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Abstract

:

The biodiversity loss resulting from rising levels of human impacts on ecosystems has been extensively discussed over the last years. The expansion of urban areas promotes drastic ecological changes, especially through fragmentation of natural areas. Natural grassland remnants surrounded by an urban matrix are more likely to undergo disturbance events. Since grassland ecosystems are closely related to disturbances such as fire and grazing, grassland plant communities, pollinators, and their interaction networks may be especially sensitive to urban expansion, because it promotes habitat fragmentation and modifies disturbance regimes. This work evaluated the effect of the level of urbanization and recent history of fire disturbance on grassland plants communities and plant-floral visitor mutualistic networks. We sampled plant communities and floral visitors in 12 grassland sites with different levels of urbanization and time since the last fire event. Sites with higher levels of urbanization showed higher values for plant species richness, floral visitor richness, and network asymmetry. All sampled networks were significantly nested (with one exception), asymmetric, and specialized. In addition, all networks presented more modules than expected by chance. The frequency of fire disturbance events increased with the level of urbanization. Since grassland ecosystems depend on disturbances to maintain their structure and diversity, we inferred that the history of fire disturbance was the mechanism behind the relationship between urbanization and our biological descriptors. Our findings highlight the importance of small and isolated grassland remnants as conservation assets within urban areas, and that the disturbance events that such sites are submitted to may in fact be what maintains their diversity on multiple levels.
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1. Introduction


Studies on the impact of human activities over pollinating faunas have increased in the past few years, mostly focusing on the decrease in abundance and diversity of pollinators [1,2]. Human activities, such as the expansion of urban areas and agricultural frontiers, lead to extensive changes in natural landscapes [3]. Urbanization is likely to grow even further in the future, following the increase in human population [4]. Habitat reduction and fragmentation is often followed by species loss. The loss of pollinators affects plant–pollinator interactions, promoting cascading effects: once a species is lost, there is a tendency for other species (from the same or other trophic levels) to be lost as well, and the loss of mutualistic interactions leads to serious consequences in ecological and evolutionary processes [5,6].



The mutualistic relationships between plants and animals play a critical role in the dynamics and diversity of communities [7,8]. These relationships can be summarized as complex mutualistic networks of interacting organisms, which present recurrent structural patterns, provide valuable multitaxonomic information, and can be used to unravel ecological patterns and to plan conservation efforts [5,9]. Studies analyzing the structure and dynamics of plant–pollinator networks allowed for novel insights on ecological theory, for example in coevolutionary processes [10,11], and network resilience to disruptions [12,13]. Most mutualistic networks, especially those involving plants and pollinators, show a nested structure, i.e., the more specialist species tend to interact with subsets of species cohesively connected (generalists). In other words, plants with few interactions will only be associated with generalist animals; and, specialized animals will only be found associated to plants with many links [14]. This mechanism reinforces the linkage asymmetry and the persistence of the entire network. If one or few links are lost, the network resists without much modification, which may be an evolutionary advantage [15]. A different (and not mutually exclusive [16]) pattern seen in mutualistic networks is related to the presence of modules of species that interact more (or exclusively) among themselves [17]. In addition, the frequency of interactions (i.e., the degree) of a given species may be largely determined by that given species’ abundance in the community [18,19]. In this context, abundant species tend to be generalists, showing a higher degree in comparison with rare species [18,20]. For example, a highly abundant plant species could show a high number of interacting partners because it is easier to find in the landscape, in comparison with a rare plant. However, considering disturbance-prone ecosystems such as grasslands, empirical data that support these assumptions at the community level are still scarce, especially considering the potential role of disturbance as a mediator of the abundance-degree relationship, which is the relationship between the number of species found in the community and the degree of importance that each one presents in the network.



One of the major causes of fragmentation worldwide is urban expansion. It promotes drastic ecological modifications (e.g., conversion of native environments and consequent fragmentation, disruption of ecological systems, and introduction of exotic species) [21,22]. For example, it has been shown that plant–bird networks from urbanized forest areas are structurally different in comparison with natural forests, and are dominated by stronger interactions shaped by invasive species [23,24]. In addition, natural grassland fragments close to urban areas are more likely to undergo frequent disturbance events, such as human-caused fires, in comparison with fragments surrounded by natural vegetation [25,26]. However, grassland ecosystems are deeply linked to disturbance regimes that include grazing and fire [27]. These regimes maintain the high plant species richness and physiognomy of these systems [28,29], which is likely to scale-up in a bottom-up effect of attracting more (or different) interacting partners [30,31]. In fact, plant–pollinator assemblages can be drastically affected by fire events [32], and can show high resilience after fire events [33,34,35,36]. There is empirical evidence supporting that the frequency of fire disturbance in natural grasslands is higher in fragments inserted in more urbanized areas in comparison with grasslands surrounded by natural vegetation [37,38]. However, to our knowledge there is no study addressing the influence of these two phenomena (fire and urbanization) on grassland plant–pollinator ecological networks.



Most studies of plant–animal mutualistic networks are concentrated in tropical regions, or in temperate regions from the northern hemisphere [39]. Even with all the diversity of ecosystems present in Brazil, the majority of research on ecological networks comes from forest ecosystems. To our knowledge, only three previous works focused on community-wide, plant–pollinator mutualistic networks from grassland ecosystems in Brazil, none of which were carried out in urban landscapes [40,41,42]. The South Brazilian grasslands (Campos Sulinos grasslands) are a promising system to study animal–plant relationships due to their high diversity and richness in both taxonomic levels [41,43]. Moreover, this ecosystem is not adequately protected under current conservation policies [43], and when protected areas include grassland systems, these policies are usually guided towards the complete removal of disturbances [44].



Here we use natural grassland remnants in an urban matrix as a study system to evaluate the influence of the level of urbanization on grassland plant communities and animal-plant mutualistic networks. We hypothesized that fragments under higher levels of urbanization undergo more frequent fire events, because proximity to urban areas affects susceptibility to this disturbance. By testing this hypothesis, we inferred if the effect of urbanization on biological descriptors was mediated by fire disturbance history. Then, we hypothesized that increasing urbanization (i) negatively influences plant community descriptors (species richness and diversity), (ii) negatively influences species richness of both trophic levels in the networks, (iii) promotes shifts in network metrics (network size, nestedness, modularity, asymmetry, and others; see methods), and (iv) increases the importance of a super-generalist invasive floral visitor in the networks. Additionally, we sampled plant community structure independently from the sampling of interactions, and hypothesized that (v) the number of interactions (degree) of a given plant species is predicted by the overall abundance of the species in the community, and that this prediction pattern is dependent on the level of urbanization.




2. Materials and Methods


2.1. Sampling Sites


Sampling was conducted from September 2016 to March 2017 in 12 natural grassland fragments (hereafter ‘sites’), in four hills inserted into the urban matrix of the metropolitan region of Porto Alegre, Rio Grande do Sul, Brazil. Each site was composed of a sampling buffer with a 100 m radius (1-hectare). These sites are inserted into four formally protected areas: Morro do Osso Natural Park (MO), Saint’Hilaire Municipal Park (SH), São Pedro Wildlife Refuge (SP), and Itapuã State Park (PI; Figure 1, see Table S1 for UTM coordinates of sites).



These sites are inserted into a chain of granitic hills that surrounds the city. This geological unit was shaped in the same event ca. 800 million years ago, and it is known by the presence of several rare and endemic plant species [45,46]. These hills have a long evolutionary history associated with local plant endemism, because they functioned as island refuges during ocean transgression times in the Cenozoic [47,48]. Today, these sites are almost completely isolated by the urban matrix, representing the last remnants of natural vegetation cover in the region. Additionally, all sites have a historical disturbance regime, which comprised cattle grazing until the late 1980s and fire until the present. In the last decades, fire disturbance was frequent, but highly variable between the sites. We estimated the time elapsed since the last fire event (hereafter ‘time since fire’) before our sampling took place for each fragment using satellite images and validating the estimation with personal communication with managers of the conservation units (Table 1).




2.2. Plant Community Sampling


In each site, a quali-quantitative sampling of the vegetation was carried out. All plant species present in 1 m × 1 m plots (10 per site, systematically allocated to sample the grassland site evenly) were identified and had their cover value estimated with Londo’s scale [49,50,51]. Plant community data were pooled in community matrices (one per site), and community descriptors were calculated (see the Statistical Analyses section). All plant species were identified to the species level, and collected specimens were deposited in Museum of Science and Technology of Pontifícia Universidade Católica do Rio Grande do Sul (MCT-PUCRS).




2.3. Interaction Sampling


Sampling of invertebrate floral visitors was conducted in 1-hectare circular plots in each fragment (200 m minimum distance between plots; license number 53690—ICMBio). Data were collected for at least 2 days per month, during 7 months, in each site, alternating the sampling events between sites of the same hill during the day. We sampled floral visitors in all plant species showing fully opened flowers within each site, using the focal method (10 min of observation per plant; total sampling time 207 h). Floral visitors were collected with entomological nets and kept in bottles with ethyl acetate. All collected specimens were deposited in the MCT-PUCRS. We only included potential pollinators in the analyses (i.e., species that consume floral resources or floral parts and spend time in contact with floral parts). This criterion restricted visitors to the following orders: Hymenoptera, Coleoptera, Diptera, Lepidoptera, Orthoptera, Phasmatodea, and Thysanoptera [52,53,54,55,56]. All floral visitors were separated in morphospecies within each order, and identified to the highest possible taxonomic level using the literature and consulting specialists.




2.4. Urbanization Level and Fire Disturbance History


The degree of isolation of each fragment in the urban matrix was calculated as the total urbanized area in a buffer of a 2000 m radius. We also estimated other coverage categories: grassland, forest, water, and plantation (Table 1).



Land cover classes were estimated based on the land use data of the municipality of Porto Alegre available at the Laboratory of Image Treatment and Geoprocessing (LTIG-PUCRS), in which spatial analyses were carried out. For these geoprocessing analyses and map construction, we used QGIS software [57]. We evaluated the collinearity between land cover categories using Pearson’s product-moment correlation. Urban, forest, and grassland land cover showed significant collinearity (urbanization–grassland: ρ = −0.694, p = 0.012; urbanization–forest: ρ = −0.855, p < 0.001). Therefore, we only included urban cover (log-transformed values) as the independent variable in the analyses that followed.




2.5. Statistical Analyses


All analyses were carried out using the R environment [58]. We calculated plant species diversity (Simpson’s 1-D), richness (S) and Chao 1 estimator [59] for plant communities in each site. We also calculated plant species diversity for each site with multiple diversity indexes using the Hill series, which were plotted in diversity profiles [60]. We tested the influence of the level of urbanization on plant community composition using a multivariate analysis of variance with permutation (PERMANOVA: Bray–Curtis distance, with 10,000 permutations restricted within hills) with ‘vegan’ package [61]. We calculated the relative cover value (RC) of each plant community species, which were also sampled in the interaction networks. These values were used as a measure of species abundance, and were used in tests as predictors of species degree observed in each network.



For network analyses we used packages ‘igraph’ [62] and ‘bipartite’ [9,63,64]. We constructed quantitative bipartite animal–plant interaction matrices and calculated independent network metrics for each fragment. We evaluated the following parameters for each network: network size, number of animal and plant species, number of visits, number of links, plant species degree, connectance, network asymmetry, specialization (H2), interaction evenness, nestedness, and the degree of Apis mellifera. We evaluated the degree of A. mellifera separately, and estimated its relationship with urbanization and network size, because it is an invasive species that may also contribute to the decrease of native pollinators [3], and because it remains unclear how urbanization may influence the impact of this species on plant–pollinator networks [65]. Species degree is number of different species a certain species interacts with; in other words, it is the total number of links of each species in the network [5]. Connectance is the proportion of possible links that were actually observed [9,66]. Network specialization (H2) is a measure based on the deviation of a species’ realized number of interactions from what is expected based on the total number of interactions [9,67]. A network is nested when specialists interact with subsets of more generalist species [68]. Interaction evenness is Shannon’s evenness index, where links correspond to species and interaction values to their abundance [9]. Network asymmetry is the balance between the numbers of partners in both trophic levels [69]. Modularity is related to the presence of modules, i.e., subsets of species interacting more among themselves than with other species from the same network. We calculated modularity based on the QuanBiMo algorithm [70]. Since this is an optimization algorithm, modularity values may be slightly distinct between single runs, so we considered the observed modularity for each network as the average value obtained from ten runs.



We estimated the significance of each network metric based on comparisons with null models. Based on each of the 12 observed networks (one per fragment), we created 1000 random networks using the ‘vaznull’ algorithm [19], which reshuffles interactions while maintaining the observed matrix dimensions and connectance. Then we calculated each metric for the set of random networks, generating 95% confidence intervals. Observed values that departed from the confidence interval were considered significant. Since most network metrics are sensible to network dimensions, which make pairwise comparisons difficult, we standardized the observed metrics by calculating the difference between the observed value and the mean value that resulted from the null model, or z-scores, as follows:


   m z  =   (     m  o b s   −  m  n u l l     σ  m  n u l l      )    



(1)




in which    m Z    is the corrected metric value,    m  o b s     is the observed value,    m  n u l l     is the mean value derived from the null model, and   σ  m  n u l l     is the standard deviation of the null model [71].



We used linear models (or generalized linear models when data did not meet the assumptions for linear models) to test if the level of urbanization predicted time since fire, vegetation community descriptors (plant species richness and diversity), and network metrics (network size, number of visitors and plant species, connectance, network asymmetry, H2, interaction evenness, nestedness, and Apis mellifera network degree). Finally, we tested if the frequency of interactions (species degree) of each plant species from the networks was predicted by that given species’ abundance in the community, and if this relationship was related to the level of urbanization.



Since the sites we sampled were nested within four isolated hills (three sites per hill; Figure 1), we tested if our results regarding plant communities and network metrics showed spatial autocorrelation using Mantel tests (package ‘SYNCSA’; [72]), restricting permutations within hills. For these analyses we constructed a matrix S of sites described by UTM coordinates, a matrix P of sites described by relative cover of plant species, and a matrix N of sites described by standardized network metrics (H2, nestedness, connectance, interaction evenness, and network asymmetry). We removed the remaining metrics from this analysis due to collinearity. Then we computed separate Mantel correlations ρ(SP), ρ(SN) to test for the congruence between space and vegetation and space and network descriptors.





3. Results


3.1. Spatial Autocorrelation, Urbanization, and Fire


We found no significant correlation between space (sites described by UTM coordinates) and plant community descriptors (MANTEL ρ = 0.3195, p = 0.5281) or between space and network metrics (ρ = −0.0280, p = 0.9265). The time since fire (i.e., time elapsed since the last fire event prior to our sampling) was predicted by the level of urbanization (GLM β = −1.244, SE = 0.054, t = −22.630, z = −22.63, p < 0.0001; Figure 2A). The level of urbanization and time since fire ranged from 1.5% to 63.3%, and from 3 to 300 months since the last fire event, respectively (Table 1).




3.2. Plant Communities


Plant species richness was predicted by the level of urbanization (LM β = 15.503, t = 3.907, p = 0.002, R2 = 0.564; Figure 2B), interestingly in a direct relationship. The level of urbanization showed no significant influence over plant community composition (MANOVA R2 = 0.101, F = 1.128, p = 0.309), or plant species diversity (LM β = -0.129, t = -1.101, p = 0.297, R2 = 0.018).



Plant community sampling resulted in 436 plant taxa, distributed in 53 plant families (see Table S2 for a complete list of plant species and their presence/absence across sites). The only species common to all 12 sites were Vernonanthura nudiflora (Asteraceae), Paspalum plicatulum (Poaceae), Evolvulus sericeus (Convolvulaceae), and Tibouchina gracilis (Melastomataceae). Flowering species with the largest contribution to each fragment in terms of relative cover are presented in Table S3. The estimated values for plant species richness (Chao 1) for each sampling site were similar to the observed values, which indicate that our sampling was sufficient (Table S4). The diversity profiles revealed a general pattern of higher diversity in sites with a shorter time since fire, regardless of the diversity index considered (Figure S1).




3.3. Interaction Networks


Using the focal method, we sampled 1040 plant individuals distributed in 105 species and 29 families. The total abundance of floral visitors was also 1040 individuals (439 Hymenoptera (42.21%), 383 Coleoptera (36.82%), 157 Diptera (15.09%), 25 Thysanoptera (2.40%), 14 Orthoptera (1.34%), 12 Lepidoptera (1.15%), and 10 Phasmatodea (0.96%)). The relative contribution of insect groups varied between sites. However, the most representative orders were Hymenoptera, Coleoptera, and Diptera in all sites (Figure 3B). See Table S5 for the complete dataset of plant-visitor networks.



The twelve mutualistic networks varied from 16 to 27 plant species, 18 to 46 floral visitor species, 23 to 72 links, and 36 to 70 total visits. Overall network topology varied between sites. All networks showed a nested topology, i.e., presented nestedness values higher than expected by chance, with the exception of SP3 (Figure 3A and Table 2). Networks from all sites were sparsely connected, with modularity and specialization also higher than expected by chance (Figure 3A and Figures S2–S13 and Table 2 for detailed information on the species that pertain to the modules in each network). The observed values of network size, nestedness, connectance, specialization, and modularity were not predicted by the level of urbanization. All networks were also highly asymmetric, and the level of asymmetry was predicted by the level of urbanization (LM β = 0.116, t = 4.041, p = 0.002, R2 = 0.582; Figure 2C and Table 2). The degree of A. mellifera showed an inverse relationship with level of urbanization (LM β = −0.094, t = −2.4, p = 0.037, R2 = 0.302; Figure 2D and Table 2) and with network size (LM β = −1905.8, t = −2.753, p = 0.020, R2 = 0.374; Table 2). Finally, the richness of floral visitors was predicted by the level of urbanization (LM β = 8.363, t = 2.264, p = 0.047, R2 = 0.272; Figure 2E) and by the number of flowering plants (LM β = 1.857, t = 3.381, p = 0.006, R2 = 0.486; Figure 2F).



Plant species degree (i.e., frequency of interactions) was predicted by species cover in the community (i.e., a proxy for abundance) in only four of the 12 grassland sites (LM MO3 β = 10.417, t = 6.759, p < 0.0001, R2 = 0.712; SH3 β = 19.976, t = 3.413, p = 0.002, R2 = 0.307; SP1 β = 45.936, t = 3.493, p = 0.002, Adjusted R2 = 0.309; and SP2 β = 30.744, t = 3.567, p = 0.002, R2 = 0.310). Sites in which abundance predicted network degree included different levels of urbanization (high urbanization in MO3 and SH3, low urbanization in SP1 and SP2; Table 1), suggesting that the abundance–degree relationship was independent from urbanization.





4. Discussion


In this paper, we evaluated the influence of the level of urbanization surrounding grassland sites on fire disturbance history, plant communities, and on plant-floral visitor mutualistic networks. In our first hypothesis, we tested if sites under higher levels of urbanization underwent more frequent fire disturbance events. We corroborated this hypothesis, since we found a positive relationship between urbanization and time since fire, meaning that more urbanized areas had more recent (therefore more frequent) fire events, which is in accordance with previous findings [37,38]. Land-use changes have global impacts on biodiversity [73], and habitat fragmentation is a major driver of negative effects on biodiversity [74] (but see [75]). However, disturbance, or susceptibility to disturbance, is seldom (if ever) included as an intermediary between fragmentation (in our case, the level of urbanization surrounding natural grassland sites) and biodiversity descriptors. Differently from forest ecosystems, grasslands are deeply linked to disturbances such as fire [23]. Fire disturbances promote high species richness and maintain the physiognomy in grassland plant communities [28,29], which in turn support more higher-level interactions [30,31]. Grassland plant–pollinator networks also show high resilience after fire disturbance events [33,34,35,36]. Therefore, our results suggest that fire disturbance history, here measured as time elapsed since the last fire event, was the driving factor behind the relationship between the level of urbanization and biodiversity descriptors. Below we discuss in three separate sections the relationships between the level of fragment urbanization and our biological descriptors: plants, floral visitors, and their interacting networks. In this discussion, we considered that the effects of urbanization on biodiversity were indirect, and mediated by fire disturbance history (although we were aware that the level of urbanization could influence biodiversity descriptors through other mechanisms, which we did not consider in this paper).



4.1. Plant Community


We hypothesized that urbanization would negatively affect plant community descriptors, which was not corroborated by our results. On the contrary, plant species richness increased with the level of urbanization (Figure 2B), differently to what would be intuitively expected. However, the level of urbanization showed no significant influence over plant community composition, and no clear relationship with plant species diversity. Therefore, heavily urbanized grassland sites encompassed similar plant community composition and diversity when compared to less urbanized (and presumably better-preserved) sites. The direct relationship between urbanization and plant species richness may be explained by the varying susceptibility of the study sites to human-driven disturbances, in our case, specifically fire. However, “disturbance” in this case cannot be included in the vast array of potential problems posed by habitat fragmentation, because grassland ecosystems are evolutionary related to disturbance regimes that include grazing and fire. These regimes, under appropriate intensity and frequency, maintain the high species richness, diversity, and physiognomy of these systems [28,29]. In our study, all grassland sites were inserted into protected areas, which should minimize anthropogenic influences, prevent fire events, and ultimately affect the disturbance regime as a whole. When this happens, grassland communities change towards a simplified structure with few dominant species, predominantly tussock grasses and shrubs [76,77,78], coupled with the accumulation of flammable biomass and the colonization of ligneous species [44]. Even though they are all inserted into protected areas, the protection of these sites regarding human intervention was directly linked to their surroundings. While study areas more deeply inserted into the urban matrix (e.g., MO and SH) have recent (<2 years) records of burning events, areas under milder urban pressure such as PI have not recorded a single fire event for 25 years (Table 1). Moreover, sites from the PI area were the only ones that presented a native forest species with relatively high coverage (Dodonaea viscosa; see Table S2 for complete flowering species list and also Table S3 for flowering species list with the largest contribution to each fragment), even though these sites had a high proportion of surrounding grassland cover (Figure 3C, Table 1). This is a clear indication that the suppression of disturbance for such a long time is promoting not only grassland biodiversity loss, but also the beginning of a shift towards a different system, which starts with the encroachment by ligneous species [78]. Conversely, sites that have been subjected to more frequent disturbances due to their proximity to urban areas presented higher plant species richness in comparison with sites that, although surrounded by natural vegetation, had their disturbance regimes alleviated or completely stopped.




4.2. Floral Visitors


We hypothesized that urbanization would negatively affect the richness of floral visitors, which again was not supported by our data. On the contrary, the richness of floral visitors increased with the level of urbanization (Figure 2E, Table 2), and was predicted by the richness of flowering plants in the networks (Figure 2F). Considering our data, the richness of flowering plants is a proxy for the availability of resources in the community when the sampling of floral visitors took place. Grassland sites with less urbanization in their surroundings, which are less prone to human-driven disturbance, showed lower plant species richness, produced fewer plant resources (i.e., less flowering plant species), and, consequently, attracted less species of floral visitors. This pattern may be related to the intermediate disturbance hypothesis [79], which has been extensively used to explain patterns in grassland ecosystems [80,81]. In this sense, fire disturbance maintain plant community richness, which scales-up to the upper trophic level via bottom-up mechanisms [30,31]. Conversely, areas that have been longer without any disturbance lose plant species (as discussed above), which is followed by losses in floral visitors by similar mechanisms.




4.3. Interaction Networks


With the exception of network asymmetry, we rejected the hypothesis that urbanization and the associated fire disturbance history would promote shifts in network metrics. Below we discuss the general structural patterns that these networks presented.



The most representative orders of floral visitors across all networks were Hymenoptera, Coleoptera, and Diptera (Figure 3B), which is in agreement with previous findings considering community networks of floral visitors in grassland ecosystems [41]. Nearly all of our sampled networks presented a nested structure, which also agrees with the recurrent topological pattern described for mutualistic (especially plant–pollinator) networks [17]. In addition, all networks presented modules (Figure 3A and Figures S2–S13 and Table 2), in which subsets of species interacted more with themselves than with other species from the same network [42,70]. However, none of these network metrics was predicted by the level of site urbanization. This indicates that the level of urbanization (and the consequent habitat fragmentation and varying susceptibility to disturbance) does not seem to influence these metrics considering grassland mutualistic plant–pollinator networks, at least regarding the productive South Brazilian grasslands. However, there is evidence that disturbance can influence network metrics in similar, disturbance-prone (although less productive) systems. In plant–pollinator networks from xeric environments in Argentina, freshly-burnt sites showed lower network modularity and presented higher abundances of generalists, in comparison with sites with a longer time since fire [36]. In networks from forest ecosystems, nestedness may increase with urbanization, although network size, modularity, and interaction evenness decrease as landscapes surrounding forests become more urbanized [23]. There is evidence that disturbance (coupled with seasonality) influences metrics in ant–plant networks from disturbance-prone ecosystems in Brazil [82]. Disturbances (including urbanization and fire events) promote different effects on networks from disturbance-prone systems, such as grasslands and xeric environments, in comparison with forests. Our results indicate that network-level metrics of plant–pollinator networks from productive grassland ecosystems may be resistant to the effects of urbanization, as well as to the relaxation of management that we found in less urbanized areas. However, further studies are needed to experimentally test the direct effect of fire disturbance in these metrics.



All networks were highly specialized (Table 2). Assuming that the network-level specialization (H2) is unaffected by network size and shape, and that it depicts biologically meaningful system-specific differences [83], species from both trophic levels showed high selectiveness regarding their interactions with the opposite trophic level. However, as for the previously discussed metrics, the level of specialization was not explained by the level of fragment urbanization, suggesting that this partner selectiveness, although high in all networks, was independent from the urbanization context and, consequently, of disturbance susceptibility and frequency. High specialization at the network level indicates that interactions are more likely explained by matching of biological traits (or non-matching due to forbidden links; [84]), rather than random partner coupling [67,85], and closer coevolutionary processes in comparison with more nested networks [17,86]. It has been shown that mutualistic networks from temperate zones have higher specialization in comparison with tropical areas [87], which could partly explain our results. In addition, this pattern may also be the product of the geologic and evolutionary isolation of the granitic hills in which the grassland sites are inserted [46,48]. A long history of cyclic isolation, originally due to natural phenomena such as ocean transgression events, artificially maintained today by human-driver factors such as urbanization, could lead to closer evolutionary bonds between interacting pairs of species, in comparison with interaction networks in which there is no such history of isolation. A promising next step is to evaluate the role of functional trait matching in these networks, to unravel the specific mechanisms underlying network specialization.



Interaction networks in forests under higher levels of urbanization present increased nestedness and lower modularity in comparison with less urbanized forests [23]. These authors point out that this difference in network-level metrics are due to the fact that generalist species with invasive behavior become the most connected and central nodes in more urbanized networks. We are not aware of any previous work focused on similar questions in grassland systems. Therefore, our results bring novel evidence that grassland networks may respond in a different manner to urbanization (and the associated disturbances), in comparison with forest ecosystems. Although all but one of our networks presented a nested structure, they also presented modularity values higher than expected by chance. Moreover, the variation of both metrics was not explained by the level of urbanization. As discussed above, urbanization leads to habitat fragmentation, while also increasing fragment susceptibility to disturbances [25,26,37,38]. Although these phenomena (especially disturbances) may promote negative effects in forest systems, they do not seem to drive similar patterns in grassland systems. This contrasting response in comparison with forests is again probably related to the link between the urbanization level and disturbance. Grasslands can show a high resilience to different disturbances [28,43,88]. Moreover, it has been pointed out that grassland systems worldwide may be dependent on anthropogenic disturbances in the long run [81]. All of our sampling sites were inserted into protected areas, in which one of the main conservation goals is to ‘protect’ the area from disturbances such as fire and grazing [43,44]. However, as we have shown, the proximity to more urbanized areas is related to increased frequency of disturbance by fire. Our results indicate that this increased fire frequency has no influence over most network descriptors as it does in other ecological systems. Moreover, the relaxation of management in the protected areas is actually promoting negative effects over biodiversity (reduced plant and floral visitor species richness in comparison with more recently burned areas).



We found an inverse relationship between the level of urbanization and the importance (network degree) of the invasive European honeybee Apis melífera, i.e., the species is more important in less urbanized sites, and loses importance in heavily urbanized ones, which is the opposite of what we had hypothesized. In addition, the degree of A. mellifera was higher in smaller networks. In networks from forest ecosystems, it has been reported that, in urbanized areas, invasive species increase in importance, and can reduce the network size [23,24]. Our results for grassland networks suggest a similar relationship between the degree of an invasive species and network size. It has been shown that A. mellifera can promote shifts in the structure of interaction networks, playing a different role in comparison with other (native) equally generalist species [89], and that its introduction may contribute to the overall decrease of native pollinators [3]. Although A. mellifera is a widespread species, present in most ecosystems including urban areas [90,91], the relationship between the level of urbanization/fragmentation of a given natural area and the potential impacts of the species on mutualistic networks remains unclear. We provide evidence that the relative importance of A. mellifera in mutualistic networks from grassland ecosystems may be dependent on the level of urbanization, on the directly related disturbance regime, and may influence network size. Sites in which A. mellifera showed the highest degree were also the ones where plant diversity descriptors presented the lowest values, which can pose additional threats to these communities due to competitive exclusion of native pollinators. These results emphasize the need for studies addressing how the level of urbanization and disturbance in grassland sites can mediate the influence of invasive species on plant–pollinator networks.



In bipartite networks, asymmetry represents the balance between both trophic levels. In our case, the higher the values for this metric, the higher the floral visitor species/plant species ratio was [69]. As expected, all networks showed positive values for asymmetry, i.e., more floral visitor species in comparison with flowering plant species. Interestingly, network asymmetry was the only network-level metric predicted by the level of urbanization (Figure 2C). This relationship indicates that, the higher the urbanization level of a given site, the higher the asymmetry towards the higher trophic level in that given network. Although species richness of floral visitor was predicted by flowering plant species richness (Figure 2F), neither of these descriptors was independently predicted by level of urbanization. However, a pattern arose when richness of both trophic levels was standardized in the network asymmetry index, suggesting that visitor and plant species richness increase at different rates along the gradient of urbanization (Figure S14). Specialization in mutualistic networks may arise as a response of the higher trophic level to low plant diversity in temperate regions (in comparison with tropical regions), which would also render these systems less tolerant to extinctions [69]. Plant species in mutualistic networks are strongly dependent on animal species, whereas animal species are less dependent on plant species [92]. We provide evidence that these relationships of interdependence between trophic levels are mediated by the level of urbanization and susceptibility to disturbance in productive grassland ecosystems.



Finally, we found that plant species degrees in the networks were not predicted by species abundance in the community for most networks, and that the level of urbanization did not play a role in that relationship. Flowering phenology may be highly variable between and within species. Since plants compete for pollinators, asynchronous flowering may arise to reduce competition [93]. Our results suggest that resource availability (i.e., which individuals presented resources in a given time window), rather than the overall abundance in the community, determined plant species degree for most networks.





5. Conclusions


The level of urbanization of grassland sites is an important factor in the assembly of plant-floral visitor networks, because it influences not only plant species richness, but also how many potential pollinator species a given fragment may harbor. Most network metrics were not sensitive to urbanization, as opposed to what has been reported for other ecosystems. The mechanism behind the effect (or the absence of effect) of urbanization on our biological descriptors was related to fire disturbance frequency. Fire disturbance leads to a short-term increase in plant species richness and diversity in grasslands [28,94,95,96], and these effects scale up to interaction networks descriptors, such as the number of floral visitors and network asymmetry. However, our data showed that most network-level metrics were not responsive to varying frequencies of fire disturbance. Furthermore, the relative importance of A. mellifera in mutualistic networks from grassland ecosystems may be dependent on the level of urbanization and on the directly related disturbance regime. We obviously do not aim to use our results to defend that urban expansion has positive effects on plants, floral visitors, and the interaction networks they shape together. However, we did find out that lower levels of urbanization, which related to lower disturbance frequency, presented reduced species richness of plants and floral visitors in comparison with more urbanized and fire disturbance-prone sites. All of our sampling sites were inserted into protected areas, in which management is deliberately removed from all systems, including grasslands. The unwanted effect of increased fire frequency due to urban proximity in these protected areas showed that management removal or alleviation do not have the expected positive effect, at least not for plants and their floral visitors. Therefore, our results bring further evidence that conservation efforts that target grassland ecosystems in Brazil need to include the disturbance regime in management planning.



Although our data showed a clear relationship between level of urbanization and fire disturbance history, we emphasize the need for future works to assess the role of both drivers independently in order to estimate their relative influence on network features. In addition, we cannot rule out other factors related to habitat fragmentation that could be potential drivers of these patterns, but that we did not take into account here. Finally, our findings highlight the importance of small and isolated grassland remnants as potential conservation assets. Although large continuous areas may be the optimal choice for biodiversity conservation [97,98], smaller areas should also be valued [99], especially in urban environments in which small and isolated natural grassland fragments are the last remnants of the local wildlife. The disturbance events that such sites are submitted to due to the proximity with urban areas, which are often seen as a problem for conservation, in fact seem to be what maintains their diversity on multiple levels, at least considering productive grassland systems.
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Figure 1. Sampling sites. Location of the 12 grassland sites/plots (black dots) in each hill: Morro do Osso Natural Park (MO), Saint’Hilaire Municipal Park (SH), São Pedro Wildlife Refuge (SP), and Itapuã State Park (PI). Black circles enclose 2 km buffer zones used to measure land cover classes (see methods). Coverage classes are presented as water (light blue), rural area (light green), urban area (grey), grassland sites (gold), and forest (dark green). 
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Figure 2. Relationships between level of urbanization, fire disturbance history, and biological descriptors. (A) Urbanized area as a predictor of fire disturbance history; (B–E) urbanized area as a predictor of the (B) plant species richness, (C) network asymmetry, (D) Apis mellifera normalized degree, and (E) number of flower visitors species in the networks, and (F) species richness of flowering plant species as a predictor of species richness of floral visitors. 
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Figure 3. Structure of mutualistic networks, contribution of flower visitor orders, and land cover in twelve grassland sites. (A) Bipartite plant-floral visitor networks. (B) Relative contribution of orders of floral visitors. (C) Land cover classes in each site. Sites ordered by decreasing levels of urbanization. 
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Table 1. Land cover categories and fragment fire history. Land cover estimated in a buffer of 2000 m radius and the time, in months, since the last fire disturbance prior to 2017, in each fragment. Sites ordered by increasing levels of urbanization. (MO) Morro do Osso Natural Park, (SH) Saint’Hilaire Municipal Park, (SP) São Pedro Wildlife Refuge, and (PI) Itapuã State Park.
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	Land Cover Classes
	MO1
	MO2
	MO3
	SH3
	SH2
	SH1
	SP3
	SP1
	SP2
	PI2
	PI3
	PI1





	Urban
	63.3
	58.8
	51.6
	37.2
	35.5
	23.0
	4.4
	3.7
	2.7
	2.1
	2.0
	1.5



	Grassland
	2.9
	2.6
	2.3
	17.7
	17.6
	17.5
	28.6
	26.7
	25.7
	15.6
	15.9
	18.8



	Forest
	31.5
	30.4
	28.9
	44.6
	46.4
	53.6
	66.4
	68.3
	71.1
	53.3
	54.6
	74.0



	Water
	2.3
	8.2
	17.3
	0.3
	0.4
	5.9
	0.6
	1.4
	0.6
	29.0
	27.4
	5.7



	Plantations
	0.0
	0.0
	0.0
	0.1
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0



	Time since fire
	9
	120
	3
	36
	19
	120
	15
	120
	17
	300
	300
	300
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Table 2. Network metrics. Metrics of plant–pollinator networks from 12 natural grassland sites. Values that departed from 95% confidence intervals (CI) are shown in bold. Number of visits represents the sum of interactions in each network. Network size is the total cells of the matrix (the multiplication between the dimensions of the two trophic levels). See Figures S2–S13 for species distributions in the network modules. Sites ordered by decreasing levels of urbanization.
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	Network Metric
	MO1
	MO2
	MO3
	SH3
	SH2
	SH1
	SP3
	SP1
	SP2
	PI2
	PI3
	PI1





	N plant species (richness)
	22
	23
	19
	25
	19
	19
	19
	26
	27
	16
	16
	23



	N visitor species (richness)
	39
	43
	33
	46
	45
	38
	30
	39
	46
	18
	21
	30



	N visits
	102
	107
	57
	170
	70
	108
	63
	90
	78
	36
	53
	106



	N links
	62
	52
	38
	72
	52
	52
	41
	50
	51
	23
	27
	45



	Network size
	858
	989
	627
	1150
	855
	722
	570
	1014
	1242
	288
	336
	690



	Connectance
	0.07
	0.05
	0.06
	0.06
	0.06
	0.07
	0.07
	0.05
	0.04
	0.08
	0.08
	0.07



	Network asymmetry
	0.28
	0.30
	0.27
	0.33
	0.41
	0.30
	0.20
	0.26
	0.22
	0.13
	0.06
	0.14



	A. mellifera degree
	0.09
	0.13
	0.11
	0.08
	0.11
	0
	0.11
	0.12
	0.07
	0.38
	0.25
	0.26



	Nestedness
	7.98
	7.19
	12.58
	7.80
	11.22
	12.57
	11.29
	8.49
	11.34
	17.85
	22.00
	11.49



	high CI
	7.88
	5.68
	10.48
	4.51
	9.83
	10.42
	11.78
	6.04
	6.75
	12.68
	10.47
	6.29



	low CI
	7.78
	5.62
	10.36
	4.45
	9.73
	10.29
	11.64
	5.96
	6.67
	12.51
	10.33
	6.21



	Nestedness (z-score)
	0.06
	1.63
	1.15
	3.63
	0.90
	1.05
	−0.19
	2.13
	3.76
	1.97
	5.62
	4.05



	Specialization (H2)
	0.57
	0.83
	0.78
	0.74
	0.71
	0.76
	0.61
	0.66
	0.75
	0.74
	0.77
	0.57



	high CI
	0.49
	0.66
	0.53
	0.36
	0.62
	0.58
	0.58
	0.55
	0.48
	0.38
	0.48
	0.55



	low CI
	0.49
	0.66
	0.52
	0.35
	0.62
	0.57
	0.57
	0.54
	0.47
	0.37
	0.47
	0.54



	Specialization (H2; z-score)
	2.02
	2.55
	2.86
	5.93
	1.32
	2.99
	0.83
	2.16
	3.37
	3.28
	2.84
	1.64



	Interaction evenness
	0.58
	0.52
	0.53
	0.47
	0.56
	0.53
	0.56
	0.52
	0.52
	0.50
	0.48
	0.50



	high CI
	0.58
	0.54
	0.57
	0.52
	0.57
	0.55
	0.56
	0.54
	0.56
	0.57
	0.55
	0.52



	low CI
	0.58
	0.54
	0.56
	0.52
	0.57
	0.55
	0.56
	0.54
	0.56
	0.57
	0.55
	0.52



	Inter. evenness (z-score)
	−1.31
	−2.39
	−3.93
	−3.81
	−2.05
	−2.15
	−0.23
	−1.79
	−4.54
	−4.45
	−3.93
	−1.42



	Modularity
	0.68
	0.78
	0.83
	0.83
	0.83
	0.83
	0.83
	0.83
	0.83
	0.75
	0.70
	0.70



	high CI
	0.63
	0.68
	0.82
	0.82
	0.82
	0.82
	0.82
	0.82
	0.82
	0.73
	0.64
	0.66



	low CI
	0.59
	0.63
	0.77
	0.77
	0.77
	0.77
	0.77
	0.77
	0.77
	0.68
	0.60
	0.61



	Modularity (z-score)
	1.72
	2.01
	0.91
	0.91
	0.91
	0.92
	0.92
	0.90
	0.91
	0.93
	1.02
	0.86



	N Modules
	15
	13
	14
	12
	13
	13
	9
	17
	13
	14
	9
	14
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