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Abstract

:

Simple Summary


The long-whiskered owlet (Xenoglaux loweryi) is threatened by human activities and is currently listed as vulnerable by the IUCN. Here, we geo-referenced long-whiskered owlet records, identified key environmental variables affecting their distribution, and predicted their current and future distribution (2050 and 2070) in the Amazonas and San Martin areas of northwestern Peru. Under current conditions, areas with “high”, “moderate”, and “low” probability for the distribution of X. loweryi cover about 0.16% (140.85 km2), 0.46% (416.88 km2), and 1.16% (1048.79 km2) of the study area, respectively. Moreover, under future conditions, the “high”, “moderate”, and “low” probability areas showed profits and losses in terms of habitat suitability. Importantly, the natural protected areas in Amazonas and San Martin, both in current and in the future conditions, do not cover most of the pivotal habitats for X. loweryi. Furthermore, it was evident that the combination of climate change and anthropogenic activities will lead to further habitat loss for this species. Therefore, to effectively conserve this species over time, it is strongly recommended that areas with “high” (and even “moderate”) probability and the main ecosystems that this species inhabits be designated as priority areas for research and conservation (including in natural protected areas).




Abstract


The IUCN has listed the long-whiskered owlet (Xenoglaux loweryi) as vulnerable due to the presence of few geographic records, its restricted range, and anthropogenic threats. Its natural history and ecology are largely unknown, and its distribution is widely debated; therefore, there is an urgent need for the real-time conservation of X. loweryi. In this study, 66 geo-referenced records of X. loweryi, 18 environmental variables, and the maximum entropy model (MaxEnt) have been used to predict the current and future (2050 and 2070) potential distribution of X. loweryi in the Amazonas and San Martin regions of northwestern Peru. In fact, under current conditions, areas of “high”, “moderate”, and “low” potential habitat suitability cover 0.16% (140.85 km2), 0.46% (416.88 km2), and 1.16% (1048.79 km2) of the study area, respectively. Moreover, under future conditions, the “high”, “moderate”, and “low” probability areas present profits and losses in terms of habitat suitability. Based on the environmental variables, this species mostly inhabits areas with a forest fraction with presence of trees with an emergent tree canopy of ~10–30 metres and depends on Yunga montane forest habitats with high humidity but it is not dependent on bare cover area, crops, or grasslands. Nevertheless, most of the current and future distribution areas are not part of the protected natural areas of Amazonas and San Martin. Additionally, the combination of climate change and anthropogenic activities contribute to further losses of this species habitat. Therefore, from the management point of view, corrective and preventive actions will help to preserve this species over time.
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1. Introduction


The neotropical long-whiskered owlet (Xenoglaux loweryi) [1] is a Peruvian endemic bird with a restricted range [2,3]. This species inhabits the humid montane forests of the eastern cordillera of the Andes, with unique records in the departments of Amazonas and San Martin, both of which are located northeastern Peru [1,4,5,6]. The long-whiskered owlet mainly feeds on insects [6], and it is currently estimated that the total population comprises 250 to 999 individuals [7]. The behaviour and life history of X. loweryi are still largely unknown [4]. This may, in part, be due to the fact that they are small nocturnal owls (13–14 cm) and that their habitat is difficult to access [1,2,7]. Although only the range has been recorded for this species [2,5,8], information on their ecology and biology is still deficient, and its interactions with other species remain more or less unknown [1,7]. In their first report, O’Neil and Graves mentioned that Xenoglaux genus is closely related to Glaucidium and Micrathene, which share some similar characteristics and belong to the family Strigidae [1]. Owls such as the white-throated screech-owl (Megascops albogularis) [9], cinnamon screech-owl (Megascops petersoni) [10], and band-bellied owl (Pulsatrix melanota) [11] also cover the Xenoglaux’s habitat and have a greater distribution range and have been classified as species of least concern (LC) by the International Union for Conservation of Nature (IUCN); however, there is an interaction and the possibility to coexist between the aforementioned owls. Nevertheless, X. loweryi has been individually studied in Yunga montane forests in photo-graphic censuses, with the aim to locate this species or to obtain new records; however, according to the literature reviewed, there is such a scientific gap, e.g., intra-guild competition and/or predation, between species in this area of Peru [12,13].



On the other hand, there is detailed information that anthropogenic threats, such as the opening of roads, deforestation, forest fires, migratory agriculture, cattle ranching, concessions, and mining activities, are gradually reducing this species’ habitat [14,15,16,17]. At the same time, negative changes in these landscapes can significantly reduce owl populations [18,19,20]. As a result, the IUCN list X. loweryi as vulnerable (VU) [21], and the red book of the threatened wild fauna of Peru has listed it as endangered (EN) [14].



Notwithstanding, studies have shown that climate change could alter the structure and functions of the natural ecosystem that serves as a habitat for fauna species worldwide [12,22,23]. Therefore, any alteration in the climatic variables could have a negative influence on species with restricted suitable habitats [23,24]. The impact that climate change will have on the biodiversity of the Yunga montane forests, home to endemic species of both fauna and flora, and particularly on X. loweryi in northwest Peru, is largely unknown. However, there is a similar study about the distribution of spectacled bear (T. ornatus) that includes these habitats under current and future conditions in the face of climate change [25]. As for owls, studies have been carried out internationally on their current distribution [26,27], interactions with other species, feeding, reproductive success, and climate change [12,13]. Locally, there have been few studies on birds that are highly vulnerable to climate change, and this gap in knowledge means that they are not considered to be threatened with extinction [24]. Consequently, the systematic and regular collection of information on the current and future ecology and distribution of these species is an urgent priority [24].



In that sense, using a maximum entropy modelling approach (MaxEnt) [28], it is possible to identify the relationship between a species and its habitat by modelling its potential distribution in geographic spaces with similar characteristics to those required by the geo-referenced occurrence data [29]. MaxEnt (https://biodiversityinformatics.amnh.org/open_source/maxent/; accessed 27 May 2020) is an easy-to-use software [30], and has effectively been used in modelling rare species with narrow ranges and using only sparse occurrence data [28,31]. In addition, this biogeographic distribution model has been used extensively in studies of endangered birds, protected area planning, climate change impacts, and influences on bird distribution [23,27,32,33,34,35,36].



Therefore, this study modelled the potential current and future distribution of X. loweryi in the Amazonas and San Martin areas of northwestern Peru, explaining the species–habitat relationship through the response curves derived from the final environmental variables. In this vein, the objective is not only to determine the current and future distribution, but also to determine the response of the variables used for the model and an up-to-date quantitative explanation of the descriptive concepts of the habitat of X. loweryi (for example, whether the species inhabits humid montane forests). Suitable area comparisons were also made, including those using current and future maps, the IUCN map, and the maps from previous studies to find suitable areas in common across time. Furthermore, climate change was combined with anthropogenic disturbances, e.g., urban areas, access to road networks, among others, that are frequently found in the study area. Finally, the final distribution maps were superimposed with the different categories of natural protected areas (NPA), thus determining if the geographic extensions of NPAs satisfactorily cover this species’ habitat for protection purposes.



Accordingly, we (i) constructed a base of georeferenced occurrence records of the species and (ii) identified and selected important and uncorrelated environmental variables, with which we (iii) modelled maps and determined changes in the environmentally suitable area under the current conditions and futures condition by 2050 and 2070. More specifically, the following questions were addressed: (1) Is there a relationship between the final environmental variables and species habitat? (2) Will the current habitat decrease under future conditions by 2050 and 2070? (3) Will the range of the predicted current distribution be larger compared to the IUCN map? (4) Will the combination of climate change and human disturbance further limit the species’ habitat suitability? (5) Will the different categories of natural protected areas cover significant areas of the current and future distribution to protect the species?




2. Materials and Methods


2.1. Study Area


The study covers the departments of Amazonas and San Martin in northwestern Peru and are located between the parallels 3°0′ and 9°0′ south and the meridians 75°50′ and 78°80′ west (Figure 1). These are unique territories where records of X. loweryi have been reported (Figure 2) [1,4,5]. The department of Amazonas covers an estimated area of 42,050.32 km2 of rugged landscape and is largely under the Amazonian rainforest. This department is characterized by a “hot and humid”, “hot dry”, and “warm temperate and slightly humid” climate, with maximum temperatures of 40 °C in the lowland forest to the north and minimum temperatures of 2 °C in the highlands to the south. In some areas, there is a water shortage of 924 mm/year, while in others, there is a surplus of up to 3000 mm/year [37]. On the southern border, the department of San Martin has an estimated area of 48,307.81 km2 and is located in the Peruvian Amazon between the natural high-jungle and low-jungle regions. Due to its geographical location, San Martin has a warm, hot, and humid climate. The average annual temperature is 24 °C. The maximum rainfall is 280 mm from October to March, and the region experiences small precipitation events of more than 50 mm during July and August [38,39].




2.2. Georeferenced Records of X. loweryi


Georeferenced (latitude/longitude) records of sightings were used and were obtained from (i) the Global Biodiversity Information Facility (GBIF) (https://www.gbif.org/; accessed on 20 July 2020), a worldwide virtual database, using QGIS Plugin version 3.12 (GBIF occurrences) (https://qgis.org/es/site/forusers/download.html; accessed on 2 March 2020) [40]; (ii) from the literature [5], and (iii) from sightings from park rangers of the National Service of Natural Protected Areas by the State of Peru (SERNANP). Subsequently, duplicate data (same longitude and latitude values) were removed [41]. Finally, all presence points went through a selection process to avoid oversampling intensity and to improve model performance [42]. Therefore, the records were filtered to a 50 m grid, reducing 431 georeferenced records to 66 records (Figure 1).




2.3. Environmental Variables


In this study, 32 environmental variables (Table S1) were used, including 19 bio-climatic variables and 3 topographic variables (altitude, slope, and aspect) to represent the availability of shelter to the species (tree cover, shrubs, grass, crops, bare cover, ecosystems, and tree height), proximity to water sources, and other environmental conditions (relative humidity and solar radiation). It has been shown that the use of habitat variables not overestimate the model when used for endemic birds [43]. Bioclimatic variables were obtained at a spatial resolution of 30 arcseconds (~1 km) from the global climate geodatabase, WorldClim (http://worldclim.org (accessed on 1 November 2020)). Version 2.1 [44] was used for current conditions (average 1970–2000), and version 1.4 [45] was used for the periods of 2050 (average 2041–2060) and 2070 (average 2061–2080). For 2050 and 2070, we considered greenhouse gas emission scenarios (RCP 4.5 and 8.5) based on the Representative Concentration Pathways (RCPs) [46] of the Community Climate System Model ver. 4 (CCSM4) [47,48]. Specifically, the first intermediate mode-radiated emission scenario (RCP 4.5) and the high-emission scenario (RCP 8.5) were considered [23,49]



The topographic variables were derived from the 250 m spatial resolution Digital El-evation Model (DEM) downloaded from the CGIAR Consortium for Spatial Information portal (http://srtm.csi.cgiar.org/ (accessed on 2 June 2020)). This DEM was generated from Shuttle Radar Topography Mission (SRTM) data [50]. Proximity to water sources was generated using the Euclidean distance algorithm with a spatial resolution of 250 m. The vector layer of the hydrography (rivers and lakes at a scale of 1: 100,000) of the quadrants covering Amazonas and San Martin from the National Chart of the National Geographic Institute (IGN) of Peru was used and was obtained from the website of the Ministry of Education [51]. For shelter availability, the cover probability layers were obtained from Copernicus Global Land Service LC100-V2.0 [52], the ecosystem layer was obtained from the Ministry of Environment (MINAM) [53], and tree height was determined from Global Forest Canopy Mapping [54]. Solar radiation was also obtained from WorldClim 2.1 (http://worldclim.org (accessed on 1 November 2020)) and relative humidity was obtained from the Climate Research Unit (CRU) surface climate dataset [55]. The latter was interpolated using the ordinary kriging method in ArcGIS ver 10.5 (Esri, Redlands, California, USA), with semivariogram models (gaussian, spherical and exponential) [56] yielding the best-performing spherical model, with a Root Mean Squared Error (RMSE) of 0.52 and a coefficient of determination (R2) of 0.98.



Variables were resampled at a 100 m resolution with QGIS version 3.12. All of the variables were then converted to ASCII format for use in the model. Additionally, non-bioclimatic variables were assumed to be unchanged for 2050 and 2070 [23,33].




2.4. Selection of Environmental Variables


The variables for species distribution models are very important because if all of them are incorporated into the model, some will be biologically significant while others will be of little importance [57]. However, to minimize the collinearity of the environmental variables, we used the R programming language and calculated Pearson’s correlation coefficients (| r | > 0.7) for 31 environmental variables (Table S2), an appropriate indicator in case collinearity begins to distort the model estimation [58]; however, the ecosystems were not correlated by logical inference because they were not collinear as the bioclimatic variables were, but rather were categorical variables. When two variables were highly correlated, the variable with the highest ecological importance was retained and considered to be the variable from a preliminary model of the species making the largest contribution according to Jackknife (Figure S1 and Figure 3), eliminating the second variable, thus obtaining a subset of uncorrelated variables. This resulted in a subset of 18 minimally correlated variables (Figure 4).




2.5. Modelling under Current and Future Climate Change Scenarios


Maxent 3.4.1 (https://biodiversityinformatics.amnh.org/open_source/maxent/; accessed on 27 May 2020) [28] was used to model the habitat suitability of X. loweryi in the study area. A total of 75% and 25% of the georeferenced records (randomly selected) were used to train and validate each model, respectively. The algorithm was run using 10 replicates in 5000 iterations with different random partitions (Bootstrap method) with a convergence threshold of 0.000001 and 10,000 maximum background points [59]. Additionally, the Jackknife method was used to measure the importance of the variables in habitat mapping. The area under the curve (AUC) obtained from a receiver operating characteristic (ROC) curve was used to evaluate our model [28,60]. The area under the ROC function (AUC) is a performance index that is widely used to indicate model stability to discriminate between suitable and unsuitable habitats [61]. In general, the AUC should be between 0.5 and 1: when the AUC is equal to 0.5, model performance is equivalent to the pure guess; therefore, model performance was categorized as failed (0.5–0.6), poor (0.6–0.7), fair (0.7–0.8), good (0.8–0.9), and excellent (0.9–1) [28,62,63]. A logistic output which is interpreted as the probability of the presence of a species given the environmental variables, was chosen [30]. This resulted in the total habitat suitability area of X. loweryi having values from 0 to 1, where 0 is an extremely unsuitable habitat, and 1 is the most suitable habitat [28,64]



Due to the restricted range characteristics of the species, thresholds were not considered, which would further restrict the species’ area. Therefore, it was reclassified into four suitable ranges: “high” (>0.6), “moderate” (0.4–0.6), and “low” (0.2–0.4) habitat suitability as well as “unsuitable habitat” (<0.2) [25,65,66].




2.6. Assessment of Habitat Range Change under Current, Future and IUCN Geographic Boundaries


The five reclassified maps of the potential distribution of X. loweryi were analyzed: one map for the current distribution, and four maps representing the future climate change scenarios for 2050 and 2070. They were overlaid on one another other to determine changes in habitat ranges. The map of the potential distribution under current conditions was also compared to the current IUCN distribution map for X. loweryi, which helped to validate the model. In addition, using the IUCN map as a mask, the five maps were extracted and overlaid to determine changes in the habitat ranges under these geographical boundaries.




2.7. Changes in Habitat Suitability under Both Climate Change and Human Disturbance Combined


Human disturbance and climate change variables were combined to assess integrated habitat impacts for X. loweryi following the analysis of Zhent et al. [67]. In that sense, we selected four types of human disturbances, (urban areas from the National Geographic Institute (https://www.gob.pe/ign (accessed on 18 April 2020)), roads obtained from the Ministry of Transport and Communications [68], and hydroelectric power plants and power transmission lines from GEO GPS PERU (www.geogpsperu.com accessed on 28 October 2020) to represent the most frequently occurring disturbances in the study area. Consequently, the range of influence was set at a distance of 3 km for roads, and 2 km was set as the influence area for other disturbances. The researchers’ criteria established the areas of impact. Finally, all human disturbances were integrated, and then an overlay analysis was performed on the distribution maps for 2050 and 2070 in ArcGIS ver 10.5. This resulted in maps of showing the combined influence of climate change and human disturbances on the habitat suitability for X. loweryi for 2050 and 2070.




2.8. Identifying Habitat Changes and Priority Areas for Research and Conservation


Finally, the potential distributions were overlaid with the natural protected areas (PNA) system, which was obtained from the geoserver of the National Service of Natural Areas Protected by the State—SERNANP [69], which contributed to determining the spatial distribution of the studied species within the PNAs. This enabled the identification of geographic spaces to protect the species and to identify areas with potential distribution in which research and the future establishment of NPAs will be prioritized.





3. Results


3.1. Model Performance and Contributions of Environmental Variables


The model performance obtained shows an AUC > 0.995 (Figure 3a), indicating an excellent model. The results of the Jackknife test show the importance of the different environmental variables in mapping the habitat suitability of X. loweryi (Figure 3b).



Five environmental variables mainly drove the model: bio13 (precipitation of wettest Month), bio15 (precipitation seasonality (coefficient of variation)), bio09 (mean temperature of driest quarter), ecosystems, and relative humidity, which contributed to 91% of the habitat predictions (Figure 4).



The response curves show the effects of individual variables for the prediction of the X. loweryi model (Figure 5). The results revealed that the response of different variables in the model was non-linear. These curves explain the response of the different variables contributing the most (Figure 5a–e) and the least (Figure 5f–r), but no less important for mapping the habitat suitability of X. loweryi. Under current conditions (Figure 5), the results show that X. loweryi depends on areas with a forest fraction with the presence of trees (Figure 5n), an emergent canopy of ~10–30 meters (Figure 5m), and Yunga montane forest habitats (Figure 5d, ecosystem type description Table S3) with high humidity (Figure 5e); meanwhile, it is not dependent on shrub (Figure 5q), grassland (Figure 5g), or cultivated areas (Figure 5o). Its habitat is not located on steep slopes (Figure 5f) and have limited elevation thresholds (Figure 5r), although they do demand proximity to water sources (Figure 5l). Moreover, solar radiation defines the microclimatic stability of the mountainous ecosystem for the species (Figure 5i).



Regarding the bioclimatic variables, the distribution of X. loweryi decreases in areas with precipitation higher than ~150 mm during the wettest month (Figure 5a); in theses areas, there is a probability of species occurrence in when there is a narrow range according to precipitation seasonality (20–30 mm) (Figure 5b) and with a mean temperature lower than 24 °C in the driest quarter (Figure 5c). In addition, other variables such as coldest quarter precipitation less than 600 mm (Figure 5h); an annual temperature range (BIO5–BIO6) from 11 °C to 17 °C (Figure 5j); and temperature seasonality ranging from 10 °C to 80 °C (Figure 5p) contribute to the species’ habitat conditions.




3.2. Potential Distribution under Current and Climate Change Scenarios of X. loweryi


Under current conditions, the distribution of X. loweryi in the study area covers a geographical extent of “high”, “moderate”, and “low” suitability, comprising 140.85 km2 (0.16%), 416.88 km2 (0.46%), and 1048.79 km2 (1.16%), respectively (Table 1). Under future conditions, the habitat shows a slight increase from the current distribution. In the “high” potential distribution area of RCP 4.5, the habitat will decrease by −10.3% in 2070, and in RCP 8.5, it will decrease by −4.9% in 2050 (Table 1). The same trend is also observed for “moderate” and “low” potential habitat suitability areas. Finally, the total area of suitability covers only 1.78% (1606.52 km2) of the territory in the Amazonas and San Martin regions (Table 1). In this sense, the increase in the total future area is only driven by climate change in all of the RCPs (except for RCP 4.5 in 2070), regardless of the current and future anthropogenic disturbances.



In Figure 6, the current distribution (Figure 6a) and in climate change scenarios for RCP 4.5 and 8.5 in 2050 (Figure 6b–c) and 2070 (Figure 6d–e) shows the following: Currently, suitable habitats were predicted between the latitudes 5°29′0″ S and 6°2′0″ S in northwestern Peru (Figure 6a). With RCP 4.5 for 2050 (Figure 6b) and RCP 8.5 for 2070 (Figure 6e), there is an increase in the suitable habitat area for X. lowery. In RCP 4.5 for 2050, the increases are more concentrated, with slight gains to the south and north (Figure 6b). On the other hand, RCP 8.5 for 2070 expands both to the northwest and southeast, but the central part in this range appears to be more fragmented (Figure 6e). At RCP 8.5 in 2050 (Figure 6c) and at RCP 4.5 in 2070 (Figure 6d), there are substantial habitat losses to the southeast that shift slightly to the south and west.



The IUCN map indicates that 1.8% (1627.02 km2) of the study area (Amazonas and San Martin) is in the “existing” zone of occurrence for X. loweryi (Figure 6), while the model under current conditions predicts that 1.78% (1606.52 km2) is under one of the potential habitat suitability statuses (sum of “high”, “moderate”, or “low”) (Table 1). The predicted suitable areas cover 47.07% (765.88 km2) of the “existing” zone of the IUCN map (Table 2). When reclassifying the “existing” zone of the IUCN map into distribution ranges, it covers 86.2% (121.39 km2), 59.5% (248.09 km2), and 37.8% (396.40 km2) of the current “high”, “moderate”, and “low” potential habitat suitability area, respectively (Table 2). Furthermore, it is determined that the total potential habitat suitability of the IUCN map overlay, which covers 0.85% (765.88 km2) of the study area in future and recategorized scenarios, will generate further losses in both RCP 8.5 by 2050 and RCP 4.5 by 2070 (Table 2).




3.3. Changes in Habitat Suitability under Both Climate Change and Human Disturbance Combined


The habitat distribution mapping integrating climate and human disturbance shows that the areas of “high”, “moderate”, and “low” potential habitat suitability will decrease considerably (Figure 7). Specifically, the total area of suitability that will decrease significantly by 2050 is RCP 8.5 (−74.8%) and RCP 4.5 by 2070 (−76%) (Table 3) if we only consider the influence of climate change (Table 2). On the other hand, the highest habitat contraction in the areas with “high” habitat suitability will be observed in RCP 4.5: −49.7% for 2050 and −54.2% for 2070.




3.4. Stability and Habitat Loss of X. loweryi in Protected Areas


Only 40.5% (650.76 km2) of the total predicted suitable area the under current conditions in Amazonas and San Martin (1606.52 km2; Table 1) is covered by protected areas, the habitat suitability details of which are presented in Table S4. These results include 28.9% (40.76 km2), 44.3% (184.77 km2), and 40.5% (425.23 km2) coverage in the “high”, “moderate”, and “low” potential habitat suitability areas, respectively, when they were evaluated separately. The Alto Mayo protected forest covers the highest percentage of predicted suitable areas for X. loweryi, accounting for 26.1% (418.86 km2) of the NPA categories. Of the IUCN map in Amazonas and San Martin (1627.02 km2), only 58.8% (956.11 km2) was protected (Table 4), with the Alto Mayo protected forest (34.9%) being placed first, followed by private conservation areas (PCAs) (16.7%), national sanctuaries (NS) (5.0%), and regional conservation areas (RCA) (2.1%); moreover, they are the only protection and conservation categories for this species. Surprisingly, in all of the climate change scenarios, only about 30% of the total predicted protected areas cover suitable areas. Furthermore, the Alto Mayo protected forest followed by reserved zones (RZs) and PCAs cover the highest percentages of predicted suitable areas for X. loweryi.



The importance of each NPA category is also determined by the percentage of its area that is under the potential distribution of X. loweryi. Thus, the total predicted suitability under current conditions covers 23% of the total area of the Alto Mayo protected forest, 6.7% of PCAs, 2.7% of RZs, and less than 2% of the other categories (Table 4). On the other hand, the “existing” zone of the IUCN map occupies 31.2% of the Alto Mayo protected forest, 20.9% of NS, 17.3% of PCAs, and 0.8% of the RCAs. The predicted suitability in all climate change scenarios is highest to lowest. The Alto Mayo protected forest varies from (24.6–31.2%) the PCAs (6.8–10.2%) and the RZ (2.7–4.2%), while the other modalities occupy areas below 1% (except NS RCP 4.5 in 2050 and RCP 8.5 in 2070).





4. Discussion


This is the first study to report and estimate the future distribution of X. loweryi and to raise concerns about the decline of environmentally suitable areas for the species.



4.1. Environmental Variables in the Distribution of X. loweryi


The variables that influenced the suitability of the habitat of X. loweryi the most, with a contribution of 91% were: bio13 (precipitation of wettest month), bio15 (precipitation seasonality (coefficient of variation), bio09 (mean temperature of driest quarter), types of ecosystems, and relative humidity. Accordingly, studies describe this species habitat to be humid montane forests [1,2,4,5,6,70]; thus, the environmental variables respond in a quantitatively similar way according to the response curves (Figure 5). The remaining environmental variables (slope, grasslands, radiation, etc.) make minor contributions to habitat suitability (Table S5) but are no less important and were also evaluated to see their correlation with the already known habitat concepts of the target species. In this regard, the species has been sighted on gentle to steep slopes [5], similar to the results in (Figure 5f), which show a not very steep slope [5]. The altitude range is from 1890 to 2585 m, with a probability of 1900 to 2600 m, and the results of the altitude graph are similar (Figure 5r) [5]. The species has been sighted in 8–15 m canopy forests and in forests with scattered grasses due to grazing. It has also been observed both near and far from water sources. Indeed, this species is not dependent on the cover of shrubs, grassland, crops, and bare ground [2]. Physical environmental factors (air temperature, solar radiation) define specific microclimates, which may contribute to the climatic stability of the study area [71].




4.2. Current Distribution, under Future Climate Change Scenarios and Human Disturbance


Previous studies estimated the distribution of the species X. loweryi to be in an area of 1770.1 km2 [2,5] and 3016 km2 [8]. However, our study estimated a total current distribution of 1606.52 km2, which is smaller than previous studies and represents 1.78% of the study area; nevertheless, if only the “high” potential distribution habitat (140.85 km2) is considered, it is even less representative with regard to the study area. Moreover, the largest total habitat losses are expected to occur at RCP 4.5 in 2070 and at RCP 8.5 in 2050, with extreme losses occurring in the southeast. These losses may be increased om studies of intragremial competition and/or on the predation of X. loweryi with other species [12,13]. On the other hand, despite increasing the total suitability, the future climate change scenarios in RCP 4.5 in 2050 and RCP 8.5 in 2070 are more likely to be fragmented in the central part of the suitable area. The area expansion of species with very narrow niches, such as X. loweryi, is due to the fact that environmental conditions in combination with the habitat environment have become common [72]. However, when species conserve their range in the face of climate change, it is possible to obtain an adaptive or physiological acclimatization response, adjusting rapidly to environmental and landscape change [73]. Importantly, when considering the variable of anthropogenic activities combined with climate change, habitat loss will be −76% at most in RCP 4.5 by 2070. Clearly, based on our results, what would impact the future habitat of the species the most would be the road networks, and urban centers that are still far from the habitats of the species would have less of an impact. It has been documented that road networks contribute to deforestation in the Amazon [74,75,76], isolate wildlife populations, and generate reproductive changes [77,78,79,80]. Hence, human disturbances may limit the species range even more and may result in changes in local rainfall [5].




4.3. Conservation Priority Areas for X. loweryi


The total suitability distribution covers 47.07% of the existing IUCN area; further-more, 47.91% coincides with the northeastern expansion of the species described by Lane and Angulo [5]. This model shows a less suitable area for the X. loweryi habitat than the IUCN and Lane and Angulo map, which may be due to the different methodologies used to determine the distribution of the species. However, conservation managers should use both sets of maps for decision making. On the other hand, PNAs are one of the strategies for the conservation of fauna and flora in Peru [81], an example of which is the Alto Mayo protected forest, which has an area of 1820 km2 and covers the greatest range of distribution of X. loweryi with 26.1%. Nevertheless, there are distribution areas that are not categorized under any type of conservation. These areas are particularly susceptible to the opening of road networks, the establishment of crops, and extensive livestock farming [74,75,76,82,83]. Therefore, species distribution models (SDM) allow us to make decisions of critical importance for biodiversity conservation and are a tool for decision-making and for the management of wildlife and forest resources. In this regard, it is necessary to recommend that future protected areas should be established and used as one of the inputs to the geographical limits previsualized by an SDM for a species or species to be conserved and protected [84]. Moreover, models projected under climate change scenarios could further assist in this task because even if there are changes in the distribution of the species, sites with relatively stable distribution will be of the highest interest [25].





5. Conclusions


The curves derived from the final environmental variables responded to the model well and quantitatively explained the descriptive concepts of the habitat of X. loweryi. Areas with “high”, “moderate”, and “low” potential habitat suitability under the current conditions for X. loweryi were found to cover 0.16% (140.85 km2), 0.46% (416.88 km2), and 1.16% (1048.79 km2), respectively, of Amazonas and San Martin. The total suitability area, which covers 1.78% (1606.52 km2) of the study area, is expected to undergo two notable changes in the future: habitat gains and losses. Extreme losses will occur in the southeast, while habitat gains will occur in both the northwest and southeast; however, the central part of its distribution range is apparently more fragmented. In the comparison between the current suitable area of our model (1606.52 km2), the IUCN area (1627.02 km2), and the Lane and Angulo suitable study area (1770.1 km2), the latter had a greater total suitable habitat area. In fact, the current suitability model covers approximately ~47% of the existing IUCN and Lane and Angulo area, which supports the results of our model. Unfortunately, the combination of climate change and human disturbance would generate a greater loss of habitat for the species (−76%); therefore, human activities may represent a more latent risk for endangered species in the Amazon.



Furthermore, when comparing the current and future suitability model with the Nat-ural Protected Areas map, unfavorably, these areas do not cover most of the key habitats for X. loweryi. Under current conditions, they only cover 40.5% and in climate change scenarios they are further reduced, covering only 30% of the species’ habitat. It is strongly recommended that immediate measures be taken to counter current and future anthropogenic malpractices. Likewise, it is also strongly recommended that research be carried out to determine the deforestation of the species’ habitat and surveys to be designed for the identification of new individuals and that studies be carried out on the competition and/or intraguild predation of X. loweryi with other species to yield more accurate results on the species’ habitat. Finally, the model provides inputs to better understand of the distribution and the habitat–species relationship in the departments of Amazonas and San Martin, providing vital information for species conservation for future conservation and management plans.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/ani12141794/s1, Table S1: Variables for the MaxEnt model of X. loweryi in Amazonas and San Martin (Peru), Table S2: Pearson correlation coefficients (r) between environmental variables for modelling the potential distribution of X. loweryi in Amazonas and San Martin (Peru), Figure S1: Jackknife test in a preliminary model generated using only the 32 environmental variables for the modelling of the potential distribution of X. loweryi in Amazonas and San Martin (Peru), Table S3: A description of the ecosystem types comprising Amazonas and San Martin (Peru), Table S4: Area (in km2 and %) of the total potential distribution expected under both current conditions and climate change scenarios of X. loweryi in the different categories of natural protected areas in Amazonas and San Martin (Peru), Table S5: Contributions (%) of the environmental variables in the current suitability habitat and in the climate change scenarios.





Author Contributions


Conceptualization, G.M.M., N.B.R.-B., C.M.O.T., M.Y.H.C. and J.D.R.S.; data curation, G.M.M.; formal analysis, G.M.M., N.B.R.-B. and A.C.S.; funding acquisition, M.O.-C. and C.T.G.; investigation, G.M.M. and N.B.R.-B.; methodology, G.M.M. and N.B.R.-B.; project administration, M.O.-C. and C.T.G.; resources, M.O.-C. and C.T.G.; software, G.M.M., N.B.R.-B. and A.C.S.; supervision, M.O.-C. and C.T.G.; validation, G.M.M., N.B.R.-B., C.M.O.T., M.Y.H.C. and J.D.R.S.; Visualization, G.M.M., C.M.O.T., M.Y.H.C., J.D.R.S. and C.T.G.; Writing—original draft, G.M.M.; writing—review and editing, G.M.M., N.B.R.-B. and A.C.S. All authors have read and agreed to the published version of the manuscript.




Funding


This work was executed with the support from the CUI 2261386 “Creation of the Services of a Biodiversity Laboratory and Conservation of Genetic Resources of Wild Species of the Toribio Rodríguez de Mendoza National University, Amazonas”—BIODIVERSITY and executed by the Research Institute for Sustainable Development of Ceja de Selva (INDES-CES).




Institutional Review Board Statement


Not applicable.




Data Availability Statement


The data used to support the findings of this study are available from the corresponding author upon request.




Acknowledgments


The authors recognize and appreciate the support from the Research Institute for Sustainable Development of Ceja de Selva (INDES-CES) of the Toribio Rodríguez de Mendoza National University (UNTRM) and would also like to thank Kenny Neill Rodriguez Añazco, who took the photo of X. loweryi.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Neill, J.P.O.; Graves, G.R. A new genus and species of owl (Aves: Strigidae) from Peru. Auk 1977, 94, 409–416. [Google Scholar]

	



Angulo Pratolongo, F.; Palomino Condori, W.C.; Arnal-Delgado, H.; Aucca Chutas, C.; Uchofen Mena, Ó. Análisis de distribución de aves de alta prioridad de conservación e identificación de propuestas de áreas para su conservación. In Asociación Ecosistemas Andinos; American Bird Conservancy: Cusco, Perú, 2008; pp. 1–149. [Google Scholar]

	



MINAM Listado de Especies CITES Peruanas de Fauna Silvestre; MINAM (Ed.) Ministerio del Ambiente: Lima, Perú, 2018; Volume 1, pp. 1–135.

	



Brinkhuizen, D.M.; Shackelford, D. The Long-whiskered Owlets Xenoglaux loweryi of Abra Patricia. Neotrop. Bird. Mag. 2012, 10, 39–46. [Google Scholar]

	



Lane, D.F.; Angulo, F. The distribution, natural history, and status of the Long-whiskered Owlet (Xenoglaux loweryi). Wilson J. Ornithol. 2018, 130, 650–657. [Google Scholar] [CrossRef]

	



Alarcón, A.; Shanee, S.; Huaman, G.; Shanee, N. Nota sobre la dieta de la Lechucita Bigotona, Xenoglaux loweryi en Yambrasbamba, Amazonas. Rev. Peru. Biol. 2016, 23, 335–338. [Google Scholar] [CrossRef]

	



BirdLife International Species Factsheet: Xenoglaux Loweryi. Available online: http://datazone.birdlife.org/species/factsheet/long-whiskered-owlet-xenoglaux-loweryi (accessed on 4 December 2020).

	



Young, B.E. Distribución de las Especies Endémicas en la Vertiente Oriental de los Andes en Perú y Bolivia; Wust Ediciones; Nature Serve: Arlington, VA, USA, 2007; ISBN 0971105359. [Google Scholar]

	



BirdLife International White-Throated Screech-Owl (Megascops albogularis)—BirdLife Species Factsheet. Available online: http://datazone.birdlife.org/species/factsheet/white-throated-screech-owl-megascops-albogularis (accessed on 23 May 2022).

	



BirdLife International Cinnamon Screech-Owl (Megascops petersoni)—BirdLife Species Factsheet. Available online: http://datazone.birdlife.org/species/factsheet/cinnamon-screech-owl-megascops-petersoni (accessed on 23 May 2022).

	



BirdLife International Band-Bellied Owl (Pulsatrix melanota) - BirdLife Species Factsheet. Available online: http://datazone.birdlife.org/species/factsheet/band-bellied-owl-pulsatrix-melanota (accessed on 23 May 2022).

	



Kouba, M.; Bartoš, L.; Bartošová, J.; Hongisto, K.; Korpimäki, E. Interactive influences of fluctuations of main food resources and climate change on long-term population decline of Tengmalm’s owls in the boreal forest. Sci. Rep. 2020, 10, 1–14. [Google Scholar] [CrossRef]

	



Brambilla, M.; Scridel, D.; Bazzi, G.; Ilahiane, L.; Iemma, A.; Pedrini, P.; Bassi, E.; Bionda, R.; Marchesi, L.; Genero, F.; et al. Species interactions and climate change: How the disruption of species co-occurrence will impact on an avian forest guild. Glob. Chang. Biol. 2020, 26, 1212–1224. [Google Scholar] [CrossRef]

	



SERFOR. Libro Rojo de la Fauna Silvestre Amenazada del Perú; Primera, Ed.; SERFOR: Lima, Perú, 2018; ISBN 9786124690822.

	



Oliva, M.; Maicelo, J.L.; Bardales, W. Propiedades fisicoquímicas del suelo en diferentes estadios de la agricultura migratoria en el Área de Conservación Privada “Palmeras de Ocol”, distrito de Molinopampa, provincia de Chachapoyas (departamento de Amazonas). Rev. Investig. Agroproducción SustenTable 2017, 1, 9–21. [Google Scholar] [CrossRef]

	



Shanee, N.; Shanee, S. Land Trafficking, Migration, and Conservation in the “No-Man’s Land” of Northeastern Peru. Trop. Conserv. Sci. 2016, 9, 1940082916682957. [Google Scholar] [CrossRef]

	



Dourojeanni, M.J. Ocupación Humana Y Áreas Protegidas De La Amazonia Del Perú. Ecol. Apl. 2014, 13, 225. [Google Scholar] [CrossRef]

	



Van Nieuwenhuyse, D.; Genot, J.; Johnson, D.H. The little owl: Conservation, ecology and behavior of Athene noctua. Choice Rev. Online 2009, 46, 46–4441. [Google Scholar] [CrossRef]

	



Carrara, E.; Arroyo-Rodríguez, V.; Vega-Rivera, J.H.; Schondube, J.E.; de Freitas, S.M.; Fahrig, L. Impact of landscape composition and configuration on forest specialist and generalist bird species in the fragmented Lacandona rainforest, Mexico. Biol. Conserv. 2015, 184, 117–126. [Google Scholar] [CrossRef]

	



Reino, L.; Triviño, M.; Beja, P.; Araújo, M.B.; Figueira, R.; Segurado, P. Modelling landscape constraints on farmland bird species range shifts under climate change. Sci. Total Environ. 2018, 625, 1596–1605. [Google Scholar] [CrossRef] [PubMed]

	



BirdLife International Xenoglaux loweryi. The IUCN Red List of Threatened Species. e.T22689320A180768478. Available online: http://datazone.birdlife.org/species/factsheet/long-whiskered-owlet-xenoglaux-loweryi/refs (accessed on 9 February 2021).

	



Warren, R.; Vanderwal, J.; Price, J.; Welbergen, J.A.; Atkinson, I.; Ramirez-Villegas, J.; Osborn, T.J.; Jarvis, A.; Shoo, L.P.; Williams, S.E.; et al. Quantifying the benefit of early climate change mitigation in avoiding biodiversity loss. Nat. Clim. Chang. 2013, 3, 678–682. [Google Scholar] [CrossRef]

	



Singh, H.; Kumar, N.; Kumar, M.; Singh, R. Modelling habitat suitability of western tragopan (Tragopan melanocephalus) a range-restricted vulnerable bird species of the Himalayan region, in response to climate change. Clim. Risk Manag. 2020, 29, 100241. [Google Scholar] [CrossRef]

	



Şekercioĝlu, Ç.H.; Primack, R.B.; Wormworth, J. The effects of climate change on tropical birds. Biol. Conserv. 2012, 148, 1–18. [Google Scholar] [CrossRef]

	



Meza, G.M.; Castillo, E.B.; Guzmán, C.T.; Cotrina Sánchez, D.A.; Guzman Valqui, B.K.; Oliva, M.; Bandopadhyay, S.; López, R.S.; Rojas Briceño, N.B. Predictive modelling of current and future potential distribution of the spectacled bear (Tremarctos ornatus) in Amazonas, northeast Peru. Animals 2020, 10, 1816. [Google Scholar] [CrossRef]

	



Ariel, L.; Salas, E.; Seamster, V.A.; Boykin, K.G.; Harings, N.M.; Dixon, K.W. Modeling the impacts of climate change on Species of Concern (birds) in South Central U.S. based on bioclimatic variables. AIMS Environ. Sci. 2017, 4, 358–385. [Google Scholar] [CrossRef]

	



Sheykhi Ilanloo, S.; Ebrahimi, E.; Valizadegan, N.; Ashrafi, S.; Rezaei, H.R.; Yousefi, M. Little owl (Athene noctua) around human settlements and agricultural lands: Conservation and management enlightenments. Acta Ecol. Sin. 2020, 40, 347–352. [Google Scholar] [CrossRef]

	



Phillips, S.J.; Andersonb, R.P.; Schapire, R.E. Maximum entropy modeling of species geographic distributions. Int. J. Glob. Environ. Issues 2006, 6, 231–252. [Google Scholar] [CrossRef]

	



Guisan, A.; Thuiller, W. Predicting species distribution: Offering more than simple habitat models. Ecol. Lett. 2005, 8, 993–1009. [Google Scholar] [CrossRef]

	



Merow, C.; Smith, M.J.; Silander, J.A. A practical guide to MaxEnt for modeling species’ distributions: What it does, and why inputs and settings matter. Ecography 2013, 36, 1058–1069. [Google Scholar] [CrossRef]

	



Anderson, R.P.; Dudík, M.; Ferrier, S.; Guisan, A.; Hijmans, R.J.; Huettmann, F.; Graham, C.H.; Manion, G.; Wisz, M.S.; Zimmermann, N.E.; et al. Novel methods improve prediction of species’ distributions from occurrence data. Eur. J. Biochem. 2006, 29, 129–151. [Google Scholar] [CrossRef]

	



Zhu, B.; Wang, B.; Zou, B.; Xu, Y.; Yang, B.; Yang, N.; Ran, J. Assessment of habitat suitability of a high-mountain Galliform species, buff-throated partridge (Tetraophasis szechenyii). Glob. Ecol. Conserv. 2020, 24, e01230. [Google Scholar] [CrossRef]

	



Mudereri, B.T.; Mukanga, C.; Mupfiga, E.T.; Gwatirisa, C.; Kimathi, E.; Chitata, T. Analysis of potentially suitable habitat within migration connections of an intra-African migrant-the Blue Swallow (Hirundo atrocaerulea). Ecol. Inform. 2020, 57, 101082. [Google Scholar] [CrossRef]

	



Jose, V.S.; Nameer, P.O. The expanding distribution of the Indian Peafowl (Pavo cristatus) as an indicator of changing climate in Kerala, southern India: A modelling study using MaxEnt. Ecol. Indic. 2020, 110, 105930. [Google Scholar] [CrossRef]

	



Wang, G.; Wang, C.; Guo, Z.; Dai, L.; Wu, Y.; Liu, H.; Li, Y.; Chen, H.; Zhang, Y.; Zhao, Y.; et al. Integrating Maxent model and landscape ecology theory for studying spatiotemporal dynamics of habitat: Suggestions for conservation of endangered Red-crowned crane. Ecol. Indic. 2020, 116, 106472. [Google Scholar] [CrossRef]

	



Li, P.; Zhu, W.; Xie, Z.; Qiao, K. Integration of multiple climate models to predict range shifts and identify management priorities of the endangered Taxus wallichiana in the Himalaya–Hengduan Mountain region. J. For. Res. 2020, 31, 2255–2272. [Google Scholar] [CrossRef]

	



Vargas, J. Clima, Informe Temático. In Proyecto Zonificación Ecológica y Económica del Departamento de Amazonas, Convenio Entre el IIAP y el Gobierno Regional de Amazonas; GRA: Iquitos, Perú, 2010; ISBN 9788578110796. [Google Scholar]

	



Villegas Mori, E.M.; Pérez Vilca, W.; Altamirano, O. Resultados de la Zonificación Ecológica y Económica del Departamento de San Martín; Primera, Ed.; Gobierno Regional de San Martín: Lima, Perú, 2009; Volume 1982.

	



Vargas, J. Clima del Departamento de San Martín. In Proyecto de Zonificación Ecológica y Económica, Convenio Entre el Instituto de Investigaciones de la Amazonía Peruana y el Gobierno Regional de San Martín; GRSM: Iquitos, Perú, 2007. [Google Scholar]

	



GBIF.org GBIF Occurrence Download. Available online: https://www.gbif.org/occurrence/download/0025112-200613084148143 (accessed on 20 July 2020).

	



Deb, J.C.; Phinn, S.; Butt, N.; McAlpine, C.A. Climatic-Induced Shifts in the Distribution of Teak (Tectona grandis) in Tropical Asia: Implications for Forest Management and Planning. Environ. Manag. 2017, 60, 422–435. [Google Scholar] [CrossRef]

	



Boria, R.A.; Olson, L.E.; Goodman, S.M.; Anderson, R.P. Spatial filtering to reduce sampling bias can improve the performance of ecological niche models. Ecol. Modell. 2014, 275, 73–77. [Google Scholar] [CrossRef]

	



de Oliveira-Silva, A.E.; Piratelli, A.J.; Zurell, D.; da Silva, F.R. Vegetation cover restricts habitat suitability predictions of endemic Brazilian Atlantic Forest birds. Perspect. Ecol. Conserv. 2021, 20, 1–8. [Google Scholar] [CrossRef]

	



Fick, S.E.; Hijmans, R.J. WorldClim 2: New 1-km spatial resolution climate surfaces for global land areas. Int. J. Climatol. 2017, 37, 4302–4315. [Google Scholar] [CrossRef]

	



Hijmans, R.J.; Cameron, S.E.; Parra, J.L.; Jones, P.G.; Jarvis, A. Very high resolution interpolated climate surfaces for global land areas. Int. J. Climatol. 2005, 25, 1965–1978. [Google Scholar] [CrossRef]

	



IPCC Climate Change 2014: Synthesis Report. In Contribution of Working Groups I, II and III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change; IPCC: Geneve, Switzerland, 2014; ISBN 9789291691432.

	



Meehl, G.A.; Washington, W.M.; Arblaster, J.M.; Hu, A.; Teng, H.; Tebaldi, C.; Sanderson, B.N.; Lamarque, J.F.; Conley, A.; Strand, W.G.; et al. Climate system response to external forcings and climate change projections in CCSM4. J. Clim. 2012, 25, 3661–3683. [Google Scholar] [CrossRef]

	



Gent, P.R.; Danabasoglu, G.; Donner, L.J.; Holland, M.M.; Hunke, E.C.; Jayne, S.R.; Lawrence, D.M.; Neale, R.B.; Rasch, P.J.; Vertenstein, M.; et al. The community climate system model version 4. J. Clim. 2011, 24, 4973–4991. [Google Scholar] [CrossRef]

	



van Vuuren, D.P.; Edmonds, J.; Kainuma, M.; Riahi, K.; Thomson, A.; Hibbard, K.; Hurtt, G.C.; Kram, T.; Krey, V.; Lamarque, J.F.; et al. The representative concentration pathways: An overview. Clim. Chang. 2011, 109, 5–31. [Google Scholar] [CrossRef]

	



Farr, T.; Rosen, P.A.; Caro, E.; Crippen, R.; Duren, R.; Hensley, S.; Kobrick, M.; Paller, M.; Rodriguez, E.; Roth, L.; et al. Shuttle Radar Topography Mission: Mission to map the world. Rev. Geophys. 2007, 45, 3–5. [Google Scholar] [CrossRef]

	



MINEDU Descarga de Información Espacial del MED. Available online: http://sigmed.minedu.gob.pe/descargas/ (accessed on 5 December 2020).

	



Buchhorn, M.; Smets, B.; Bertels, L.; Roo, B.; Lesiv, M.; Tsendbazar, N.-E.; Herold, M.; Fritz, S. Copernicus Global Land Service: Land Cover 100m: Collection 3: Epoch 2015: Globe. VITO 2020, 580265. [Google Scholar] [CrossRef]

	



MINAM INTERCAMBIO de Datos – Geoservidor. Available online: https://geoservidor.minam.gob.pe/recursos/intercambio-de-datos/ (accessed on 5 December 2020).

	



Potapov, P.; Li, X.; Hernandez-Serna, A.; Tyukavina, A.; Hansen, M.C.; Kommareddy, A.; Pickens, A.; Turubanova, S.; Tang, H.; Silva, C.E.; et al. Mapping global forest canopy height through integration of GEDI and Landsat data. Remote Sens. Environ. 2020, 253, 112165. [Google Scholar] [CrossRef]

	



New, M.; Lister, D.; Hulme, M.; Makin, I. A high-resolution data set of surface climate over global land areas. Clim. Res. 2002, 21, 1–25. [Google Scholar] [CrossRef]

	



Varouchakis, E.A. Geostatistics: Mathematical and Statistical Basis; Elsevier Inc.: Amsterdam, The Netherlands, 2019; ISBN 9780128116890. [Google Scholar]

	



Tanner, E.P.; Papeş, M.; Elmore, R.D.; Fuhlendorf, S.D. Incorporating abundance information and guiding variable selection for climate-based ensemble forecasting of species’ distributional shifts. PLoS ONE 2017, 12, e0184316. [Google Scholar] [CrossRef]

	



Dormann, C.F.; Elith, J.; Bacher, S.; Buchmann, C.; Carl, G.; Carré, G.; Marquéz, J.R.G.; Gruber, B.; Lafourcade, B.; Leitão, P.J.; et al. Collinearity: A review of methods to deal with it and a simulation study evaluating their performance. Ecography 2013, 36, 27–46. [Google Scholar] [CrossRef]

	



Sony, R.K.; Sen, S.; Kumar, S.; Sen, M.; Jayahari, K.M. Niche models inform the effects of climate change on the endangered Nilgiri Tahr (Nilgiritragus hylocrius) populations in the southern Western Ghats, India. Ecol. Eng. 2018, 120, 355–363. [Google Scholar] [CrossRef]

	



Fielding, A.H.; Bell, J.F. A review of methods for the assessment of prediction errors in conservation presence/absence models. Environ. Conserv. 1997, 24, 38–49. [Google Scholar] [CrossRef]

	



Warren, D.L.; Seifert, S.N. Ecological niche modeling in Maxent: The importance of model complexity and the performance of model selection criteria. Ecol. Appl. 2011, 21, 335–342. [Google Scholar] [CrossRef] [PubMed]

	



Araujo, M.; Pearson, R.; Thuiller, W.; Erhard, M. Validation of species-climate impact models under climate change. Glob. Chang. Biol. 2005, 11, 1504–1513. [Google Scholar] [CrossRef]

	



Manel, S.; Williams, H.C.; Ormerod, S.J. Evaluating presence—Absence models in ecology: The need to account for prevalence. J. Appl. Ecol. 2001, 38, 921–931. [Google Scholar] [CrossRef]

	



Barrett, M.A.; Brown, J.L.; Junge, R.E.; Yoder, A.D. Climate change, predictive modeling and lemur health: Assessing impacts of changing climate on health and conservation in Madagascar. Biol. Conserv. 2013, 157, 409–422. [Google Scholar] [CrossRef]

	



Ansari, H.M.; Ghoddousi, A. Water availability limits brown bear distribution at the southern edge of its global range. Ursus 2018, 29, 13–24. [Google Scholar] [CrossRef]

	



Zhang, J.; Jiang, F.; Li, G.; Qin, W.; Li, S.; Gao, H.; Cai, Z.; Lin, G.; Zhang, T. Maxent modeling for predicting the spatial distribution of three raptors in the Sanjiangyuan National Park, China. Ecol. Evol. 2019, 9, 6643–6654. [Google Scholar] [CrossRef]

	



Zhen, J.; Wang, X.; Meng, Q.; Song, J.; Liao, Y.; Xiang, B.; Guo, H.; Liu, C.; Yang, R.; Luo, L. Fine-scale evaluation of giant panda habitats and countermeasures against the future impacts of climate change and human disturbance (2015–2050): A case study in Ya’an, China. Sustainability 2018, 10, 1081. [Google Scholar] [CrossRef]

	



MTC Ministerio de Transportes y Comunicaciones: Transporte Terrestre por Carretera. Available online: https://portal.mtc.gob.pe/estadisticas/descarga.html (accessed on 6 December 2020).

	



ANP, S.G. Visor de las Áreas Naturales Protegidas. Available online: http://geo.sernanp.gob.pe/visorsernanp/ (accessed on 6 December 2020).

	



MINAM Mapa Nacional de Ecosistemas del Perú: Memoria Descriptiva; Dirección General de Ordenamiento Territorial Ambiental; MINAM: Lima, Perú, 2018.

	



All, U.T.C. Thermal Effects of Radiation and Wind on a Small Bird and Implications for Microsite Selection. Ecology 2016, 77, 2228–2236. [Google Scholar]

	



Vié, J.-C.; Hilton-Taylor, C.; Stuart, S.N. Wildlife in a Changing World—An Analysis of the 2008 IUCN Red List of Threatened Species; IUCN: Gland, Switzerland, 2009; ISBN 9782831710631. [Google Scholar]

	



Peterson, A.T.; Sánchez-Cordero, V.; Soberón, J.; Bartley, J.; Buddemeier, R.W.; Navarro-Sigüenza, A.G. Effects of global climate change on geographic distributions of Mexican Cracidae. Ecol. Modell. 2001, 144, 21–30. [Google Scholar] [CrossRef]

	



Rojas Briceño, N.B.; Barboza Castillo, E.; Maicelo Quintana, J.L.; Oliva Cruz, S.M.; Salas López, R. Deforestación en la Amazonía peruana: Índices de cambios de cobertura y uso del suelo basado en SIG. Boletín la Asoc. Geógrafos Españoles 2019, 81, 1–34. [Google Scholar] [CrossRef]

	



Mendoza Chichipe, M.E.; Salas López, R.; Barboza Castillo, E. Análisis multitemporal de la deforestación usando la clasificación basada en objetos, distrito de Leymebamba (Perú). Rev. Investig. Para El Desarro. SustenTable 2017, 3, 67–76. [Google Scholar] [CrossRef]

	



Salas López, R.; Barboza Castillo, E.; Oliva Cruz, M. Dinámica multitemporal de índices de deforestación en el distrito de Florida, departamento de Amazonas, Perú. Indes 2016, 2, 1–9. [Google Scholar] [CrossRef]

	



Arroyave Maya, M.; Gómez, C.; Gutiérrez, M.; Múnera, D.; Zapata, P.; Vergara, I.; Andrade, L.; Ramos, K. Impactos de las carreteras sobre la fauna silvestre y sus principales medidas de manejo. Rev. EIA 2006, 5, 45–57. [Google Scholar] [CrossRef]

	



Morelli, F.; Rodríguez, R.A.; Benedetti, Y.; Delgado, J.D. Avian roadkills occur regardless of bird evolutionary uniqueness across Europe. Transp. Res. Part D Transp. Environ. 2020, 87, 102531. [Google Scholar] [CrossRef]

	



Figueroa, C.J.P.; Ruíz, R.D.C.L.; Guadarrama, E.M.; Leal, J.D.D.V.; Méndez, J.S.; Zayas, E.E.M.; Campillo, L.M.G.; Ruíz, L.J.R.; Hernández, Y.S.C.; Ruíz, F.S.Z. Un asesino a sueldo: El impacto de las carreteras en la fauna silvestre. Kuxulkab’ 2014, 20. [Google Scholar]

	



Pérez-García, J.M.; DeVault, T.L.; Botella, F.; Sánchez-Zapata, J.A. Using risk prediction models and species sensitivity maps for large-scale identification of infrastructure-related wildlife protection areas: The case of bird electrocution. Biol. Conserv. 2017, 210, 334–342. [Google Scholar] [CrossRef]

	



Monteferri, B. Áreas de Conservación Privada en el Perú: Avances y Propuestas a 20 Años de su Creación; Sociedad Peruana de Derecho Ambiental: Lima, Peru, 2019; ISBN 9786124261442. [Google Scholar]

	



Aquino, R.; Encarnación, F. Proyecto Zonificación Ecológica y Económica del Departamento de Amazonas, Convenio Entre el IIAP y el Gobierno Regional de Amazonas; GRSM: Iquitos, Perú, 2010; ISBN 9788578110796. [Google Scholar]

	



Juhani Mikkola, H. Diversity of the Owl Species in the Amazon Region. In Ecosystem and Biodiversity of Amazonia; InTech Open: London, UK, 2021; pp. 107–119. [Google Scholar] [CrossRef]

	



Salinas-Rodríguez, M.M.; Sajama, M.J.; Gutiérrez-Ortega, J.S.; Ortega-Baes, P.; Estrada-Castillón, A.E. Identification of endemic vascular plant species hotspots and the effectiveness of the protected areas for their conservation in Sierra Madre Oriental, Mexico. J. Nat. Conserv. 2018, 46, 6–27. [Google Scholar] [CrossRef]








[image: Animals 12 01794 g001 550] 





Figure 1. (a) South America; (b) Study departments; (c) Geographic location and protected areas in Amazonas and San Martin (Peru). Natural protected area categories of Amazonas and San Martin: NP: national park, NS: national sanctuary, CR: communal reserve, AMPF: Alto Mayo protected forest, RZ: reserved zones, RCA: regional conservation areas, PCA: private conservation areas. 
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Figure 2. X. loweryi’s natural habitat in montane forests of Fundo Alto Nieva—San Martin. Photo taken by Kenny Neill Rodriguez Añazco. 
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Figure 3. (a) ROC curve from the MaxEnt model. (b) The Jackknife test indicates the contribution of different environmental variables to the species’ current distribution. 
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Figure 4. Contribution of environmental variables to the performance of the MaxEnt model. 
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Figure 5. Response of environmental variables. In the figure, the y-axis indicates the probability of the species occurrence (logistic output). The red curves show the mean response, and the blue ranges are the standard deviation (±SD) calculated by 10 replicates. Most influential ecosystems for potential habitat suitability of X. loweryi (Figure 5d): 10, Yunga montane forest; 2, Yunga montane (pluvial) forest and 19, grassland/herbazales. 
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Figure 6. Potential current distribution of X. loweryi and climate change scenarios in Amazonas and San Martin, NW Peru. 
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Figure 7. Overlapping human disturbance factors in future scenarios of X. loweryi in Amazonas and San Martin regions (Peru). 
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Table 1. Area (km2) of predicted potential distribution under current conditions and variation (%) of X. loweryi in Amazonas and San Martin (Peru) under climate change scenarios.
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Habitat Suitability

	
Current

(km2)

	
2050 1

	
2070 (%) 1, 2




	
RCP 4.5

	
RCP 8.5

	
RCP 4.5

	
RCP 8.5






	
High

	
140.85

	
186.32

	
133.95

	
126.28

	
234.19




	
32.3

	
−4.9

	
−10.3 (−32.2)

	
66.3 (74.8)




	
Moderate

	
416.88

	
553.93

	
461.82

	
404.81

	
529.89




	
32.9

	
10.8

	
−2.9 (−26.9)

	
27.1 (14.7)




	
Low

	
1048.79

	
1216.11

	
1218.45

	
990.19

	
1184.01




	
16.0

	
16.2

	
−5.6 (−18.6)

	
12.9 (−2.8)




	
Total

	
1606.52

	
1956.36

	
1814.22

	
1521.28

	
1948.09




	
21.8

	
12.9

	
−5.3 (−22.2)

	
21.3 (7.4)








1 The area in km2 is in normal font, and the variation (%) from current conditions is in italics. 2 In brackets, variation (%) compared to the same RCP in 2050.
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Table 2. Area (km2) of the “existing” IUCN map, which matches the predicted potential distribution under current conditions and variation (%) under climate change scenarios of X. loweryi in Amazonas and San Martin regions (Peru).
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Habitat Suitability

	
Current

IUCN (km2)

	
2050 1

	
2070 (%) 1, 2




	
RCP 4.5

	
RCP 8.5

	
RCP 4.5

	
RCP 8.5






	
High

	
121.39

	
139.73

	
92.41

	
111.89

	
173.13




	
15.1

	
−23.9

	
−7.8 (−19.9)

	
42.6 (87.3)




	
Moderate

	
248.09

	
305.20

	
253.31

	
250.25

	
289.86




	
23.0

	
2.1

	
0.9 (−18.0)

	
16.8 (14.4)




	
Low

	
396.40

	
422.30

	
437.45

	
433.38

	
396.28




	
6.5

	
10.4

	
9.3 (2.6)

	
0.0 (−9.4)




	
Total

	
765.88

	
867.22

	
783.18

	
795.52

	
859.27




	
13.2

	
2.3

	
3.9 (−8.3)

	
12.2 (9.7)








1 The area in km2 in normal font, and the variation (%) from current conditions in italics. 2 In brackets, variation (%) compared to the same RCP in 2050.
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Table 3. Changes in habitat suitability of X. loweryi in the study area considering human disturbance factors by 2050 and 2070.
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Habitat suitability

	
Current

(km2)

	
2050 1

	
2070 (%) 1, 2




	
RCP 4.5

	
RCP 8.5

	
RCP 4.5

	
RCP 8.5






	
High

	
140.85

	
70.78

	
77.02

	
64.54

	
72.43




	
−49.7

	
−45.3

	
−54.2 (−8.8)

	
−48.6 (−6.0)




	
Moderate

	
416.88

	
112.77

	
108.38

	
108.30

	
121.63




	
−72.9

	
−74.0

	
−74.0 (−4.0)

	
−70.8 (12.2)




	
Low

	
1048.79

	
244.51

	
219.47

	
213.22

	
248.08




	
−76.7

	
−79.1

	
−79.7 (−12.8)

	
−76.3 (13.0)




	
Total

	
1606.52

	
428.06

	
404.87

	
386.06

	
442.14




	
−73.4

	
−74.8

	
−76.0 (−9.8)

	
−72.5 (9.2)








1 The area in km2 is in normal font, and the variation (%) from current conditions is in italics. 2 In brackets, variation (%) compared to the same RCP in 2050.
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Table 4. Area (in km2 and %) of the total predicted potential distribution under both current conditions and climate change scenarios of X. loweryi in natural protected area categories of Amazonas and San Martin (Peru).
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NPA Modalities

	
IUCN

	
Current

(km2)

	
2050 1

	
2070 1




	
RCP 4.5

	
RCP 8.5

	
RCP 4.5

	
RCP 8.5






	
National Park

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
0 (0)

	
0 (0)

	
0 (0)

	
0 (0)

	
0 (0)

	
0 (0)




	
National Sanctuary

	
82.12

	
6.39

	
52.92

	
5.73

	
1.87

	
35.62




	
5 (20.9)

	
0.4 (1.6)

	
2.7 (13.5)

	
0.3 (1.5)

	
0.1 (0.5)

	
1.8 (9.1)




	
Communal Reserve

	
0.00

	
2.79

	
4.72

	
1.15

	
0.01

	
3.15




	
0 (0)

	
0.2 (0.2)

	
0.2 (0.4)

	
0.1 (0.1)

	
0 (0)

	
0.2 (0.3)




	
Alto Mayo protected forest

	
568.20

	
418.86

	
447.51

	
517.98

	
423.09

	
567.15




	
34.9 (31.2)

	
26.1 (23)

	
22.9 (24.6)

	
28.6 (28.5)

	
27.8 (23.2)

	
29.1 (31.2)




	
Reserved Zones

	
0.10

	
117.19

	
174.33

	
164.66

	
117.31

	
180.58




	
0 (0)

	
7.3 (2.7)

	
8.9 (4)

	
9.1 (3.8)

	
7.7 (2.7)

	
9.3 (4.2)




	
Regional Conservation Areas

	
33.97

	
0.14

	
0.00

	
0.00

	
0.01

	
4.04




	
2.1 (0.8)

	
0 (0)

	
0 (0)

	
0 (0)

	
0 (0)

	
0.2 (0.1)




	
Private Conservation Areas

	
271.72

	
105.39

	
159.84

	
120.46

	
107.45

	
124.91




	
16.7 (17.3)

	
6.6 (6.7)

	
8.2 (10.2)

	
6.6 (7.7)

	
7.1 (6.8)

	
6.4 (7.9)




	
Total

	
956.11

	
650.76

	
839.31

	
809.99

	
649.74

	
915.44




	
58.8 (3.1)

	
40.5 (2.1)

	
42.9 (2.8)

	
44.6 (2.7)

	
42.7 (2.1)

	
47 (3)








1 Area in km2 is in normal font and meaning is in percentage (%) in italics. No brackets indicate the percentage (%) of the area of the potential habitat range, and brackets indicate the percentage (%) of the area of the NPA modalities.
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