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Abstract

:

Beta diversity is usually high along elevational gradients. We studied a spider community at the Pico da Neblina (Brazil), an Amazonian mountain which is one of the southern components of the Guayana region. We sampled six elevations and investigated if beta diversity patterns correspond to the elevational division proposed for the region, between lowlands (up to 500 m), uplands (500 m to 1500 m), and highlands (>1500 m). Patterns of dominance increased with elevation along the gradient, especially at the two highest elevations, indicating that changes in composition may be accompanied by changes in species abundance distribution. Beta diversity recorded was very high, but the pattern observed was not in accordance with the elevationaldivision proposed for the region. While the highlands indeed harbored different fauna, the three lowest elevationshad similar species compositions, indicating that the lowlands spider community extends into the uplands zone. Other measures of compositional change, such as similarity indices and species indicator analysis, also support this pattern. Our results, in addition to a revision of the literature, confirm the high diversity and endemism rates of montane spider communities, and we stress the importance of protecting those environments, especially considering the climate crisis.
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1. Introduction


Montane biotas have always been a main source of interest for biologists. The drastic environmental changes observed in relatively short distances make mountain systems ideal for studies on diversity patterns [1,2,3,4] and for use as natural laboratories [5,6,7]. Montane biota also draws attention due to its usually large species richness and endemism levels [8,9]. Finally, due to the strong environmental gradients, montane biotas are also characterized by large beta diversity values, with several compositional changes in their communities along the gradients.



There is evidence of a gradual compositional change along elevational gradients [1,10,11,12] instead of important and localized discontinuities at a specific point. This could be attributed to the fact that some important environmental factors, such as temperature, decline continuously with elevation [13,14]. However, there are some empirical examples of more abrupt changes within elevational gradients [15,16]; evidence of well-defined elevational zonation of biotic communities.



In this study, we quantify the beta diversity component of a spider meta-community at an elevational gradient in Amazonia, the Pico da Neblina, the highest Brazilian mountain, as well as highest place in South America outside the Andes [17]. This mountain is part of the Guayana region, a very remote place in northern South America famous for its table-top mountains. A physiographical division based on elevation and temperature proposed for the region distinguished three main units, lowlands (up to 500 m, >24 °C annual average), uplands (from 500 to 1500 m, 18–24 °C), and highlands (>1500 m, 8–18 °C) [18], and the elevational distribution of the vegetation seems to support this division [19,20].



Spiders are good models for diversity studies [21,22]. One of the most species-rich orders (circa 49,700 species [23]), spiders are conspicuous elements in most ecosystems and can be sampled in large numbers in relatively short time and using low-cost sampling methods, such as nocturnal hand collecting, pitfall traps, and beating trays [24,25].



Our main interest is to verify the patterns of beta diversity of the spider community along the elevational gradient, and to assess if they are in accordance with the elevational division proposed for the Guayana region. We expect that changes in the composition ofspider communities are connected to those observed for vegetation, since the structure of the vegetation is considered an important environmental factor for spider species [26,27]. We also measure and discuss patterns of dominance (i.e., the relative importance of the most abundant species) and community structures along the gradient, as there is evidence for larger dominance at higher elevations [5,11,28]. Finally, we use species indicator analysis (SIA) to identify the degree of associations of the species with different elevations or elevational zones, which may represent an additional test of the fit of our data to the elevational division proposed for the region.



It is worth noting that knowledge on spider mountain fauna has been increasing in the last decades, with a few studies on the diversity of spider communities along elevational gradients [29,30,31], as well as several species described from montane ecosystems [32,33,34]. The results reported in these studies provide examples of the large diversity characteristic of mountain ecosystems, and also reports important compositional changes along the gradients. This increase of knowledge on montane spider fauna will allow us to evaluate our results in a broader context, and to look for more general patterns of spider beta diversity in elevational gradients, as well as to make some comments on the conservation of these mountain communities.




2. Material and Methods


2.1. Study Area


The study was conducted at the Pico da Neblina (00°48′07″ N e 66°00′40″ W). It belongs to the Pico da Neblina National Park (municipality of São Gabriel da Cachoeira, state of Amazonas, Brazil), one of the largest conservations units in Brazil (2,260,344.15 ha), and also to the Yanomami Indigenous Land, with which the Park overlaps. The Pico da Neblina lies in a mountain region which represents the watershed between the Amazon and Orenoco basins, as well as the boundary between Brazil and Venezuela [35].



As mentioned above, the Pico da Neblina is part of one of the southern and more isolated mountain components of the Guayana region (Figure 1), and is characterized by extensive high elevation plateaus (2000 to 2400 masl), although it does not present the typical tepui, table-top shape [18]. The annual average rainfall at lowlands is 3000 mm/year, without a dry season, and the average humidity is about 85–90% [33]. Rainfall increases with elevation until around 1800 m, being gradually replaced by a constant mist, and the average humidity reaches almost 100% [35].



Vegetation in the lowlands is composed ofa tall, evergreen forest, and the uplands are covered by montane forests, which havedecreasing biomass and tree size, especially when declivity is accentuated, leading to shallower soils [36]. In the highlands, forests are replaced by more open types of vegetation like high elevation scrublands and broad leave meadows, which grow on organic peat soils and on rocky substrates. At the Neblina, forests formation occurs almost up to 2000 m, and above that elevation their high-altitude formations stand out for their diversity and endemism [19]. Species from the families Bromeliacea, Rapateacea and Theacea are among the most characteristics elements of this flora. The flora of the region, especially from high altitudes is renowned for its high diversity and endemism [19], and the Guayanas highlands are considered as a discontinuous biogeographical province, also called Pantepui. Detailed information on the geology and vegetation of the region can be found in Berry and collaborators [37] and Berry and Riina [19].




2.2. Sampling Methods


Spiders were collected with two traditional methods in spider inventories [24]; beating tray and manual active search (i.e., hand collecting). In the first method, the understory vegetation, such as shrubs and small trees, is sampled through the beating of leaves, branches, vines, and other parts of the vegetation with a stick, while holding a 1 m2 tray under it. The spiders falling in the tray are collected, and the sampling unit consisted of 20 of those beating events, in different plants, along a 30 m long transect. In the second method, spiders from the forest floor and from the understory are directly collected with the help of tweezers and/or plastic vials. The sampling unit represents one hour of search along an approximate area of 300 m2 (30 × 10 m). The first method was employed during the day, from 8:00 to 11:00 h, and the second at night from 19:30 to 23:00 h. All spiders collected with both methods were immediately fixed in 70% ethanol.



Sampling was carried out by three collectors at six elevations, 100, 400, 860, 1550, 2000 and 2400 m. At each elevation we investigated three sites, about 100 m apart from each other. We obtained a total of 54 samples by elevation (27 of each method) resulting in a final count of 324 samples (162 of each method) for the Pico da Neblina. The sampling expedition occurred from 22 September 2007 to 13 October 2007, the local “dry season”. We only identified adult spiders. Specimens were sorted into morphospecies usually by the first author and then identified until the lowest taxonomic level by specialists. Voucher specimens weredeposited at the collection of the Instituto Nacional de Pesquisas da Amazônia (INPA), at Manaus (AM), and duplicates weredeposited at the Instituto Butantan (IBSP), São Paulo (SP) and at the Museu Paraense Emílio Goeldi (MPEG), Belém (PA).




2.3. Analyses


For each elevation (considering the pooled data from the three sites by elevation), we calculated and present the following parameters: species richness, abundance, diversity, dominance, and proportion of singletons. In this study, we will refer to the number of species captured in our samples as species richness, and the number of specimens captured in our samples as abundance, although we are aware that the results of our sampling represent only an estimation of the real richness and abundance of the community.



As a diversity measure we used the exponential of the Shannon–Wiener Index, also known as the “numbers equivalent” or “effective number of species” of a given community. It represents the number of equally likely elements needed to produce the value of the diversity index. The use of number equivalents (D) over raw diversity indexes has been recommended [38] as this transformation allows a more intuitive interpretation. Unlike raw diversity indexes, which are nonlinear, number equivalents possess doubling propriety, i.e., if two completely distinct communities of equal size with a diversity D = X are combined, their diversity will be D = 2X [38]. Finally, it is convenient to stress the importance of using a measure of diversity that takes into account species abundance. Changes in relative abundances can be as perceptible as changes in species composition and their study allow a more accurate picture of the community than just species richness, for which dominant and rare species, often represented by just one individual, are given the same weight [38,39]. To measure the dominance, we used the Berger–Parker index [40], which is based on the proportional abundance of the single most dominant species. Dominance patterns by elevation were also assessed by the visual inspections of rank abundance plots. The proportion of singletons refers to the number of species represented by just one individual in a given elevation, regardless of the species total abundance. We also present the proportional distribution of absolute singletons, i.e., species represented by just one individual considering the total inventory, by elevation.



We calculated the beta diversity for three levels: among the three sampling sites within the same elevations; between different elevations, pooling the communities at each elevation and generating a distance matrix; and for the total inventory, including all elevations. We used a beta diversity based on the number equivalents (D), where beta D = gamma D/alpha D [39]. This procedure allows obtaining independent alpha and beta components, a logical principle often violated by traditional diversity indices [39]. The alpha is calculated as the sum of the weighted Shannon–Wiener index of each community (sites or elevations), and the weight represents the proportional abundance of each community in relation to the pooled abundance of all communities being compared.Gamma diversity is obtained by simply calculating the Shannon–Wiener index for the pooled community in question. After we obtained the alpha and gamma diversity, we converted them to its equivalent numbers (D gamma and D alpha) to calculated the beta diversity, which is expressed in number of communities, ranging from 1 (when all communities compared are identical) to N, which is the total number of communities being compared, when they are all completely different [39]. In our case, the maximum possible beta diversity, N, is either two, for pairwise comparisons between different elevations; three, for comparisons within elevations; or six, considering the six elevations of the whole gradient.



We used the Bray–Curtis index of similarity to generate a distance matrix for the 18 sampling sites and for the 6elevations sampled. We also constructed a matrix based on the proportion of species shared (in relation to the total richness for the pair of sites or elevations) between the 18 sampling sites and the 6elevations. We used the Bray–Curtis matrix (18 sampling sites) to perform a NMDS [41] and checked the stress, a measure of the fit between the final solution of the analysis and the original distance matrix of the community. This ordination technique has already been positively evaluated [42,43] even for dealing with species of rich and under sampled communities [44].



To assess the relation between beta diversity, similarity, spatial distance, and elevation, we generated distances matrices of those parameters for the six elevations and performed partial Mantel tests, based on 10,000 permutations for each test (α = 0.05). Partial Mantel tests, through the Pearson correlation coefficient, assess the relation between two distances matrices, while controlling for the effect of a third matrix [45]. We related the two similarity indices between each other and to the two distance measures (spatial and elevation), successively controlling for space and elevation, and also without a control factor. We followed an approach suggested by Legendre [46] and performed the permutation on the residuals of a null model assuming the absence of effect of the third factor in a partial regression.



To verify if the changes in composition werein accordance with the division proposed for the Guayana region, we performed an analysis of similarity (ANOSIM), a non-parametric permutation procedure to test for significant differences in composition among differently grouped sampling units [47].We compared the fauna of three elevational groups; Lowlands (100 m and 400 m), Uplands (860 m and 1550 m), and Highlands (2000 m and 2400 m). To measure the similarity, we used the Bray–Curtis index. Significance levels were adjusted by a Bonferroni correction.



Finally, we used species indicator analysis (SIA) [48] to verify the association of the 157 most abundant species (represented by at least five individuals) with the different elevations. SIA calculates an indicator value (IV) based on the frequency and abundance with which a species occurs at the sites of a given category, and then tests if the IV differs significantly from random based on a Monte Carlo permutation (n = 1000). The higher the frequency and exclusivity of distribution in a given category, the higher the IVwill be of a species, which ranges from 0 (absence of a category) to 100 (present in all sites of a category). SIA hasthe advantages that they treat each species independently, and allows the comparison of the adequacy of the data to different typologies of the categories being compared, through the sum of species indicator values [48].



We analyzed the distribution of species under three different partitions of the gradient, which ranged from a coarser to a more refined elevational typology. This represents another approach to check the adjustment of our community with the elevational division proposed for the region. The first partition split the gradient in two categories, Lower Half (100 m, 400 m and 860 m) and Upper Half (1550 m, 2000 m and 2400 m). The second, based on the division proposed for the Guayana region, considered three categories: Lowlands (100 m and 400 m), Uplands (860 m and 1550 m) and Highlands (2000 m and 2400 m). In the last partition, we considered each elevation as a category. The presence of the species was verified at every sampling site at each elevation.



We used the software EstimateS [49] to obtain the number of shared species, and the software PAST [50] to calculate the Bray–Curtis similarity, Shannon–Wiener, and Berger–Parker Indexes, and also to perform the ANOSIM. The NMDS was performed with the R program [51], and the Partial Mantel with the software PASSAGE [52]. We ran the ISA with the software PC-ORD [53].





3. Results


We obtained 3140 adult spiders, which were assigned to 529 morphospecies from 39 families. A complete list of the species collected at the Pico da Neblina is presented in Nogueira et al. [54].



3.1. Diversity and Dominance


Richness, diversity, and proportion of absolute singletons decreased with increasing elevation (Table 1), while the abundance and proportion of singletons by elevation showed a more variable pattern (Table 1). Dominance increased with elevation, although not monotonically. Notably, dominance sharply increased in the two highest elevations, especially the last one, at 2400 m, where the single most dominant species accounted for more than 50% of the total abundance (Table 1 and Figure 2).



Our results also showa positive association between species from the genus Chrysometa and elevation. The dominant species from the three highest elevations sampled belong to this genus, and two of them, Chrysometa petrasierwaldae Nogueira et al. 2011 (137 ind.) and C. nubigena Nogueira et al. 2011 (96 ind.), were the most abundant of the whole inventory.




3.2. Beta Diversity


There were important compositional changes between elevations along the gradient, which may occur abruptly at certain places. Beta diversity between different elevations varied from 1.45 to 1.90 (Table 2), with an average value of 1.73. These large values indicate an impressive complementarity of communities between different elevations, considering that the maximum beta diversity possible when comparing two sites is 2.



The Mantel partial test showed that the beta diversity and Bray–Curtis similarity indexes were highly related, even when controlled for space or elevation (Table 3 and Figure 3). Both indexes were related to elevation in a significant way, as similarity decreased and beta diversity increased with increasing elevational difference between the elevations sampled, although the relation was stronger with similarity. The relation with differences in spatial distances, on the other hand, was not significant for either index (Table 3).



The NMDS (Stress 5.97) indicates that changes in composition are not gradual along the gradient (Figure 4). Along the first axis, which accounted for 58% of total variation, it is possible to observe two main groups of sites, one formed by the three lowest elevations, and the other by the two highest elevations sampled. The fourth elevation, at 1550, is fairly isolated from both groups and occupies an intermediate position.



The ANOSIM revealed significant differences in the composition of spider communities at the Pico da Neblina (R = 0.8362, p < 0.001). The comparison performed between the three groups of elevations—lowlands, uplands, and highlands—also indicated significant differences between all of them (p < 0.01 for all comparisons). The magnitude of the relation was very high when comparing the highlands with the lower groups (R = 1 with lowlands an R = 0.94 with uplands), but considerably smaller for the lowlands in relation to the uplands (R = 0.55).




3.3. Species Indicator Analysis


Of the 157 species represented by at least five individuals, 100 were assigned as indicators for at least one of the three partitions proposed for the data. Table 4 summarizes the number of indicator species for each category in each partition.



The families Anyphaenidae and Tetragnathidae showed the most consistent association with higher elevation environments, for the three partitions, while for some other families only the partition by elevation revealed some indicator species (Table 5). Lowest and medium elevations were characterized by indicator species representing a larger number of families, amongst which Araneidae and Ctenidae stand out (Table 5).





4. Discussion


Our results revealed very important changes in composition along the elevational gradient. However, the general beta diversity pattern was not entirely adjusted to the elevational division proposed for the study region. While the highlands zone (above 1500 m) did present a unique set of spider species, the lowland (up to 500 m) spider fauna expanded up until the uplands (from 500 to 1500 m), producing thus a different pattern than that observed for the vegetation, where a clear distinction between the lowland and upland communities can be perceived. Our results also showed important differences in the diversity and dominance levels of the communities, as discussed above.



4.1. Diversity and Dominance


The drastic increase in dominance above 1550 m shows that elevation acts not only on the number and the identity of species of a community, but also on the distribution of species abundance, which indicates a different sort of influence of the environmental, mainly temperature gradient, on the biotic community. The fewer and mostly different species from higher elevations also partition the total abundance in a much more uneven way.



An increasing dominance level at higher elevations has already been observed for spiders [28,29] and various other groups [11,55,56]. This pattern could represent an example of the positive relation between evenness of community species abundance and productivity [56], assuming a negative relation between altitude and productivity [4,14]. Evenness can be also positively related with habitat structure [57], which also applies to our study, as forests are structurally more complex than more open types of vegetation, such as those from the highest elevations sampled.



An alternative explanation could be based on richness decrease, whichwould lead to a decrease in interspecific competition, which would allow the remaining species to increase its abundance. This process, known as density-dependence, suggests that species density is dependent on competition [58], and has already been used to explain similar dominance patterns for ants in a tropical elevational gradient [59].




4.2. Beta Diversity


The changes in composition of the spider communities along the gradient have been large, but it was possible to see that those changes were more intense at some specific elevations. This indicates the occurrence of an elevational zonation for the spider community of the Pico da Neblina. Nonetheless, the patterns of compositional changes observed along the gradient do not seem to fit the elevational division proposed for the Guayana region, in lowlands, uplands and highlands, despite the significant differences found between these categories by the ANOSIM.



The main differences between the elevational division tested and the changes in composition observed in our data are related to the uplands categories. The third elevation sampled (860 m) is more similar to the lower sites, from the lowland category, than with the other elevation (1550 m) in the upland category, as displayed in the NMDS. This indicates that the upland category is heterogeneous and represents an inadequate elevational division for the spider fauna. Instead, results show that mainly lowland fauna extend up until the third elevation, at 860 m, and the next elevation at 1550 m represents a compositional rupture, although it is still covered by forests.



The fauna from 1550 m arenot very similar with that from higher elevations either, even with its upper neighbor, at 2000 m. This is not a surprise, given the drastic differences in climatic factors and especially in the structure of the vegetation, going from forested habitats to open physiognomies at the highland sites. The structure of the vegetation is indeed considered as one of the most important environmental factors for spider communities [26,27,60], and may have a large influence on the composition of the communities [61,62,63]. The distinction of the highland spider community may also reflect the distinction of the flora of these elevations, reputed by its endemism [18,19] and peculiar formations. The dominance pattern of the highlands fauna is another character that distinguished themfrom the lower sites, while the fauna ofthe fourth elevation, at 1550, represent anotherintermediate condition.



The coincidence of significant ruptures in composition and main vegetation types has already been reported for other studies performed at elevational gradients [64,65,66,67]. In other cases, however, changes were more gradual [12] or were not directly associated to predominant patterns of the vegetation, as observed for ground-dwelling spiders [29].



We can conclude that the elevational division proposed for the Guayana region does not fit well with our data, because communities from lowlands extend higher than expected. The spiders from the highland sites effectively represent a distinct compositional group, and changes from forested sites to open vegetation coincide with the largest ruptures observed across our gradient.



The distribution of indicator species among families furnishes the identity of the main components of the fauna from each elevation. The lowlands are dominated by species from several families, the main contributors being Ctenidae, Pholcidae, Sparassidae, Uloboridae, and especially Araneidae. All of these families and several others contributed to theindicator species for the three partitions, which indicates that even within families the range of elevational distribution presents a great variation. It is worth mentioning that the proportion of indicator species by partition is very unbalanced for some families, such as Salticidae and Theridiidae, whose species designed as indicators are concentrated in the more refined partition by elevation. It may indicate that species from these families are characterized by short elevational ranges and more specific habitat requirements.



Species designated as indicators of the higher elevations, considering the categories from the three partitions (Upper half, Highlands, 2000 m and 2400 m), belonged to only 10 families. All of those species were web builders or hunters occupying vegetation, which signals the absence of ground dwelling spider, like the Ctenidae, as significant components of these environments. Even families usually associated to the ground or leaf litter, as Hahniidae and Oonopidae [68], were represented by species occurring on the vegetation at 2000 m (pers. comm.). The family Anyphaenidae, with four species and two species of the genus Chrysometa (Tetragnathidae) were the most characteristic elements of that fauna. A similar result was observed in the Udzungawa mountains (Tanzania), where they recorded the spider species distribution along anelevational gradient. The authors also found that higher elevations were dominated by vegetation dwellers and orb-weavers, while ground-dwelling species were more abundant at lower elevations [31].



The dominance of the tetragnathid orb-weaver genus Chrysometa at higher elevations, mentioned above and discussed in Nogueira et al. [69], contrasted with the distribution of species of Araneidae, the most species-rich orb-weaver family. The elevational replacement among these groups have already been noticed at the Colombian Andes ([28] and references), and constitutes evidence that flying insects, the main target of this kind of web [70], are still an available resource at higher elevations. This suggests that Chrysometa species can tolerate climatic conditions that represent a constraint to most Neotropical Araneidae species distribution. Araneus bogotensis (Keyserling, 1864) (Araneidae) constitute a notable exception, as it was selected as an indicator of high elevation sites for the three partitions.




4.3. Spider in Mountains


The knowledge on montane spider faunas has greatly increased in the new millennia, especiallyoverthe last decade. Montane faunas are reputed for theirdiversity and endemism [6,71,72], and indeed, new species of spiders are being described from mountains of several places worldwide, mostly from under sampled places such as Asia [32,33,34] and Africa ([73], new genus from the East Arc Mountains, Tanzania). It is worth noting that most of those new species described are from upper parts of the mountains, rather than from the lower elevations.



We can present a similar result in our study. We described eight new species of the orb-weaver genus Chrysometa (Tetragnathidae) [69], and only one of these species were found in the lower half of the gradients. The remaining seven species were from the upper half, distributed from 1200 to 2400 m, the highest elevation sampled. The recurring finding of new species is evidence of the high endemism levels of mountain fauna, especially at higher elevations [74].



Another evidence of this pattern was provided by Chaladze et al. [75], who developed a Spider Diversity Model for the Caucasus Ecoregion. He showed that, although endemism is related to overall species richness, there are hotspots of endemic species (= higher proportion) in highmountain areas. A checklist of a Macedonia mountain spider fauna [76] also reported that most of the endemic species for this region are constituted of mountain elements. In our case, it is impossible to make similar evaluations of the regional spider fauna, since the amazon spider fauna is still very poorly known, and thus it is difficult to assess the real distribution of most species. However, high endemism levels have been observed for the herpetofauna [77], one of the few animal groups studied in more detail at the Pico da Neblina.



Other recent studies performed more complete and standardize inventories along elevational gradients. These studies show a great variation in their results, as some were performed in tropical mountains [30,31] while other were conducted in temperate regions [29,78,79]. Another source of variation are the sampling methods, since some studies used only pitfall traps, and thus could only assess the soil and litter fauna, while others employed other methods that enabled then to assess a larger portion of the community, as web-builders and vegetation dwellers.



However, some common patterns concerning beta-diversity emerged from these studies. For example, most of the compositional differences along the gradient are due to turnover, rather than nestedness. So, high elevation communities, even when presenting low richness, are not formed from a subset of more tolerant species from lower parts of the gradient, bur are constituted by a different, usually unique, group of species [30].



While high turnover rates usually produce regular patterns of a distance–decay process (i.e., dissimilarity in communities is strongly connected with physical distance), some studies also stress that the distribution of spiders is also tightly connected with microhabitat conditions (mainly type of vegetation) [31,79], which diminishes the intensity of the relation between similarity and distance. This indicates that most species do not seem to face dispersal limitation, and thus beta diversity patterns would be more influenced by local processes, such as resource availability and microclimates, as well as historical factors [30].




4.4. Montane Spider Conservation


The conservation of spider mountain fauna should be considered a priority, based on theirhigh diversity and endemism levels; characteristics confirmed by our results and by the literature. The fauna from high elevations is particularly sensitive, as they usually present a restrict distribution [69,80] and are habitat specialists, two characteristics associate with extinction proneness [81,82,83]. A small range size increases the chance of population reduction and eventual extinction, and the specialization to a particular type of microhabitat tend to make a species be more sensitive to environmental changes [84].



A conservationist focus should also be stimulated due to the fact that the ongoing climate crisis will probably enhance negative effects on these communities. Climate change may be considered one of the worst human-induced environmental changes, due to its irreversibility [85]. The warming climate is expected to have negative consequences to the species adapted to the colder (= higher) parts of the gradients. Data from a multitaxa (birds, butterflies, carabidae and staphylinids beetles and spiders) inventory from the Italian Alps Vitterbi [79] simulated a moderate temperature increase on species distribution, and spiders were the group that hadthe most negative response, with a decrease in richness. The higher sensitivity of spider communities was attributed to the fact that spider species had more restricted distribution along the sampling plots, being more dependent on microclimatic conditions. The general results of this study also predicted intense changes in composition for all the groups with increasing air temperature, with detrimental consequences for high-elevation species.



High-elevation faunas are threatened everywhere, but the problem is worse in mountains located in tropical places, such as our study site. Environmental gradients are stronger in tropical mountains, due to the narrower climatic tolerance of tropical biotas when compared with temperate ones [5,13,14], and thus effects of climate change are expected to be more pronounced in the tropics.



The situation of Guayana region highlands, or Pantepui, is of particular concern [86], due both to its equatorial location and the richness and endemism levels of its well-studied flora [19]. The singular topography of this region, with several isolated tabletop mountains reaching above 2000 m, stimulated speciation and produced communities with a high proportion of species endemic toa single mountain [87]. If the spiders follow this pattern, we can suppose that there are a lot of high elevation specialists yet to be found in the mountains of the Pantepui, which, at least for the genus Chrysometa, is a reasonable expectation [69,80].



However, the flora distribution also shows that the habitat of the high elevation specialists could simply “vanish in the air” [88], if the IPCC predictions for this century are accurate. If spiders also follow this pattern, this implies that several potential endemic new species threaten to disappear before they can even be described, stressing the urgency of this problem.
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Figure 1. Study area. (A) South America; (B) northern South America (rectangle of map A, enlarged). The mountain range at the left of the map represents the northern part of the Andes, and the mountainous region in the center of the map is the Guayana Shield, showing the study area in its southern part, and dotted yellow line represents the equator. (C) Closer view of the study area (rectangle of map B enlarged), the Pico da Neblina. Letters represent the elevations sampled: A—100 m, B—400 m, C—860 m, D—1550 m, E—2000 m, F—2400 m. 
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Figure 2. Rank abundance plot of the spider community for each elevation. Species are ordered by decreasing abundance. 
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Figure 3. Results of the partial Mantel test. (a) Relation between elevational difference and beta diversity, controlled by spatial distance.(b) Relation between elevation and Bray–Curtis similarity index, controlled by spatial distance.(c) Relation between Bray–Curtis similarity index and beta diversity, controlled by spatial distance.(d) Relation between Bray–Curtis similarity index and beta diversity, controlled by elevational difference. 






Figure 3. Results of the partial Mantel test. (a) Relation between elevational difference and beta diversity, controlled by spatial distance.(b) Relation between elevation and Bray–Curtis similarity index, controlled by spatial distance.(c) Relation between Bray–Curtis similarity index and beta diversity, controlled by spatial distance.(d) Relation between Bray–Curtis similarity index and beta diversity, controlled by elevational difference.



[image: Diversity 13 00620 g003]







[image: Diversity 13 00620 g004 550] 





Figure 4. Graphic representation of the first two axes of a NMDS performed for all species of spiders at the 18 sites sampled, in 6different elevations. First axis explained 58% of total variation and second axis 20% Stress = 5.97. 
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Table 1. Diversity measures of the spider community from the Pico da Neblina (AM, Brazil).Elevations sampled, S (%S)—richness and proportional richness, N(%N)—abundance and proportional abundance, D—exponential Shannon–Wiener or numbers equivalent, BP dom—Berger–Parker dominance index, % singl/S alt—proportion of singletons in relation to the richness of each elevation, % singl/S tot—proportion of singletons in relation to total number of singletons.
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	Elevation (m.a.s.l.)
	S(%S)
	N(%N)
	D
	BP dom
	% singl/S alt
	% singl/S tot





	100
	224 (42.4)
	688 (21.9)
	142.74
	0.03
	48.21
	32.49



	400
	194 (36.7)
	590 (18.8)
	98.59
	0.09
	51.03
	24.87



	860
	171 (32.4)
	713 (22.7)
	82.02
	0.09
	43.86
	16.75



	1550
	115 (21.8)
	597 (19)
	61.68
	0.07
	41.74
	14.21



	2000
	69 (13.1)
	295 (9.4)
	26.31
	0.21
	50.72
	10.66



	2400
	24 (4.5)
	257 (8.2)
	6.10
	0.53
	37.5
	1.02
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Table 2. Matrix of beta diversity expressed in number equivalents (D beta) of the spider community sampled at six elevations at the Pico da Neblina (AM, Brazil). Comparisons between adjacent elevations are shaded in gray.
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	100
	400
	860
	1550
	2000





	400
	1.50
	
	
	
	



	860
	1.60
	1.45
	
	
	



	1550
	1.90
	1.89
	1.71
	
	



	2000
	1.80
	1.85
	1.80
	1.65
	



	2400
	1.79
	1.84
	1.76
	1.79
	1.62
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Table 3. Results of Mantel and partial Mantel tests performed for the spider community from the Pico da Neblina (AM, Brazil). Comparison—matrix being compared; control—matrix controlled or partial factor; R—Pearson correlation coefficient; P—significance level of the result. BCS—Bray–Curtis Similarity index.
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Comparsion

	
Control

	
R

	
P




	
(Partial)






	
β diversity × BCS

	
space

	
−0.896

	
0.0051




	
β diversity × BCS

	
elevation

	
−0.824

	
0.0018




	
β diversity × BCS

	

	
−0.921

	
0.002




	
β diversity × Elevation

	
space

	
0.554

	
0.0507




	
β diversity × Elevation

	

	
0.727

	
0.0102




	
β diversity × Space

	

	
0.576

	
0.0532




	
BCS × Elevation

	
space

	
−0.829

	
0.0028




	
BCS × Elevation

	

	
−0.797

	
0.0014




	
BCS × Space

	

	
−0.494

	
0.0964
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Table 4. Number of indicator species of spiders, designated by the species indicator analysis, for the three partitions of the gradient, at the Pico da Neblina (AM, Brazil): Lower and Upper half; Guayana region and Elevations. IS—number of species assigned as significant (p < 0.05) indicators; S—total richness of the category;% IS—proportional number of indicator species in relation to richness of categories; aver IV—average indicator value; IV 100—species with indicator value of 100;Total IV—sum of indicator values for each partition.
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	Partition
	Category
	IS
	S
	% IS
	Aver IV
	IV 100
	Total IV





	Lower and
	LH
	42
	110
	38.2
	68
	3
	



	upper half
	UH
	6
	62
	9.7
	64.9
	0
	



	
	Total
	48
	157
	30.6
	68.2
	3
	3272.6



	Guayana region
	Lowlands
	22
	96
	22.9
	72.1
	1
	



	
	Uplands
	15
	103
	14.6
	78.8
	1
	



	
	Higlands
	3
	24
	12.5
	92.9
	1
	



	
	Total
	40
	157
	25.5
	75.9
	3
	3034.5



	Elevations
	100
	21
	72
	29.2
	89.2
	12
	



	
	400
	9
	72
	12.5
	82.3
	4
	



	
	860
	12
	80
	15.0
	80.5
	3
	



	
	1550
	19
	52
	36.5
	90.9
	9
	



	
	2000
	6
	20
	30.0
	81.7
	2
	



	
	2400
	4
	12
	33.3
	96.6
	3
	



	
	Total
	71
	157
	45.2
	87.1
	33
	6183.1
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Table 5. Results of species indicator analysis by families. Number of indicator species of spiders for the three partitions of the gradient at the Pico da Neblina (AM, Brazil), by families. Categories: Partition 1, LH—lower half, UH—upper half; Partition 2, L—lowlands, U—uplands, H—highlands. IS—indicator species; S—richness of the families considering only species included in the analysis (at least five individuals).
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Partition 1

	

	
Partition 2

	

	
Partition 3

	




	
Family

	
Category

	
Category

	
Category




	
IS (S)

	
LH

	
UH

	
IS (S)

	
L

	
U

	
H

	
IS (S)

	
100

	
400

	
860

	
1550

	
2000

	
2400






	
Anyphaenidae

	
1 (4)

	

	
1

	
1 (4)

	

	

	
1

	
3 (4)

	

	

	

	
1

	

	
2




	
Araneidae

	
13 (35)

	
12

	
1

	
7 (35)

	
5

	
1

	
1

	
14 (35)

	
4

	
4

	
3

	
2

	
1

	




	
Corinnidae

	
2 (4)

	
2

	

	
1 (4)

	

	
1

	

	
1 (4)

	

	

	
1

	

	

	




	
Ctenidae

	
4 (6)

	
4

	

	
4 (6)

	
2

	
2

	

	
4 (6)

	

	
2

	
1

	
1

	

	




	
Deinopidae

	
1 (1)

	
1

	

	

	

	

	

	
1 (1)

	

	

	
1

	

	

	




	
Hahniidae

	

	

	

	

	

	

	

	
1 (1)

	

	

	

	

	
1

	




	
Linyphiidae

	
1 (4)

	

	
1

	
1 (4)

	

	
1

	

	
2 (4)

	

	

	
1

	
1

	

	




	
Lycosidae

	
1 (1)

	
1

	

	
1 (1)

	
1

	

	

	

	

	

	

	

	

	




	
Mimetidae

	

	

	

	

	

	

	

	
3 (6)

	

	

	

	
2

	

	
1




	
Oonopidae

	

	

	

	

	

	

	

	
1 (1)

	

	

	

	

	
1

	




	
Pholcidae

	
4 (8)

	
4

	

	
4 (8)

	
2

	
2

	

	
3 (8)

	

	
1

	
2

	

	

	




	
Pisauridae

	
1 (2)

	
1

	

	
1 (2)

	
1

	

	

	
2 (2)

	
2

	

	

	

	

	




	
Salticidae

	
3 (15)

	
3

	

	
2 (15)

	
1

	
1

	

	
5 (15)

	
2

	
1

	

	
1

	
1

	




	
Scytodidae

	

	

	

	
1 (2)

	

	
1

	

	
1 (2)

	

	

	

	
1

	

	




	
Senoculidae

	

	

	

	
1 (1)

	

	
1

	

	
1 (1)

	

	

	

	
1

	

	




	
Sparassidae

	
3 (4)

	
3

	

	
3 (4)

	
3

	

	

	
2 (4)

	
1

	

	

	
1

	

	




	
Tetragnathidae

	
3 (13)

	
2

	
1

	
3 (13)

	

	
2

	
1

	
6 (13)

	
2

	

	

	
2

	
1

	
1




	
Theridiidae

	
3 (32)

	
2

	
1

	
5 (32)

	
2

	
3

	

	
15 (32)

	
6

	
1

	
3

	
5

	

	




	
Theridiosomatidae

	
3 (5)

	
2

	
1

	
1 (5)

	
1

	

	

	
3 (5)

	
2

	

	

	

	
1

	




	
Thomisidae

	
1 (2)

	
1

	

	
1 (2)

	
1

	

	

	

	

	

	

	

	

	




	
Uloboridae

	
4 (9)

	
4

	

	
3 (9)

	
3

	

	

	
3 (9)

	
2

	

	

	
1
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