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Abstract

:

Pollinators are key ecosystem components and their conservation represents a critical target for both nature and human health. In a world of increasing urbanisation, cities and peri-urban areas have to be active players in addressing this target, and in-depth knowledge of the effects of the urbanisation gradient and related landscape features on pollinators has to be acquired. Accordingly, an experimental study on the relationships between bee communities and natural vs. human-induced environmental heterogeneity has been carried out in a transitional peri-urban landscape of the Metropolitan area of Rome (Italy). A multi-step procedure was adopted, arranged into plant and bee communities field sampling, detailed mapping of actual and potential ecosystems, and combined processing and modelling of the respective results. The potential contribution of experimental findings to the deployment of a pollinator-friendly Green Infrastructure (GI) has been then explored, with statistical correlations between bee diversity and landscape metrics adopted for defining conservation and restoration actions and a multi-criteria analysis adopted for site prioritisation in the study area. Such a planned GI could represent an effective solution for enhancing resilience and resistance of peri-urban landscapes against land take and agricultural intensification, as local expressions of global biodiversity loss drivers.
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1. Introduction


Pollination and pollinator support are distinct but strictly interdependent ecosystem services (ES) that benefit agricultural production and human well-being as well as the natural environment [1,2,3,4,5]. Despite variability in estimates, a high biophysical and economic value is widely recognised for crop pollination services [6,7,8]. By contrast, the service provision capacity is dropping with respect to the demand due to the worldwide decline in pollinators [9,10]. In combination with plain biodiversity conservation strategies [11], such a mismatch triggered several initiatives in order to promote and coordinate actions for supporting pollinators, at multiple levels and across sectoral policies [12,13]. In Europe, the Pollinators Initiative [14,15] focused, in particular, on three drivers of the decline of wild pollinators, including biological invasions, use of pesticides, and loss of habitats [16,17,18], not just in agricultural but also in urban landscapes.



Urban landscapes, as well as urban-rural interfaces, actually represent critical arenas for the persistence of these key ecosystem components. On the one hand, and similarly to agricultural intensification [19], urbanisation boosts the decline in pollinators and/or assemblages shift by (i) altering biodiversity patterns and plant-pollinator networks [20], (ii) exposing pollinators to the negative effects of pollutants [21,22], and (iii) modifying the features of resting, foraging, and nesting sites by means of land conversion [23]. On the other hand, however, the potential of cities to be more effective pollinator reservoirs than surrounding countryside is increasingly recognised [24,25,26,27]. This potential is due first to the high plant species richness frequently occurring in green urban areas [27,28], which guarantees abundant blooms distributed throughout the year and important sources of nutrients for pollinators [29,30,31], and second, to the lower threat posed by pesticides with respect to cultivated zones [32,33].



Narrow-scale initiatives for supporting managed and/or wild pollinators in cities include urban beekeeping [26,34], and targeted management practices for urban green spaces [35,36,37]. Wide-scale and more comprehensive measures, not just capable of pollinator conservation but also of delivering the pollination service at the urban-rural interface, needmore organic perspectives accounting for habitat composition and landscape configuration at different scales [38].



The Green Infrastructure (GI) approach, defined in Europe as “a strategically planned network of natural and semi-natural areas with other environmental features designed and managed to deliver a wide range of ES”, is able to meet these requirements [39]. Consistently, a number of ‘pollinator-friendly’ GI planning studies have been conducted in urban areas that enhance the positive role of green space quantity, quality, and proximity to suburban natural and semi-natural ecosystems [40,41,42,43]. For rural areas, GI planning criteria that include pollinator support have been suggested as well, especially calling for the enhancement of semi-natural habitats and their connectivity in agricultural land [44,45].



The available knowledge on the effects of varying degrees of urbanisation on pollinator species and assemblages is growing [23,46,47], but GI design examples that explicitly attune pollinator support actions along the urban-to-rural gradient are still poorly represented [37]. The present research aims to help fill this gap with special attention to the role of landscape heterogeneity at different scales, both in potential and actual terms, and to the complex interactions between pollinator communities, habitats, and landscape features in a Mediterranean metropolis transitional context. A GI design approach is therefore presented that especially highlights the advantages of (i) detailed ecosystem mapping, with a special focus on ecosystem typification and representation of linear landscape elements; (ii) fine-scale investigation of the relationships between bee richness and diversity and the surrounding mosaic, which has been adopted for restoration/conservation action prioritisation; and (iii) quantification of the landscape support capacity by means of a Multi-Criteria Analysis (MCA), which has been originally adopted for site prioritisation at the cell level along an urbanisation gradient.




2. Materials and Methods


2.1. Study Area


The study area is located along the geographic urban-to-rural gradient in the southern sector of the Metropolitan City of Rome, Italy (Figure 1). It belongs to the “Roman Area” ecoregional subsection, characterised by Mediterranean and transitional bioclimate conditions and by effusive igneous substrata, superimposed on marine pre-volcanic sediments and crossed by recent alluvial deposits [48,49,50]. In terms of land cover and land use, the sector reflects the common metropolitan features as well, with an agricultural matrix hosting interspersed natural and semi-natural ecosystems and variously affected by urban expansion [51]. Natural, agricultural and archaeological values are protected by means of two natural reserves, Decima Malafede to the south and Laurentino Acqua Acetosa to the north, both managed by the RomaNatura Regional Body (L.R n.29/97).



For the present research, the sector was gridded by means of the 2 km × 2 km cells adopted for species monitoring at the metropolitan level [52] and 6 cells have been selected, for a total of 2400 hectares, intersecting the reserves and located at a varying distance from the consolidated urban centre.




2.2. Research Design


To identify and prioritise GI actions and sites mainly devoted to pollinator support, a composite modelling approach has been adopted that integrates GIS analyses at the landscape level and field sampling at the community and habitat levels (Figure 2). Due to their widespread abundance, diversity and marked adaptation to pollination, bees (Order: Hymenoptera; Superfamily: Apoidea; Clade: Anthophila) have been chosen as a proxy for overall pollinators. Therein, all the species belonging to the Anthophila clade will be named ‘bees’, including both the wild and the domestic (i.e., Apis mellifera) ones.




2.3. Input Data Collection and Compilation—Step 1


2.3.1. Actual and Potential Ecosystem Mapping—Step 1a


Landscape-level input data concerned the actual and potential ecosystem heterogeneity in the 6 selected grid cells. Actual heterogeneity refers to present land cover and land use reinterpreted in terms of natural, semi-natural, and man-made ecosystems [53,54], and is assumed to directly affect landscape bee support capacity by means of composition, extent, and spatial configuration of occurring ecosystem patches. On the other hand, potential heterogeneity refers to the environmental land units determined by unique combinations between climate, lithological, morphological, and Potential Natural Vegetation (PNV) features [55]. Within each homogeneous Environmental Unit (EUN), the occurring actual ecosystems can be interpreted as successional stages of the same vegetation series, with less disturbed natural ecosystems representing the mature stage of the reference PNV [56,57]. Even though less directly than the actual one, potential heterogeneity was assumed to affect landscape bee support capacity, by determining the occurrence of specific nesting or foraging habitats (e.g., small wetlands that are exclusive to the alluvial valley EUN) and by conditioning the distribution and variety of specific plant species (mainly the stenoecious ones).



Based upon the typology of the Actual Vegetation Map of the Province of Rome (1:25,000 scale) [58], the actual ecosystem map was originally drawn in a GIS environment (Quantum GIS) by means of Google Satellite Imagery visual interpretation and with a thorough geometric detail (1:1000 scale and minimum mapping unit of 0.01 ha). Owing to the recognised importance of pollinator support, natural and semi-natural linear elements, with a minimum width of 5 m and a length equal to at least three times the width, have been integrated into the map. Linear elements have then been typified according to their matching with potential disturbance sources [59], i.e., by distinguishing verges along dirt or paved roads from hedgerows and forest edges in the agricultural matrix, and according to structural features, i.e., by distinguishing grass and shrub from tree formations and coniferous from broadleaved deciduous tree lines. For the subsequent processing phase, a naturalness map and a habitat map for pollinators have been derived from this basic document. For the naturalness map, a different naturalness degree was assigned to each areal ecosystem type, as already proposed at the national level [60,61], according to (i) imperviousness of artificial surfaces (very low and low naturalness, i.e., classes 1 and 2), (ii) intensity of agricultural practices (medium-low, medium and medium-high naturalness, i.e., classes 2, 3 and 4), and (iii) successional maturity of vegetation communities (high and very high naturalness, i.e., classes 5 and 6). For the habitat map, both areal and linear ecosystem types have been assigned a different habitat value, i.e., a different inherent capacity to encompass basic resources and good conditions for supporting pollinators, ranging from very low/low/medium-low (classes 1/2/3) to medium-high/high/very high (classes 4/5/6) with respect to (i) the occurrence and apiarian interest of polleniferous and nectariferous species; (ii) the matching with road infrastructures; and (iii) the matching with potential sources of pesticides [59,62,63,64].



In terms of potential heterogeneity, the EUN typology was based on the Maps of the Vegetation Series of Decima Malafede and Laurentino Acqua Acetosa Natural Reserves [65]. EUN boundaries have been then originally refined and extended outside the protected areas according to consistent geo-morphological and PNV information [48,66].




2.3.2. Plant and Bee Communities Field Sampling—Step 1b


At the community level, input data is derived from original field sampling of bees. Sampling was stratified by grid cell, with ten plots planned for each of the six cells (for a total of 60 plots), and by land cover type, with a special focus on shrubby/herbaceous linear landscape elements and on meadows as vegetation types able to support a high bloom diversity in the agricultural matrix. Each linear transect was 50 m long and 1 m wide, while areal plots were set with a diameter of about 50 m. Field surveys have been made in 2020 from June the 1 June to 15 July, on sunny days with local temperatures between 20 and 25 °C, weak or absent wind, and dry vegetation. Bees have been sampled twice in each transect/plot and their specific and overall abundance was recorded. Whenever possible, it was preferred to avoid destructive samplings, e.g., by means of pan-traps. These passive methods could lead to (i) sampling biases due to foraging habits of different species on horizontal layers placed at different heights, (ii) misinterpretation of the relationship between bee communities and vegetation, due to the varying bloom availability that affects preferences towards pan-traps, and (iii) unwanted capture and killing of non-target insects, such as Diptera, Coleoptera, and Lepidoptera [67,68,69]. Therefore, species were identified by direct observation on the field, and only when direct identification was not practicable, specimens were collected, stored in containers partially filled with cork chipboard and a few drops of ethyl acetate, and identified up to the species or at least to the genus level. The nomenclature of bee species followed the Integrated Taxonomic Information System [70].



For the input data at the habitat level, vegetation surveys have been conducted according to the phytosociological method [71,72] at the same locations, in the same period, and under the same environmental conditions as for the bee ones. For each of the sampled plant taxon, the blossoming phase was also noticed. The nomenclature of plant species followed Celesti et al. [73].





2.4. Processing and Modelling—Step 2


Input data at the landscape, habitat, and community levels have been processed according to selected ecological indicators (Table 1) in order to:




	(i)

	
measure the degree of the relationships between bee richness and diversity and the surrounding landscape mosaic, at two spatial scales, by means of statistical correlations (SC). Since bees can easily move between habitat patches even in an anthropized landscape [74,75], the correlations have been explored at both a proximal scale, within a radius of 200 m from the centroid of the sample, and a wider scale, within the whole grid cell.




	(ii)

	
assess the capacity of the overall landscape mosaic to support bees, by means of MCA at the cell level.
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Table 1. Adopted indicators for processing input data at the landscape, habitat, and community level, and respective application in the modelling phases (SC/MCA).
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	Indicator
	Description
	Modelling Phase





	
	Landscape Level
	
	



	A
	Land use/land cover proportional extent
	Area of a land use/land cover class out of the total area of the grid cell or of the proximal area within a radius of 200 m (%) [based on the actual ecosystem map]
	SC



	B
	Environmental unit proportional extent
	Area of each EUN class out of the total area of the grid cell or of the proximal area within a radius of 200 m (%) [based on the EUN map]
	SC



	C
	Linear element density
	Total length of all linear elements, or of individual linear element classes, out of the total area of the grid cell or of the proximal area within a radius of 200 m (m/m2) [based on the actual ecosystem map]
	SC



	D
	Environmental unit heterogeneity
	Degree of EUN heterogeneity across grid cells according to Simpson and Shannon indices [76,77] [based on the EUN map]
	MCA



	E
	Euclidean nearest neighbour distance (ENN)
	Area-weighted average of the shortest distance between habitat patches with high value for bees (m) [78] [based on the habitat map, classes 4, 5, and 6]
	MCA



	F
	Grid cell distance from the closest Urban Central District (UCD)
	Spatial distance of a grid cell centre from the closest UCD adopted as a general proxy for anthropogenic pressures; according to the city masterplan [79], the closest UCD to the study area is “EUR Sud” (Km)
	MCA



	G
	Proportional extent of habitats with high value for bees
	Percentage of habitat area with high value for bees out of the total area per cell (%) [based on the habitat map, classes 4, 5, and 6]
	MCA



	H
	Index of landscape conservation (ILC)
	Conservation status of a grid cell depending on the degree of naturalness of the land use/land cover mosaic [80] [based on the ecosystem naturalness map]
	MCA



	I
	Total edge
	Total length of edges between agricultural and (semi-) natural ecosystem types (km) [based on the ecosystem map simplified at the 1st level of typology]
	MCA



	L
	Paved roads
	Total length of paved roads (km) [based on Open Street map]
	MCA



	
	Habitat level
	
	



	M
	Proportion of blooming forbs
	Non-graminoid plant species in anthesis with respect to the total plant species per sample (%)
	SC



	N
	Number of blooming forbs
	Total number of sampled non-graminoid plants in anthesis
	MCA



	
	Community level
	
	



	O
	Bee total abundance
	Total abundance of bees per sample and per cell
	SC



	P
	Bee diversity
	Diversity of bee communities assessed by means of Shannon and Simpson indices. Both indices were calculated for each sample and the average value was calculated for each cell
	SC



	Q
	Number of bee species
	Total number of sampled bee species per cell
	MCA








2.4.1. Analysis of the Relationship between Bee Communities and Habitat/Landscape Features (SC)—Step 2a


Significant relationships between bee communities and habitat and landscape features, at the proximal and grid cell scales, allow effective GI conservation and restoration actions to be defined and prioritised. Accordingly, the SC between bee abundance and diversity (Shannon and Simpson indices) and either (i) the degree of habitat support (i.e., proportion of blooming forbs), or (ii) the landscape mosaic composition/configuration features (i.e., proportion of different land cover classes, proportion of EUN types and density of linear elements) have been investigated by means of Pearson and Spearman tests [81,82]. A p ≤ 0.05 level of significance has been set for both statistics. A non-predictive approach (SC) was assumed to be sufficient to qualify proper GI actions, whereas the narrow spatial and temporal distribution of bee samples would have been impaired to obtain sound outcomes from multiple linear regression models.




2.4.2. Spatial Assessment of the Landscape Mosaic Capacity to Support Bees (MCA)—Step 2b


Complementary to SC, which was considered more useful for the prioritisation of GI actions, the present capacity of the landscape mosaic to support bees along the urban-rural gradient may facilitate the prioritisation of sites at the cell level. In keeping with recognised effectiveness in ES assessment [83], such a capacity has been quantified by means of MCA [84,85].



The multiple criteria and respective indicators (Table 1), accounting for the landscape and habitat features that can directly or indirectly affect bee communities, have been selected according to available scientific evidence (e.g., [86,87]). In particular, a set of first-level indicators, commonly used to generically describe the urbanisation degree [88], has been combined with a set of second-level indicators concerning relevant habitat properties just noticeable at fine scales. The first-level set includes measures describing the geographic distance from the city centre (indicator F in Table 1), composition and quality of the landscape mosaic (G and H), and occurrence of disturbing elements, namely the total length of paved roads (L) [89]. The second-level set includes field observations, such as richness of blooming forbs (N), and other landscape metrics very influenced by the geometric and thematic detail of the adopted basic map, such as the length of contacts between agricultural and natural patches (I), the isolation between habitats with high value for bees (E), and the natural environmental heterogeneity of grid cells (D) [90,91].



Since the MCA has been adopted as an intermediate step, subsequently combined with other attributes for identifying restoration priorities (see paragraph 2.5), the simplest (or ‘neutral’ [92]) method for weighting the indicators has been preferred, that is equal weighting. An improved and eventually policy-oriented characterisation of the urban-rural gradient could be obtained by means of alternative and more demanding methods, including expert judgments, decision-makers preferences, and subjective/objective rank-order weighting [93], but it goes beyond the scope of the present research. Therefore, after being assigned the same weight, the indicators have been standardised according to the following formula:


   x  i j n o r m   =      x  i j   −  x  i m i n          x  i m a x   −  x  i m i n        



(1)




where    x  i j     is the value of the indicator  j  of a given alternative  i ,    x  i m i n     is the minimum value of the attribute among all the alternatives  i , and    x  i m a x     is the maximum value of the attribute among all the alternatives  i . The inverse of the formula has been calculated for those indicators that are expected to negatively affect bee communities (i.e., total length of paved roads (L) and isolation between habitats with high value for bees (E)).



Finally, owing to the potential role of organic farming activities in improving the performance of cells with a high proportion of agricultural surfaces [94], the list of organic farms provided by the national Ministry of Agricultural, Food and Forestry Policies was checked (http://www.sinab.it/, accessed on 7 November 2021). The list does not provide precise information on the spatial extent and boundaries of these farms, so the information has been used as an ancillary datum for the interpretation of the resulting MCA values rather than an input indicator for their assessment.





2.5. Setting of Green Infrastructure Priorities—Step 3


Moving from the SC and MCA outcomes, comprehensive conservation/restoration priorities have been defined for each of the individual components (ecosystem patches and linear elements) of the landscape mosaic. In terms of sites, each individual ecosystem patch and linear element has been thus prioritised according to the placement of the cell of belonging along the urban-rural gradient and to component-specific condition indicators. In terms of actions, these individual elements have been assigned to specific interventions for maintaining or enhancing their current ES capacity. More specifically, restoration priorities have been assigned to the individual components according to: (i) bee support capacity of the overall reference cell with respect to the urban-rural gradient (scored into 6 classes according to MCA values); (ii) eligibility of the ecosystem type for hosting restored GI components at the patch level (scored into 6 classes according to current habitat value of the ecosystem type, potential conversion to other land cover types, and ENN values at the patch level for green urban areas A.1.4.1); (iii) dimension of the patch for arable lands, which act as potential barriers between habitats with high value for pollinators the greater they are (scored into 6 classes); (iv) support capacity of the EUN of belonging for agricultural patches (scored into 5 classes according to SC values and to the occurrence of plants of apiarian interest); (v) contiguity to existing linear elements (scored into 3 classes according to occurrence and habitat value of linear elements). Additional restoration priorities have also been assigned to individual road verges by considering: (vi) roadside typology (derived from the OpenStreetMap database and scored into 3 classes in terms of traffic intensity and pavement type), and (vii) quality of contiguous land cover patches (scored into 6 classes according to habitat value of the neighbouring land cover type). Finally, the acquired knowledge on habitat value of ecosystem types and diversity/apiarian interest of local plant species was exploited for suggesting the desirable structure and floristic composition of restoration interventions in the different EUNs.





3. Results


3.1. Actual and Potential Ecosystem Heterogeneity—Step 1a


A total of 32 areal and 14 linear actual ecosystem types have been recognised and mapped at the most detailed level. Their proportional extent, degree of naturalness, and/or habitat value for pollinator support, are reported in Table 2.



The average extent of ecosystem types for the analysed cells denotes a transitional urban to rural landscape mosaic, with comparable continuous and discontinuous urban fabric in a still prevailing agricultural matrix. In keeping with the occurrence of two natural reserves in the area, natural and semi-natural ecosystems represent almost 14% of the mosaic, with about 9% of different mature forest types, 5% of successional shrubland, and less than 1% of semi-natural woodland types including non-native woods and plantations.



Linear elements show an overall density of ca 70 m/ha and occur in all of the three main landscape components (A.1, A.2, and A.3), with forest mantles and edges (75.8%) prevailing over scattered elements far from roads in the agricultural matrix (13.8%), and over roadside tree lines (5.7%).



The proportional extent of different naturalness and habitat value classes in each grid cell is reported in Figure 3.



As regards potential ecosystem heterogeneity, the identified EUNs and respective PNV types encompass:




	
“Pyroclastic plateaus” and “Gentle pyroclastic slopes” with vegetation potential for Quercus cerris and Carpinus orientalis forests (Carpino orientalis-Querceto cerridis sigmetum);



	
“Steep pyroclastic slopes” and “Lithoid volcanic slopes” with vegetation potential for Quercus ilex forests (Cyclamino hederifolii-Querceto ilicis sigmetum);



	
“Pyroclastic impluvia” with vegetation potential for Quercus cerris and Carpinus orientalis forests with Q. robur (Carpino orientalis-Querceto cerridis varietas quercetosum roboris sigmetum);



	
“Sedimentary clayey and sandy hill plateaus” with vegetation potential for Quercus suber and Q. frainetto forests (Quercetum frainetto-suberis sigmetum);



	
“Sedimentary clayey and sandy hill slopes” with vegetation potential for Quercus cerris and Q. frainetto forests (Mespilo germanicae-Querceto frainetto sigmetum);



	
“Alluvial valleys” with complex vegetation potential for Quercus robur and for hygrophilous riparian forests (Fraxino-Querceto roboris, Aro italici-Alneto glutinosae, Populeto albae, and Saliceto albae sigmeta).








The distribution of PNV/EUN types across the analysed grid cells is shown in Table 3. Cells II, III, and VI emerged as relatively homogeneous, with just one type plainly dominant and some of the types missing, while cells I, IV, and V show a relatively greater natural diversity, together with a more even distribution of the types.




3.2. Bee Community Features: Abundance and Taxonomic Diversity—Step 1b


A total of 609 specimens has been detected, belonging to the Andrenidae, Apidae, Colletidae, Halictidae, and Megachilidae families. Of the entire sample, species-level identification could not be achieved for 61 specimens belonging to the genera Andrena, Ceratina, Eucera, Hylaeus, Nomada, and Sphecodes. By also considering the unique found specimen of the genus Nomada, a total of 53 species has been sampled, with 18 belonging to the Megachilidae family, 14 to Apidae, 14 to Halictidae, seven to Andrenidae and just one to Colletidae (Appendix A). The most represented species are Apis mellifera, Bombus pascuorum and Halictus scabiosae. Five-hundred individuals belong to wild species, while the remaining 109 belong to the managed species Apis mellifera. The only sampled allochthonous species was Megachile sculpturalis, with one male specimen found in cell II. This invasive species has been first reported in 2009 in Europe [95], and in 2018 in the Latium Region, the administrative region embracing the study area [96]. M. sculpturalis is a large species with opportunistic nesting behaviour [97,98,99,100], representing a potential competitive threat to local wild pollinators. The specimen was observed while foraging on Rubus ulmifolius flowers just outside the boundaries of the Laurentino Acqua Acetosa Natural Reserve, suggesting a potential occurrence of nests in the protected area.



Considering the relatively small extent of the study area and the short sampling period, the data are fairly representative of bee diversity in the summer period at different levels, counting for almost 5% of the Italian bee fauna [101], 11% of the regional one [102], and about 19% of that of the city within the main ring road [103].



Nevertheless, diversity indices showed rather homogeneous community structures, with one or several dominant species and a few rare species. Across sample sites, the average value of the Simpson Index (D) was 0.527 (with a standard deviation of 0.255) and the average value of the Shannon Index (H) was 0.932 (with a standard deviation of 0.539). With respect to the urban-rural gradient (Table 4), higher diversity values have been found in the cells with a mixed agricultural and natural matrix and a small extent of artificial surfaces (cells IV and V). More interestingly, however, medium-high diversity values have been found in cells I and II, close to the city and characterised by an urban matrix with quite widespread agricultural surfaces and some residual semi-natural ecosystem. With respect to EUN types, higher diversity values have been found in “Sedimentary clayey and sandy hill slopes” (mean D = 0.640 and mean H = 1.168), “Pyroclastic impluvia” (mean D = 0.638 and mean H = 1.252), and “Alluvial valleys” (mean D = 0.635 and mean H = 1.199), while lower values have been found in “Gentle pyroclastic slopes” (mean D = 0.290 and mean H = 0.465) and “Pyroclastic plateaus” (mean D = 0.310 and mean H = 0.528).




3.3. Habitat Features: Diversity and Apiarian Interest of Plant Species—Step 1b


Among the 60 vegetation surveys, 54 have been carried out on linear elements and six on areal elements. A total of 240 plant species, belonging to 60 families, has been sampled and 158 out of these are important for bees (i.e., species of apiarian interest according to [104]). Among the 158, six are neophytes (less than 4%), two are archaeophytes, three doubtful alien, and four are cultivated or escaped from cultivation. The total number of sampled species ranges from 72 in cell VI to 115 in cell IV (median value 94.5), the number of species of apiarian interest ranges from 62 in cell I to 79 in cell IV (median value 70.0), and those in anthesis from 29 in cell III to 40 in cell IV (median value 35.5).



With respect to EUN types, the sampled richness of plant species of apiarian interest was very low in “Sedimentary clayey and sandy hill slopes” and “Steep pyroclastic slopes” (three and four species, respectively), medium in “Gentle pyroclastic slopes” and “Lithoid volcanic slopes” (seven species), medium-high in “Pyroclastic impluvia” (nine species) and high in “Pyroclastic plateaus” and “Alluvial valleys” (13 and 17 species, respectively). “Sedimentary clayey and sandy hill plateaus” have not been sampled because very little is represented in the study area and is almost totally covered by mature vegetation communities.




3.4. Relationships between Bee Communities and Habitat/Landscape Features—Step 2a


At the proximal scale and as regards habitat features, the abundance and diversity of bees are positively correlated to the total number of plants in anthesis, and especially to Rosaceae with respect to the other explored families. Owing to the restricted number of sampled neophytes and archaeophytes, correlations have not been explored with respect to the native status of plant species.



At the same scale, but as regards landscape features, positive correlations emerged for (Table 5): proportional cover of shrublands (ecosystem types A.3.2, and especially A.3.2.2.1 Shrublands with Prunus spinosa, Rubus ulmifolius, Spartium junceum and/or Pteridium aquilinum), the density of linear elements (for the overall category as regards bee abundance, and just for classes with high habitat value as regards diversity), and proportional cover of “Alluvial valleys” and “Steep pyroclastic slopes”. “Alluvial valleys” are actually joined to hygrophilous and meso-hygrophilous vegetation communities, able to maintain a fair flower abundance even in the late summer, while “Steep pyroclastic slopes” facilitate the persistence of widespread natural and semi-natural habitats due to the morphological impairment against cultivation.



Conversely, negative correlations emerged for the proportional cover of artificial surfaces (ecosystem types A.1) and agricultural areas (ecosystem types A.2), and for the proportional cover of “Pyroclastic plateaus” and “Gentle pyroclastic slopes” (the latter, just for bee abundance). These EUN types are actually joined to thermo-xerophilous vegetation communities, with relatively short flowering periods, and, owing to low acclivity, are most impacted by urbanisation and intensive cultivation (mostly with Poaceae) leading to less heterogeneous foraging habitats.



At the scale of grid cells, just positive correlations with less significance (p-values of about 0.05) emerged for the proportional extent of shrublands (especially A.3.2.4, Transitional woodland-shrub communities) and woodlands (ecosystem types A.3.1), the density of spontaneous shrubby and grassy linear elements along dirt road banks (type L.1.2, often with dense and diverse blooms and probably with a low pollution rate), and the proportional cover of “Steep pyroclastic slopes”.



In synthesis, it emerged that bee communities can be driven by landscape heterogeneity and quality, especially at the proximal scale as regards bee diversity.




3.5. Landscape Mosaic Capacity to Support Bees along the Urban-Rural Gradient—Step 2b


The capacity of the overall landscape mosaic to support pollinators along the urban-rural gradient, assessed by means of the MCA, is reported in Table 6.



According to just first-level indicators, the more the cells are close to the city centre, the less the landscape conservation status and the more the density of paved roads exists. Such a result suggests that urban cells (I, II, and III) are more disturbed and may have a lower potential performance in bee support with respect to the suburban ones (IV, V, and VI). However, when second-level indicators are also considered, the pattern becomes more complex and the total MCA values do not regularly increase with the distance from the city centre. Namely, cell III shows a lower MCA value than cell I in the more urban sector, the intermediate cell IV shows the absolute best performance among all cells, whilst a marked blended behaviour emerged for the indicators in the two most distal cells (V and VI). This unevenness is mainly ascribable to scattered sprawl nuclei, developed beyond the boundaries of protected areas (e.g., in cell VI with respect to cell V), and to the varying natural environment heterogeneity, which in turn affects habitat diversity and land use vocations (e.g., lower heterogeneity in cell III with respect to cell I, and in cell VI with respect to cell IV) (Figure 4). Moreover, the occurrence of organic farms in cell IV can be identified as a potential driver for the observed richness in plant species of apiarian interest and, therefore, for the higher performance of sites at an intermediate distance from the city with respect to more distal ones (cells V and VII).




3.6. Green Infrastructure Design—Step 3


Restoration priority scores assigned to each of the GI components (individual ecosystem patches and individual linear elements) are shown in Table 7, while the total score and respective spatial distribution are shown in Figure 5. Furthermore, a set of specific and appropriate actions has been differentiated for more rural cells with respect to more urban cells. In particular, a widespread conversion towards organic agriculture should be prompted mainly in more rural cells, while the reduction of structural and/or functional distances between habitats of high value for bees (i.e, green areas, private gardens in discontinuous residential fabric, and linear elements) should represent the main GI goal in more urban cells. For such a reconnection, active restoration actions should preferentially encompass the creation of green corridors along roads with little traffic or in other healthy places for bees quite far from residential buildings, such as archaeological or abandoned areas. Concurrently, the habitat value of pre-existing green spaces and linear elements should be enhanced by facilitating local plant species that are more useful for bee support and are ecologically coherent with the EUN of occurrence (Appendix B).



Additional and tailor-made actions to be promoted include (i) the placement of new green corridors across the agricultural matrix, but just in cells with very isolated habitats (cells I, II, and III); (ii) the active maintenance of a ‘diffuse naturalness’ [105], that is the conservation of seral stages besides natural forests in the landscape mosaic in order to enhance the bee support capacity of shrubs in cells with high ILC (cells IV and V); (iii) the creation of restored habitats with high value for pollinators in cells with little isolated habitats and a high density of linear elements, but with a poor current overall extent of habitats with high value for pollinators as well (cell VI).





4. Discussion


To effectively meet biodiversity targets, besides ensuring the provision of multiple ES, GI design in complex urban and peri-urban contexts has to be based on sound and fine-scale knowledge as regards species, habitats, landscape features, and their reciprocal relationships [106,107]. In keeping with this need and with respect to the specific target of pollinator support ecosystem service, an original GI planning process is presented here that takes into account the role of natural (potential) and induced (actual) landscape heterogeneity, across an urban to rural gradient and at different scales. Such an approach allows multiple factors, i.e., actual and potential ecosystem arrangement, observed bee distribution and respective correlations with the landscape mosaic, and bee support capacity across the gradient, to be comprehensively embraced and specifically capitalised throughout the GI planning phases.



By means of combined field sampling and GIS analyses in a transitional peri-urban sector of the Metropolitan City of Rome, new experimental evidence and original insights are thus provided that highlight how the stratification of ecological investigations by land units, a multi-faceted characterisation of the urban-rural gradient, and an accurate compositional and structural characterisation of the landscape mosaic components can improve biodiversity-oriented GI planning with respect to more simplified approaches.



In particular, combined actual and potential ecosystem maps, both drawn with a thorough geometric and thematic detail, allowed an in-depth definition of GI components and assessment of their condition with respect to more generic representations (e.g., in the case of forests, by assisting the distinction between oak forests, hygrophilous riparian woods, and non-native broad-leaved woods, each of them with different EUNs of belonging, different naturalness degrees and different habitat values). The dual interpretation of the actual/potential landscape complexity thus supported (i) a fine-scale disentangling of the relationships between bee richness and diversity and the surrounding mosaic, adopted for the prioritisation of GI restoration/conservation actions (e.g., by pointing out high priorities for interventions in the Pyroclastic plateaus EUN with respect to the Alluvial valleys EUN, especially by means of conservation/restoration of shrublands and shrubby linear elements and by facilitating plant species of apiarian interest that are coherent with the EUN biophysical characteristics), and (ii) an original delineation of criteria for assessing the landscape capacity to provide the ecosystem service, adopted for the prioritisation of GI sites to be restored/conserved along the urban-rural gradient (e.g., by highlighting the high intervention priorities for cells with a low EUN diversity, which are not necessarily close to the city centre).



Notable results first concern the role of actual linear ecosystems as GI components. Indeed, in agricultural matrices but also in the urban and peri-urban ones, the detection of these elements is gaining increasing importance as key landscape structures and functional ecological corridors [108,109]. Besides the need for an accurate and consistent spatial representation, still calling for a visual interpretation at fine scales in GI planning [110], the present research also confirms the importance of the typological characterization of linear elements for assessing their condition, functional connectivity and ecosystem service capacity [111,112]. Such a characterization enabled the comprehension of habitat value for pollinator support to be refined with respect to more general assumptions, just based upon quantitative aspects and usually adopted for coarse-scale modelling of the pollination service [113]. For example, it has been confirmed that even though all linear element types have positive correlations with bee abundance, bee diversity is more related to the quality and condition of these elements [59,114,115], and to their proximity as well [40], e.g., in the case of significant correlations at the cell scale just emerged for spontaneous shrublands and grasslands along dirt road banks, with respect to not significant correlations emerged for all the other linear types. In terms of GI suitable actions [108], the information has been turned into a naturalness target for linear element restoration in order to effectively support bee richness, while also taking into account the spatial scale of the interventions [116], i.e., by promoting the density of shrubby linear elements within a proximal radius from a potential restoration/conservation site.



Second, as regards areal components, shrublands were significantly important for bee support both at the proximal and distal scales, confirming their recognised role as preferred foraging and nesting sites [117,118]. As already highlighted for linear elements, also in this case the detailed ecosystem typification allowed the quality of these components to be plainly taken into account and the apparent contrasting results from alternative research, which may be due to a more generic definition of ‘green areas’ for characterising the landscape mosaic composition, to be untangled (e.g., results from [119], according to which just temperature and not landscape composition shapes urban wild bee communities).



More interestingly, however, new and original insights emerged as regards the role of potential ecosystem features and heterogeneity. The research offered the opportunity to show that EUN types, determined by specific combinations of natural bio-physical features, characterised by a different capacity to support species diversity and by different aptitudes for defined land use [120,121], are distinctively and significantly correlated with bee abundance and diversity, especially at the proximal scale.



Even though different aspects of landscape composition and configuration are commonly recognised as determinants of bee assemblages [122], the present research showed that bee communities may be driven differentially by these aspects depending on what potential natural context they are observed in.



Together with other habitat and landscape features, mainly joined to the actual composition and configuration of the ecosystem mosaic, EUN heterogeneity has therefore been considered an important factor for a comprehensive interpretation of the gradient between urban and rural areas. To the best of our knowledge, such a consideration and its implications for the prioritisation of restoration sites represents a novelty in the GI planning field. Thus, notwithstanding the explorative nature of this research, the approach provided interesting hints for an operational advancing of the urban-rural gradient theory applied to biodiversity issues, e.g., in non-Temperate cities [123], as well as for effective identification of (peri-) urban GI priority sites and actions, especially at the local level [124] (i.e., by enhancing the induced heterogeneity of the landscape mosaic, in cells with intrinsic low variability of the environmental features, independently from the distance to the city centre/degree of artificialisation and through the active facilitation of diffuse shrubby components).



Additional findings that concern habitat value could be capitalised in GI planning as well, for the definition of fitting restoration actions in terms of composition and structure. In particular, the importance of flower diversity, showing positive correlations with both abundance and diversity of bees, has been confirmed [46,64,125,126,127], and should therefore represent a plain GI restoration target for both linear and areal elements. Moreover, it emerged that plants belonging to the Rosaceae family should be preferred, as they showed a higher performance with respect to the other investigated families. Besides the contingent availability of blooms of the other taxa at the time of the survey, the observed positive correlation may be due to the radial symmetry that makes Rosaceae flowers easier to explore than zygomorphic ones [128], to the high density of blooms for some of these species (as in the case of Rubus ulmifolius) and/or to the absence of nectar spurs or deep calyxes facilitating flower accessibility to a wide variety of bees.



Even though providing interesting hints, the research should be broadened in time and space in order to improve the robustness of the results. Especially, the sampling period, which was limited by the COVID-19 pandemic restrictions, could be extended to the overall flowering season in order to better define significant correlations, while the number of sampled sites could be increased in order to overcome spatial biases and spurious correlations that potentially emerged at the grid cell scale. Furthermore, investigation widened over different directions from the city centre could enhance the comprehension of eventually combined effects from different gradients, such as those of temperature and air pollution [24,121], and from varying degrees of environmental protection. [129,130,131].




5. Conclusions


A pollinator-oriented GI design approach is presented here that comprehensively combines actual and potential landscape features with the varying pollinator support capacity along an urban-to-rural gradient. The experimental results confirmed much of the available evidence on the relationships between the richness and abundance of pollinators, especially bees, on the one hand, and compositional and configurational features of the landscape mosaic in urban and peri-urban areas, on the other hand. Novel hints are however provided that allow bee support actions and conservation/restoration site prioritisation to be properly attuned in transitional peri-urban contexts. Namely, statistical correlations highlighted the importance of conserving and restoring not just areal but also linear components with a high ecosystem quality, while MCA results showed the importance of taking into account not just the presently occurring ecosystems but also the natural potential of the environment for preserving crucial sectors of the peri-urban landscape from further land-take and agricultural intensification processes.
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Table A1. List of detected bee taxa and their occurrence by environmental unit type (EUN). All the taxa are wild and native to the study area except for Apis mellifera (managed species) and Megachile sculpturalis (introduced species). EUNs codes: AV = Alluvial valleys, PI = Pyroclastic impluvia, PP = Pyroclastic plateaus, SPS = Steep pyroclastic slopes, SS = Sedimentary clayey and sandy hill slopes, GPS = Gentle pyroclastic slopes, LVS = Lithoid volcanic slopes.
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Sampled Occurrences by EUN




	
Species

	
Family

	
AV

	
PI

	
PP

	
SPS

	
SS

	
GPS

	
LVS






	
Amegilla albigena (Lepeletier, 1841)

	
Apidae

	
x

	

	

	
x

	

	

	




	
Andrena agilissima (Scopoli, 1770)

	
Andrenidae

	
x

	
x

	

	

	

	

	




	
Andrena flavipes Panzer, 1799

	
Andrenidae

	
x

	

	

	
x

	

	

	




	
Andrena fuscosa Erichson, 1835

	
Andrenidae

	
x

	

	

	

	

	

	




	
Andrena morio Brullé, 1832

	
Andrenidae

	

	
x

	

	

	

	

	




	
Andrena pilipes Fabricius, 1781

	
Andrenidae

	
x

	
x

	

	
x

	

	
x

	




	
Andrena Fabricius, 1775

	
Andrenidae

	

	
x

	

	
x

	

	

	




	
Andrena thoracica (Fabricius, 1775)

	
Andrenidae

	
x

	
x

	

	

	

	

	




	
Anthidiellum strigatum (Panzer, 1804)

	
Megachilidae

	

	
x

	

	

	

	

	




	
Anthidium florentinum (Fabricius, 1775)

	
Megachilidae

	

	
x

	

	

	

	
x

	




	
Anthidium manicatum (Linnaeus, 1758)

	
Megachilidae

	
x

	

	
x

	

	

	
x

	




	
Apis mellifera Linnaeus, 1758

	
Apidae

	
x

	
x

	
x

	
x

	
x

	
x

	
x




	
Bombus pascuorum (Scopoli, 1763)

	
Apidae

	
x

	
x

	
x

	
x

	

	
x

	
x




	
Bombus ruderatus (Fabricius, 1775)

	
Apidae

	
x

	
x

	

	

	

	

	




	
Bombus sylvarum (Linnaeus, 1761)

	
Apidae

	
x

	

	

	

	

	

	




	
Bombus terrestris (Linnaeus, 1758)

	
Apidae

	
x

	
x

	

	
x

	

	
x

	




	
Ceratina cucurbitina (Rossi, 1792)

	
Apidae

	
x

	
x

	
x

	

	

	
x

	
x




	
Ceratina cyanea (Kirby, 1802)

	
Apidae

	
x

	

	

	

	

	

	




	
Ceratina Latreille, 1802

	
Apidae

	
x

	

	
x

	
x

	

	
x

	
x




	
Eucera clypeata Erichson, 1835

	
Apidae

	
x

	

	

	
x

	

	

	




	
Eucera nigrescens Pérez, 1879

	
Apidae

	
x

	
x

	

	
x

	

	

	




	
Eucera Scopoli, 1770

	
Apidae

	
x

	
x

	

	
x

	

	

	




	
Eucera vulpes Brullé, 1832

	
Apidae

	

	
x

	

	

	

	

	




	
Halictus fulvipes (Klug, 1817)

	
Halictidae

	

	

	
x

	

	

	

	




	
Halictus gemmeus Dours, 1872

	
Halictidae

	

	
x

	
x

	

	

	
x

	
x




	
Halictus maculatus Smith, 1848

	
Halictidae

	

	
x

	

	

	

	

	
x




	
Halictus quadricinctus (Fabricius, 1776)

	
Halictidae

	
x

	

	

	
x

	

	

	
x




	
Halictus scabiosae (Rossi, 1790)

	
Halictidae

	
x

	
x

	
x

	
x

	
x

	

	
x




	
Halictus subauratus (Rossi, 1792)

	
Halictidae

	
x

	

	

	

	

	
x

	
x




	
Halictus vestitus Lepeletier, 1841

	
Halictidae

	

	

	

	

	

	

	
x




	
Heriades crenulata Nylander, 1856

	
Megachilidae

	

	

	
x

	
x

	
x

	

	




	
Heriades truncorum (Linnaeus, 1758)

	
Megachilidae

	
x

	
x

	

	

	

	

	




	
Hoplitis adunca (Panzer, 1798)

	
Megachilidae

	

	
x

	

	

	

	

	




	
Hylaeus communis Nylander, 1852

	
Colletidae

	
x

	

	
x

	
x

	

	
x

	
x




	
Hylaeus Fabricius, 1793

	
Colletidae

	
x

	
x

	
x

	
x

	

	
x

	
x




	
Lasioglossum discum (Smith, 1853)

	
Halictidae

	
x

	

	

	

	

	

	




	
Lasioglossum leucozonium (Schrank, 1781)

	
Halictidae

	
x

	
x

	
x

	

	

	

	




	
Lasioglossum malachurum (Kirby, 1802)

	
Halictidae

	
x

	

	

	

	

	

	
x




	
Lasioglossum morio (Fabricius, 1793)

	
Halictidae

	

	
x

	

	

	

	

	




	
Lasioglossum nigripes (Lepeletier, 1841)

	
Halictidae

	
x

	

	

	

	

	

	
x




	
Megachile albonotata Radoszkowski, 1886

	
Megachilidae

	

	
x

	

	

	

	

	




	
Megachile apicalis Spinola, 1808

	
Megachilidae

	
x

	

	

	

	

	

	




	
Megachile centuncularis (Linnaeus, 1758)

	
Megachilidae

	

	
x

	

	

	

	

	




	
Megachile leachella Curtis, 1828

	
Megachilidae

	

	

	
x

	

	

	

	




	
Megachile melanopyga Costa, 1863

	
Megachilidae

	

	

	
x

	

	

	

	
x




	
Megachile rotundata (Fabricius, 1787)

	
Megachilidae

	

	

	

	

	

	
x

	




	
Megachile sculpturalis Smith, 1853

	
Megachilidae

	
x

	

	

	

	

	

	




	
Nomada Scopoli, 1770

	
Apidae

	

	

	

	
x

	

	

	




	
Osmia caerulescens (Linnaeus, 1758)

	
Megachilidae

	

	

	

	
x

	

	

	




	
Osmia niveata (Fabricius, 1804)

	
Megachilidae

	

	
x

	

	

	

	

	




	
Panurgus calcaratus (Scopoli, 1763)

	
Andrenidae

	

	
x

	
x

	
x

	

	
x

	
x




	
Pseudoanthidium scapulare (Latreille, 1809)

	
Megachilidae

	

	
x

	

	

	

	

	




	
Rhodanthidium septemdentatum (Latreille, 1809)

	
Megachilidae

	

	

	
x

	

	

	

	




	
Sphecodes Latreille, 1804

	
Halictidae

	

	

	
x

	

	

	

	
x




	
Stelis signata (Latreille, 1809)

	
Megachilidae

	
x

	

	

	

	
x

	

	




	
Systropha curvicornis (Scopoli, 1770)

	
Halictidae

	

	

	

	

	

	
x

	
x




	
Xylocopa iris (Christ, 1791)

	
Apidae

	
x

	

	

	

	

	
x

	




	
Xylocopa violacea (Linnaeus, 1758)

	
Apidae

	
x

	
x

	
x
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Table A2. List of the vascular flora of apiarian interest detected in the study area by environmental unit (EUN). Plant species are also qualified in terms of non-native/cultivated status (retrieved from Celesti-Grapow et al. 2013 [73]): [A] = archaeophyte, [N] = neophyte, [D] = doubtful alien, [C] = cultivated/cultivation escapees. EUNs codes: AV = Alluvial valleys, PI = Pyroclastic impluvia, PP = Pyroclastic plateaus, SPS = Steep pyroclastic slopes, SS = Sedimentary clayey and sandy hill slopes, GPS = Gentle pyro-clastic slopes, LVS = Lithoid volcanic slopes.






Table A2. List of the vascular flora of apiarian interest detected in the study area by environmental unit (EUN). Plant species are also qualified in terms of non-native/cultivated status (retrieved from Celesti-Grapow et al. 2013 [73]): [A] = archaeophyte, [N] = neophyte, [D] = doubtful alien, [C] = cultivated/cultivation escapees. EUNs codes: AV = Alluvial valleys, PI = Pyroclastic impluvia, PP = Pyroclastic plateaus, SPS = Steep pyroclastic slopes, SS = Sedimentary clayey and sandy hill slopes, GPS = Gentle pyro-clastic slopes, LVS = Lithoid volcanic slopes.





	

	

	
Sampled Occurrences by EUN




	
Species Name

	
Family

	
AV

	
PI

	
PP

	
SPS

	
SS

	
GPS

	
LVS






	
Acer campestre L.

	
Sapindaceae

	

	
x

	

	

	

	

	




	
Ailanthus altissima (Mill.) Swingle [N]

	
Simaroubaceae

	
x

	
x

	

	

	

	

	
x




	
Ajuga iva (L.) Schreb. subsp. iva

	
Lamiaceae

	

	

	
x

	

	

	

	




	
Allium polyanthum Schult. & Schult. f.

	
Amaryllidaceae

	
x

	

	

	

	

	

	




	
Alnus glutinosa (L.) Gaertn.

	
Betulaceae

	
x

	
x

	

	

	

	

	




	
Anchusa undulata subsp. hybrida (Ten.) Bég.

	
Boraginaceae

	
x

	
x

	
x

	

	

	
x

	
x




	
Anthemis arvensis L. subsp. arvensis

	
Asteraceae

	
x

	

	

	

	

	

	




	
Antirrhinum majus L. subsp. majus [A]

	
Plantaginaceae

	

	

	

	

	

	

	
x




	
Arctium lappa L.

	
Asteraceae

	
x

	

	

	

	

	

	




	
Artemisia vulgaris L.

	
Asteraceae

	
x

	

	

	

	

	

	
x




	
Arum maculatum L.

	
Araceae

	

	
x

	

	

	

	

	




	
Asparagus acutifolius L.

	
Asparagaceae

	

	
x

	
x

	

	
x

	
x

	




	
Asphodelus ramosus L. subsp. ramosus var. ramosus

	
Xanthorrhoeaceae

	

	

	

	
x

	

	

	




	
Ballota nigra L. subsp. meridionalis (Bég.) Bég.

	
Lamiaceae

	
x

	

	

	

	

	
x

	




	
Borago officinalis L.

	
Boraginaceae

	
x

	
x

	

	
x

	
x

	
x

	
x




	
Brassica nigra (L.) W.D.J. Koch [D]

	
Brassicaceae

	

	

	

	

	
x

	

	




	
Calamintha nepeta (L.) Savi subsp. glandulosa P.W. Ball (Req.)

	
Lamiaceae

	

	
x

	
x

	
x

	
x

	
x

	
x




	
Calystegia sepium (L.) R. Br. subsp. sepium

	
Convolvulaceae

	
x

	

	

	

	

	
x

	
x




	
Campanula rapunculus L.

	
Campanulaceae

	
x

	

	

	

	

	

	




	
Capsella bursa-pastoris (L.) Medik. subsp. bursa-pastoris

	
Brassicaceae

	

	

	
x

	

	

	

	




	
Carduus nutans L. subsp. nutans

	
Asteraceae

	
x

	

	

	

	

	

	




	
Carduus pycnocephalus L. subsp. pycnocephalus

	
Asteraceae

	
x

	

	

	

	

	

	




	
Carlina corymbosa L.

	
Asteraceae

	

	

	

	

	
x

	

	




	
Carthamus lanatus L. subsp. lanatus

	
Asteraceae

	

	
x

	
x

	

	

	

	




	
Celtis australis L. subsp. australis

	
Cannabaceae

	

	

	
x

	

	

	

	




	
Centaurea calcitrapa L.

	
Asteraceae

	

	

	

	
x

	

	

	




	
Centaurea napifolia L.

	
Asteraceae

	

	
x

	

	

	

	

	




	
Centaurea solstitialis L. subsp. solstitialis

	
Asteraceae

	

	

	
x

	

	
x

	

	
x




	
Chenopodium album L.

	
Amaranthaceae

	
x

	
x

	
x

	
x

	
x

	
x

	
x




	
Chenopodium strictum Roth subsp. strictum

	
Amaranthaceae

	

	

	
x

	

	

	

	




	
Cichorium intybus L. subsp. intybus

	
Asteraceae

	
x

	
x

	
x

	
x

	
x

	
x

	
x




	
Cirsium arvense (L.) Scop.

	
Asteraceae

	

	
x

	

	

	

	

	




	
Cirsium vulgare (Savi) Ten.

	
Asteraceae

	
x

	
x

	
x

	
x

	

	

	
x




	
Clematis vitalba L.

	
Ranunculaceae

	
x

	
x

	
x

	
x

	
x

	
x

	




	
Convolvulus althaeoides L.

	
Convolvulaceae

	

	

	

	
x

	

	

	




	
Convolvulus arvensis L.

	
Convolvulaceae

	
x

	
x

	
x

	
x

	
x

	
x

	
x




	
Convolvulus cantabrica L.

	
Convolvulaceae

	

	

	
x

	

	

	
x

	




	
Crataegus monogyna Jacq. subsp. monogyna

	
Rosaceae

	

	

	

	

	

	

	
x




	
Crepis neglecta L.

	
Asteraceae

	

	

	
x

	

	

	

	




	
Crepis setosa Haller f.

	
Asteraceae

	
x

	
x

	
x

	

	
x

	
x

	




	
Cynoglossum creticum Mill.

	
Boraginaceae

	

	
x

	

	

	

	

	




	
Cynoglossum officinale L.

	
Boraginaceae

	

	
x

	

	

	

	

	
x




	
Cyperus longus L.

	
Cyperaceae

	

	

	

	

	

	

	
x




	
Cytisus villosus Pourr.

	
Fabaceae

	

	

	

	

	

	
x

	




	
Daucus carota L. subsp. carota

	
Apiaceae

	
x

	
x

	
x

	
x

	
x

	
x

	
x




	
Delphinium halteratum Sm. subsp. halteratum

	
Ranunculaceae

	

	

	

	
x

	

	
x

	
x




	
Diplotaxis muralis (L.) DC.

	
Brassicaceae

	

	

	

	

	
x

	

	




	
Dipsacus fullonum L.

	
Caprifoliaceae

	
x

	

	

	

	

	

	
x




	
Echium italicum L. subsp. italicum

	
Boraginaceae

	

	

	
x

	
x

	
x

	
x

	
x




	
Echium plantagineum L.

	
Boraginaceae

	
x

	
x

	
x

	
x

	

	
x

	
x




	
Echium vulgare L.

	
Boraginaceae

	
x

	

	

	

	

	

	




	
Epilobium hirsutum L.

	
Onagraceae

	

	

	

	

	

	

	
x




	
Epilobium lanceolatum Sebast. et Mauri

	
Onagraceae

	

	

	
x

	

	

	

	




	
Epilobium tetragonum L. subsp. tetragonum

	
Onagraceae

	

	
x

	

	

	

	

	
x




	
Eruca vesicaria (L.) Cav.

	
Brassicaceae

	

	

	
x

	

	

	

	




	
Eryngium maritimum L.

	
Apiaceae

	

	

	
x

	
x

	

	
x

	




	
Eucalyptus globulus Labill. [N]

	
Myrtaceae

	

	

	

	

	

	

	
x




	
Euonymus europaeus L.

	
Celastraceae

	
x

	
x

	
x

	
x

	

	
x

	




	
Foeniculum vulgare Mill. subsp. vulgare

	
Apiaceae

	
x

	
x

	
x

	
x

	
x

	
x

	
x




	
Galega officinalis L.

	
Fabaceae

	
x

	

	

	

	

	

	




	
Galium album Mill.

	
Rubiaceae

	
x

	
x

	

	

	

	
x

	




	
Galium aparine L.

	
Rubiaceae

	
x

	
x

	
x

	
x

	
x

	
x

	
x




	
Geranium molle L.

	
Geraniaceae

	
x

	

	

	

	

	

	




	
Hedera helix L. subsp. helix

	
Araliaceae

	
x

	
x

	
x

	

	
x

	
x

	




	
Hypericum perforatum L.

	
Hypericaceae

	
x

	
x

	
x

	

	

	
x

	
x




	
Juglans regia L. [C]

	
Juglandaceae

	
x

	
x

	

	

	

	

	




	
Knautia arvensis (L.) Coult.

	
Caprifoliaceae

	

	
x

	
x

	

	

	
x

	




	
Knautia integrifolia (L.) Bertol. subsp. integrifolia

	
Caprifoliaceae

	
x

	

	
x

	

	
x

	
x

	
x




	
Lathyrus annuus L.

	
Fabaceae

	

	

	
x

	

	

	

	




	
Laurus nobilis L.

	
Lauraceae

	

	
x

	
x

	

	
x

	

	




	
Lavatera cretica L.

	
Malvaceae

	

	
x

	

	

	

	

	




	
Linaria pelisseriana (L.) Mill.

	
Plantaginaceae

	

	

	
x

	

	

	

	




	
Linaria purpurea (L.) Mill.

	
Plantaginaceae

	
x

	

	
x

	

	

	

	




	
Linaria vulgaris Mill. subsp. vulgaris

	
Plantaginaceae

	
x

	
x

	
x

	
x

	

	
x

	
x




	
Lythrum salicaria L.

	
Lythraceae

	

	

	

	

	

	

	
x




	
Malva arborea (L.) Webb & Berthel.

	
Malvaceae

	

	
x

	

	

	

	

	




	
Malva sylvestris L. subsp. sylvestris

	
Malvaceae

	
x

	
x

	
x

	

	
x

	
x

	
x




	
Medicago sativa L. [D]

	
Fabaceae

	
x

	
x

	
x

	
x

	
x

	
x

	
x




	
Melilotus albus Medik.

	
Fabaceae

	

	

	

	

	

	

	
x




	
Mentha suaveolens Ehrh. subsp. suaveolens

	
Lamiaceae

	
x

	

	

	

	

	

	




	
Nigella damascena L.

	
Ranunculaceae

	

	

	

	

	

	
x

	
x




	
Olea europaea L. [C]

	
Oleaceae

	

	
x

	

	

	

	

	




	
Oxalis corniculata L.

	
Oxalidaceae

	
x

	

	

	

	
x

	

	




	
Oxalis stricta L. [N]

	
Oxalidaceae

	

	

	

	

	

	
x

	




	
Papaver rhoeas L. subsp. rhoeas [D]

	
Papaveraceae

	
x

	
x

	
x

	
x

	
x

	
x

	
x




	
Petasites hybridus (L.) P. Gaertn., B. Mey. et Scherb

	
Asteraceae

	
x

	

	

	

	

	

	




	
Picris echioides L.

	
Asteraceae

	
x

	
x

	
x

	

	
x

	
x

	




	
Picris hieracioides L. subsp. hieracioides

	
Asteraceae

	
x

	
x

	
x

	
x

	
x

	
x

	
x




	
Plantago lanceolata L.

	
Plantaginaceae

	

	
x

	
x

	

	

	
x

	
x




	
Plantago major L. subsp. major

	
Plantaginaceae

	
x

	

	

	

	

	

	
x




	
Polygonum arenastrum Boreau subsp. arenastrum

	
Polygonaceae

	
x

	

	

	
x

	

	
x

	




	
Populus nigra L.

	
Salicaceae

	

	

	

	

	

	

	
x




	
Portulaca oleracea L. subsp. oleracea

	
Portulacaceae

	

	
x

	

	

	

	

	
x




	
Prunus cerasifera Ehrh. [A]

	
Rosaceae

	

	

	

	

	

	

	
x




	
Prunus spinosa L. subsp. spinosa

	
Rosaceae

	
x

	
x

	
x

	
x

	

	
x

	
x




	
Pyrus pyraster Burgsd.

	
Rosaceae

	

	

	
x

	

	
x

	
x

	




	
Quercus ilex L. subsp. ilex

	
Fagaceae

	

	

	
x

	

	

	

	




	
Quercus robur L. subsp. robur

	
Fagaceae

	

	
x

	

	

	

	

	




	
Quercus suber L.

	
Fagaceae

	

	
x

	
x

	

	

	
x

	




	
Quercus virgiliana (Ten.) Ten.

	
Fagaceae

	
x

	

	
x

	

	
x

	
x

	
x




	
Raphanus raphanistrum L. subsp. raphanistrum

	
Brassicaceae

	
x

	
x

	
x

	
x

	
x

	
x

	
x




	
Reseda phyteuma L. subsp. phyteuma

	
Resedaceae

	
x

	

	

	

	

	

	
x




	
Robinia pseudacacia L. [N]

	
Fabaceae

	
x

	

	

	
x

	

	

	
x




	
Rosa canina L.

	
Rosaceae

	

	
x

	
x

	

	

	

	




	
Rosa sempervirens L.

	
Rosaceae

	
x

	

	
x

	

	
x

	
x

	




	
Rubus ulmifolius Schott

	
Rosaceae

	
x

	
x

	
x

	
x

	
x

	
x

	
x




	
Rumex acetosa L. subsp. acetosa

	
Polygonaceae

	

	

	
x

	

	

	

	




	
Rumex acetosella L. subsp. pyrenaicus (Pourr. ex Lapeyr.) Akeroyd

	
Polygonaceae

	
x

	

	

	

	

	

	




	
Rumex aquaticus L.

	
Polygonaceae

	
x

	

	

	

	

	

	




	
Rumex bucephalophorus L. subsp. bucephalophorus

	
Polygonaceae

	
x

	
x

	
x

	
x

	

	

	
x




	
Rumex conglomeratus Murray

	

	
x

	
x

	

	

	
x

	

	
x




	
Rumex crispus L.

	
Polygonaceae

	
x

	
x

	
x

	

	
x

	

	
x




	
Rumex obtusifolius L. subsp. obtusifolius

	
Polygonaceae

	
x

	
x

	
x

	
x

	

	

	
x




	
Rumex pulcher L. subsp. pulcher

	
Polygonaceae

	
x

	

	
x

	

	

	

	




	
Rumex sanguineus L.

	
Polygonaceae

	
x

	
x

	
x

	

	

	
x

	




	
Salix alba L. subsp. alba

	
Salicaceae

	
x

	

	

	

	

	
x

	




	
Salix triandra L. subsp. amygdalyna (L.) Schübl. et G. Martens

	
Salicaceae

	
x

	

	

	

	

	

	
x




	
Salvia verbenaca L.

	
Lamiaceae

	

	

	

	

	

	

	




	
Sambucus ebulus L.

	
Adoxaceae

	

	

	

	

	

	
x

	




	
Sambucus nigra L.

	
Adoxaceae

	
x

	
x

	
x

	

	

	
x

	
x




	
Sanguisorba minor Scop. subsp. balearica (Bourg. ex Nyman) Muñoz Garm. et C. Navarro

	
Rosaceae

	
x

	

	

	

	

	

	




	
Scabiosa columbaria L.

	
Caprifoliaceae

	

	

	
x

	

	

	

	
x




	
Scabiosa maritima L.

	
Caprifoliaceae

	
x

	

	

	

	

	

	
x




	
Senecio erraticus Bertol. subsp. erraticus

	
Asteraceae

	

	
x

	
x

	
x

	

	
x

	
x




	
Senecio vulgaris L.

	
Asteraceae

	
x

	

	

	

	

	

	
x




	
Silene alba (Mill.) E. H. L. Krause

	
Caryophyllaceae

	

	
x

	

	

	

	

	




	
Silene laeta (Aiton) Godr.

	
Caryophyllaceae

	
x

	
x

	
x

	
x

	
x

	
x

	
x




	
Silybum marianum (L.) Gaertn.

	
Asteraceae

	
x

	

	

	

	

	

	




	
Sinapis arvensis L. subsp. arvensis

	
Brassicaceae

	
x

	
x

	
x

	
x

	
x

	
x

	
x




	
Stachys arvensis (L.) L.

	
Lamiaceae

	

	
x

	

	
x

	

	

	
x




	
Stachys germanica L. subsp. germanica

	
Lamiaceae

	
x

	

	

	

	

	

	




	
Stachys ocymastrum (L.) Briq.

	
Lamiaceae

	

	
x

	

	

	

	

	




	
Stachys sylvatica L.

	
Lamiaceae

	
x

	

	

	

	

	

	




	
Taraxacum megalorrhizon (Forssk.) Hand. -Mazz.

	
Asteraceae

	
x

	
x

	
x

	

	

	

	




	
Tordylium maximum L.

	
Apiaceae

	
x

	

	
x

	

	

	

	




	
Trifolium angustifolium L. subsp. angustifolium

	
Fabaceae

	
x

	

	
x

	

	

	

	
x




	
Trifolium campestre Schreb.

	
Fabaceae

	

	
x

	
x

	

	

	

	
x




	
Trifolium incarnatum L. subsp. incarnatum [C]

	
Fabaceae

	
x

	

	
x

	

	

	
x

	
x




	
Trifolium pallidum Waldst. et Kit.

	
Fabaceae

	
x

	

	

	

	

	

	




	
Trifolium pratense L. subsp. pratense

	
Fabaceae

	
x

	
x

	
x

	

	

	
x

	
x




	
Trifolium repens L. subsp. repens

	
Fabaceae

	

	

	
x

	

	

	

	




	
Trifolium sebastianii Savi

	
Fabaceae

	
x

	

	

	

	

	

	




	
Trifolium squarrosum L.

	
Fabaceae

	

	

	

	

	

	
x

	




	
Trigonella alba (Medik.) Coulot & Rabaute

	
Fabaceae

	

	
x

	

	

	

	

	




	
Ulmus minor Mill. subsp. minor

	
Fabaceae

	
x

	
x

	
x

	
x

	
x

	
x

	
x




	
Urospermum picroides (L.) Scop. ex F.W. Schmidt

	
Asteraceae

	

	

	
x

	

	

	

	




	
Verbascum blattaria L.

	
Scrophulariaceae

	
x

	
x

	
x

	
x

	

	

	




	
Verbascum pulverulentum Vill.

	
Scrophulariaceae

	
x

	

	

	

	

	

	




	
Verbascum sinuatum L.

	
Scrophulariaceae

	
x

	
x

	
x

	
x

	
x

	
x

	
x




	
Verbascum thapsus L. subsp. thapsus

	
Scrophulariaceae

	

	

	

	
x

	

	
x

	




	
Verbena officinalis L.

	
Verbenaceae

	
x

	
x

	

	
x

	

	
x

	
x




	
Veronica arvensis L.

	
Plantaginaceae

	
x

	

	

	

	

	

	




	
Veronica persica Poir. [N]

	
Plantaginaceae

	

	
x

	

	

	

	

	




	
Vicia cracca L.

	
Fabaceae

	
x

	
x

	
x

	

	

	
x

	




	
Vicia villosa Roth subsp. varia (Host) Corb.

	
Fabaceae

	
x

	
x

	
x

	

	
x

	

	




	
Viola tricolor L. subsp. tricolor

	
Violaceae

	
x

	

	

	

	

	

	




	
Vitis vinifera L. [C]

	
Vitaceae

	
x

	
x

	

	

	

	
x

	




	
Xanthium italicum Moretti

	
Asteraceae

	

	
x

	

	

	

	

	
x




	
Xanthium spinosum L. [N]

	
Asteraceae

	
x

	

	

	

	
x
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Figure 1. Study area: (a) broad scale ecoregional setting according to Blasi et al. [50]; (b) location of the study sector with respect to the “Roman area” ecoregional subsection and to the administrative boundaries of the municipality and Metropolitan City of Rome; (c) detail of the study area with the 6 selected cells, the boundaries of Decima-Malafede and Laurentino Acqua Acetosa Natural Reserves and the location of the nearest Urban Central District “EUR Sud”. Base map: Google Earth™ imagery. 
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Figure 2. Multi-step procedure aimed at identifying and prioritising Green Infrastructure (GI) actions and sites (cells and individual components of the landscape mosaic) for pollinator support in the study area. 
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Figure 3. Proportional extent of different naturalness classes (a), and habitat value classes (b) in each grid cell. 
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Figure 4. Similarity between trends in bee diversity (Simpson Index, orange line) and EUN diversity (Simpson Index, blue line) across the grid cells (correlation value = 0.896; p-value = 0.0155). 
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Figure 5. Map of the comprehensive GI restoration priorities in the study area. Base map: Google Earth™ imagery. 
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Table 2. Adopted typology for areal (A) and linear (L) actual ecosystems and respective proportional extent, degree of naturalness, and habitat value for pollinator support.
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	Ecosystem Type
	Extent (% with Respect to the Total Study Area = 2400 ha)
	Naturalness
	Habitat Value for Pollinator Support





	(A) Areal elements
	
	
	



	(A.1) Artificial surfaces
	
	
	



	A.1.1.1-Continuous urban fabric
	12.43
	1
	1



	A.1.1.2-Discontinuous urban fabric
	10.11
	1
	4



	A.1.2.1.1-Farm buildings
	0.91
	1
	1



	A.1.2.1.2-Industrial or commercial units
	2.61
	1
	1



	A.1.2.2-Road and rail networks and associated land
	2.20
	1
	1



	A.1.3-Mine, dump, and construction sites
	2.04
	1
	3



	A.1.4.1-Green urban areas
	5.02
	2
	4



	A.1.4.2.2-Sport and leisure facilities
	1.25
	2
	1



	A.1.4.2.4-Archaeological areas
	0.35
	2
	4



	(A.2) Agricultural areas
	
	
	



	A.2.1-Arable land
	24.45
	2
	3



	A.2.2.1-Vineyards
	0.03
	3
	2



	A.2.2.2-Fruit trees and berry plantations
	0.07
	3
	6



	A.2.2.3-Olive groves
	0.72
	3
	4



	A.2.3-Pastures
	14.21
	3
	6



	A.2.4-Heterogeneous agricultural areas
	5.79
	3
	6



	A.2.5-Greenhouses
	0.18
	2
	1



	(A.3) Woodlands and semi-natural areas
	
	
	



	A.3.1.1.1.1-Holm oak (Quercus ilex) woods with deciduous trees
	1.12
	6
	3



	A.3.1.1.1.3-Cork oak (Quercus suber) woods
	0.94
	6
	3



	A.3.1.1.2.1.3-Turkey oak (Quercus cerris) woods with Hungarian oak (Q. frainetto)
	2.21
	6
	3



	A.3.1.1.2.1.4-Turkey oak (Quercus cerris) woods with Virgilian oak (Q. virgiliana)
	3.19
	6
	3



	A.3.1.1.2.2-Virgilian oak (Quercus virgiliana) woods
	0.48
	6
	3



	A.3.1.1.3-Newly formed forest nuclei in agricultural areas
	0.06
	4
	5



	A.3.1.1.6-Hygrophilous riparian woods with Popolus alba, Salix alba and/or Alnus glutinosa and/or Fraxinus angustifolia
	0.83
	6
	4



	A.3.1.1.7.1-Non-native broad-leaved woods with Robinia pseudoacacia and/or Ailanthus altissima
	0.12
	4
	6



	A.3.1.1.7.2-Broad-leaved forest plantations
	0.10
	4
	6



	A.3.1.2.1-Mediterranean pine or cypress forest plantations
	0.21
	4
	2



	A.3.2.2.1-Shrublands with Prunus spinosa, Rubus ulmifolius, Spartium junceum, and/or Pteridium aquilinum
	0.33
	5
	6



	A.3.2.2.2-Tall herbaceous and woody vegetation of ditches and wetlands
	1.36
	5
	5



	A.3.2.4-Transitional woodland-shrub
	3.56
	5
	5



	A.3.1.3-Mixed forest
	0.20
	4
	3



	(A.4) Wetlands and water bodies
	
	
	



	A.4.1.1-Inland marshes
	0.09
	6
	2



	A.5.1.2-Water bodies
	0.19
	6
	1



	Ecosystem type (code)
	Length (% with respect to the total length of linear elements = 338,630 m)
	Naturalness
	Habitat value for pollinator support



	(L) Linear elements
	
	
	



	(L.1) Dirt road tree lines
	
	
	



	L.1.1.1-Coniferous roadside tree lines
	0.71
	nv
	1



	L.1.1.2-Deciduous roadside tree lines
	0.55
	nv
	5



	L.1.2-Spontaneous shrub and grass vegetation along road banks
	0.79
	nv
	6



	L.1.3-Trees mixed with shrubby-herbaceous vegetation along road banks
	0.22
	nv
	6



	(L.2) Paved road tree lines
	
	
	



	L.2.1.1-Coniferous roadside tree lines
	2.43
	nv
	1



	L.2.1.2-Deciduous roadside tree lines
	3.29
	nv
	4



	L.2.2-Spontaneous shrub and grass vegetation along road banks
	0.75
	nv
	5



	L.2.3-Trees mixed with shrubby-herbaceous vegetation along road banks
	1.61
	nv
	5



	(L.3) Linear elements far from roads
	
	
	



	L.3.1.1-Coniferous tree hedgerows
	0.49
	nv
	1



	L.3.1.2-Deciduous tree hedgerows
	2.72
	nv
	5



	L.3.2-Spontaneous shrub and grass field margins
	3.41
	nv
	6



	L.3.3-Mixed tree and shrub hedgerows
	1.28
	nv
	6



	L.3.4-Spontaneous vegetation along ditches
	5.91
	nv
	6



	L.3.5-Forest edges
	75.84
	nv
	6
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Table 3. Total (ha) and proportional (%) extent of Environmental Units (EUN)/Potential Natural Vegetation (PNV) types across the grid cells.
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Quercus cerris and Carpinus orientalis Forests PNV on

“Pyroclastic

Plateaus” and

“Gentle Pyroclastic Slopes”

	
Quercus ilex

Forests PNV on “Steep Pyroclastic slopes” and

“Lithoid Volcanic Slopes”

	
Quercus cerris, Q. robur and Carpinus

orientalis PNV on “Pyroclastic

Impluvia”

	
Quercus suber and Q. frainetto Forests PNV on

“Sedimentary Clayey and Sandy Hill Plateaus”

	
Quercus cerris and Q. frainetto Forests PNV on

“Sedimentary Clayey and Sandy Hill Slopes”

	
Quercus Robur and Riparian Forests PNV Complex on “Alluvial Valleys”






	

	
ha

	
%

	
ha

	
%

	
ha

	
%

	
ha

	
%

	
ha

	
%

	
ha

	
%




	
I

	
101.3

	
25.3

	
8.7

	
2.2

	
0

	
0

	
10.6

	
2.6

	
49.3

	
12.3

	
230.1

	
57.5




	
II

	
279.8

	
70.0

	
55.0

	
13.7

	
2.3

	
0.6

	
0

	
0

	
33.9

	
8.5

	
29.1

	
7.3




	
III

	
344.6

	
86.2

	
49.1

	
12.3

	
0

	
0

	
2.3

	
0.6

	
0

	
0

	
3.9

	
1.0




	
IV

	
109.0

	
27.3

	
40.2

	
10.0

	
12.6

	
3.2

	
24.5

	
6.1

	
62.5

	
15.6

	
151.2

	
37.8




	
V

	
147.5

	
36.9

	
104.6

	
26.1

	
6.6

	
1.7

	
35.5

	
8.9

	
0

	
0

	
105.8

	
26.4




	
VI

	
374.7

	
93.7

	
9.8

	
2.5

	
9.6

	
2.4

	
0

	
0

	
0

	
0

	
5.8

	
1.5
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Table 4. Bee abundance and diversity (D = Simpson Index and H = Shannon Index) in the selected grid cells.
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	Cell
	Abundance
	Mean D
	Mean H





	I
	83
	0.617
	0.897



	II
	85
	0.509
	0.938



	III
	63
	0.424
	0.753



	IV
	123
	0.619
	1.149



	V
	140
	0.672
	1.272



	VI
	57
	0.421
	0.595



	Mean
	91.833
	0.543
	0.934



	Standard Deviation
	33.048
	0.108
	0.249
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Table 5. Significant correlations emerged between community level indicators (bee abundance and diversity) and habitat and landscape level indicators, at the proximal scale and at the grid cell scale. D = Simpson Index; H = Shannon Index. Levels of significance are: * = p-value < 0.05; ** = p-value < 0.005; *** = p-value < 0.0005).
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Community Level Indicators




	

	

	
H

	
D

	
Abundance




	

	

	
R

	
Rho

	
R

	
Rho

	
R

	
Rho






	

	
Habitat and Landscape Level Indicators

	

	

	

	

	

	




	
Proximal scale

	
Proportion of blooming forbs (M)

	

	

	

	

	

	




	
All plant species in anthesis

	
0.42791 **

	
0.39099 **

	

	

	

	
0.25863 *




	
Rosaceae in anthesis

	

	

	

	

	

	
0.27899 *




	
Land use/land cover class area (A)

	

	

	

	

	

	




	
Proportional extent of artificial surfaces

	

	

	
−0.28114 *

	

	

	




	
Proportional extent of agricultural areas

	

	

	
−0.28114 *

	

	

	




	
Proportional extent of shrublands

	
0.45897 ***

	
0.45123 ***

	

	

	
0.37268 **

	
0.42652 **




	
Linear element class density (C)

	

	

	

	

	

	




	
All linear elements

	

	

	

	

	
0.35342 *

	
0.35838 *




	
Forest edges

	

	
0.25659 *

	

	

	
0.27611 *

	
0.27051 *




	
All shrubby linear elements (L.1.2. L.1.3. L.2.2. L.2.3. L.3.2. L.3.3)

	
0.30716 *

	
0.31768 *

	

	

	
0.35501 *

	
0.36270 *




	
EUN proportional extent (B)

	

	

	

	

	

	




	
Alluvial valleys

	
0.42836 ***

	
0.39712 **

	

	

	
0.44055 ***

	
0.48373 ***




	
Pyroclastic plateaus

	
−0.40021 **

	
−0.30346*

	
−0.36926 **

	

	
−0.40528 **

	
−0.44094 ***




	
Steep pyroclastic slopes

	
0.30040 *

	

	

	

	
0.27685 *

	
0.27688 *




	
Gentle pyroclastic slopes

	
−0.28380*

	

	

	

	

	




	
Grid cell scale

	
Land use/land cover class area (A)

	

	

	

	

	

	




	
Proportional extent of woodlands

	

	

	

	

	

	
0.88571 *




	
Proportional extent of shrublands

	

	

	

	

	
0.85577 *

	
1.00000 *




	
Proportional extent of transitional woodland-shrub communities

	

	

	

	

	
0.93951 *

	




	
Linear element class density (C)

	

	

	

	

	

	




	
Spontaneous shrublands and grasslands along dirt road banks (L.1.2)

	

	

	

	

	
0.84953 *

	




	
EUN proportional extent (B)

	

	

	

	

	

	




	
Steep pyroclastic slopes

	

	

	

	

	
0.90746 *
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Table 6. Varying capacity to support pollinators across the grid cells according to the MCA. Absolute (A) and normalised (N) values of the first-level and second-level selected indicators.






Table 6. Varying capacity to support pollinators across the grid cells according to the MCA. Absolute (A) and normalised (N) values of the first-level and second-level selected indicators.





	
Grid Cell

	
I

	
II

	
III

	
IV

	
V

	
VI






	
1st level indicators

	
Distance from UCD

	
A (km)

	
0.5

	
2.4

	
4.7

	
6.3

	
10.5

	
11




	
N

	
0

	
0.181

	
0.399

	
0.56

	
0.952

	
1




	
Landscape conservation status

	
A (ILC index)

	
0.14

	
0.21

	
0.23

	
0.43

	
0.53

	
0.28




	
N

	
0

	
0.176

	
0.232

	
0.755

	
1

	
0.361




	
Paved roads

	
A (km)

	
77.4

	
48.7

	
35

	
4.7

	
13.1

	
14.1




	
inverse N

	
0

	
0.395

	
0.584

	
1

	
0.886

	
0.871




	
Mean N value of 1st level indicators per cell

	
0

	
0.251

	
0.405

	
0.772

	
0.946

	
0.744




	
2nd level indicators

	
Plant species of apiarian interest in bloom

	
A (nr)

	
35

	
36

	
29

	
40

	
30

	
37




	
N

	
0.545

	
0.636

	
0

	
1

	
0.091

	
0.727




	
Total edge between agricultural and natural cover types

	
A (km)

	
0.4

	
6.9

	
1.5

	
38.5

	
58.5

	
24.2




	
N

	
0.129

	
0.094

	
0

	
0.649

	
1

	
0.398




	
Isolation between habitats with high value for bees

	
A (ENN index)

	
14.4

	
16

	
40

	
2.9

	
4.1

	
6.2




	
inverse N

	
0.69

	
0.648

	
0

	
1

	
0.966

	
0.911




	
Proportional extent of habitats with high value for bees

	
A (%)

	
34.6

	
45

	
21.1

	
70.9

	
50

	
37.2




	
N

	
0.272

	
0.479

	
0

	
1

	
0.581

	
0.323




	
EUN heterogeneity

	
A (Simpson index)

	
0.42

	
0.28

	
0.16

	
0.6

	
0.63

	
0.31




	
N

	
0.556

	
0.262

	
0

	
0.944

	
1

	
0.325




	
Mean N value of 2nd level indicators per cell

	
0.438

	
0.424

	
0

	
0.919

	
0.728

	
0.537




	
Total MCA value per cell

	
0.274

	
0.359

	
0.152

	
0.864

	
0.810

	
0.615
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Table 7. Restoration priority scores assigned to GI components (individual ecosystem patches and individual linear elements) according to the selected criteria.
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	Restoration Priority Score
	5
	4
	3
	2
	1
	Null (0)
	−1
	−2





	MCA
	Overall components in cell III (very low MCA value)
	Overall components in cell I (low MCA value)
	Overall components in cells II and VI (medium MCA values)
	
	
	Overall components in cells IV and V (high MCA values)
	
	



	Eligibility of land cover types for restoration actions
	Overall A.1.2.1.1 and A.1.3 patches; very isolated A.1.4.1 and A.1.4.2.4 patches
	Overall A.1.2.1.2 patches and isolated A1.4.1 patches
	Overall A.1.1.2 patches and medium isolated A1.4.1 patches
	Low eligibility (overall A.2.1 patches and little isolated A1.4.1 patches)
	Overall A.1.1.1, A.2.2.1, A.2.3, A.2.4 and A.2.5 patches and very little isolated A1.4.1 patches
	All other natural and semi-natural areal components
	
	



	Extent of arable land patches (ha)
	>50
	30–50
	10–30
	1–10
	0.1–1
	<0.1
	
	



	EUN support capacity
	Overall components belonging to “Pyroclastic plateaus” (very negative SC)
	Overall components belonging to “Gentle pyroclastic slopes” (negative SC and medium richness in plants of apiarian interest)
	Overall components belonging to “Lithoid volcanic slopes” and to “Sedimentary clayey and sandy hill slopes” (medium and low richness in plants of apiarian interest, but no significant SC)
	Overall components belonging to “Pyroclastic impluvia” (medium-high richness in plants of apiarian interest) and to “Steep pyroclastic slopes” (quite positive SC)
	Overall components belonging to “Alluvial valleys” (positive SC and high richness in plants of apiarian interest)
	
	
	



	Proximity to linear elements
	
	
	
	
	
	Overall components that lackcontiguous linear element
	Overall components joined to contiguous linear elements with current low habitat value
	Overall components joined to contiguous linear elements with current high habitat value



	Eligibility of road verges due to roadside typology
	Road verges along cycleways,

footways, paths, and tracks
	
	Road verges along pedestrian, service, and tertiary roads
	Road verges along primary, residential, motorway, trunk, secondary, and unclassified roads
	
	
	
	



	Eligibility of road verges due to contiguous land cover types
	Road verges adjoining A.1.2.1.1, 1.3, A 1.4.1, and A 1.4.2.4 patches
	Road verges adjoining A.1.2.1.2 patches
	Road verges adjoining A.1.1.2 patches
	Road verges with adjoining A.2.1 patches
	Road verges with very low eligibility (contacts with A.1.1.1, A.2.2.1, A.2.3, A.2.4, A.2.5)
	Road verges adjoining natural and semi-natural ecosystem patches
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