echolocation, behaviour, and ecology yet highly similar in morphology), P. pipistrellus stricto sensu and P. pygmaeus [55]. Since then, molecular analysis revealed the existence of several other cryptic species in Europe, including new Plecotus and Myotis species [56]. The difficulty of telling apart cryptic species in the field may hinder their usefulness as bioindicators. For example, in the UK biodiversity index, the two cryptic Myotis species M. mystacinus and M. brandtii are lumped together into a single taxon trend due to the difficulty of field distinction between them [12]. Of course, this tendency may not be representative of species-specific population trends because a population decline of one species might be masked by an increase of the other. Moreover, a general consideration for cryptic species pairs or groups is that despite their high morphological similarity, they often show marked ecological differences [57], which leads to different responses to environmental stressors. Using such bat species for bioindication would therefore require reliable identification, a task that may be too specialised, time-consuming, or expensive for large-scale sampling or monitoring.




3.2. Sampling Limitations


Several variables may indeed be measured from bats, which increases their usefulness as bioindicators. However, from a technical viewpoint, bats are not easy to sample. They may be observed directly in their roosts or captured in foraging or drinking sites, as well as along commuting routes, but they are nocturnal, elusive, often evade capture, and are also highly sensitive to disturbance [29]. For this reason, in most countries, permits are needed for bat capture and handling. Capture is necessary to obtain the bat’s DNA, normally from skin tissue sampling, and identify confidently cryptic species (e.g., [58,59]. Bat capture and field identification require well-trained personnel, which limits the involvement of volunteers, rangers, and other non-specialised staff. A widespread alternative to capture is acoustic surveying and monitoring, in which echolocation (and, sometimes, social calls) are recorded for subsequent species identification [60]. Variables such as feeding rates may be inferred from counting “feeding buzzes”, sequences of echolocation calls broadcast by bats on prey approach [61]. Bat echolocation calls, however, show high intraspecific and even intraindividual variation, while call design converges among species in response to overlapping sensory and ecological requirements [62]. This is the reason why not all species can be recognised with confidence, and despite the advent of automatic classification, it is still wise to refrain from identifying all calls to species. From the bioindication viewpoint, species misclassification is a serious concern, and lumping together similar echolocation calls that cannot be classified to the species level might not provide meaningful information [63]. In other words, acoustic identification may not always provide taxonomic sufficiency, i.e., the degree of identification requested to detect differences in community composition or relative activity that characterise different environmental conditions [64]. Acoustic surveys require the employment of ultrasound detectors and recorders, as well as specialised software for sound analysis, whose costs are still not negligible.




3.3. Disentangling Cause-Effect Relationships


A highly desirable (yet not always necessary) property of a bioindicator is a narrow ecological niche so that the organism will be present (or absent) only under certain environmental conditions, providing discrete responses. For example, among aquatic arthropods, Ephemeroptera, Plecoptera, and Trichoptera (EPT) are highly intolerant to water pollution, so in many cases, their presence can be used to characterise high water quality, and they tend to be absent in polluted rivers [65], albeit with some exceptions (e.g., [66]). As for bats, this is, in many cases, not possible. First, relying on species presence may lead to errors due to limited detectability: bats evading capture or weak echolocators overlooked in acoustic surveys may lead to false absences [67]. Second, especially when using acoustic data, the resulting often-coarse taxonomic resolution may hinder species-specific associations to certain habitats, environmental conditions, or landscape management practices. Even more importantly, most bat species are multiple-habitat specialists [68] that occur in a relatively broad spectrum of environmental conditions. This holds even for relatively specialised bat species, let alone generalists such as, e.g., pipistrelles [69]. For example, the barbastelle bat (Barbastella barbastellus), often regarded as a forest specialist, finds optimal reproductive habitat in the unmanaged high forest, so one might be tempted to use barbastelle presence to indicate relatively undisturbed forest (e.g., [70,71]). However, barbastelle bats also frequently occur in logged forests and may even be found on rocky islands with little woody vegetation [72] or in forestless clay badlands ([73]; Figure 3). The species shows continuous rather than discrete responses to forest structure and management, such as changes in the sex ratio or density of reproductive groups [74].



Although such continuous responses may still be employed for bioindication, value ranges should be defined, and categorisation might be arbitrary and unlikely to remain valid across broad geographic regions or environmental gradients. Variables such as species richness, however, can be more easily used to categorise responses to habitats, land-use change, or environmental stressors, such as urbanisation gradients [75]. Moreover, bats fly over long distances, so they may often cross unsuitable habitats to reach their roosting or foraging sites—one more reason why detecting a given bat species in a certain habitat or under a specific environmental condition might tell us little.



Bats find their resources in a range of habitats: roosts, food, and water may occur in separate habitats, so bats may show responses to alteration of any such habitats. Responses to habitat changes may occur even if alteration concerns non-bat habitat. Bat commuting routes, such as those connecting roosts with foraging sites, often cross habitat that contains no bat resource but is still vital to bats to support their movement. Human action may sever commuting routes, for instance, through light pollution [37], and this may have adverse effects on the bat energy budget and ultimately fitness, even if the affected habitat does not contain any resource. Insectivorous bats normally only feed on adult insects, whose abundance will depend on prey reproductive success and larval survival [76]. Therefore, if larval and imaginal stages of prey occur in a different habitat, bats might be affected by the alteration of habitat they do not use directly, provided the latter is important for prey reproduction [77]. Furthermore, bats are sensitive to multiple spatial scales. Following with the example of the above-mentioned barbastelle bat, its habitat requirements span over a broad spatial range (Figure 3), from large-scale connectivity (forest corridors connecting the main roosting areas and mountain ridges delimiting the latter) to specific features of the habitat around the roost tree, the tree itself and the roost cavity [70,71,78,79,80].



However, why is all this a problem for bioindication? Effective bioindication requires clear reactions to well-identified causes, i.e., a clear picture of which environmental factor or stressor will cause an observed response. Therefore, despite bats’ high sensitivity to changes in environmental factors, disentangling the rich tapestry of stressors that often act synergically on bat activity and/or population size is a difficult exercise. Although statistical models such as GLMMs may cope with multiple-variable systems, for instance taking into account the role of several spatial scales (e.g., [81]), the results are often not sufficiently straightforward to translate into a practical bioindication approach. Bat activity is also highly influenced by factors such as temperature [82], wind speed [83], and, according to some authors [84], even moon phase, so that it may vary substantially even between consecutive days or within hours. On a cold spell, bats may even not show up, resulting in false absence. Models testing activity responses need to accurately include such factors.




3.4. Responses May Be Influenced by Local Adaptations


Finally, bat species often cover wide geographic ranges, which is, in principle, a desirable bioindicator quality [5]. However, this does not mean that intraspecific responses to environmental stressors will stay equal across a species’ whole distribution. For example, intraspecific differences in bat climatic tolerance may be due to local adaptation and result in different population-scale responses [85]. Extrapolating the interpretation of observed responses (and bioindication applications) to different areas within a species’ geographic range may therefore be misleading, which prevents geographic generalisation of bat bioindication approaches.




3.5. Delayed Responses to Environmental Stressors?


Ideal bioindicators should exhibit prompt responses to environmental conditions and their changes, which allow decision-makers to take action swiftly to reverse the trend if needed. From this viewpoint, bats are promising since their low reproduction rates make demographic recovery slow and population declines conspicuous (e.g., [86]). However, one study carried out in Hokkaido (Japan) showed that current bat activity was influenced by past landscapes, i.e., bats adapted to hunt in open space (a “25 kHz” phonic group) were more active where the broadleaved forest was scarcer in the 1950s, and open spaces used to be dominant [87]. This would represent a legacy of once optimal (open-space) sites to which bats remained faithful despite subsequent habitat transformation. On such bases, [87] suggested that bats may undergo time-lagged effects of past environmental conditions, but the study did not control for other factors that might potentially affect the bat population size and activity.





4. Conclusions


There is an ever-growing number of biologists and ecologists who are uncomfortable with proposals of new organisms as bioindicators because sometimes the proposers seem to oversell a certain bioindicator to raise its public profile and achieve better protection rather than to respond to real indication needs. This is risky because it weakens the usefulness of bioindicators and their credibility. Therefore, we should first establish what questions bats can answer, or in which habitats they may act as bioindicators. For example, based on what we discussed, bats are promising bioindicators in riverine systems, and their practically constant presence along rivers, where they act as top predators, fully highlights this potential. The bat’s high position in the trophic chain also makes bats especially useful to monitor the presence of contaminants such as pesticides or heavy metals. Bats are protected, so killing them for science poses conservation and ethical problems and is illegal in many countries [88]; however, as we discussed, the presence and concentration of heavy metals may be assessed humanely. Moreover, using bats that die in rehabilitation centres or are killed by, e.g., windfarms provide useful material to carry out measurements of heavy metals or pesticides in bat organs [88].



Bats also offer promising responses to forestry or farming practices, and the main problem of disentangling the specific management factors that cause responses may likely be overcome through ad hoc research [9]. The high sensitivity of bats to temperature changes and water availability also makes bats potentially excellent indicators of climate change. In our view, however, identifying habitats and processes where bats may do well, or better than other organisms as indicators needs new research perspectives, shifting from conservation biology studies to specifically designed protocols that may assess bat responses and standardise their measurement and interpretation. Moreover, networking among researchers is crucial in covering large geographic regions and accounts for location-biased responses that might hinder general patterns. The academic pressure for “novelty” in scientific articles may seriously discourage researchers from replicating studies carried out elsewhere in the geographic regions where they work, but this is an obstacle that the research environment needs to eliminate to test the bioindicator properties of bats. Standardising methods will be another key step towards using bats as bioindicators, at least within indicator types or habitats, perhaps appreciating that bats might in some cases be useful indicators on a small but not large geographic scope.



Other problems that hinder a standardised use of bats as bioindicators are related to the costs of the technology involved in (especially acoustic) bat surveys and the often-coarse taxonomic resolution provided by echolocation call analysis. The former problem is likely to be greatly mitigated, if not solved soon, by the advances in survey technology [89,90]. Taxonomic insufficiency, however, will be overcome only by developing robust indicators, for instance, by testing responses by broader “phonic types” (groups of species sharing similar calls) or overall bat activity: this would circumvent all taxonomic issues. Otherwise, indication applications should be restricted only to species that are identified with confidence.



As many bat species are at risk, their systematic monitoring is mandatory in many countries to assess population trends, and in the EU, bat monitoring is an obligation arising from Article 11 of 92/43/EEC “Habitats” Directive. Therefore, developing monitoring methods that may both estimate bat conservation status and provide applications to bioindication would be a cost-effective approach to accomplish two objectives with one action.







Author Contributions


Conceptualisation, D.R.; writing—original draft preparation, D.R.; writing—review and editing, D.R., V.B.S.-R., L.C., S.S., L.A. and L.B.; visualisation, D.R., V.B.S.-R., L.C., S.S., L.A. and L.B.; supervision, D.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


This perspective article was inspired by an invited talk one of us (DR) gave for the “WingedWednesday Webinar” initiative organised by Bats without Borders in February 2021. Four reviewers provided important comments on a previous manuscript version.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Allaby, M.A. Dictionary of Zoology, 5th ed.; Oxford University Press: London, UK, 2020; p. 736. [Google Scholar] [CrossRef]

	



McGeoch, M. The selection, testing and application of terrestrial insects as bioindicators. Biol. Rev. 1998, 73, 181–201. [Google Scholar] [CrossRef]

	



Macher, J.N.; Salis, R.K.; Blakemore, K.S.; Tollrian, R.; Matthaei, C.D.; Leese, F. Multiple-stressor effects on stream invertebrates: DNA barcoding reveals contrasting responses of cryptic mayfly species. Ecol. Indic. 2016, 61, 159–169. [Google Scholar] [CrossRef]

	



Rice, J.C.; Rochet, M.J. A framework for selecting a suite of indicators for fisheries management. ICES J. Mar. Sci. 2005, 62, 516–527. [Google Scholar] [CrossRef]

	



Mammal Diversity Database. Mammal Diversity Database (Version 1.4), [Data download May/2021]. Zenodo 2021. [Google Scholar] [CrossRef]

	



Russo, D.; Bosso, L.; Ancillotto, L. Novel perspectives on bat insectivory highlight the value of this ecosystem service in farmland: Research frontiers and management implications. Agric. Ecosyst. Environ. 2018, 266, 31–38. [Google Scholar] [CrossRef]

	



Kunz, T.H.; Braun de Torrez, E.; Bauer, D.; Lobova, T.; Fleming, T.H. Ecosystem services provided by bats. Ann. N. Y. Acad. Sci. 2011, 1223, 1–38. [Google Scholar] [CrossRef]

	



Frick, W.F.; Kingston, T.; Flanders, J. A review of the major threats and challenges to global bat conservation. Ann. N. Y. Acad. Sci. 2019, 1469, 5–25. [Google Scholar] [CrossRef]

	



Jones, G.; Jacobs, D.S.; Kunz, T.H.; Willig, M.R.; Racey, P.A. Carpe noctem: The importance of bats as bioindicators. Endanger. Species Res. 2009, 8, 93–115. [Google Scholar] [CrossRef]

	



Flaquer, C.; Puig-Montserrat, X. Proceedings of the International Symposium on the Importance of Bats as Bioindicators; Museum of Natural Sciences Edicions: Granollers, Spain, 2012; p. 95. [Google Scholar]

	



Russo, D.; Jones, G. Bats as bioindicators. Mamm. Biol. 2015, 80, 157–246. [Google Scholar] [CrossRef]

	



Department for Environment, Food and Rural Affairs. UK Biodiversity Indicators 2020; Department for Environment, Food and Rural Affairs: London, UK, 2020; p. 60.

	



Van der Meij, T.; Van Strien, A.J.; Haysom, K.A.; Dekker, J.; Russ, J.; Biala, K.; Bihari, Z.; Jansen, E.; Langton, S.; Kurali, A.; et al. Return of the bats? A prototype indicator of trends in European bat populations in underground hibernacula. Mamm. Biol. 2015, 80, 170–177. [Google Scholar] [CrossRef]

	



Mas, M.; Flaquer, C.; Rebelo, H.; López-Baucells, A. Bats and wetlands: Synthesising gaps in current knowledge and future opportunities for conservation. Mamm. Rev. 2021. [Google Scholar] [CrossRef]

	



Langton, S.D.; Briggs, P.A.; Haysom, K.A. Daubenton’s bat distribution along rivers–developing and testing a predictive model. Aquat. Conserv. 2010, 20, S45–S54. [Google Scholar] [CrossRef]

	



López-Baucells, A.; Casanova, L.; Puig-Montserrat, X.; Espinal, A.; Páramo, F.; Flaquer, C. Evaluating the use of Myotis daubentonii as an ecological indicator in Mediterranean riparian habitats. Ecol. Ind. 2017, 74, 19–27. [Google Scholar] [CrossRef]

	



Li, H.; Kalcounis-Rueppell, M. Separating the effects of water quality and urbanization on temperate insectivorous bats at the landscape scale. Ecol. Evol. 2018, 8, 667–678. [Google Scholar] [CrossRef]

	



De Conno, C.; Nardone, V.; Ancillotto, L.; De Bonis, S.; Guida, M.; Jorge, I.; Scarpa, U.; Russo, D. Testing the performance of bats as indicators of riverine ecosystem quality. Ecol. Ind. 2018, 95, 741–750. [Google Scholar] [CrossRef]

	



Park, K.J. Mitigating the impacts of agriculture on biodiversity: Bats and their potential role as bioindicators. Mamm. Biol. 2015, 80, 191–204. [Google Scholar] [CrossRef]

	



Olimpi, E.M.; Philpott, S.M. Agroecological farming practices promote bats. Agric. Ecosyst. Environ. 2018, 265, 282–291. [Google Scholar] [CrossRef]

	



Wickramasinghe, L.P.; Harris, S.; Jones, G.; Vaughan, N. Bat activity and species richness on organic and conventional farms: Impact of agricultural intensification. J. Appl. Ecol. 2003, 40, 984–993. [Google Scholar] [CrossRef]

	



Fuller, R.J.; Norton, L.R.; Feber, R.E.; Johnson, P.J.; Chamberlain, D.E.; Joys, A.C.; Mathews, F.; Stuart, R.C.; Townsend, M.C.; Manley, W.J.; et al. Benefits of organic farming to biodiversity vary among taxa. Biol. Lett. 2005, 1, 431–434. [Google Scholar] [CrossRef] [PubMed]

	



Davy, C.M.; Russo, D.; Fenton, M.B. Use of native woodlands and traditional olive groves by foraging bats on a Mediterranean island: Consequences for conservation. J. Zool. 2007, 273, 397–405. [Google Scholar] [CrossRef]

	



Put, J.E.; Mitchell, G.W.; Fahrig, L. Higher bat and prey abundance at organic than conventional soybean fields. Biol. Cons. 2018, 226, 177–185. [Google Scholar] [CrossRef]

	



Pocock, M.J.; Jennings, N. Testing biotic indicator taxa: The sensitivity of insectivorous mammals and their prey to the intensification of lowland agriculture. J. Appl. Ecol. 2008, 45, 151–160. [Google Scholar] [CrossRef]

	



Long, B.L.; Kurta, A. Activity and diet of bats in conventional versus organic apple orchards in southern Michigan. Can. Field Nat. 2014, 128, 158–164. [Google Scholar] [CrossRef]

	



Froidevaux, J.S.; Louboutin, B.; Jones, G. Does organic farming enhance biodiversity in Mediterranean vineyards? A case study with bats and arachnids. Agric. Ecosyst. Environ. 2017, 249, 112–122. [Google Scholar] [CrossRef] [PubMed]

	



Denzinger, A.; Schnitzler, H.U. Bat guilds, a concept to classify the highly diverse foraging and echolocation behaviors of microchiropteran bats. Front. Physiol. 2013, 4, 164. [Google Scholar] [CrossRef]

	



Russo, D.; Billington, G.; Bontadina, F.; Dekker, J.; Dietz, M.; Jones, G.; Meschede, A.; Rebelo, H.; Reiter, G. Identifying key research objectives to make European forests greener for bats. Front. Ecol. Evol. 2016, 4. [Google Scholar] [CrossRef]

	



Lacki, M.; Hayes, J.; Kurta, A. Bats in Forests: Conservation and Management; Baltimore, M.D., Ed.; The John Hopkins University Press: Baltimore, MD, USA, 2007; p. 329. [Google Scholar]

	



Cistrone, L.; Altea, T.; Matteucci, G.; Posillico, M.; De Cinti, B.; Russo, D. The effect of thinning on bat activity in Italian high forests: The LIFE + “ManFor C. BD” experience. Hystrix It. J. Mamm. 2015, 26, 125–131. [Google Scholar]

	



Steel, Z.L.; Campos, B.; Frick, W.F.; Burnett, R.; Safford, H.D. The effects of wildfire severity and pyrodiversity on bat occupancy and diversity in fire-suppressed forests. Sci. Rep. 2019, 9, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Bosso, L.; Ancillotto, L.; Smeraldo, S.; D’Arco, S.; Migliozzi, A.; Conti, P.; Russo, D. Loss of potential bat habitat following a severe wildfire: A model-based rapid assessment. Int. J. Wildland Fire 2018, 27, 756–769. [Google Scholar] [CrossRef]

	



López-Baucells, A.; Flaquer, C.; Mas, M.; Pons, P.; Puig-Montserrat, X. Recurring fires in Mediterranean habitats and their impact on bats. Biodivers. Conserv. 2021, 30, 385–402. [Google Scholar] [CrossRef]

	



Santini, L.; González-Suárez, M.; Russo, D.; Gonzalez-Voyer, A.; von Hardenberg, A.; Ancillotto, L. One strategy does not fit all: Determinants of urban adaptation in mammals. Ecol. Lett. 2019, 22, 365–376. [Google Scholar] [CrossRef]

	



Ancillotto, L.; Bosso, L.; Salinas-Ramos, V.B.; Russo, D. The importance of ponds for the conservation of bats in urban landscapes. Landsc. Urban Plan. 2019, 190, 103607. [Google Scholar] [CrossRef]

	



Stone, E.L.; Harris, S.; Jones, G. Impacts of artificial lighting on bats: A review of challenges and solutions. Mammal. Biol. 2015, 80, 213–219. [Google Scholar] [CrossRef]

	



Finch, D.; Schofield, H.; Mathews, F. Traffic noise playback reduces the activity and feeding behaviour of free-living bats. Environ. Pollut. 2020, 263, 114405. [Google Scholar] [CrossRef] [PubMed]

	



Zukal, J.; Pikula, J.; Bandouchova, H. Bats as bioindicators of heavy metal pollution: History and prospect. Mammal. Biol. 2015, 80, 220–227. [Google Scholar] [CrossRef]

	



EFSA Panel on Plant Protection Products and their Residues (PPR); Hernandez-Jerez, A.; Adriaanse, P.; Aldrich, A.; Berny, P.; Coja, T.; Duquesne, S.; Gimsing, A.L.; Marina, M.; Millet, M.; et al. Scientific statement on the coverage of bats by the current pesticide risk assessment for birds and mammals. EFSA J. 2019, 17, e05758. [Google Scholar]

	



Heiker, L.M.; Adams, R.A.; Ramos, C.V. Mercury bioaccumulation in two species of insectivorous bats from urban China: Influence of species, age, and land use type. Arch. Environ. Contam. Toxicol. 2018, 75, 585–593. [Google Scholar] [CrossRef] [PubMed]

	



Flache, L.; Ekschmitt, K.; Kierdorf, U.; Czarnecki, S.; Düring, R.A.; Encarnação, J.A. Reduction of metal exposure of Daubenton’s bats (Myotis daubentonii) following remediation of pond sediment as evidenced by metal concentrations in hair. Sci. Total Environ. 2016, 547, 182–189. [Google Scholar] [CrossRef]

	



Altringham, J.D. Bats: From Evolution to Conservation; Oxford University Press: New York, NY, USA, 2011; p. 331. [Google Scholar]

	



Smeraldo, S.; Bosso, L.; Salinas-Ramos, V.B.; Ancillotto, L.; Sánchez-Cordero, V.; Gazaryan, S.; Russo, D. Generalists yet different: Distributional responses to climate change may vary in opportunistic bat species sharing similar ecological traits. Mamm. Rev. 2021. [Google Scholar] [CrossRef]

	



Newson, S.E.; Mendes, S.; Crick, H.Q.; Dulvy, N.K.; Houghton, J.D.; Hays, G.C.; Robinson, R.A. Indicators of the impact of climate change on migratory species. Endanger. Species Res. 2009, 7, 101–113. [Google Scholar] [CrossRef]

	



Lewandowski, A.S.; Noss, R.F.; Parsons, D.R. The effectiveness of surrogate taxa for the representation of biodiversity. Conserv. Biol. 2010, 24, 1367–1377. [Google Scholar] [CrossRef]

	



Sauberer, N.; Zulka, K.P.; Abensperg-Traun, M.; Berg, H.M.; Bieringer, G.; Milasowszky, N.; Grabherr, G. Surrogate taxa for biodiversity in agricultural landscapes of eastern Austria. Biol. Conserv. 2004, 117, 181–190. [Google Scholar] [CrossRef]

	



Wunderle, J.M., Jr. The role of animal seed dispersal in accelerating native forest regeneration on degraded tropical lands. For. Ecol. Manag. 1997, 99, 223–235. [Google Scholar] [CrossRef]

	



Lund, M.P.; Rahbek, C. Cross-taxon congruence in complementarity and conservation of temperate biodiversity. Animal Conserv. 2002, 5, 163–171. [Google Scholar] [CrossRef]

	



Larrieu, L.; Gosselin, F.; Archaux, F.; Chevalier, R.; Corriol, G.; Dauffy-Richard, E.; Bouget, C. Cost-efficiency of cross-taxon surrogates in temperate forests. Ecol. Ind. 2018, 87, 56–65. [Google Scholar] [CrossRef]

	



Van Weerd, M.; De Haes, H.A.U. Cross-taxon congruence in tree, bird and bat species distributions at a moderate spatial scale across four tropical forest types in the Philippines. Biod. Conserv. 2010, 19, 3393–3411. [Google Scholar] [CrossRef]

	



Franke, S.; Brandl, R.; Heibl, C.; Mattivi, A.; Müller, J.; Pinkert, S.; Thorn, S. Predicting regional hotspots of phylogenetic diversity across multiple species groups. Diver. Distrib. 2020, 26, 1305–1314. [Google Scholar] [CrossRef]

	



Mayer, F.; Helversen, O.V. Cryptic diversity in European bats. P. Roy Soc. B Biol. Sci. 2001, 268, 1825–1832. [Google Scholar] [CrossRef] [PubMed]

	



Demos, T.C.; Webala, P.W.; Kerbis Peterhans, J.C.; Goodman, S.M.; Bartonjo, M.; Patterson, B.D. Molecular phylogenetics of slit-faced bats (Chiroptera: Nycteridae) reveal deeply divergent African lineages. J. Zool. Syst. Evol. Res. 2019, 57, 1019–1038. [Google Scholar] [CrossRef] [PubMed]

	



Barratt, E.M.; Deaville, R.; Burland, T.M.; Bruford, M.W.; Jones, G.; Racey, P.A.; Wayne, R.K. DNA answers the call of pipistrelle bat species. Nature 1997, 387, 138–139. [Google Scholar] [CrossRef]

	



Ancillotto, L.; Bosso, L.; Mori, E.; Mazza, G.; Herkt, M.; Galimberti, A.; Ramazzotti, F.; Russo, D. An African bat in Europe, Plecotus gaisleri: Biogeographic and ecological insights from molecular taxonomy and Species Distribution Models. Ecol. Evol. 2020, 10, 5785–5800. [Google Scholar] [CrossRef] [PubMed]

	



Davidson-Watts, I.; Walls, S.; Jones, G. Differential habitat selection by Pipistrellus pipistrellus and Pipistrellus pygmaeus identifies distinct conservation needs for cryptic species of echolocating bats. Biol. Conserv. 2006, 133, 118–127. [Google Scholar] [CrossRef]

	



Flaquer, C.; Torre, I.; Arrizabalaga, A. Comparison of sampling methods for inventory of bat communities. J. Mammal. 2007, 88, 526–533. [Google Scholar] [CrossRef]

	



Bogdanowicz, W.; Hulva, P.; Bolfíková, B.C.; Buś, M.M.; Rychlicka, E.; Sztencel-Jabłonka, A.; Cistrone, L.; Russo, D. Cryptic diversity of Italian bats and the role of the Apennine refugium in the phylogeography of the western Palaearctic. Zool. J. Linn. Soc. 2015, 174, 635–648. [Google Scholar] [CrossRef]

	



Obrist, M. Bat Echolocation Research. A Handbook for Planning and Conducting Acoustic Studies, 2nd ed.; Fraser, E.E., Silvis, A., Brigham, R.M., Czenze, Z.J., Eds.; Bat Conservation International: Tucson, AZ, USA, 2020; p. 122. [Google Scholar]

	



Griffin, D.R.; Webster, F.A.; Michael, C.R. The echolocation of flying insects by bats. Anim. Behav. 1960, 8, 141–154. [Google Scholar] [CrossRef]

	



Russo, D.; Ancillotto, L.; Jones, G. Bats are still not birds in the digital era: Echolocation call variation and why it matters for bat species identification. Can. J. Zool. 2018, 96, 63–78. [Google Scholar] [CrossRef]

	



Russo, D.; Voigt, C.C. The use of automated identification of bat echolocation calls in acoustic monitoring: A cautionary note for a sound analysis. Ecol. Indic. 2016, 66, 598–602. [Google Scholar] [CrossRef]

	



Ellis, D. Taxonomic sufficiency in pollution assessment. Mar. Pollut. Bull. 1985, 16, 459. [Google Scholar] [CrossRef]

	



Resh, V.H.; Rosenberg, D.M. Freshwater Biomonitoring and Benthic Macroinvertebrates (No. 504.4 FRE); Chapman & Hall: New York, NY, USA, 2003; p. 790. [Google Scholar]

	



Wright, I.A.; Ryan, M.M. Impact of mining and industrial pollution on stream macroinvertebrates: Importance of taxonomic resolution, water geochemistry and EPT indices for impact detection. Hydrobiologia 2016, 772, 103–115. [Google Scholar] [CrossRef]

	



Guillera-Arroita, G.; Lahoz-Monfort, J.J.; van Rooyen, A.R.; Weeks, A.R.; Tingley, R. Dealing with false-positive and false-negative errors about species occurrence at multiple levels. Methods Ecol. Evol. 2017, 8, 1081–1091. [Google Scholar] [CrossRef]

	



Ancillotto, L.; Bosso, L.; Conti, P.; Russo, D. Resilient responses by bats to a severe wildfire: Conservation implications. Anim. Conserv. 2021. [Google Scholar] [CrossRef]

	



Salinas-Ramos, V.B.; Ancillotto, L.; Cistrone, L.; Nastasi, C.; Bosso, L.; Smeraldo, S.; Cordero, V.S.; Russo, D. Artificial illumination influences niche segregation in bats. Environ. Pollut. 2021, 284, 117187. [Google Scholar] [CrossRef] [PubMed]

	



Russo, D.; Cistrone, L.; Jones, G.; Mazzoleni, S. Roost selection by barbastelle bats (Barbastella barbastellus, Chiroptera: Vespertilionidae) in beech woodlands of central Italy: Consequences for conservation. Biol. Conserv. 2004, 117, 73–81. [Google Scholar] [CrossRef]

	



Russo, D.; Di Febbraro, M.; Cistrone, L.; Jones, G.; Smeraldo, S.; Garonna, A.P.; Bosso, L. Protecting one, protecting both? Scale-dependent ecological differences in two species using dead trees, the rosalia longicorn beetle and the barbastelle bat. J. Zool. 2015, 297, 165–175. [Google Scholar] [CrossRef]

	



Ancillotto, L.; Rydell, J.; Nardone, V.; Russo, D. Coastal cliffs on islands as foraging habitat for bats. Acta Chiropt. 2014, 16, 103–108. [Google Scholar] [CrossRef]

	



Ancillotto, L.; Cistrone, L.; Mosconi, F.; Jones, G.; Boitani, L.; Russo, D. The importance of non-forest landscapes for the conservation of forest bats: Lessons from barbastelles (Barbastella barbastellus). Biodivers. Conserv. 2015, 24, 171–185. [Google Scholar] [CrossRef]

	



Russo, D.; Cistrone, L.; Garonna, A.P.; Jones, G. Reconsidering the importance of harvested forests for the conservation of tree-dwelling bats. Biodivers. Conserv. 2010, 19, 2501–2515. [Google Scholar] [CrossRef]

	



Russo, D.; Ancillotto, L. Sensitivity of bats to urbanization: A review. Mammal. Biol. 2015, 80, 205–212. [Google Scholar] [CrossRef] [PubMed]

	



Kolkert, H.; Smith, R.; Rader, R.; Reid, N. Insectivorous bats provide significant economic value to the Australian cotton industry. Ecosyst. Serv. 2021, 49, 101280. [Google Scholar] [CrossRef]

	



Arrizabalaga-Escudero, A.; Garin, I.; García-Mudarra, J.L.; Alberdi, A.; Aihartza, J.; Goiti, U. Trophic requirements beyond foraging habitats: The importance of prey source habitats in bat conservation. Biol. Conserv. 2015, 191, 512–519. [Google Scholar] [CrossRef]

	



Russo, D.; Cistrone, L.; Jones, G. Spatial and temporal patterns of roost use by tree-dwelling barbastelle bats Barbastella barbastellus. Ecography 2005, 28, 769–776. [Google Scholar] [CrossRef]

	



Russo, D.; Cistrone, L.; Jones, G. Emergence time in forest bats: The influence of canopy closure. Acta Oecol. 2007, 31, 119–126. [Google Scholar] [CrossRef]

	



Russo, D.; Cistrone, L.; Budinski, I.; Console, G.; Della Corte, M.; Milighetti, C.; Di Salvo, I.; Nardone, V.; Brigham, R.M.; Ancillotto, L. Sociality influences thermoregulation and roost switching in a forest bat using ephemeral roosts. Ecol. Evol. 2017, 7, 5310–5321. [Google Scholar] [CrossRef] [PubMed]

	



Mendes, E.S.; Fonseca, C.; Marques, S.F.; Maia, D.; Pereira, M.J.R. Bat richness and activity in heterogeneous landscapes: Guild-specific and scale-dependent? Landsc. Ecol. 2017, 32, 295–311. [Google Scholar] [CrossRef]

	



O’Donnell, C.F. Influence of season, habitat, temperature, and invertebrate availability on nocturnal activity of the New Zealand long-tailed bat (Chalinolobus tuberculatus). N. Z. J. Zool. 2000, 27, 207–221. [Google Scholar] [CrossRef]

	



Verboom, B.; Spoelstra, K. Effects of food abundance and wind on the use of tree lines by an insectivorous bat, Pipistrellus pipistrellus. Can. J. Zool. 1999, 77, 1393–1401. [Google Scholar] [CrossRef]

	



Saldaña-Vázquez, R.A.; Munguía-Rosas, M.A. Lunar phobia in bats and its ecological correlates: A meta-analysis. Mamm. Biol. 2013, 78, 216–219. [Google Scholar] [CrossRef]

	



Razgour, O.; Forester, B.; Taggart, J.B.; Bekaert, M.; Juste, J.; Ibáñez, C.; Puechmaille, S.J.; Novella-Fernandez, R.; Alberdi, A.; Manel, S. Considering adaptive genetic variation in climate change vulnerability assessment reduces species range loss projections. Proc. Natl. Acad. Sci. USA 2019, 116, 10418–10423. [Google Scholar] [CrossRef]

	



Rodhouse, T.J.; Rodriguez, R.M.; Banner, K.M.; Ormsbee, P.C.; Barnett, J.; Irvine, K.M. Evidence of region-wide bat population decline from long-term monitoring and Bayesian occupancy models with empirically informed priors. Ecol. Evol. 2019, 9, 11078–11088. [Google Scholar] [CrossRef]

	



Yamanaka, S.; Akasaka, T.; Yamaura, Y.; Kaneko, M.; Nakamura, F. Time-lagged responses of indicator taxa to temporal landscape changes in agricultural landscapes. Ecol. Indic. 2015, 48, 593–598. [Google Scholar] [CrossRef]

	



Russo, D.; Ancillotto, L.; Hughes, A.C.; Galimberti, A.; Mori, E. Collection of voucher specimens for bat research: Conservation, ethical implications, reduction, and alternatives. Mamm. Rev. 2017, 47, 237–246. [Google Scholar] [CrossRef]

	



Hill, A.P.; Prince, P.; Snaddon, J.L.; Doncaster, C.P.; Rogers, A. AudioMoth: A low-cost acoustic device for monitoring biodiversity and the environment. HardwareX 2019, 6, e00073. [Google Scholar] [CrossRef]

	



Revilla-Martín, N.; Budinski, I.; Puig-Montserrat, X.; Flaquer, C.; López-Baucells, A. Monitoring cave-dwelling bats using remote passive acoustic detectors: A new approach for cave monitoring. Bioacoustics 2020, 1–16. [Google Scholar] [CrossRef]








[image: Biology 10 00693 g001 550] 





Figure 1. In a study carried out in Italy, bat communities showed significant responses to river quality. The figure shows the relationship between % activity for groups of bat species and the two bioindication indices. (C) is a group characterised by similar echolocation calls made of two genera (Nyctalus and Eptesicus) which were not separated for the purpose of the study; (A), (B), and (D) were groups made by associating species that showed similar responses (“shopping basket” approach) to improve bioindication performances. (A) = Pipistrellus pipistrellus + Myotis emarginatus + M. nattereri + Nyctalus/Eptesicus serotinus + Barbastella barbastellus; (B) = Miniopterus schreibersii/Pipistrellus pygmaeus + P. kuhlii; (C) = Nyctalus/Eptesicus serotinus; and (D) = M. schreibersii/P. pygmaeus + M. daubentonii/capaccinii. The Fluvial Functionality Index (IFF) is shown on the left, while the macroinvertebrate-based STAR_ICMi index is on the right. River-quality ranges (increasing from left to right) associated to index values are shown below the plots as follows: red = bad, orange = poor, yellow = moderate, green = good, blue = excellent. Reprinted from [18]. Copyright (2018), with permission from Elsevier. 
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Figure 2. A schematic list of pros and cons of using bats as bioindicators. 
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Figure 3. Barbastelle bats (Barbastella barbastellus), often deemed forest bats typically associated with unmanaged forest (a), may in fact occur in logged sites (b) or even in clay badlands (c) characterised by few or no trees. The species is sensitive to multiple spatial scales, from landscape/habitat (d) to tree (e) and cavity (f) types. In (f), a small reproductive group can be noticed roosting underneath the flaking bark of a beech snag. 






Figure 3. Barbastelle bats (Barbastella barbastellus), often deemed forest bats typically associated with unmanaged forest (a), may in fact occur in logged sites (b) or even in clay badlands (c) characterised by few or no trees. The species is sensitive to multiple spatial scales, from landscape/habitat (d) to tree (e) and cavity (f) types. In (f), a small reproductive group can be noticed roosting underneath the flaking bark of a beech snag.
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