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Abstract

:

Earthworks, such as embankments or excavations, because of their transient nature, usually do not play any important role in biodiversity protection and promotion in urban areas. However, the results of this study show that pits playing the role of infiltration basins, which are filled with water only in some periods, can provide bees with food resources and nesting sites. They are particularly important in habitats with simplified vegetation structures, e.g., in monoculture habitats. The attractiveness of infiltration basins and ditches as habitats for bees was assessed by comparing species richness and abundance of bee communities found there with those of coniferous forests—pine monocultures (where the reservoirs were created) and clearings. The species richness and abundance of bees in clearings, infiltration ditches, and basins were higher than in forests. Simultaneously, we found that an increase in woody vegetation coverage and the level of shading in the daytime had a negative effect on bee abundance. In contrast, it was positively affected by increasing the mean radius of a belt of predominantly open habitats around sampling sites (herbaceous plants and seedlings of woody plants <60%). In this case, food resources were not a limiting factor of bee occurrence in the study area.
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1. Introduction


Urbanization contributes to changes in land cover and leads to changes in species composition or abundance [1]. However, results of urbanization should be considered in a broader context, i.e., taking into account many factors, such as the type and level of impact, spatial scale and taxonomic group [2]. Urban habitats are characterized by high dynamics of changes in land cover, which modify the species composition and abundance in plant and animal communities. The observed changes often threaten some species [3] and are reasons for diversity loss in urban ecosystems. Nevertheless, recent studies also indicate that certain types of urban habitats are important for some groups of organisms [4,5,6,7]. Thus, it should be our priority to investigate the mechanisms shaping species structure in various types of urban habitats [8]. This is particularly relevant with reference to bees (as the most common pollinators), which perform significant ecosystem services in both natural and anthropogenically transformed habitats [3,9].



The costs borne by wild bees inhabiting disturbed habitats can be compensated by benefits resulting from the increased availability of food [10,11,12] and nesting sites [13]. With respect to food resources, urban areas abound in blooming plants and are often richer in flowers than other types of ecosystems [14,15,16,17,18]. However, the distribution of such resources within urban areas is uneven and depends on habitat type (e.g., managed green areas vs. wastelands vs. urban forests) and on the vegetation that covers them. An important role is also played by the location of green areas. With respect to providing stable food resources in various phenological periods, suburbs are much more favourable than urban-industrial zones [19]. That is why in many cities worldwide, human activities concerning insects, pollinators, in particular, aim at enhancing the availability of their food reserves in city centres by means of planting appropriate species and proper management of green areas, including the establishment of wildflower meadows [20,21,22]. Differences in food availability also result from the fact that parks and gardens are often dominated by exotic or ornamental plants [23], which are not always used by native pollinators [24,25]. For example, Matteson and Langellotto (2011) [26] found that bumble bees and honey bees visited native and exotic species equally in community gardens, but megachilid (leaf-cutter) bees and butterflies were found to heavily utilize introduced ornamental and crop flowers in these gardens, even when native flowers were present. Another study revealed that bumblebee species with specialised diets favoured native plant species, while bumblebee species with generalized diets favoured exotic species [27]. Furthermore, Stewart et al. (2018) [28] reported that overall pollinator richness and abundance, as well as the abundance of each of the focal taxa, were not significantly different between native and exotic plant species.



Moreover, managed vegetation is characterized by high fluctuations of bee food resources, resulting from changing concepts of plant arrangement linked with planting other species. In the case of herbaceous species, they can differ completely between years. Spontaneous changes also take place in the structure of wasteland vegetation. All this can limit the availability of both food resources and nesting sites. In those areas, urban development also plays a significant role. Such places, if not protected by law, are usually classified as potential investment areas where urban development can intensify the above-mentioned changes. Consequently, any unprotected habitat can be relatively quickly transformed into another one [29]. Fast transformations are also observed in urban forests, which are subject to planned silvicultural practices or can be felled because of new investments, e.g., construction of roads, power lines or greenfield management [13].



This article is focused on presenting the effects of such changes on bee communities. We have documented transformations of pine monocultures into open habitats resulting from deforestation and later partly into artificial water bodies (municipal infiltration basins). In this case, industrial development has led to the local creation of a completely new type of landscape, including mid-forest artificial water bodies. It is specific in environmental terms, mostly because of the appearance of plant species with completely different ecological requirements in the infiltration basins and at their edges. Periodical and partial filling of ditches and infiltration basins with water caused their colonization with both hygrophilous and thermophilous herbaceous plants. Simultaneously, thanks to the temporary use of these basins for water storage, surprisingly, they have become attractive habitats for bees. This is one more type of post-industrial infrastructure that shows a positive influence of human impact on communities of bees and wasps, similar to some linear structures described earlier [13,30,31,32,33,34,35,36,37,38], abandoned extraction pits [39,40,41,42,43,44] or sedimentation tanks [45]. However, as far as we know, the environmental value of temporary water bodies and their shore zones as habitats for bees is still poorly studied.



That is why, in this study, we have attempted to answer 3 questions. Has the construction of infiltration basins increased the natural resources of wild bees in wooded habitats? What are the habitat preferences of species belonging to individual functional groups? Which local and landscape factors affect bee communities? We also discuss here the importance of infiltration basins for bee protection and suggest ways to improve biodiversity conservation in urban areas.




2. Materials and Methods


2.1. Study Area


Field research was conducted in 2019 in the area of a municipal water intake facility with artificial infiltration “Czyżkówko” in Bydgoszcz (53°7′24.6″ N, 18°0′27.43″ E) (northern Poland, temperate climate), located in woodlands on the high terrace of the Brda River valley (Figure S1). The study area is a suburban forest situated on the outskirts of the city of Bydgoszcz. Residential districts are close to the southern border of the study area (ca. 150 m to 1.6 km away), the eastern border (ca. 350 m to 1.4 km away), and the western border (ca. 1.1–2.0 km away). On the north, it borders on a pure pine stand. These areas are subject to various forms of human impact associated with forest management and recreation. The facility is composed of a supply system (9 infiltration basins, 4 sites of surface water intake, and 16 ditches, with a total active area of 20.62 hectares) and a collection system (106 wells with groundwater pumps, 67 wells with siphon pumps, 480 m of collecting drainage pipes). The total area of the water intake facility is about 140 hectares [46].



We investigated 4 types of habitats in the area of the water intake facility, classified as: “forests” [A]—4 sites in coniferous forests (pine monocultures); “clearings” [B]—5 sites in clearings and at forest edges; “ditches” [C]—9 sites with infiltration ditches; and “basins” [D]—9 sites with infiltration basins. The ditches were, on average, 352 m long and 21 m wide, while basins were, on average, 174 m long and 71 m wide. The ponds and ditches are earthworks (Figure 1) aimed at water purification by infiltration. During this study, 5 of them (3 ditches and 2 ponds) were partly filled with water for 5 months. The other ponds and ditches were completely dry during the study. In total, we analysed 27 sites in accordance with applicable law and on the basis of decisions of the Municipal Water and Sewerage Company in Bydgoszcz (PP.4313/0001/2019) and Żołędowo Forest District (ZG.715.14.2019).




2.2. Bee Sampling


In 2019, we collected bees from April to August. Insects were caught in Moericke traps, and additionally, we used the transect method [47], which resulted from the low effectiveness of Moericke traps in catching Bombus spp. [48]. Moericke traps were white and yellow plastic bowls (20 cm in diameter) filled to ¾ with a mixture of water (94.2%), ethyl glycol (5.6%), and detergent (0.2%). The traps were placed within selected habitats (forests, clearcuts, infiltration ditches, infiltration basins) along a transect, and we collected the caught insects at weekly intervals. At each site, we placed 4 traps (2 white and 2 yellow ones) spaced 10 m apart, and each of them was placed on a wooden pole about 60 cm high, i.e., at an average height of herbaceous vegetation. In total, 2160 samples from traps were taken (4 traps × 27 sites × 4 weeks × 5 months = 2160). In the case of ditches and ponds partly filled with water, the traps were placed along their edges, above the water level.



At each site, bees were collected once a month at all 27 sampling sites along 2 transects with the use of a sweep net by searching on flowers and in the favourite nesting sites of bees. Each transect was 200 m long and 1 m wide. Sample collection lasted about 30 min per transect. One sample was a collection of insects caught during one day along a transect (in total, 270 samples, as 27 sites × 2 transects × 5 months = 270). The data from the transects were pooled in the field for each site. Caught specimens were mounted and identified to the species level. Finally, all samples from traps and transects were pooled for each site, as these methods complement one another [8].



Species of the Bombus lucorum complex [49] are not distinguishable by morphological features, as B. lucorum L. and B. terrestris L. are easily confused [50]; therefore, data on the occurrence of bumblebees of the subgenus Bombus Latreille, 1802 = Terrestribombus Vogt, 1911 were summarized. Functional and ecological classifications of bees followed earlier publications of our research team [51,52]. For each species, we determined nest substrate (soil (nest is excavated in the soil), hive (non-parasitic bumblebees and several species of Megachile, nest in hives, which they create in different places, depending on the species, including underground, abandoned rodent burrows, or hollow stumps and trees), cavity (nest is excavated in pithy stems and pre-made cavities), and cleptoparasitic (females lay their eggs in nests of specific host species)) and floral specificity (oligolectic (collect pollen from one plant family or genus) or polylectic (collect pollen from many plant species)) (Table S1).




2.3. Floristic Records


At all 27 sampling sites, we recorded plant species in the areas covered by transects (Table S2), where bees were caught. In infiltration ditches and basins, we separately recorded plant species in dry places and in flooded ones within the ponds. In the case of places covered with water, both aquatic plants and those found at watersides were recorded (wetland vegetation). Within each study site, coverage of individual plant species was assessed using a broadened Braun–Blanquet scale, modified by Barkman et al. [53]: r = very rare, one or several individuals; + = rare, <1%, covering a very small area; 1 = from 1% to less than 5%; 2m = very numerous, about 5%; 2a = 5–12.5%; 2b = 12.5–25%; 3 = 25–50%; 4 = 50–75%; 5 = 75–100%. This method simultaneously captures the number and degree of coverage of a given species. Then we averaged plant cover at the study site level. Plant species were determined using the key constructed by [54] Rutkowski (2004). Names of plant species also followed Mirek et al. [55].




2.4. Environmental Variables at the Level of Habitat and Landscape


On the basis of floristic records, we assessed at each site: C1 = average plant cover (%, all plants); C2 = average cover by flowering species; C3 = average cover by woody species; C4 = average cover by herbaceous vegetation; C5 = average cover by native plant species; C6 = average cover by alien plant species; C7 = average cover by plant species typical of dry soils; and C8 = average cover by plant species typical of wet soils.



Using the phytoindication method, based, e.g., on an index of soil moisture content, we classified plants into several groups, tolerating varying levels of soil moisture content [56]. In the calculations, we took into account only indicator species of dry soils (C7) and wet soils (C8). The dry soils category (C7) included soils classified according to the Ellenberg scale with values of 1 (very dry soils), 3 (dry soils), and 2 (intermediate between 1 and 3). However, the wet soils (C8) category included soils marked according to the Ellenberg scale with the values 5 (fresh soils), 4 (intermediate between 3 and 5), 7 (moist soils), 6 (intermediate between 5 and 7), 9 (waterlogged), 8 (intermediate between 7 and 9), 10 (aquatic plants that can withstand a long time without flooding), and 11 (aquatic plants that have roots under water and leaves emerging above the water surface or floating on the surface).



To assess the influence of open habitats (forests covering < 40% of total area) in the immediate vicinity of infiltration basins, we determined the distance from the edge of each site/basin to the nearest forest stand. This variable (C9) was termed a radius of a belt of predominantly open habitats around sampling sites. In clearings and forests, its value was 0. We took the measurements directly in the field. The site area in m2 (C10) was estimated on the basis of aerial photographs (with 5 cm per pixel) on a scale of 1:5000, using the open-source Geographic Information System QGIS Desktop 2.18.21 [57] and direct field research.



The coefficient of border development (CBD) (C11) for each site was calculated as follows:


  C B D =  O  2   π A     ,  








where O = border of the study site [m]; and A = site area [m2].



The more its shape differs from a circle, the higher the value of CBD [58].



Since previous studies indicate that at least some bee species are affected not only by artificial barriers, such as buildings, but also by natural barriers, such as forests [59,60], we also assessed the occurrence of habitat barriers (C12): 0 = open site, with only single shrubs/trees, no forest as flight barriers within 100 m; 1 = single houses or allotments with built structures or few shrubs/trees as low flight barriers within 100 m; 2 = dense forest and scrub. We calculated this variable based on the surrounding area in each cardinal direction (north, east, south, west) of the site’s borders. The scores of all 4 directions were summed up to obtain a single score for each site, with 0 being the lowest and 8 being the highest possible score [61]. Simultaneously, we assessed the mean degree of shading during the daytime (C13) and recorded nominal variables: the presence of water in the infiltration ditch/pond (C14): 0 = dry; 1 = dry/wet (periodical, partial filling with water); the presence of scarps in the infiltration ditch/pond and clearings (C15): 0 = absent, 1 = present. The mean degree of shading of study sites was assessed by estimating the shaded % of the total area in 2 periods: in the morning and in the afternoon, irrespective of whether they were dry or flooded. The presence of water in the basin was recorded once a month.




2.5. Statistical Analyses


To assess the representativeness of the Apiformes caught and to analyse their species richness, we generated rarefaction curves [62] by using the EstimateS 9.1.0 software (Robert K. Colwell, Boulder, CO, USA) [63]. To estimate true species diversity, we used the Chao1 estimator [64]; 1000 randomizations were employed in the analyses.



Non-metric multidimensional scaling (NMDS, function meta MDS, vegan package) was used to analyse the similarity of bee and plant communities in individual habitats and in places varying in moisture content (e.g., waterlogged sites vs. very dry sites) [65]. The Bray–Curtis index was applied as a measure of similarity. The statistical significance of differences between communities (groups of habitats) was determined by using multivariate permutational ANOVAs (PERMANOVA) implemented in the function adonis (9999 permutations) in the vegan package [65]. The statistical analyses were performed in the R environment [66].



Generalized linear mixed models (GLMMs) were used to determine differences in bee species richness and abundance between all the analysed habitat types and between the distinguished functional groups. The analysis was performed on data aggregated for sites (level 2) and months (level 1). Individual research questions were verified separately, using single statistical tests. Data on abundance and richness were collected at 27 sites: 4 classified as forests, 5 as clearings, 9 as ditches, and 9 as infiltration basins. At each site, 5 measurements were taken: one in April, one in May, one in June, one in July, and a final one in August. This gave a total of 137 observations (27 × 5). Obviously, these observations are not independent of one another. They can be viewed as coming in 27 site-related bundles with 5 observations each. On the other hand, 5 time-related bundles (one for each month) can also be created, and observations seem to be correlated within such bundles. This led us to include 2 crossed random effects in our model: one for the site and one for the month. Since both abundance and richness are non-negative integers, we decided to use Poisson GLMM with a canonical logarithmic link. The formulas defining this model are:


  log  ( y )  ~   P o i s s o n  ( λ )   
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The with X denoting the group, Z1 denoting the site, Z2 denoting the month, and Z3 denoting the habitat type. Since site, month, and habitat type are random effects, u1, u2, and u3 are random variables (normally distributed and independent from one another and from y). β1 is the parameter of interest—a real number that is to be estimated from data. The p-values were calculated using Wald’s degrees of freedom. The significance of correlations between the variables was assessed with a likelihood-ratio test, comparing models with and without the tested effect [67]. Calculations were done in an R package with the lme4 library [66,67].



Numerical analysis of the collected data was performed using CANOCO v.4 software (C.J.F. ter Braak and P. Šmilauer, Microcomputer Power, Ithaca, NY, USA) [68]. To detect a gradient in the total variation of the data, we performed detrended correspondence analysis (DCA). The gradient was 2.82 standard deviations long, so in further calculations, we used linear methods [68]. Data on species were transformed logarithmically (log(x)). To assess the influences of the analysed environmental variables (predictors: C1–C15) on bee occurrence, we used redundancy analysis (RDA). Data on individuals were transformed logarithmically (log(x)). The VIF (variance inflation factor) for the investigated variables was lower than 10%, which allowed us to leave them in the analysis. To assess the significance of the tested variables and canonical axes, a Monte Carlo permutation test with 1000 repeats was performed. We assessed only the influence of statistically significant variables (p < 0.05).





3. Results


3.1. Total Species Richness of Bees and Plants


We recorded 152 species of wild bees (Hymenoptera: Apiformes) of 23 genera, represented by 4912 individuals (Table 1, Table S1). The species accumulation curves did not reach saturation, indicating that some species remained undetected. The Chao1 species richness estimator suggested 30 species for forests, 165 for clearings, 128 for infiltration ditches, and 169 for infiltration basins.



Shared species, i.e., those found in all habitat types, accounted for 9.8% in respect of species richness. Simultaneously, the largest number of species caught in only one habitat type was recorded at the sites with infiltration basins (41.4%), while the lowest was in wooded habitats (one species) (Figure 2A).



At the investigated sites, we also observed 259 vascular plant species (Table S2). Shared plant species, found in all habitat types, accounted for 11.2% of species richness, while those recorded only at the sites with infiltration basins accounted for 21.6% of species richness, and those found only in wooded habitats accounted for 3.1% of species richness (Figure 2B).




3.2. Bee Species Composition


The NMDS plot shows a clear division of bees from the 4 analysed types of habitats (non-metric fit, R2 = 0.976; linear fit, R2 = 0.909; stress = 0.156). The most distinct group was bees in forests, while the greatest similarity was observed between species caught in clearings and infiltration basins. Simultaneously, species found in basins are intermediate between these two clumps but more similar to bees in clearings and ditches than to forest species (Figure 3). The significance of habitat types for bee communities is presented in Table 2.




3.3. Plant Species Composition


NMDS plot shows a clear separation of the flora of forest communities (non-metric fit, R2 = 0.992; linear fit, R2 = 0.975; stress = 0.113) from the other groups, i.e., clearings, infiltration ditches, and basins (Figure 4A). The last 2 groups strongly overlap; in the case of dry habitats, they are indistinguishable (Figure 4A,B). When simultaneously comparing plant preferences in respect of moisture conditions, we observed a clear separation of species of dry habitats from those of wet habitats. This is also visible in Shepard diagrams as discontinuity between 2 groups of points (Figure 4A,B). The significance of habitat type and soil moisture content is shown in Table 2.




3.4. Changes in Bee Abundance and Species Richness


Species richness and abundance of bees in clearings, infiltration ditches and basins were higher than in forests. Similarly, higher species richness was observed in ditches and basins than in clearings. However, no significant differences were detected in bee species richness and abundance between ditches and infiltration basins and in abundance between clearings and both basins and ditches (Table 3).



The low species richness and abundance of species in forest habitats are reflected in the occurrence of bees of the distinguished functional groups. In respect of species richness and abundance in clearings, infiltration ditches, and basins, polylectic, cleptoparasitic, and soil- and cavity-nesting bees prevailed. A similar relationship was observed for the species richness of bees nesting above ground hives. In respect of abundance, hive-nesting bees prevailed in clearings and basins in comparison to forests. Simultaneously, in wooded habitats, no oligolectic species were caught.



We found, however, that in respect of species richness, infiltration basins were more attractive to polylectic and soil-nesting species than clearings were. In habitats of infiltration basins, higher species richness was recorded for species nesting in hives, while cavity-nesting species prevailed at the sites with infiltration ditches in terms of both species richness and abundance (Table 4 and Table 5).




3.5. Factors Affecting Bee Species Richness and Abundance


Using redundancy analysis, we show that 3 variables significantly influenced bee occurrence. Increasing woody vegetation coverage (C3) and mean degree of shading during daytime (C13) affected it negatively. In contrast, the mean radius of a belt of predominantly open habitats around sampling sites (C9) had a positive impact. The other variables did not affect bee preferences significantly. All the variables used in the analysis explained 48.7% of the variation in Apiformes species data (sum of all canonical eigenvalues: 0.487; sum of all eigenvalues: 1.000; 0.487/1.000 = 0.487, i.e., 48.7%). Vector labels refer to significant variables (C3 = mean cover by woody species, C9 = mean radius of a belt of predominantly open habitats around sampling sites, C13 = mean degree of shading at daytime) (Table 6, Figure 5).





4. Discussion


4.1. Infiltration Basins as New Habitats for Bees


Results of this study show that in wooded areas, industrial infrastructure can be crucial for the occurrence and increased abundance of species associated with open habitats. As far as we know, currently, little is known about this topic [13]. Considering the small spatial scale of our study, further research is needed. In this case, economic activity related to water purification for inhabitants of a European city has resulted in the creation of unique ecosystems, which are similar to post-extraction sites. Extraction of minerals leads to the formation of new habitats, often contrasting with the surrounding landscape, such as exposed surfaces, sandy and rocky walls, or water bodies [41]. Such disturbed areas often provide simultaneously various valuable habitats, such as wetlands or grasslands [69,70], which are rare and threatened in European landscapes. Thus, they increase the richness of the cultural landscape, i.e., shaped by human impact and, in this context, they are highly valuable for restoration ecology and conservation biology [39,41,43,44,71,72,73,74].




4.2. Changes in Natural Resources of Plants and Bees and Habitat Preferences of Species


We found that construction of infiltration basins in a pure pine forest stand growing on potential sites of pine-oak forest (in some places close to potential sites of open oak forest, evidenced by the presence of Potentilla alba L. and other thermophilous species, such as Anthericum ramosum L., Clinopodium vulgare L., Galium verum L. or Peucedanum oreoselinum (L.) Moench) has led to the exposure of bare soil, which resulted in an increased abundance of bee food plants and bees in the study area. Eventually, habitat type significantly affected species richness and abundance of species, which was the lowest in wooded habitats. As reported by other authors, the rate of colonization of newly created habitats by bees can be very fast [14,75,76], and the generated structure of the new bee community can be similar to that of communities in corresponding undisturbed habitats [77,78]. In our study, we could not assess the rate of their initial colonization because field research was started 8 years after the construction of infiltration basins. However, we observed a completely different structure of plant and bee communities in the new habitats as compared to the neighbouring wooded habitats. The construction of water bodies has enabled their colonization by species that were not observed in wooded habitats before. As many as 22% of plant species and 41% of bee species were recorded only in infiltration basins. In contrast, widely distributed species, i.e., those found in all habitat types, accounted for 11 and 10%, respectively. The low species richness of flora and fauna of wooded habitats is also reflected in the similarity of bee and plant communities. Our results show that among the four analysed habitat types (forests, clearings, infiltration ditches, and infiltration basins), forests were the most distinct. Considering bee communities exclusively, those recorded in clearings and infiltration ditches were very similar. This is most probably linked with the soil moisture level, resulting from the degree of shading during the daytime, which was conditioned by habitat type, its location in the landscape, and preferences of the species. The mean coverage of shaded parts in both places was similar: 46% in clearings and 30% in infiltration ditches, compared to only 10% in infiltration basins.



We found that an increase in woody vegetation coverage and the degree of shading during the daytime negatively affected bee occurrence. This can be explained in various ways. First, bees often prefer to forage in open habitats with a high level of solar radiation, which is particularly relevant with reference to solitary bees and the species nesting on the ground [79]. They usually have higher thermal requirements for flight activity and larval development, associated mostly with open or slightly shaded places [80,81]. Increasing coverage of woody vegetation is linked with strong shading, causing a higher moisture content. This relationship shows a negative trend in the context of bee preferences, but it can be modified by many factors, such as habitat heterogeneity, accessibility of bare soil, or abundance of food resources [75]. Moreover, an increase in coverage by trees lowers the density of the undergrowth and the abundance of blooming plants in the herbaceous and shrub layers when trees have leaves, and all of this makes them less attractive to bees [79,82]. Probably the negative effect of increasing tree coverage on bees also results from the techniques of sample collection [83], as in this study, no bee samples were collected in the tree layer. Furthermore, most of the trees in the studied wooded habitats were wind-pollinated and, hence, less attractive to bees.



It is assumed that higher plant diversity is linked with the diversity of wild bees [84]. Most probably, however, this relationship can be explained by a greater heterogeneity of habitats [85,86]. A high variation of microhabitats, resulting from a varied structure of vegetation and type of land use, is one of the factors favouring the occurrence of taxonomically and functionally varied species, which use different parts of habitats for nesting and foraging [87,88]. Deforestation, and thus decreasing the degree of shading of the habitats, positively affected bee occurrence (e.g., forests vs. clearings and infiltration basins or ditches vs. infiltration ponds). Simultaneously, earthworks contributed to increasing the species richness of bees nesting in the soil (infiltration basins vs. forests and clearings). However, this did not apply to their cleptoparasites. Among bees nesting in the ground, many species prefer permeable sandy soils, which dominated in the study area [89]. In contrast, the distribution of species nesting above the ground was conditioned, e.g., by the presence of herbaceous plants with hollow stems. Such species dominated the plant cover of infiltration ponds, which was reflected in higher bee species richness and abundance. The large number of stones used to stabilize escarpments of infiltration ditches could also be beneficial and contribute to increasing the species richness of hive-nesting bees.



Undoubtedly, the destruction of initial forest habitats has led to the appearance of empty ecological niches. This “emptiness” has attracted not only eurytopic species, with a broad ecological spectrum, which can easily adapt to given conditions, but also some specialized species. This is particularly relevant with reference to plants [90] that provide food resources for bees. However, in this study, we have not detected any significant differences in species richness and abundance of oligolectic bees between individual habitat types.



Partial and periodical filling of the basins with water has enabled their colonization by plants with various preferences with respect to soil moisture, which significantly influenced their occurrence according to the results of other studies [91,92]. The influence of soil on the habitat preference of plants is reflected in the plot of similarity, which shows a clear separation of species of dry habitats from those of wet ones. In Central Europe, soil moisture content—besides microclimate and soil pH—is one of the major factors shaping vegetation development [93].



One of the more important factors affecting bee diversity is the availability of suitable sites and substrates [94] used for nesting. Many of the bee species that nest in the ground prefer permeable sandy or loamy soils, which are typical of dry grasslands. Nevertheless, some studies show the attractiveness of moist meadows and other wet habitats [88,95,96]. The preferences of the Aculeata for humid sites are mostly due to dietary specialization rather than nesting site availability [97]. However, this topic is poorly studied, so it is difficult to find similar sets of habitats, which do not allow any detailed comparisons. The low availability of data probably results from an assumption that moist meadows are not suitable habitats for aculeates, supporting their high diversity. In contrast, our study confirms their attractiveness. We found that even periodical or only partial filling of infiltration basins with water did not limit the occurrence of bees. In spite of repeated flooding of the infiltration basins, the species richness and abundance of bees (including ground-nesting ones) were higher than in clearings and forests. This has probably resulted from the presence of sparsely vegetated places around the water bodies, which could be favourable nesting sites. The width of the belt of predominantly open habitats around the basins, where the soil was predominantly not under the canopy of trees (forests covering < 40% of total area), was a significant factor, positively affecting the occurrence of species. Moreover, the dense herbaceous cover of clearings, lacking places with bare soil, could limit the distribution of the Apiformes. Additionally, Stewart et al. [98] reported a positive effect of the immediate vicinity of water bodies in shaping the diversity of bees, indicating a significantly higher abundance of the Apiformes near the ponds as compared with control sites.



Contrary to our assumptions, we did not observe any significant effect of species richness and coverage by bee food plants on bee occurrence, although many researchers have considered them as some of the major factors influencing bee communities [11,99]. Hence, most probably, also in our research, nesting specialization has played a greater role in shaping bee preferences in the studied habitats than dietary specialization. A high abundance of bee food plants not only provides suitable food resources but also helps to increase the species richness of bees [100]. In our research, it was not a factor limiting the occurrence of the Apiformes, which probably resulted from a similar abundance of bee food plants in all the studied habitats (except for forests) and a high degree of taxonomic similarity of the plant cover of open habitats. For example, the mean cover by blooming species, mostly herbaceous species, reached 3.60% in clearings, 3.83% in ditches, and 3.66% in infiltration basins. In wooded habitats, this value was significantly higher (7.64%) but resulted from the high contribution of woody plants. They provided an abundant but very short-term source of food for bees in contrast to open habitats, which provided them with food throughout the growing season [19]. Moreover, trees were pollinated by only a small number of bee species.



Some urbanized and post-industrial localities are examples of habitats subject to dynamic successional transformations. In the present study, a hybrid ecosystem was formed as a result of the modification of the natural habitat. This ecosystem is capable of returning to the initial (historical) state when human impact ceases [101]. Undoubtedly, a lack of active measures for the management of open habitats facilitates their gradual transformation into wooded habitats [70]. The rate of succession depends on habitat quality. Succession on fertile and moist sites is faster than on poor, dry, and sandy soils [102]. At the investigated sites, successional processes are successively hampered by economic activity, resulting from land use in the area of infiltration basins and the demand for water for inhabitants of the city of Bydgoszcz. Irregular filling of the basins with water and their conservation by mowing of vegetation and ploughing of the surface of basins or felling of trees and shrubs, which have spontaneously colonized the basins and their immediate neighbourhood, markedly limit succession. Thus, these practices enable the development of taxonomically and functionally diverse groups of plants and bees. Moreover, on the landscape scale, they will increase bee diversity in urban forest ecosystems.





5. Conclusions


The presented results indicate that artificial, small water bodies located in highly isolated forest habitats play an important role in increasing bee species richness and abundance. They also create conditions for the coexistence of specialized plant species (hygrophilous vs. thermophilous). Although they are not typical habitats for pollinators, they should be classified as potential sites of a high diversity of the Aculeata. A special role is played by the edges of wetlands and water bodies. Properly managed shores and their immediate vicinity can provide not only bee forage but also suitable nesting sites. This is particularly important in the face of progressive climate change and the role of blue-green infrastructure in urban areas.
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Figure 1. Location of sampling sites: forests (1–4), clearings (5–9), infiltration ditches (10–18), and infiltration basins (19–27). 
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Figure 2. Venn diagram presenting the richness of shared and exclusive (A) bee and (B) plant species. 
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Figure 3. Non-metric multidimensional scaling: diagram showing similarity (Bray–Curtis index) of wild bee community structure for 4 habitat types: A = forests (green); B = clearings (olive); C = infiltration ditches (sky-blue); D = infiltration basins (navy blue). 
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Figure 4. Non-metric multidimensional scaling (NMDS, stress-value = 0.125) diagram showing (A) = similarity (Bray–Curtis index) of plant community structure for 4 habitat types: A = forests (green); B = clearings (olive); C = infiltration ditches (sky-blue); D = infiltration basins (navy blue); (B) = distribution of species of dry and wet habitats: A = forests; B = clearings; C = infiltration ditches; D = infiltration basins. 
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Figure 5. Ordination diagram based on redundancy analysis of results from study sites with respect to the first 2 axes and vectors of significant variables. 
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Table 1. Characteristics of bee communities (R = species richness, A = abundance, H’ = Shannon diversity index) and vegetation structure at the study sites (habitat types: A = forests; B = clearings; C = infiltration ditches; D = infiltration basins).
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Site

	
Habitat Type

	
R

	
A

	
H’

	
Environmental Variables




	
C1

	
C2

	
C3

	
C4

	
C5

	
C6

	
C7

	
C8

	
C9

	
C10

	
C11

	
C12

	
C13

	
C14

	
C15






	
1

	
A

	
13

	
18

	
2.40

	
13.17

	
7.54

	
15.69

	
8.13

	
12.32

	
22.50

	
0.00

	
2.55

	
0.00

	
934.00

	
4.77

	
0

	
100

	
0

	
0




	
2

	
A

	
5

	
67

	
0.31

	
8.67

	
7.32

	
15.02

	
3.50

	
8.12

	
13.37

	
1.33

	
2.14

	
0.00

	
517.00

	
5.99

	
0

	
100

	
0

	
0




	
3

	
A

	
12

	
32

	
2.13

	
9.51

	
7.21

	
14.84

	
5.51

	
9.17

	
11.08

	
2.55

	
3.32

	
0.00

	
123.00

	
12.39

	
0

	
100

	
0

	
0




	
4

	
A

	
12

	
26

	
2.16

	
9.07

	
8.51

	
17.84

	
5.18

	
7.64

	
20.03

	
5.00

	
5.04

	
0.00

	
395.00

	
11.99

	
0

	
100

	
0

	
0




	
5

	
B

	
35

	
156

	
2.83

	
2.98

	
1.59

	
2.41

	
3.10

	
3.27

	
1.91

	
5.06

	
1.80

	
20.00

	
187.00

	
14.69

	
6

	
10

	
0

	
1




	
6

	
B

	
30

	
150

	
2.65

	
7.61

	
5.34

	
6.71

	
7.76

	
7.30

	
8.99

	
9.71

	
4.62

	
10.00

	
141.00

	
16.91

	
8

	
10

	
0

	
1




	
7

	
B

	
39

	
219

	
2.73

	
4.59

	
3.00

	
5.07

	
4.44

	
5.25

	
0.55

	
6.17

	
2.45

	
20.00

	
160.00

	
15.10

	
6

	
10

	
0

	
0




	
8

	
B

	
23

	
115

	
2.27

	
5.92

	
4.83

	
4.28

	
6.36

	
5.76

	
6.82

	
5.15

	
5.17

	
20.00

	
807.00

	
2.06

	
2

	
50

	
0

	
0




	
9

	
B

	
28

	
208

	
2.34

	
4.65

	
3.28

	
3.07

	
4.89

	
4.41

	
5.31

	
7.20

	
3.45

	
20.00

	
172.00

	
8.97

	
3

	
50

	
0

	
0




	
10

	
C

	
56

	
211

	
3.10

	
5.92

	
4.60

	
1.73

	
6.41

	
5.05

	
9.21

	
8.12

	
6.17

	
414.78

	
788.00

	
7.83

	
4

	
30

	
0

	
1




	
11

	
C

	
48

	
200

	
3.27

	
5.33

	
4.00

	
1.57

	
5.88

	
4.69

	
7.68

	
4.11

	
5.39

	
526.00

	
684.00

	
8.64

	
4

	
30

	
0

	
1




	
12

	
C

	
40

	
119

	
3.13

	
6.16

	
4.65

	
1.15

	
7.33

	
6.13

	
6.31

	
7.53

	
6.13

	
670.00

	
457.00

	
6.35

	
4

	
30

	
0

	
1




	
13

	
C

	
43

	
221

	
2.81

	
7.11

	
5.14

	
1.73

	
7.84

	
6.55

	
9.37

	
9.15

	
6.85

	
685.00

	
924.00

	
7.54

	
4

	
30

	
0

	
1




	
14

	
C

	
38

	
173

	
2.94

	
7.15

	
5.63

	
2.33

	
7.77

	
6.77

	
8.73

	
9.02

	
6.30

	
621.00

	
580.00

	
7.72

	
8

	
30

	
1

	
1




	
15

	
C

	
46

	
194

	
2.99

	
6.41

	
3.21

	
2.28

	
7.01

	
6.69

	
4.51

	
9.20

	
6.16

	
610.00

	
470.00

	
6.52

	
4

	
30

	
1

	
1




	
16

	
C

	
40

	
98

	
3.31

	
4.52

	
1.78

	
3.12

	
4.77

	
4.58

	
4.21

	
7.89

	
2.82

	
600.00

	
573.00

	
7.38

	
8

	
30

	
0

	
1




	
17

	
C

	
39

	
112

	
2.97

	
3.82

	
2.12

	
2.03

	
4.07

	
4.26

	
1.82

	
5.72

	
2.52

	
597.73

	
751.00

	
7.40

	
6

	
30

	
0

	
1




	
18

	
C

	
46

	
211

	
2.94

	
5.75

	
3.35

	
3.12

	
6.06

	
6.14

	
4.19

	
5.71

	
5.55

	
639.00

	
726.00

	
1.17

	
4

	
30

	
1

	
1




	
19

	
D

	
26

	
108

	
2.67

	
5.48

	
3.83

	
3.02

	
5.79

	
5.92

	
3.93

	
5.94

	
5.96

	
842.00

	
880.00

	
3.89

	
4

	
10

	
0

	
1




	
20

	
D

	
41

	
294

	
2.59

	
6.30

	
3.89

	
2.41

	
7.17

	
7.19

	
2.85

	
7.55

	
6.90

	
808.00

	
157.00

	
12.99

	
6

	
10

	
0

	
1




	
21

	
D

	
41

	
329

	
2.60

	
6.84

	
4.55

	
5.34

	
7.01

	
6.94

	
6.31

	
9.84

	
6.79

	
661.33

	
103.00

	
11.70

	
5

	
10

	
1

	
1




	
22

	
D

	
38

	
333

	
2.64

	
4.84

	
2.78

	
1.19

	
5.30

	
4.69

	
5.68

	
6.05

	
4.46

	
508.00

	
644.00

	
3.80

	
7

	
10

	
1

	
1




	
23

	
D

	
36

	
197

	
2.38

	
4.41

	
2.95

	
1.73

	
4.91

	
3.96

	
7.24

	
6.66

	
4.11

	
804.86

	
130.00

	
13.19

	
6

	
10

	
0

	
1




	
24

	
D

	
43

	
141

	
3.31

	
4.40

	
2.72

	
0.59

	
5.09

	
4.54

	
3.71

	
8.21

	
3.55

	
790.00

	
149.00

	
12.29

	
4

	
10

	
0

	
1




	
25

	
D

	
62

	
241

	
3.52

	
5.11

	
3.83

	
0.80

	
5.67

	
4.87

	
6.32

	
9.17

	
4.67

	
1215.00

	
148.00

	
13.84

	
4

	
10

	
0

	
1




	
26

	
D

	
57

	
367

	
3.15

	
5.20

	
3.51

	
0.59

	
5.76

	
4.13

	
9.91

	
7.71

	
5.22

	
579.00

	
117.00

	
12.78

	
4

	
10

	
0

	
1




	
27

	
D

	
56

	
372

	
3.22

	
5.70

	
4.95

	
1.19

	
6.21

	
4.82

	
9.74

	
6.05

	
5.92

	
514.00

	
122.00

	
12.80

	
4

	
10

	
0

	
1








Explanations: C1 = mean plant cover (%, all plants); C2 = mean cover by flowering species; C3 = mean cover by woody species; C4 = mean cover by herbaceous vegetation; C5 = mean cover by native plant species; C6 = mean cover by alien plant species; C7 = mean cover by plant species typical of dry soils; C8 = mean cover by plant species typical of wet soils; C9 = mean radius of a belt of predominantly open habitats around sampling sites (herbaceous plants and seedlings of woody plants <60%) (cm); C10 = site area (m2); C11 = coefficient of border development; C12 = habitat barriers; C13 = mean degree of shading at daytime; C14 = presence of water in infiltration ditch/pond; C15 = presence of scarps.
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Table 2. PERMANOVA results for wild bee and plant communities based on Bray–Curtis distances.
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Variable

	
df

	
SS

	
MS

	
F

	
R2

	
p




	
BEES






	
Habitat type

	
3

	
2.663

	
0.888

	
4.630

	
0.377

	
0.001




	
Residuals

	
23

	
4.410

	
0.192

	

	
0.623

	




	
Total

	
26

	
7.073

	

	

	
1

	




	

	
PLANTS




	
Habitat type

	
7

	
3.448

	
0.493

	
3.877

	
0.337

	
0.001




	
Soil type (dry vs. wet)

	
1

	
2.722

	
2.722

	
21.433

	
0.266

	
0.001




	
Residuals

	
32

	
4.065

	
0.127

	

	
0.397

	




	
Total

	
40

	
10.235

	

	

	
1

	








df = degrees of freedom; SS = sum of squares; MSS = mean sum of squares. Bold estimates indicate significant effects at p < 0.05.
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Table 3. Associations between habitat types (forests, clearings, infiltration ditches, infiltration basins) and bee species richness and abundance, based on generalized linear mixed models (GLMMs).
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Habitat

	
Total Richness

	
Total Abundance




	
Estimate ± SE

	
z

	
p

	
Estimate ± SE

	
z

	
p






	
Forests vs.

	
clearings

	
3.46 ± 1.19

	
7.04

	
<0.001

	
6.85 ± 1.17

	
12.31

	
<0.001




	
ditches

	
4.50 ± 1.18

	
8.90

	
<0.001

	
7.60 ± 1.18

	
12.17

	
<0.001




	
basins

	
5.00 ± 1.18

	
9.62

	
<0.001

	
6.29 ± 1.14

	
13.81

	
<0.001




	
Clearings vs.

	
ditches

	
1.30 ± 1.13

	
2.21

	
0.027

	
1.11 ± 1.21

	
0.55

	
0.583




	
basins

	
1.44 ± 1.12

	
3.21

	
0.001

	
0.92 ± 1.22

	
0.45

	
0.741




	
Ditches vs.

	
basins

	
1.11 ± 1.10

	
1.05

	
0.293

	
0.83 ± 1.23

	
0.62

	
0.362








The models take into account spatial and temporal correlations among collected data; bold estimates indicate significant effects at p < 0.05.
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Table 4. Associations between habitat types (forests, clearings, infiltration ditches, infiltration basins) and species richness and abundance of bees differing in food preferences (polylectic, oligolectic, cleptoparasitic), based on generalized linear mixed models (GLMMs).
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Habitat/

Functional Trait

	
Total Richness

	
Total Abundance




	
Estimate ± SE

	
z

	
p

	
Estimate ± SE

	
z

	
p






	
POLYLECTIC

	

	

	

	

	

	

	




	
Forests vs.

	
clearings

	
2.39 ± 1.19

	
4.91

	
<0.001

	
5.54 ± 1.17

	
10.77

	
<0.001




	
ditches

	
3.19 ± 1.18

	
7.03

	
<0.001

	
6.30 ± 1.18

	
10.87

	
<0.001




	
basins

	
3.74 ± 1.18

	
8.08

	
<0.001

	
5.86 ± 1.14

	
13.41

	
<0.001




	
Clearings vs.

	
ditches

	
1.33 ± 1.12

	
2.60

	
0.009

	
1.14 ± 1.21

	
0.68

	
0.499




	
basins

	
1.56 ± 1.11

	
4.14

	
<0.001

	
1.06 ± 1.21

	
0.30

	
0.764




	
Ditches vs.

	
basins

	
1.17 ± 1.09

	
1.87

	
0.061

	
0.95 ± 1.22

	
0.45

	
0.748




	
OLIGOLECTIC

	

	

	

	

	

	

	




	
Clearings vs.

	
ditches

	
1.28 ± 1.47

	
0.63

	
0.527

	
1.66 ± 1.62

	
1.04

	
0.297




	
basins

	
1.33 ± 1.46

	
0.75

	
0.451

	
1.30 ± 1.59

	
0.57

	
0.568




	
Ditches vs.

	
basins

	
1.04 ± 1.38

	
0.12

	
0.903

	
0.67 ± 1.51

	
0.53

	
0.669




	
CLEPTOPARASITIC

	

	

	

	

	

	

	




	
Forests vs.

	
clearings

	
11.22 ± 1.83

	
3.99

	
<0.001

	
22.42 ± 1.93

	
4.73

	
<0.001




	
ditches

	
15.91 ± 1.81

	
4.68

	
<0.001

	
24.20 ± 1.87

	
5.08

	
<0.001




	
basins

	
15.08 ± 1.81

	
4.59

	
<0.001

	
23.29 ± 1.87

	
5.02

	
<0.001




	
Clearings vs.

	
ditches

	
1.42 ± 1.23

	
1.66

	
0.098

	
1.08 ± 1.45

	
0.21

	
0.836




	
basins

	
1.34 ± 1.24

	
1.40

	
0.163

	
1.04 ± 1.45

	
0.10

	
0.919




	
Ditches vs.

	
basins

	
0.95 ± 1.18

	
−0.32

	
0.748

	
0.96 ± 1.37

	
−0.12

	
0.902








The models take into account spatial and temporal correlations among collected data; bold estimates indicate significant effects at p < 0.05.
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Table 5. Associations between habitat types (forests, clearings, infiltration ditches, infiltration basins) and species richness and abundance of bees differing in nesting preferences (soil, hive, cavity) based on generalized linear mixed models (GLMMs).
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Habitat/

Functional Trait

	
Total Richness

	
Total Abundance




	
Estimate ± SE

	
z

	
p

	
Estimate ± SE

	
z

	
p






	
SOIL

	

	

	

	

	

	

	




	
Forests vs.

	
clearings

	
1.84 ± 1.26

	
2.66

	
0.008

	
6.39 ± 1.23

	
8.80

	
<0.001




	
ditches

	
3.27 ± 1.23

	
5.67

	
<0.001

	
9.81 ± 1.29

	
8.93

	
<0.001




	
basins

	
3.84 ± 1.23

	
6.54

	
<0.001

	
4.30 ± 1.16

	
10.02

	
<0.001




	
Clearings vs.

	
ditches

	
1.78 ± 1.18

	
3.48

	
<0.001

	
1.54 ± 1.35

	
1.43

	
0.154




	
basins

	
2.09 ± 1.17

	
4.60

	
<0.001

	
0.67 ± 1.33

	
1.62

	
0.127




	
Ditches vs.

	
basins

	
1.17 ± 1.13

	
1.30

	
0.193

	
0.42 ± 1.35

	
2.88

	
0.005




	
HIVE

	

	

	

	

	

	

	




	
Forests vs.

	
clearings

	
3.15 ± 1.33

	
3.98

	
<0.001

	
13.54 ± 2.66

	
2.67

	
0.008




	
ditches

	
2.19 ± 1.33

	
2.78

	
0.005

	
5.00 ± 3.27

	
1.36

	
0.174




	
basins

	
3.70 ± 1.31

	
4.81

	
<0.001

	
13.56 ± 3.24

	
2.22

	
0.027




	
Clearings vs.

	
ditches

	
0.70 ± 1.19

	
−2.08

	
0.038

	
0.37 ± 2.60

	
−1.04

	
0.297




	
basins

	
1.18 ± 1.17

	
1.04

	
0.300

	
1.00 ± 2.62

	
0

	
0.999




	
Ditches vs.

	
basins

	
1.69 ± 1.16

	
3.59

	
<0.001

	
2.71 ± 3.26

	
0.84

	
0.399




	
CAVITY

	

	

	

	

	

	

	




	
Forests vs.

	
clearings

	
20.77 ± 2.75

	
3.00

	
0.003

	
31.97 ± 2.87

	
3.29

	
0.001




	
ditches

	
30.20 ± 2.72

	
3.41

	
0.001

	
112.25 ± 2.82

	
4.55

	
<0.001




	
basins

	
19.42 ± 2.73

	
2.96

	
0.003

	
26.91 ± 2.84

	
3.15

	
0.002




	
Clearings vs.

	
ditches

	
1.45 ± 1.28

	
1.50

	
0.133

	
3.51 ± 1.56

	
2.83

	
0.005




	
basins

	
0.94 ± 1.30

	
−0.26

	
0.798

	
0.84 ± 1.56

	
−0.39

	
0.662




	
Ditches vs.

	
basins

	
0.64 ± 1.24

	
−2.09

	
0.037

	
0.24 ± 1.49

	
−3.58

	
<0.001








The models take into account spatial and temporal correlations among collected data; bold estimates indicate significant effects at p < 0.05.
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Table 6. Results of stepwise selection of variables and a Monte Carlo permutation test—analysis of significance of effects of the studied variables on occurrence of different species of the Apiformes; variables were considered significant at p < 0.05.
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Variable

	
RDA




	
p

	
Variance

	
% of Explained Variance

	
VIF






	
C3 = mean cover by woody species

	
0.001

	
0.12

	
3.55

	
3.884




	
C9 = mean radius of a belt of predominantly open habitats around sampling sites

	
0.001

	
0.10

	
2.80

	
3.427




	
C13 = mean degree of shading at daytime

	
0.022

	
0.05

	
1.87

	
7.923




	
C14 = presence of water

	
0.105

	
0.05

	
1.44

	
1.494




	
C10 = site area (m2)

	
0.248

	
0.04

	
1.19

	
4.013




	
C11 = coefficient of border development

	
0.149

	
0.04

	
1.35

	
5.918




	
C12 = habitat barriers

	
0.320

	
0.03

	
1.13

	
3.884




	
C15 = presence of scarps

	
0.350

	
0.03

	
1.13

	
6.226




	
C7 = mean cover by plant species typical of dry soils

	
0.738

	
0.03

	
0.75

	
2.801








Less significant variables: C1 = mean plant cover (%, all plants); C2 = mean cover by flowering species; C4 = mean cover by herbaceous vegetation; C5 = mean cover by native plant species; C6 = mean cover by alien plant species; C8 = mean cover by plant species typical of wet soils, with others (VIF > 10) removed from RDA analysis; bold estimates indicate significant effects at p < 0.05.
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