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Abstract

:

Roadkill is one of the principal causes of the loss of biodiversity around the world. The effects of roads on mammals are still poorly understood in regions with a semi-arid climate, where many knowledge gaps persist. The present study provides an inventory of the mammalian species affected on highways in northeastern Brazil, as well as identifying roadkill hotspots and contributing to the understanding of how seasonality and the landscape may influence the roadkill patterns of wild mammals. A total of 6192.52 km of road were sampled in 53 field surveys conducted between 2013 and 2017. Landsat 8 satellite images and data from the MapBiomas platform were used to classify land use and cover for analysis. Buffers of 1 km, 5 km, and 10 km were created around the study roads to identify the landscape variables associated with roadkill events. Ripley’s 2D K-Statistics and the 2D HotSpot test were used to identify roadkill aggregations and hotspots; GLMMs were generated for the landscape variables and evaluated using the Akaike Information Criterion. The Kruskal–Wallis test was applied to investigate the potential effects of seasonality. A total of 527 wild animal carcasses were recorded as a result of vehicular collision. The species with the highest roadkill records were Cerdocyon thous, Euphractus sexcinctus, and Procyon cancrivorus, while two species—Leopardus emiliae and Herpailurus yagouaroundi—are considered to be under threat of extinction. For mammals in general, the best GLMM indicated an increase in roadkills with increasing density of local vegetation areas, and a decrease as urban areas increased. The model also found that the mammals were less impacted in the vicinity of a protected area. In the specific case of C. thous, the roadkill rate was lower when urban infrastructure was more common than dense vegetation; the rate increased as areas of dense vegetation increased. In the case of P. cancrivorus and E. sexcinctus, the best models of roadkill patterns included an area of exposed soil and sparse vegetation, respectively. Roadkill rates were higher in the rainy season for all the mammals, with the exception of C. thous. These results reflect the ecological characteristics of the species with the highest roadkill rates. The findings of the present study raise concerns with regard to the impact of highways on the populations of C. thous, as well as the region’s most threatened species. They also indicate the potential functionality of the local protected area, as well as identifying roadkill hotspots, which will support the development of effective mitigation measures.
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1. Introduction


Roads are linear structures that have a major impact on biodiversity [1,2,3], including negative effects on populations of all vertebrate classes [2,4,5]. Being struck by a vehicle is a significant source of anthropogenic mortality for many wild vertebrates [1,4]. It has been estimated that at least 475 million incidents of roadkill of wild species occur annually in Brazil [6], of which 14.7 million involve vertebrates [7], and approximately 2 million events refer to wild mammals [8]. A recent extrapolation, which took detectability and removal into account, indicated that the number of medium–large mammals killed on Brazilian roads may reach 9 million yearly [9]. However, the effect of roads still needs to be understood more systematically in Brazil, given that research in road ecology is still incipient [2], and most studies are concentrated in the south and southeast regions of the country, primarily in the Pampa and Atlantic Forest biomes [7]. Other regions, such as the semi-arid Caatinga, are under-sampled, and, thus, lack data on biodiversity and road ecology [10,11,12]. These data are essential for the identification of the species that are most vulnerable to roadkill and to understand how they are being affected by highway infrastructure.



Roads contribute significantly to population decline through habitat fragmentation, the reduction in dispersal between habitat patches, and roadkill [13,14], which may intensify the risk of extinction of some species [3,15]. Many different factors, such as traffic flow and speed, the layout of the road (primarily, its width, but also the presence of curves, slopes, and speed bumps), and the distribution of natural habitats in the surrounding area, are of fundamental relevance, given their influence on the magnitude of the impact of a road, and the spatial scale of its effects [16,17]. Data generated by road ecology studies provide crucial information for the understanding of the ecology, spatial distribution, and population density of species and their sensitivity to roads, which is essential to the development of more effective conservation measures [18,19].



Mammalia is one of the most studied vertebrate classes and roadkill mortality is well documented in its species [20]. The relatively extensive research involving this class is probably related to the large size of many mammals, their visibility, and the interest in understanding their biology [1,16]. In addition to intrinsic concerns for the conservation of mammalian species, collisions with large mammals are a threat to human safety and represent a potentially important economic cost to society [21].



Mammals are exposed to traffic when traveling on highways that traverse their home ranges or when they are attracted to patches of resources [15], which may concentrate roadkill rates in certain specific stretches of a highway [22]. Species with large home ranges, such as top predators, tend to cross more roads and, thus, encounter more traffic, which intensifies the negative impacts on these species [23,24]. These impacts also disproportionately affect species that are better adapted to anthropogenic habitats [25]. Similarly, roadkill appears to be more intense in species with nocturnal habits, as their activity period coincides with a reduction in visibility for drivers [15,26] and the obfuscation of these organisms [27]. On the other hand, some species are more sensitive to the presence of roads and tend to avoid them [15,26,28], and, thus, experience relatively fewer impacts and roadkill events [26,28]. Even in these cases, however, roads may have negative effects on the species by significantly reducing gene flow, for example [4,29].



The varying spatial patterns of a landscape strongly influence the presence of species and their relationships with the environment [30]. Research has shown a positive relationship between roadkill “hotspots” and certain landscape parameters [17,31]. Bodies of water, for example, specific types of vegetation, pabular species, habitat connectivity, and anthropization are key variables determining the formation of roadkill hotspots of wild mammals [32,33,34,35,36,37]. Roads that traverse or border protected areas, for example, tend to have relatively high roadkill rates [38], which may increase the vulnerability of species that are already under some degree of threat [4]. Seasonality is another important factor in the Caatinga biome, given the extreme fluctuations in conditions, which may concentrate the potential for roadkill during certain periods of the year, such as the reproductive [39] or mating [40,41] season. In semi-arid environments, such as the Caatinga, seasonality (dry vs. rainy periods) may have a major effect on the availability of food and water resources [10,42], which can also influence the distribution and concentration of roadkill events.



The effective mitigation of faunal roadkill requires the systematic analysis of the factors that determine the distribution of the areas of greatest impact. The success of any measures will depend on the specific characteristics of the target species or taxonomic group, as well as the associated biotic, abiotic, landscape, and ecological variables [29,36,43].



The Caatinga biome is among the most biodiverse semi-arid regions in the world [11], although its mammalian fauna is still poorly studied and the understanding of the impacts of roads on the group is still incipient [18]. In this context, the present study investigated (a) which wild mammal species are most affected by roadkill in the Caatinga biome, (b) the distribution of the principal roadkill hotspots in the study area, highlighting the relationship between roadkill events and the characteristics of the surrounding landscape, (c) whether there is seasonal variation (dry vs. rainy periods) in roadkill patterns, and (d) the possible relationship between roadkill patterns and the distance from a federal protected area.



In particular, mammals are likely to be more susceptible to roadkill on specific stretches of a road according to the local landscape characteristics. Species in less altered environments would also be expected to be more vulnerable to roadkill than those in more anthropized areas. Similarly, as protected areas tend to provide more resources, they generally support denser populations of a greater diversity of species, and roadkill would be expected to be positively related to the proximity of protected areas due to the greater potential for the dispersal of animals between habitat patches separated by roads. Given the relatively arid conditions and marked seasonality of the Caatinga, where the availability of water is a limiting resource for many species, fluctuations in climatic conditions would also be expected to influence roadkill patterns, with a greater impact during the rainy season, when food is more abundant and many mammals breed.




2. Materials and Methods


2.1. Study Area


The present study was conducted along stretches of the BR427 Brazilian federal highway, and state highways RN118, RN288, and PB323, in the vicinity of the Seridó Ecological Station (ESEC-Seridó), in the southwestern extreme of the Central Potiguar mesoregion (Figure 1). The (691993W, 9273362S; Universal Transverse Mercator-UTM, zone 24S) is a federal protected area encompassing approximately 1123.61 ha, located in the north of the municipality of Serra Negra, Rio Grande do Norte (RN) state, and totally within the Caatinga biome. This protected area is located in the Sertaneja Depression and has a mean annual rainfall of 497 mm, which occurs mainly between January and May, and a mean relative humidity of 68.1% [44]. The region has typical steppe savanna vegetation and high floristic and faunal biodiversity [44] in comparison with other semi-arid areas [11]. Altogether, 164 species of plants and 180 species of wild vertebrates have been recorded in the ESEC-Seridó, of which 25 are mammals, belonging to 13 families, with most (70%) being small mammals [44].




2.2. Roadkill Data


The data analyzed in the present study were collected over a period of four years and four months (September 2013 through December 2017). Monitoring was conducted by two observers traveling by car in the early hours of the day (to reduce the probability of the removal of carcasses by scavengers) at an average speed of 50 km/h. Each survey covered a total extension of approximately 116.86 km of two-lane paved roads in two-day sessions. On the first day of each session, the starting point was located at 6.69636W, 92.96897S, and the endpoint at 7.14350W, 92.83136S, while two routes were surveyed on the second day, between 7.14350W, 92.83136S and 6.98302W, 92.57140S, and between 6.78440W, 92.63656S and 7.00451W, 92.87920S. Each survey was conducted over two consecutive mornings.



The location of each carcass was recorded by Global Positioning System (GPS) and the animal was identified according to species. The taxonomic classification of species followed Quintela et al. [45] for felines and Carmignotto and Astúa [46] for all other species, while the conservation status of each species was obtained from the Brazilian Chico Mendes Institute for Biodiversity Conservation, ICMBio [47] and International Union for Conservation of Nature red lists [48], and the Official List of threatened Brazilian species [49].




2.3. Landscape and Seasonal Variables


To depict the differences in the Caatinga landscape in the dry and rainy seasons, spatial variables were obtained from two sources: (1) Landsat 8 satellite image with a spatial resolution of 30 m acquired from the United States Geological Survey (USGS) website (https://www.usgs.gov/core-science-systems/nli/landsat, accessed on 13 April 2021), and (2) land use and land cover (LULC) data from the MapBiomas collection 5 [50]. The MapBiomas dataset (collection 5) is also based on Landsat 8 images and has a mean overall accuracy of 81.8% for the Caatinga biome (for more details, see https://mapbiomas.org/en/accuracy-statistics?cama_set_language=en, accessed on 13 April 2021).



First, bands 6 (near infrared), 5 (red), and 4 (green) were composed and then adjusted finely to ensure that the color tone of each landscape element in the satellite image possessed the contrast necessary for the supervised classification using ArcGIS 10.5 software. The image was then cropped to cover only the areas of interest, which facilitated processing, and the LULC was classified using the following classes: dense vegetation, sparse vegetation, wetland, body of water, and exposed soil.



The MapBiomas data were then used to obtain the classes of urban infrastructure and farming. The farming class was obtained by grouping pasture and plantations, which largely coincided with the most degraded areas of vegetation observed in the Google Earth satellite images.



After the images were assigned to LULC classes, they were converted into polygons and grouped with the farming and urban infrastructure data, with the latter being superimposed on the mosaics created by the supervised classification, so that part of what was classified as exposed soil and sparse vegetation was replaced by farmland and urban infrastructure. To prevent both layers generated by the MapBiomas data from overlapping with bodies of water, this layer was added only in the final overlap. The layers were then grouped and cleaned, and the area of each polygon was calculated in hectares. All the geoprocessing procedures described above were run in the ArcGIS 10.5 software. A total of seven landscape variables (or seven LULC classes) were generated: dense vegetation, sparse vegetation, wetland, body of water, exposed soil, farmland, and urban infrastructure. The landscape variables were defined following Queiroz et al. [51]; that is, dense vegetation is the equivalent of forest, with a high concentration of arboreal vegetation; sparse vegetation is predominantly shrubby, with isolated trees; wetland has humid soils that favor greener vegetation (generally associated with areas of drainage); bodies of water have surface water, either perennial or intermittent; exposed soil lacks vegetation; farmland is generally considered smallholdings or family farms; and urban infrastructure refers to environments dominated by constructed substrates and anthropogenic habitats.



The Kappa index was used to analyze the accuracy of the supervised classifications, where K ≤ 0.20 is considered to be bad, 0.21–0.40 fair, 0.41–0.60 good, 0.61–0.8 very good, and K ≥ 0.81 is considered to be excellent [51]. The stretches of highway monitored in the present study were then divided into 1 km long sections and three buffers with a radius of 1 km, 5 km, and 10 km were generated [48,49]. These buffers were intended to cover the home range sizes of the different mammal species [52,53]. The area covered by each LULC class within each buffer was extracted, and the number of roadkill records within each area was counted. Finally, the distance in meters between the midpoint of the section and the ESEC-Seridó was calculated using the Euclidean distance tool of ArcGIS 10.5.



These procedures were repeated for the rainy and dry season periods between 2014 and 2017. Four satellite images were needed to cover the full extension of the study area, with a total of 32 images being used to generate the LULC classification. The year was divided into rainy (January to June) and dry seasons (July to December) based on precipitation levels. The precipitation data were obtained from the Rio Grande do Norte Agricultural Research Company (EMPARN) website, which acquired the data from the meteorological station of the municipality of Caicó, RN.




2.4. Statistical Analysis


Hotspot, landscape, and seasonal analyses were run for the mammals as a whole, except for Cerdocyon thous, which was analyzed separately to avoid interference due to the exceptionally large number of records obtained for this species. In addition to the general analysis, hotspot, landscape, and seasonal analyses were also run separately for Procyon cancrivorus and Euphractus sexcinctus.



2.4.1. Hotspots


Ripley’s 2D K-Statistics test was used to determine the potential existence of roadkill aggregations, or hotspots, and the spatial scale at which they are found [52]. Initially, a radius of 100 m was used, although this was extended to 500 m, with the confidence interval set at 95%, and a total of 1000 simulations being run. The scales for the analyses were chosen specifically for mammals, and to meet the mitigation criteria for this class of vertebrate [16]. The 2D HotSpot test was used to identify the location of the roadkill hotspots [52]. Different weights were then assigned to each roadkill record according to the degree of vulnerability of the species [52]. In this case, threatened species received a weighting of 2 while non-threatened species were weighted 1. All the statistical analyses described above were run in the Siriema V 2.0 software [52].




2.4.2. Landscape versus Roadkill


Five groups of models were developed to evaluate the possible influence of landscape characteristics on the roadkill of all mammals and of the three species with the most records (Cerdocyon thous, Euphractus sexcinctus, and Procyon cancrivorus): (1) Generalized Linear Mixed-Effect Models (GLMMs) containing only one landscape variable (independent variable); (2) GLMMs with one landscape variable + season (dry or rainy); (3) GLMMs with two, non-interacting landscape variables + season + the distance from the protected area in meters; (4) GLMMs with two, interacting landscape variables + season + distance from the protected area, and (5) the null model. Interacting variables refer to predictor variables that are used in combination to examine their joint effect on the response variable, accounting for the possibility that the relationship between the predictors and the response is not constant across different levels or combinations of predictors. In all the models, the response variable was the number of roadkill records for each target species (i.e., all mammals, Cerdocyon thous, Procyon cancrivorus, and Euphractus sexcinctus) in the stretch of highway analyzed, with the year and road section as the random variables. Given the nature of the response variable, the Poisson distribution family was used [53]. Cerdocyon thous was excluded from the general analysis because this species accounts for more than 80% of the total records (see Section 3).



Models were fitted by the Maximum Likelihood method to permit the comparison of different fixed-effect structures, and were ranked according to the Akaike Information Criterion, corrected for small sample sizes (AICc), and the difference in the AICc value between each model and the top model with the lowest AICc (ΔAICc) was calculated. The models with a ΔAICc of less than 2 had strong support and were considered to be equivalent [54]. Natural model-averaging (without shrinkage), based on the relative model weight (Wi), was then applied to the subset of the top models (ΔAICc < 2) to account for the uncertainty in the selection of the models, and to derive robust parameter estimates for the fixed effects [55,56]. In this case, the models were generated for each of the buffers, at 1 km, 5 km, and 10 km. The Kruskal–Wallis test was also applied to compare the distribution of roadkill events in the two seasons. Statistical significance was set at p < 0.05 in all the analyses, which were run in the RStudio software using the packages bbmle [57], lme4 [58], MASS [59], car [60], ggplot2 [61], and effects [62].






3. Results


3.1. LULC Classification


The Kappa statistic for the supervised classification of the Landsat 8 images (Table 1) ranged from good to excellent [63]. The analysis of the resulting maps revealed clear variation in the composition of the landscape between the rainy and dry seasons, with a more extensive area of dense forest and water during the rainy season, in contrast with the sparser vegetation, wetlands, and bare soil observed during the dry season.




3.2. Roadkill


A total of 527 roadkill events involving wild mammal were recorded between September 2013 and December 2017, with a total sampling effort of 6193.58 km. These mammals belonged to 10 species from 6 orders, in particular, the Carnivora and Cingulata. The vast majority of the events (n = 423, 80.3%) involved Cerdocyon thous, while 32 (6.1%) involved Procyon cancrivorus, and 30 (5.7%) involved Euphractus sexcinctus (Table 2).



Based on the total survey distance, the overall mean roadkill rate was ≅31 ind/km/year (Table 2). The mean roadkill rate for C. thous was 25.92 ind/km/year, while that for P. cancrivorus was 1.89 ind/km/year, and that for E. sexcinctus was 1.77 ind/km/year. The two vulnerable feline species, Leopardus emiliae and Herpailurus yagouaroundi [47,48], had roadkill rates of 0.47 ind/km/year and 0.29 ind/km/year, respectively (Table 2). Overall, 3% of the specimens were so deteriorated that they could not be identified reliably during the study, and were, thus, excluded from the analyses (Figure 2).



The species accumulation curve (Figure 3) approached stability but was still sloping upward at the end of the study, which indicates that some local mammal species have yet to be detected. The K-statistics revealed significant aggregations for mammals as a whole, in addition to C. thous, P. cancrivorus, and E. sexcinctus separately (Table S1 in the Supplementary Material). The results indicate minimum aggregations at 100 m for mammals in general and for each of the species with sufficient records for analysis.



Roadkill was significantly more frequent during the rainy season (Figure 4A) for mammals in general (n= 104, df = 1, H = 12.07, p < 0.05). Similar patterns were observed in P. cancrivorus (n = 32, df = 1, H = 3.01, p < 0.05; Figure 4B) and E. sexcinctus (n = 30, df = 1, H = 5.58, p < 0.05; Figure 4C).




3.3. Roadkill Aggregations and Identification of Hotspots


The 2D HotSpot tests indicated aggregations of roadkills (hotspots) on several sections of the study highways. Mammals in general presented hotspots on the BR427, PB323, and RN288 highways, but none on the RN118. Cerdocyon thous was the only species to have roadkill hotspots on all the study highways. Most of the P. cancrivorus roadkill hotspots were on the BR427 highway, with only one on the RN288, while the E. sexcinctus hotspots were along the BR427 highway. The overall analysis established that the principal roadkill hotspots were located on the BR427 highway (Figure 5), although significant hotspots were also identified on the RN288 and the PB323 (intense red shading in Figure 5).




3.4. Landscape Variables Associated with Roadkill


Based on the AICc (ΔAICc and wAICc), systematic relationships were found between roadkill patterns and the landscape for mammals in general and each of the three species analyzed, i.e., C. thous, P. cancrivorus, and E. sexcinctus. The models selected by the AICc indicated that roadkill, in general, was associated negatively with urban infrastructure and positively with areas of dense or sparse vegetation (Table 3).



The model which best explains the variation in the frequency of roadkill of all mammals includes a positive effect of dense vegetation (β = 2.77 × 10−2), a positive but non-significant effect of urban infrastructure (β = 7.87 × 10−2), and the interaction between these two variables (β = −2.36 × 10−2), which had a negative effect, indicating that the effect of dense vegetation on the roadkill pattern is reduced when there is more urban infrastructure in the landscape. In addition to these landscape variables, the model also includes a negative effect of the dry season (β = −9.51 × 10−1), which means that there are fewer roadkill events during the dry season in comparison with the rainy season, and a positive effect for the distance from the protected area (β = 6.39 × 10−5), which indicates an increase in roadkill with increasing distance from the ESEC-Seridó (Figure 6).



In the specific case of C. thous, the best model again included a negative effect of urban infrastructure (β = −1.66 × 10−2) and a positive but non-significant effect of dense vegetation (β = 4.20 × 10−3), with a negative interaction between these two variables (β = −6.88 × 10−3), which indicates that the effect of urban infrastructure is reduced when there is more dense vegetation in the landscape (Figure 6C). This model also includes effects of the dry season (β = 8.30 × 10−2) and the distance from the protected area (β = −3.69 × 10−6), although these effects were non-significant in both cases.



The best model for P. cancrivorus (Figure 6D) includes a positive effect of bare soil (β = 1.55 × 10−1) and a negative but non-significant effect of urban infrastructure (β = −1.12). This model also includes a negative effect of the dry season (β = −1.36) and a non-significant effect of the distance from the ESEC-Seridó (β = 1.19 × 10−5), which implies that, in this species, roadkill patterns were unrelated to the proximity of the protected area. In the case of E. sexcinctus, the selected model includes a positive effect of sparse vegetation (β = 2.09 × 10−2) and a negative but non-significant effect of urban infrastructure (β = −6.24 × 10−1), indicating that the species is more susceptible to traffic in landscapes with sparse vegetation (Figure 6D). As for P. cancrivorus, the best model also shows a negative effect of the dry season (β = −1.59) and a non-significant effect of the proximity to protected areas (β = 2.53 × 10−5).





4. Discussion


The surveys conducted during the present study recorded 20% of the wild mammal species known to occur in the Caatinga biome [46]. The two most speciose orders recorded here, the Carnivora and Cingulata, were also found to be most susceptible to roadkill in previous studies in the Caatinga [64], Cerrado–Atlantic Forest ecotone [2,65], Amazonia–Cerrado ecotone [17], Cerrado [7], and the Atlantic Forest–Pampa ecotone [66]. These findings further reinforce the existing data on the overall vulnerability of the species of these two orders to roadkill, in any biome [7,17,64,65,66]. One limitation of the present study was that it did not consider detectability and carcass removal rates, which may mean that roadkill rates were underestimated [67,68].



When compared with the results of Cezar et al.’s [64] study in the Caatinga, the roadkill rate recorded in the present study (≅31 ind/km/year) was 85.2% higher, with a rate of only ≅4.59 ind/km/year being recorded in the previous study. This previous study surveyed a 134 km stretch of state and federal highways, although there were no protected areas along this route. The route was surveyed once a week by car at a constant speed of 80 km/h over a 12-month period, with a much higher frequency of monitoring than that of the present study.



The species most affected in the present study (C. thous, P. cancrivorus, and E. sexcinctus) are known to be relatively abundant in the Caatinga [46,69,70,71,72,73,74] and have also been recorded relatively frequently in other roadkill studies in the Caatinga [64,75] and other Brazilian biomes, that is, the Atlantic Forest, Cerrado, and Pampa [65,76,77,78]. The vulnerability of these three species in different regions may be related to their ample geographic distributions [79], abundance [46,69,70,71,72,73,74], foraging characteristics, and generalist habits [71,79]. In addition, C. thous and P. cancrivorus have crepuscular and nocturnal habits [79,80] and relatively ample home ranges of 12.8 km2 and 6.95 km2, respectively [81,82]. This activity pattern coincides with the period of least visibility on the roads, which renders these mammals relatively more vulnerable to collisions [15,27]. In the specific case of E. sexcinctus, home ranges are smaller—up to 1.32 km2 [83]—but the species is tolerant of human presence [77] and occurs in anthropogenic habitats [84]. In fact, the edge of the highway is attractive to this armadillo, given the availability of food, such as carcasses [83,84], increasing its susceptibility to roadkill.



As they have been recorded in many other roadkill studies [9,23,85,86,87,88], the absence of records of Subulo gouazoubira [85], Dasypus novemcinctus, and Galictis cuja [18] in the present study may indicate either that these species avoid roads or are rare in the study area, given that they are known to be present in other areas of the Caatinga in Rio Grande do Norte [18,69]. In the specific case of the felines, L. emiliae was recorded more frequently than H. yagouaroundi, which may be consistent with their local population densities [69,71]. However, demographic and ecological studies of wild mammals in the region are still scarce [70], which hampers the reliable understanding of the real impact of roadkill on the local mammal populations.



As in the present study, C. thous appears to be the mammal most affected by roadkill in all Brazilian biomes [28,64,65,76]. The universal impact on this species reinforces the need for further research on the status and perspectives of its populations. While the species is not listed as threatened [46,47], local populations may be endangered by roads, which act as population sinks. Further data on population dynamics, genetic diversity, and the impacts of roads on C. thous will be fundamental to the understanding of the persistence of its populations and the development of more effective strategies for the conservation of the ecosystems it inhabits.



The results of the K-Statistics 2D test showed hotspots of 100 m for mammals in general, as well as for both C. thous and P. cancrivorus on the federal and state highways. Despite being one of the most vulnerable species, hotspots of E. sexcinctus roadkill were only observed on the federal highway, even though the species was also widely impacted on the state highways. This difference may be related to the more homogeneous distribution of E. sexcinctus in the landscape close to the highways [23], where sparse vegetation and farmland predominate. In fact, the 2D HotSpot did not identify any overlap between the E. sexcinctus roadkill hotspots and those of the other species analyzed, which is consistent with previous observations on the lack of hotspot overlap between the species of distinct guilds [16], even though they may occur at wider spatial scales. Teixeira et al. [16] concluded that the aggregation of roadkill hotspots between different guilds and vertebrate groups is dependent on the spatial scale, so that hotspot overlap tends to increase when the spatial scale increases. This relationship has been observed in reptiles, birds, and mammals.



In the models selected by the AICc, roadkill is, in general, negatively associated with areas of greater anthropic interference, such as urban infrastructure, which indicates that the species are sensitive to this type of land use. The best model for the mammals as a whole indicated that, in an analysis of the 5 km buffer, there is a positive relationship between roadkill and areas of dense vegetation. This indicates that mammals, in general, are more vulnerable to roads that traverse areas of dense vegetation, which are extremely important components of the ecology of most mammals in this arid landscape [73], providing resources, such as shelter, food, and water, as well as greater thermal comfort (shade), in comparison with more open areas, such as sparse vegetation or pasture.



The model selected for C. thous shows a negative relationship between roadkill and urban infrastructure, even though this species is capable of adapting to altered habitats and is often found in anthropogenic areas [28]. Previous studies indicate that C. thous is vulnerable to roads that cut through areas of dense vegetation [79,89,90,91] and environments with a predominance of farmland [28,92,93]. However, the presence of C. thous on farmland depends on the type of crop being cultivated. This species has been reported in melon, pineapple, and sugarcane, given that it can feed on fruit [73], as well as eucalypt plantations, and in pasture [94]. In the Cerrado, roadkill of C. thous was associated with the proximity of riparian forests and reduced vegetation cover [95]. Even though C. thous occurs in many disturbed environments [96], which would render it potentially more vulnerable to roadkill, it appears to avoid urban areas [79], reducing the potential for collisions in these environments.



In the present study, perhaps surprisingly, the best model for P. cancrivorus included a positive effect of exposed soil, which indicates that the species frequents these highly impacted environments, although this relationship was found primarily in the rainy season. While the ecology of the species is not well documented in arid and semi-arid regions such as the Caatinga, data from other regions and for Procyon lotor [97,98,99] indicate that reproduction occurs predominantly in the rainy season. This would imply that roadkill patterns are related to reproductive phenomena, such as the search for breeding partners and territorial defense, which may intensify dispersal, in particular across open areas, and increase contact with roads. In the rainy season, the species’ activity pattern may also shift as the animals seek thermal comfort [100] and become more active during the early hours of the night, which is when nighttime traffic is most intense [101] and visibility is worst [101,102]. Dispersal through open areas would not be a problem for this semi-arboreal species, although it remains enigmatic that roadkill increases in open areas during the season when resources are most available. A number of studies in other Brazilian biomes have revealed the vulnerability of this species to roads that traverse areas of more humid habitat, in the Cerrado [86], Atlantic Forest–Cerrado ecotones [68], and the Atlantic Forest [65].



Euphractus sexcinctus presented a positive relationship with sparse vegetation, reflecting its vulnerability to roads that cut through open areas. This species is known to inhabit open areas [84] close to roads [31], where resources may often be relatively scarce, forcing the animals to forage more actively in search of widely dispersed resources, which may bring them into more frequent contact with roads [28]. This armadillo is easily obfuscated by headlights when crossing a road due to its slow movements and poor vision, which favors the formation of roadkill hotspots in open environments [22]. This species is known to occur in habitats ranging from farmland [23,28] to denser vegetation [65] and, while it is considered to be tolerant of anthropogenic impacts [78,84], it is sensitive to urban areas.



Most previous studies have associated higher roadkill rates in wild species with roads that cut through protected areas and noted that rates decrease with increasing distance from these areas [58]. In the present study, general roadkill rates for all mammals increased with increasing distance from the ESEC-Seridó. One possible explanation is that the majority of the records were of more generalist species, such as P. cancrivorus and E. sexcinctus, which are better adapted to altered areas. By contrast, the much rarer and more vulnerable felines L. emiliae and H. yagouaroundi are more typical of the larger forest fragments and were recorded very rarely in the present study. The populations of these species also tend to be smaller than those of other mammals [20,69,103,104] and these animals may tend to avoid moving through open areas and anthropogenic or more degraded environments [73], which would reduce their exposure to roads. In this case, further, more detailed analyses in other areas of the Caatinga will be needed to better understand the relationship between roadkill, in particular of threatened species, and the proximity to protected areas. One other relevant point here is the size of the protected area and the resources it contains. Many mammals, such as carnivores [104], have relatively large home ranges, which may often be incompatible with the size of protected areas, which demands special consideration [105]. In the case of semi-arid environments, the availability of water and vegetation cover may be crucial to the success of conservation initiatives [105], by reducing the exposure of animals foraging outside the protected area. Water management in protected areas, including the presence of natural springs, can be an efficient conservation tool in these environments [106,107,108]. However, the establishment of protected areas does not necessarily guarantee that animals will remain in these areas, especially species with large home ranges [109], whose dispersal patterns need to be better understood.



Roadkill events were significantly more frequent in the rainy season in all the mammal species, except C. thous (Figure 4). The seasonal effect observed here contrasts with the findings of studies of mammals in other biomes [27,31,88,110,111]. In the present study, the seasonal effect may be related to the predominance of generalist species that have an enormous capacity to adapt to shifts in the environment, thus exploiting different types of resource over the course of the year [24]. The vulnerability of E. sexcinctus and P. cancrivorus to roadkill in the rainy season may be associated with the greater activity of individuals in this period, driven by the increased availability of food resources, the search for breeding partners, or even the less extreme climatic conditions [23,24]. Previous studies have indicated that cingulate species are more vulnerable to roadkill during the rainy season in the Cerrado [23], however, which is consistent with the findings of the present study.



The present study raises a number of points of concern with regard to the implementation of measures to mitigate roadkill in the study region [23]. As the effectiveness of mitigation measures depends on an adequate alignment of actions, considering the specific characteristics of the target group or species [43,112], the measures outlined below were designed specifically for the species with the highest roadkill rates, i.e., C. thous, P. cancrivorus, and E. sexcinctus:




	I

	
The erection of signposts, showing color images of the species most vulnerable to roadkill, together with instructions for the driver on the need to reduce speed to increase their reaction time when confronted with an animal on the road. Signposts should be installed at at least six of the principal hotspots identified in the present study, including four of which are located on the federal highway (684543W, 9267232S; 693296W, 9276207S; 697918W, 9283630S, and 700332W, 9287730S) and two on state highways (672244W, 9296095S and 693573W, 9290888S). These hotspots were selected because, in addition to their relevance for the three principal species, they are also important for threatened species, such as L. emiliae and H. yagouaroundi. It is important to note that each hotspot must have two signposts at an interval of approximately 1 km, to warn drivers approaching from both directions.




	II

	
Installation of speed-reducing devices (in accordance with the national traffic legislation), such as electronic monitoring systems or physical structures, such as speed bumps or studs. These devices should be installed after the signposts and within the area of the hotspot, to provide a backup mechanism that contributes to the effectiveness of the signposts.




	III

	
The excavation of tunnels under the road as a complementary, but relatively costly measure, which may be more or less viable, depending on the size of the target species and the topography of the region (the need to avoiding flooding in the rainy season).




	IV

	
Installation of containment (guide) fences in the vicinity of crossing points, to divert animals and oblige them to cross the road near the speed-reducing devices or in more appropriate stretches of the road.










5. Conclusions


The data collected in the present study are extremely relevant to the conservation of mammals in the Caatinga. In addition to closing part of the information gap on the impact of roads in semi-arid environments, these results provide a fundamental baseline for the development of further research. The data may be extrapolated to other areas with similar conditions, as well as contributing to the development of effective public policies and conservation measures.



The high roadkill mortality rates recorded in the present study, especially in the three most impacted species, C. thous, P. cancrivorus, and E. sexcinctus, and the presence of threatened species L. emiliae and H. yagouaroundi, is preoccupying. These findings reinforce the urgent need for more detailed studies on the populations of these species, in particular C. thous, which accounted for more than 80% of all the records of mortality. The order Carnivora, which was both the most speciose and the most impacted, and includes threatened felines [47,48], deserves special attention here.



Although protected areas can contribute to the persistence of species, the dispersal routes of large mammals need to be better understood at a larger geographic scale. Expanding the research to other areas of the Caatinga will be necessary to better understand the relationship between roadkill in these species and both the proximity of protected areas and different types of landscape. Future studies can evaluate the role of more conserved areas and the presence of bodies of water in the reduction in the dispersal of mammals and their contact with roads.



On the other hand, the landscape analysis identified factors associated with the susceptibility of species to roadkill. Understanding these factors, together with the identification of roadkill hotspots, will be essential to the development of more effective mitigation measures [43,112]. It is extremely important that these measures be designed to satisfy the characteristics of a target species or group [112] and consider the spatial characteristics of the area in which they are to be implemented. To better understand the impacts of roadkill on the wildlife of the Caatinga, research that involves the removal of carcasses and the analysis of specific mitigation measures will be fundamental, in addition to expanding the study area and the sampling effort, to seek a better understanding of how the landscape influences the roadkill rates of threatened species.
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Figure 1. The stretches of the highways monitored in the present study, located in the Seridó region, in the semi-arid Caatinga biome of Rio Grande do Norte, northeastern Brazil. 
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Figure 2. Frequency (%) of roadkill events in the 10 species of wild mammal recorded on the BR427, RN118, RN288, and PB323 highways in the Caatinga of the Seridó region in Rio Grande do Norte, northeastern Brazil, between 2013 and 2017. 
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Figure 3. Observed species accumulation curve (blue line) with the 95% confidence interval (area in yellow) for the wild mammal community affected by roadkill on the BR427, RN118, RN288, and PB323 highways in the Caatinga of the Seridó region of Rio Grande do Norte, northeastern Brazil, between 2013 and 2017. 
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Figure 4. Results of the Kruskal–Wallis test, mean ± standard deviation of the records of wild mammals found killed on the study highways in the Caatinga of the Seridó region of Rio Grande do Norte, northeastern Brazil, during the rainy and dry seasons between 2014 and 2017. (A) All mammals (except Cerdocyon thous), (B) Procyon cancrivorus, and (C) Euphractus sexcinctus. 
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Figure 5. Principal roadkill hotspots for wild mammals in the Caatinga of the Seridó region of Rio Grande do Norte, northeastern Brazil, between 2014 and 2017. Information derived from the 2D HotSpot test. 
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Figure 6. Linear regressions of the variables selected by the best AICc model (p ≤ 0.05). (A,B) all mammals, (C) Cerdocyon thous, (D) Procyon cancrivorus, and (E) Euphractus sexcinctus. Data from the Caatinga of the Seridó region of Rio Grande do Norte, northeastern Brazil, collected between 2014 and 2017. 
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Table 1. Variation in the proportions (km2 and %) of land use and land cover classes between the rainy and dry seasons from 2014 to 2017, and the Kappa quality index of the study area in the Caatinga of the Seridó region of Rio Grande do Norte, northeastern Brazil.
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2014

	
2015

	
2016

	
2017




	
Landscape Variable

	
Rainy (km2)

	
Dry (km2)

	
Rainy (km2)

	
Dry (km2)

	
Rainy (km2)

	
Dry (km2)

	
Rainy (km2)

	
Dry (km2)






	
Body of water

	
50.57

	
23.22

	
39.20

	
14.13

	
22.37

	
12.36

	
21.63

	
9.38




	
Wetland

	
43.25

	
63.35

	
74.70

	
91.22

	
45.53

	
100.28

	
39.86

	
47.43




	
Urban infrastructure

	
16.58

	
16.59

	
16.89

	
16.90

	
17.44

	
17.06

	
19.45

	
21.19




	
Farming

	
417.89

	
422.79

	
453.24

	
457.32

	
449.68

	
452.26

	
454.02

	
456.74




	
Exposed soil

	
25.78

	
34.66

	
42.62

	
57.08

	
29.75

	
44.11

	
18.96

	
163.78




	
Dense vegetation

	
617.71

	
449.13

	
598.86

	
513.68

	
531.10

	
336.29

	
563.01

	
577.86




	
Sparse vegetation

	
1216.10

	
1378.16

	
1162.39

	
1237.56

	
1292.01

	
1425.71

	
1270.92

	
1111.47




	
Landscape variable

	
Rainy (%)

	
Dry (%)

	
Rainy (%)

	
Dry (%)

	
Rainy (%)

	
Dry (%)

	
Rainy (%)

	
Dry (%)




	
Body of water

	
2.12

	
0.97

	
1.64

	
0.59

	
0.94

	
0.52

	
0.91

	
0.39




	
Wetland

	
1.81

	
2.65

	
3.13

	
3.82

	
1.91

	
4.20

	
1.67

	
1.99




	
Urban infrastructure

	
0.69

	
0.69

	
0.71

	
0.71

	
0.73

	
0.71

	
0.81

	
0.89




	
Farming

	
17.50

	
17.71

	
18.98

	
19.15

	
18.83

	
18.94

	
19.01

	
19.13




	
Exposed soil

	
1.08

	
1.45

	
1.78

	
2.39

	
1.25

	
1.85

	
0.79

	
6.86




	
Dense vegetation

	
25.87

	
18.81

	
25.08

	
21.51

	
22.24

	
14.08

	
23.58

	
24.20




	
Sparse vegetation

	
50.93

	
57.71

	
48.68

	
51.83

	
54.11

	
59.70

	
53.22

	
46.55




	
Kappa

	
0.80

	
0.81

	
0.81

	
0.79

	
0.80

	
0.79

	
0.78

	
0.81
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Table 2. Wild mammals found dead on the BR427, RN118, RN288, and PB323 highways in the Caatinga of the Seridó region of Rio Grande do Norte, northeastern Brazil. Total number of roadkill events (2013–2017), annual roadkill rate, mean rate, and the conservation status of the species according to the Brazilian and International Union for Conservation of Nature [48]. LC = Least Concern, VU = Vulnerable, EN = Endangered [47,48].
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Taxon

	
Common Name

	
Number of Roadkills

	
Roadkill Rates

(ind/km/Day)

	
Status

(Brazil/IUCN)




	
2013

	
2014

	
2015

	
2016

	
2017

	
Mean






	
CARNIVORA

	

	

	

	

	

	

	

	

	




	
Canidae

	

	

	

	

	

	

	

	

	




	
Cerdocyon thous

(Linnaeus, 1766)

	
Crab-eating fox

	
423

	
0.068

	
0.061

	
0.085

	
0.053

	
0.073

	
0.068

	
LC/LC




	
Felidae

	

	

	

	

	

	

	

	

	




	
Leopardus emiliae

(Thomas, 1914)

	
Northern tiger cat

	
8

	
0

	
0.002

	
0.001

	
0.001

	
0.002

	
0.001

	
EN/VU




	
Herpailurus yagouaroundi

(É, Geoffroy Saint-Hilare, 1803)

	
Jaguarundi

	
5

	
0.003

	
0.001

	
0.001

	
0.001

	
0

	
0.001

	
VU/LC




	
Procyonidae

	

	

	

	

	

	

	

	

	




	
Procyon cancrivorus

(G, [Baron] Cuvier, 1798)

	
Crab-eating raccoon

	
32

	
0.003

	
0.005

	
0.007

	
0.003

	
0.006

	
0.005

	
LC/LC




	
CINGULATA

	

	

	

	

	

	

	

	

	




	
Dasypodidae

	

	

	

	

	

	

	

	

	




	
Euphractus sexcinctus

(Linnaeus, 1758)

	
Six-banded armadillos

	
30

	
0

	
0.003

	
0.003

	
0.013

	
0.003

	
0.005

	
LC/LC




	
DIDELPHIMORPHIA

	

	

	

	

	

	

	

	

	




	
Didelphidae

	

	

	

	

	

	

	

	

	




	
Didelphis albiventris

(Lund, 1840)

	
White-eared opossum

	
4

	
0

	
0.002

	
0.001

	
0

	
0

	
0.001

	
LC/LC




	
ARTIODACTYLA

	

	

	

	

	

	

	

	

	




	
Sus scrofa scrofa

(Linnaeus, 1758)

	
Wild boar

	
1

	
0

	
0.001

	
0

	
0

	
0

	
0.000

	
LC/LC




	
RODENTIA

	

	

	

	

	

	

	

	

	




	
Caviidae

	

	

	

	

	

	

	

	

	




	
Galea spixii

(Wagler, 1831)

	
Yellow-toothed cavy

	
5

	
0

	
0.002

	
0.001

	
0

	
0.001

	
0.001

	
LC/LC




	
Echimyidae

	

	

	

	

	

	

	

	

	




	
Thrichomys laurentius

(Thomas, 1904)

	
São Lourenço’s punaré

	
2

	
0.003

	
0

	
0

	
0.001

	
0

	
0.000

	
LC/LC




	
PRIMATES

	

	

	

	

	

	

	

	

	




	
Callitrichidae

	

	

	

	

	

	

	

	

	




	
Callithrix jacchus

(Linnaeus, 1758)

	
Common marmoset

	
1

	
0

	
0.001

	
0

	
0

	
0

	
0.000

	
LC/LC




	
Unidentified

Mammal

	

	
16

	
0

	
0.001

	
0.001

	
0.009

	
0.002

	
0.003

	




	
TOTAL

	

	
527

	
0.077

	
0.076

	
0.099

	
0.080

	
0.088

	
0.085
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Table 3. Roadkill models selected using the Akaike criterion as a function of landscape features, in the Caatinga of the Seridó region of Rio Grande do Norte, northeastern Brazil, between 2014 and 2017. ΔAICc = the AIC distance; df = degrees of freedom; β = the regression coefficient; wAICc = the explanatory power of the model in comparison with all the others. Only models for which ΔAICc ≤ 2 are included here. The positive or negative sign before an independent variable indicates the direction of the effect.
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Roadkill

	
Buffer

	
Variables Selected in the Model

	
Β

(Standard Error)

	
p

	
df

	
ΔAICc

	
wAICc






	
All mammals

(Except C. thous)

	
5 km

	
Dense vegetation

	
2.77 × 10−2 (6.30 × 10−3)

	
1.08 × 10−5 *

	
9

	
0.0

	
0.9984




	
Urban infrastructure

	
7.87 × 10−2 (4.14 × 10−2)

	
5.7 × 10−2




	
Interaction

	
−2.36 × 10−2 (4.79 × 10−3)

	
8.35 × 10−7 *




	
Period (dry)

	
−9.51 × 10−1 (1.30 × 10−1)

	
3.14 × 10−13 *




	
Protected areas

	
6.39 × 10−5 (1.56 × 10−5)

	
4.21 × 10−5 *




	
C. thous

	
1 km

	
Dense vegetation

	
4.20 × 10−3 (2.23 × 10−3)

	
5.9 × 10−2

	
9

	
0.0

	
0.7813




	
Urban infrastructure

	
−1.66 × 10−2 (6.77 × 10−3)

	
1.40 × 10−2 *




	
Interaction

	
−6.88 × 10−3 (1.78 × 10−3)

	
1.14 × 10−4 *




	
Period (dry)

	
8.30 × 10−2 (5.91 × 10−2)

	
1.60 × 10−1




	
Protected areas

	
−3.96 × 10−6 (9.38 × 10−6)

	
6.73 × 10−1




	
P. cancrivorus

	
1 km

	
Exposed soil

	
1.55 × 10−1 (3.00 × 10−2)

	
2.28 × 10−7 *

	
8
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