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Abstract

:

Habitat modification due to human activities threatens species survival. While some species can inhabit habitat patches in anthropogenic landscapes, their occurrence often depends on landscape structure. We assessed the effects of landscape structure on brown howler monkey (Alouatta guariba clamitans) occurrence in an urban scenario. We conducted censuses in 59 forest patches from 2014 to 2016 in Rio Grande do Sul State, Brazil. We evaluated patch occurrence (presence/absence) in response to landscape composition (forest cover, arboreal crops, urban areas, open areas, and water) and configuration (patch density), considering the scale of effect. Water, urban, and open areas were the most important predictors of howler presence. Their presence was notably higher in landscapes with more water, likely because these landscapes consist of rural areas with low urbanization, less farming, and relatively high forest cover. Presence of howlers was positively associated with forest cover and negatively related to urban areas, open areas, and arboreal crops. Resource scarcity and increased mortality risks from human pressures, such as domestic dog attacks, electrocution, and roadkill on these land covers may explain these relationships. We highlight the importance of conserving and increasing forest cover in anthropogenic landscapes to protect species reliant on forested habitats, like howler monkeys.
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1. Introduction


Human population growth and urban expansion are among the main drivers of land-use change worldwide [1]. Habitat modification caused by humans pushes species to live in habitat patches surrounded by a matrix composed of land covers such as human settlements, roads, or agricultural fields [1,2,3]. Species persistence in human-modified landscapes are likely to depend highly on landscape structure (i.e., landscape composition—the types or amounts of different land covers in the landscape, and configuration—the spatial arrangement of the land covers in the landscape) [4,5,6,7]. Yet, our knowledge of how landscape structure mediates the occurrence of most species in anthropogenic landscapes is still poor. Additionally, most studies assessing the effects of landscape structure focus on the effects of landscape changes in natural habitats [8,9], particularly habitat loss and fragmentation [10], giving minor attention to the effects that other land covers can have on species. Understanding which landscape attributes favor or threaten species occurrence in anthropogenic landscapes is key to optimizing the design of strategies for species conservation [11].



Habitat loss is widely considered the major factor leading to species loss across most taxa [10,12]. Habitat loss reduces resource availability and landscape connectivity [13] and increases disease risk [14], competition [15], and/or stress [16]. The effects of habitat fragmentation on species, however, are still debated [17,18]. This is mainly due to differing conceptualizations of habitat fragmentation (i.e., fragmentation measured as part of habitat loss or independent of habitat loss; see [10]), which lead to different methods to measure it (e.g., using a patch scale vs. landscape scale). Studies conceiving fragmentation as part of habitat loss typically measure fragmentation using patch-scale variables (e.g., patch size or patch isolation) and generally infer that increasing fragmentation has strong negative effects on species [18,19,20]. Yet, many researchers in landscape ecology argue that it is important to determine the effects of fragmentation independent of the effects of habitat amount (i.e., fragmentation per se [10,21,22,23]). Assessing the independent effects of habitat fragmentation is possible by controlling for the effects of habitat amount at the landscape scale, either statistically or experimentally [10]. From this perspective, fragmentation effects need to be assessed at the landscape scale and are found to be mainly weak on species [24,25]. The lack of negative effects of fragmentation per se on species at the landscape scale is likely because the higher the number of patches in the landscape, the lower the mean nearest patch distance [10,24], which increases between-patch movement success and, therefore, resource availability [24].



Other landscape attributes, such as matrix composition (i.e., the type or the amount of land covers that are not original habitat for a particular species in the landscape), may also affect the occurrence of species in anthropogenic landscapes. The perception of the landscape matrix by scientists has progressively changed from an inhospitable area to a heterogeneous mosaic of different land covers [26,27,28]. Depending on the land cover, the matrix might facilitate or impede species dispersal, reproduction, or nutrition [26,29,30]. The difference in matrix effects appears to depend largely on the similarity/dissimilarity of each matrix land cover to the primary habitat of the studied species (i.e., low- or high-quality matrix) [31,32,33]. For instance, for species with arboreal locomotion, a high-quality matrix dominated by arboreal land covers, such as arboreal crops, offers higher dispersal, reproduction, or feeding opportunities [26]. Conversely, a low-quality matrix may not provide food resources or refuge, and may increase the risk of death from increased exposure to humans, predators, roadkill, or electrocution [34,35,36,37].



Primates are widespread in most megadiverse regions of the world, where they live in a variety of ecosystems, including highly human-modified ecosystems immersed in peri-urban and urban landscapes [38,39]. However, they are severely affected by land-use change, with ca. 67% of species threatened with extinction [39], mainly due to habitat loss, habitat degradation, and hunting [40,41,42]. Primates play vital roles in the structure and functioning of their ecosystems as herbivores, seed dispersers, prey, and as predators of insects, small mammals, birds, and reptiles [40,43,44]. Therefore, their conservation can help to protect other species and ecological processes across their distribution [40].



Here, we use a landscape ecology approach to assess the effects of landscape structure, that is, landscape composition (forest cover, arboreal crops, urban areas, open areas, and water) and configuration (patch density), on the occurrence of brown howler monkeys (Alouatta guariba clamitans) in an anthropogenic landscape in Brazil. This taxon is endemic to the Atlantic Forest biome [45]. Brown howler monkeys are arboreal, forest-specialist, folivorous–frugivorous [46,47], and live in social groups with a mean size between six and nine individuals [47] that use a home range ranging from 2 to 70 ha (mean ± sd = 13 ± 16 ha; [48]). Although their primary habitat is mature forest, they are resilient to persist in severely human-modified landscapes, such as peri-urban landscapes [34,37,49,50]. The estimated size of the total population of brown howler monkeys has recently decreased by approximately 70%, primarily due to land-use changes [51] and secondarily by yellow fever outbreaks [52]. The taxon is classified as Vulnerable in the Red List of Threatened Species of the International Union for Conservation of Nature [45].



We conducted a multi-scalar approach to identify the scale of effect (i.e., the spatial extent at which species–landscape relationships are stronger [53]). As habitat loss is the main threat to species survival in human-modified landscapes [10,12], we expect that forest cover (i.e., a proxy of habitat amount for the studied species) would be positively related to the occurrence of brown howler monkeys. Fragmentation per se has been shown to have mainly weak effects on species [21,22,24,54] and howler monkeys (Alouatta spp.) are known to cope well with habitat patches smaller than their traditional home ranges in continuous or more conserved forests [47,48,55]. Therefore, we predict weak responses of patch density (i.e., fragmentation per se) on patch occurrence. Howler monkeys have arboreal locomotion [56,57] and, thus, we expect that arboreal crops in the matrix would have positive effects on their occurrence. Peri-urban and urban areas can have pervasive consequences for species, increasing the risks of human–wildlife conflicts that increase mortality as described above [33,58]. Therefore, we expect negative effects of urban areas in the landscape on the presence of brown howlers. Finally, as open areas and water are low-quality matrix covers compared with the original habitat of howler monkeys, we expect negative effects of these land covers on their occurrence.




2. Materials and Methods


2.1. Study Area


The study area is located in the Águas Claras region (30°8′42.59″ S–50°52′23.56″ W; Figure 1) in the coastal plain east of the state of Rio Grande do Sul, Brazil, near the austral limit of primate distribution in the Americas [59], in a climatic transition area with mean annual minimum and maximum absolute temperatures of 1.4 °C (July) and 37.8 °C (January), and mean annual precipitation of 1400 mm [60]. The area was originally covered mainly by Atlantic Forest or ‘Restinga’ but is currently characterized by highly heterogeneous landscapes, comprising mainly agricultural crops (cultivated fields, pastures, Pinus spp. and Eucalyptus spp. plantations), urban areas, roads, and scattered forest patches [61]. The remaining forest is characterized by Syagrus romanzoffiana and Geonoma shottiana (Arecaceae), Ocotea pulchella (Lauraceae), Ficus spp. (Moraceae), and species of other families such as Euphorbiaceae, Fabaceae, Myrtaceae, Poaceae, Sapindaceae, and Solanaceae [62]. In the north of Águas Claras there is a wildlife refuge (nature reserve), Refúgio de Vida Silvestre Banhado dos Pachecos (RVSBP), with an area of 2543 ha. RVSBP is characterized by large wetland areas, wet fields, and forested areas at its northwest, south, and west borders [63]. The four largest forest patches have 65, 161, 258, and 286 ha.




2.2. Selection of the Study Patches


We defined our study area by creating a 3-km buffer around the RVSBP, covering ca. 15,000 ha (Supplementary Material Figure S1). We mapped all potential brown howler monkey habitat patches using the image bank of the Google Earth Pro© 7.1 software. We considered as potential habitat for the species any patch that presented the minimum requirements for the survival of Alouatta spp. according to other studies, such as a continuous or semi-continuous canopy with an area ≥0.2 ha and an average height ≥10 m [64,65,66]. We manually mapped all patches before the census to specify patch areas and verified heights in situ during fieldwork. We considered patches whose borders were distant at least 50 m from the borders of other patches as independent [67].



We identified 59 potential habitat patches for brown howlers in the study area using the ArcGis 10.6.1 (Environmental System Research Institute, Inc., Redlands, CA, USA) and QGIS 2.14.5 (www.qgis.org) software (Supplementary Material Figure S1). Four of these patches were the aforementioned largest RVSBP forest patches. We used a Garmin® Etrex Legend HCx GPS, Garmin International, Inc., Olathe, KS, USA (geographic coordinates—Datum WGS 94) to confirm in situ the characteristics of the 59 patches.




2.3. Brown Howler Monkey Surveys


We censused brown howlers in the 59 potential habitat patches from March 2014 to March 2016 through active search and direct records (sighting), walking in a way that covered the largest possible area of each patch. We visited each patch in the morning or afternoon at least three times on different dates. Walking speed (ca. 1.0–1.5 km/h) and searching time varied depending on the size of the forest patch and the relief of the terrain. Searching time was never shorter than 3 h on each visit when the monkeys were not sighted. All records of species presence were based on sightings without the need to rely on indirect cues such as calls and fecal remains. However, we heard no calls and found no new or old fecal remains in the forest fragments where howler monkeys were classified as absent, most of which were small. GPH conducted all surveys, often accompanied by PBES.




2.4. Landscape Metrics


We used the open access maps of MapBiomas-Collection 6 (i.e., a 30 m resolution map of Brazil; [68]) to extract landscape variables. We first reclassified these maps to assign five land covers: (1) forest cover, (2) arboreal crops, (3) open areas, (4) urban areas, and (5) water. Forest cover was extracted from the MapBiomas ‘forest formation’ class, which includes dense, open, and mixed ombrophilous forest, semideciduous and deciduous seasonal forests, and secondary forests. Arboreal crops were extracted from the class ‘forest plantation’ and refers to farm-planted forest of commercial tree species. We pooled the classes ‘grassland’, ‘wetland’, ‘agriculture’, and ‘mosaic of agriculture and grassland’ to assign the category open areas. We extracted the urban areas from the classes ‘urban area’, and ‘other non-vegetated areas’. Finally, we extracted water from the class ‘water’, which includes water bodies such as rivers, lakes, oceans, dams, and other reservoirs.



We calculated six landscape predictor variables using ArcGIS 10.5 software: forest cover, patch density, and the amounts of arboreal crops, open areas, urban areas, and water in the matrix. These landscape predictors have been demonstrated to have key relevance for different vertebrates [10,69], including primates [54]. Forest cover refers to the percentage of forest in the landscape. As brown howlers are a forest-dependent species, we used landscape forest cover as a proxy for habitat amount. Including habitat amount (i.e., percentage of forest cover in the landscape) in the models allowed us to statistically assess the independent effects of fragmentation [10]. We used forest-patch density (number of patches in the landscape/total landscape area) because it is one of the most common descriptors of landscape fragmentation per se (i.e., controlling for the effect of forest cover) [10,24], and has been widely used in landscape fragmentation research [6,54,70]. Finally, we used the amount of each of the other four land covers in the matrix to independently evaluate whether and how each affects the occurrence of the study species. We included the effect of matrix composition because of the growing recognition of its role in mediating species responses to landscape changes, including primates [5,71].



We identified the scale of effect for all landscape predictors because we do not know a priori which is the optimal landscape size to assess species–landscape relationships. This assessment is a methodological step needed in studies with a landscape perspective. It is important because species responses to landscape predictors can be overlooked if analyzed at the wrong scale [72,73,74]. Using scales too narrow in range and too few can lead to failing to identify the scale of effect and, thus, losing important species–landscape relationships [74]. Therefore, we created 13 spatial scales (i.e., buffers) ranging from 100 to 2500 m in radii at 200-m intervals from the center of each study site. All of the landscapes with a radius ≥500 m were larger than the maximum reported home range of brown howlers (70 ha; [48]). Although some of our landscapes overlap in the largest buffers, empirical results and simulation studies have demonstrated that overlapping landscapes do not violate the principle of independence and do not induce residual spatial autocorrelation [75,76,77].




2.5. Data Analyses


We used the variance inflation factor (VIF) to assess multicollinearity among landscape predictors using the ‘car’ package [78]. We did not find any strong multicollinearity (maximum VIF = 2.73) [79]. We performed 13 logistic regressions (Generalized Linear Models) for each landscape predictor at each spatial scale. The scale of effect was the landscape scale with the best fit among all models, which we assessed using the lowest Akaike’s information criterion (AIC) [53].



We used Generalized Lineal Models (GLMs) to evaluate the effect of each landscape predictor on the occurrence of brown howlers. We used an information–theoretic approach and multimodel inference to assess the relative effect of each predictor on the response variable [80] using the ‘glmulti’ package [81]. For each model, we computed the Akaike’s information criterion corrected for small samples (AICc), and we ranked the models from best to worst. We employed Akaike weights (wi) to determine the empirical support for each predictor and to generate model-averaged parameter estimates [82]. Therefore, we summed the wi values of ranked models until the total reached 0.95. The set of models for which Pwi was 0.95 represents a group that has a 95% probability of comprising the true optimal model [80]. Finally, we tested for spatial autocorrelation using Moran’s Index. This method measures spatial autocorrelation of model residuals and ranges between −1 (perfectly dispersed) and 1 (perfectly clustered), with 0 being randomly dispersed. We found no significant correlation (Moran I = −0.03, p = 0.63; [83]). We used the software R 3.0.1 for all analyses [84].





3. Results


Considering the respective scale of effect used to assess the effects of each landscape predictor on howler monkey occurrence, the percentage of forest cover in the landscape (scale of effect = 500 m) ranged from <1 to 89%, forest patch density (1900 m) ranged from 0.02 to 0.05 patches/ha, arboreal crops (2500 m) from <1 to 86%, open areas (300 m) from 3 to 99%, urban areas (500 m) from 0 to 48%, and water (1900 m) from <1 to 10%.



Brown howlers inhabited 39 of the 59 study patches (66% occupancy). The model including all landscape predictors explained 39% of the variance (i.e., deviance explained) in the occurrence of howlers (Figure 2). Occurrence was higher in areas with more water in the landscape (Pwi = 0.95; Figure 3a), and lower in areas with more urban (Pwi = 0.91; Figure 3b) and open areas (Pwi = 0.67; Figure 3c). Brown howler occurrence was also positively related to the amount of forest cover in the landscape (Pwi = 0.48; Figure 3d) and negatively related to the area of arboreal crops (Pwi = 0.34; Figure 3e). Finally, we could not assess the direction of the effects of patch density because the unconditional variance was greater than the model-averaged parameter estimate (Table 1; Pwi = 0.22; Figure 3f). This result suggests high variability in the effects of patch density, which can include positive, negative, and null effects. These effects also had the lowest relative importance on the variance of howler monkey occurrence.




4. Discussion


In this study we assessed the effects of landscape structure on the occurrence of brown howler monkeys near the southern limit of the species’ distribution [59]. Contrary to our predictions, the occurrence of brown howlers was higher in landscapes with more water and lower in landscapes with more arboreal crops. As expected, howler occurrence was positively related to forest cover and inversely related to urban and open areas in the landscape. Finally, we could not determine the specific effect of fragmentation per se on the occurrence of brown howlers because its effects were highly variable.



The unexpected positive relationship between the occurrence of howler monkeys and its most important landscape predictor, the amount of water, which accounted for quite a small cover of each landscape, may have been influenced by a combination of factors. On one hand, landscapes with higher amounts of water are characterized by more rural areas with lower urbanization and less farming, which tend to have a lower frequency of electrocution, roadkill, and dog attacks [31,32,33,37,85]. Such reduced risk of monkey mortality leads to higher patch occupancy. This explanation is supported by the lower occurrence of brown howlers in habitat patches immersed in landscapes with more urban areas and more open areas (the second- and third-best predictors of the species’ presence), which normally lack their food resources or arboreal refuges (but see [86,87]). On the other hand, our result may be influenced by the species’ presence in the four medium-to-large forest patches of the RVSBP wildlife refuge, which consists partially of wetlands that may be misclassified as water by MapBiomas. Therefore, relatively high forest cover in these landscapes may also be positively related to patch occupancy.



The empirical demonstration of forest cover as an important predictor of patch occupancy by brown howlers in the study area is explained by its direct relationship with resource availability, as reported elsewhere [10]. Larger areas of habitat also increase connectivity, reducing the use of ground to move between isolated patches or to visit supplementary food sources in the matrix, thereby avoiding the aforementioned risks and increasing the likelihood of long-term population survival. In fact, habitat loss (or forest loss for forest specialists) is considered the most significant threat to species persistence worldwide [10,12,88,89]. This is also applicable to howler monkeys. Despite being a disturbance-tolerant arboreal species capable of coping with some degree of habitat loss, they may face compromised long-term persistence in deforested landscapes [90].



The also unexpected finding that a greater cover of arboreal crops in the landscape correlates with a lower presence of howler monkeys might be attributed to the fact that this land cover in the study area consists predominantly of Pinus spp. and Eucalyptus spp. [68]. Trees belonging to these genera are uncommon food sources for brown howlers [46]. Plant diversity in these plantations tends to be quite low and, therefore, it is expected that brown howlers are not attracted to them. Plantations that are connected to patches of remnant native forest or that contain native trees regenerating under the cultivated trees or vines growing on them, however, may attract howler monkeys as reported for Alouatta pigra in Mexico [91]. It is important to note that MapBiomas may not classify small isolated orchards near rural properties that are known to play a positive role as sources of supplementary food for howler monkeys [92] as arboreal crops. This methodological limitation may have influenced both the direction of the relationship between this matrix land cover and the occurrence of brown howlers in the forest patches. It is also possible that there is greater human presence near arboreal crops, a condition that is expected to increase the level of stress and the frequency of the direct causes of howler monkey death mentioned above, both with negative consequences for the persistence of the species in the landscape.



The direction of the effects of fragmentation per se (i.e., independent of the effect of habitat amount) on the occurrence of the brown howler monkey were not clear. This is because the unconditional variance of patch density was greater than the model-averaged parameter estimate, which indicates a high degree of variability in the effect of patch density across the models and suggests that the effects of patch density are highly variable, encompassing positive, null, and negative effects. Our result points to a complex relationship between patch density and howlers’ occupancy, indicating that the effect of patch density is not consistent. Similar to studies of Brazilian primate richness [54], sapling assemblages [93], and tree seed dispersal [94], these results align with substantial empirical evidence that fragmentation per se generally has weak effects on most species [24,95,96,97]. These weak effects imply that habitat configuration is less critical for species survival in anthropogenic landscapes than landscape composition, such as the amount of habitat. In our study, these weak effects mean that the number of forest patches does not affect the persistence of brown howlers in landscapes with the same total amount of forest.



We assessed the effects of landscape matrix covers separately. A common approach to assess the effects of the matrix on species is to use an index of matrix quality or functionality based on a subjective, researcher-focused perception of the ability of target species to use land covers for feeding or travelling [54,98,99]. This is particularly critical when our understanding of how the species use or interact with land covers in the matrix is scarce [100], and that is precisely when we call on these indices. Therefore, it is urgent to increase our understanding of how landscape attributes affect species persistence in anthropogenic landscapes especially for highly threatened species, such as primates [90,101].



Finally, the shorter scales of effect for forest cover, open areas, and urban areas are consistent with the 200 m threshold for efficient dispersal through a non-forest matrix by mantled howler monkeys (Alouatta palliata [102]). This is also consistent with the distance often traveled by brown howlers in a single day (mean day range = 620 m, SD = 142, N = 21 studies; [48]), and the restriction of gene flow caused by open areas between isolated populations of black-and-gold howler monkeys (Alouatta caraya) [103]. On the contrary, the much larger scales of effect for water, arboreal crops, and patch density exceeded the longest day range recorded to date (1677 m) and covered areas >16 times larger than the maximum reported home range of brown howlers (70 ha) and >87 times larger than their mean home range (13 ha; [48]). This indicates that these predictors influence the occurrence of brown howlers through processes other than species dispersal, such as regional processes. Yet, further studies are needed to understand what determines the scale of effect [104].




5. Conclusions


Our study highlights the critical impact of landscape composition on brown howler monkey occurrence in the studied anthropogenic landscapes, with the particular importance of both protecting the remaining forest patches and promoting forest restoration to save the species and the coexisting native wildlife as recently proposed for primates in general [105]. We suggest that the future of brown howler monkeys and other species with similar ecological requirements in anthropogenic landscapes with comparable human demographic and environmental characteristics will require the implementation of measures to reduce the impact of conflicts on populations. These measures include lowering the speed of vehicles, installing wildlife-friendly power lines, managing the number of stray dogs in the landscape, and enforcing antipoaching laws. This recommendation is particularly urgent considering the increasing urban encroachment on natural ecosystems resulting from the growing human population [34]. Forest protection and restoration are crucial strategies for mitigating the effects of habitat destruction for forest-specialist species.
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Figure 1. Location of the study area in Águas Claras district in the state of Rio Grande do Sul, Brazil (A,B). An example of a focal patch and the respective landscape including the 12 buffers around the geographic center of the focal patch is provided in (C). 
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Figure 2. Predictor variables included in the 95% set of models (bars). The importance of each variable is shown by the sum of Akaike weights (∑wi, panels). The percentage of deviance explained by the complete model (goodness-of-fit) is also indicated. A green bar represents a positive effect of the predictor, a red bar represents a negative effect, and a gray bar indicates that the unconditional variance was higher than the model-averaged estimate, indicating that the parameter may have positive, negative, or no effects, and suggesting caution with interpretations. 
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Figure 3. Relationships between howler monkey occurrence and each landscape predictor at the scale of effect detected for each landscape variable. Points represent the study sites; blue lines indicate the predicted estimates from the logistic regression; and gray areas show the 95% confidence intervals. Numbers on the x-axis represent the scales of effect, i.e., landscape radii from the center of the study patches in meters, identified to assess the effect of each landscape predictor on the occurrence of the brown howler monkey. 
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Table 1. Values of model-averaged parameter estimates (β) and unconditional variance (UV) of information–theoretic-based model selection and multimodel inference for each landscape predictor of the occurrence of brown howler monkeys.
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	β
	UV





	Forest cover
	0.