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Abstract: 
Restoring semi-natural habitats in agricultural landscapes has become a target of many international policies. However, restoration efforts should go beyond local, species-centered approaches and also target the restoration of ecological interactions at broader scales. At landscape and regional scales, the restoration of plant-pollinator interactions implies enhancing both the spatial redundancy (repetition across space) and spatial complementarity (variation across space) of interactions. Here, we used a meta-network approach to study restoration of plant-pollinator interactions in semi-natural grasslands embedded in agricultural landscapes. Over two years, we recorded plant-wild bee interactions across 96 calcareous grasslands along restoration-abandonment gradients in three countries. Local pollinator habitat quality (floral cover and richness) was found to be fundamental in restoring the diversity of interactions and supporting interaction complementarity. Moreover, greater landscape cover of agri‑environment schemes (biodiversity‑friendly farming practices) supported more redundant interactions across grasslands and buffered grassland’s detachment from the meta-network, promoting links between regional communities.


Introduction:
To mitigate biodiversity loss and nature degradation, different international initiatives and policies, such as the United Nations Decade on Ecosystem Restoration (2021-2030) and the recently approved European Nature Restoration Law (European Parliament, 2024) have been proposed with the pledge of restoring millions of hectares globally. However, transforming degraded habitats into diverse, functional and stable ecosystems requires more than just restoring species communities or habitat characteristics (Heinen et al. 2020). It also demands the integration of ecological complexity (Wu et al. 2025), including aspects such as species interactions, ecosystem functioning or the re-assembly of meta-communities to upscale the effectiveness of restoration measures (Heinen et al. 2020; Montoya 2021). To achieve these ambitious goals, ecosystem restoration can integrate biodiversity insurance (Loreau et al. 2021) and metacommunity theory (Leibold et al. 2004) to inform restoration decisions and thus improve the speed, magnitude and efficiency of restoration activities. Yet, most restoration efforts still focus on single site-, species-, or habitat-based conservation targets (Ockendon et al. 2025). 
[bookmark: _Hlk205210736]In agricultural landscapes, restoration activities are typically implemented in a spatially patchy manner, targeting the recovery of seminatural elements and specific habitats. Despite this spatial fragmentation, restored patches can remain ecologically connected through the movement and dispersal of interacting organisms, forming metacommunities (Leibold et al. 2004). Within these metacommunities, the diversity and structural organization of biotic interactions are crucial determinants of ecosystem stability and multifunctionality, influencing local communities as well as processes operating across spatial scales (Leibold et al. 2017; Moreno-Mateos et al. 2020; van der Plas 2019). Consequently, maintaining a high diversity of interactions and ecological cohesion at large scales is essential for the success of restoration initiatives (Holl et al. 2022). This involves increasing the spatial redundancy of interactions, which can buffer local disturbances, thereby maintaining ecosystem processes at regional scales (Segrestin et al. 2025). Moreover, complementarity of interactions also provides spatial insurance and enhances metacommunity stability (Loreau et al. 2021). Nevertheless, significant knowledge gaps persist regarding how to best enhance metacommunity stability and ecosystem multifunctionality at large scales through restoration, mostly because of the associated ecological complexity (Ockendon et al. 2025). 
Ecological network approaches have been proposed as comprehensive strategies to guide restoration of ecological complexity (Moreno-Mateos et al. 2020; Wu et al. 2025). The topology of species interaction networks is linked to species persistence (Bhatia et al. 2023) and ecological functions, e.g. pollination efficacy (Kaiser-Bunbury et al. 2017). Network topology can also be used to identify key species and interactions at the early stages of the restoration process (Borges et al. 2025). However, network-based approaches have been less explored at landscape or regional scales, limiting our ability to capture the broader dynamics of species interactions that emerge at the metacommunity level (Emer et al. 2018; Librán-Embid et al. 2021). 
Multilayered networks, in particular, can facilitate the analysis of metacommunities for restoration (Moracho et al. 2025; Pilosof et al. 2017). In multilayered networks, nodes are organized into layers and links can be established within and between layers, allowing, for example, the analysis of interactions that vary across space (Pilosof et al. 2017). For instance, meta-networks (a type of multilayered networks) can assess the cohesiveness of the metacommunity at broader scales by studying the interactions shared across patches (Emer et al. 2018; Libran-Embid et al., 2021). These shared interactions, i.e. the same interaction occurring among patches, reflect the same ecological function occurring redundantly across space (Emer et al. 2018). A detailed understanding of meta-network structure along environmental gradients could provide key ecological insights for restoration prioritization (see Box 1 for details). For instance, by identifying the characteristics driving the influence of specific patches and their associated interactions on metacommunity cohesion, it becomes possible to strategically plan restoration efforts to enhance ecosystem functioning and cohesion at broader spatial scales. However, existing meta-network analyses have focused primarily on degree centrality and other topological metrics require further exploration (Emer et al. 2018; Libran-Embid et al., 2021).
Box 1: Ecological definition of meta-network metrics: 
Meta-networks, as defined by Emer et al. 2018, describe the distribution of interactions across habitat patches. In this study, each patch, a calcareous grassland, holds a local assemblage of interacting plant and wild bee species forming a plant-pollinator network. Species interactions shared among grasslands create implicit links that connect local networks into a meta-network. Effective restoration can benefit from understanding how local and landscape management influence key meta-network metrics. Quantifying these structural patterns can facilitate the identification of distinct ecological facets, such as diversity, complementarity, redundancy or meta-network impairment (Delmas et al. 2019; Emer et al. 2018). Below, we describe some meta-network metrics and outline their ecological relevance in the context of this study:
Diversity
1) Interaction richness or grassland degree centrality: reflects the number of all different pairwise plant-wild bee interactions in a grassland (node). It is measured by counting the direct connections (edges), represented by interactions in the case of meta-networks. 
Complementarity
2) Single-site interaction richness: single site interactions are those interactions that were encountered in only one grassland during the total monitoring period (Librán-Embid et al. 2021). They have a degree that equals to one in a bipartite meta-network projection. Thus, single-site interaction richness is the number of single-site interactions per grassland. The single-site interaction richness can be interpreted as a proxy for spatial complementarity, as these interactions are unique across large spatial scales.
3) Proportion of single-site interactions: single-site interaction richness divided by interaction richness per grassland. It can be interpreted as the proportion of complementary interactions among all interactions.
Redundancy 
4) Grassland eigenvector centrality (Bonacich 1987): measures how strongly a grassland is connected to other well-connected grasslands within the meta‑network. It is calculated through an iterative process that gives higher scores to grasslands linked to others with high centrality. Thereby, this metric is a proxy for interaction redundancy across space. Grasslands with high eigenvector centrality are those that act as keystone grasslands in the meta-network. 
5) Grassland’s apparent influence (Marini et al. 2019): measures the extent to which a grassland supports interactions that are also found in other grasslands, thereby fostering functional redundancy in the meta‑network. It is calculated as the fraction of a grassland’s interactions that are also present elsewhere, following the overlap diagram approach of Muller et al. (1999). Influential grasslands with high apparent influence contribute strongly to maintaining interactions across the landscape. 
Impairment
6) Grassland closeness centrality (Freeman 1978): measures the number of steps needed to connect a grassland to all others in the meta-network through the interactions they share. It is calculated as the inverse of the summed web distances to every other grassland in the meta‑network. Higher closeness values indicate that a grassland shares interactions with fewer sites, reflecting a loss of shared interactions and potential impairment of the meta‑network.
Moreover, the degree of ecological specialization can affect both the number of patches a species occurs in and the number of interactions it contributes to (Librán-Embid et al. 2021). Thus, understanding how these specialization patterns relate to patch level meta-network metrics would reveal meta-network underlying mechanisms, facilitating insights for restoration planning. Generalist species are likely responsible for forming the majority of shared interactions across patches (Resasco et al. 2021). Such generalized widespread interactions may promote meta-network redundancy and therefore structural stability, representing key components at the metacommunity level (Pocock et al. 2012). However, restoring interactions involving habitat-specialists (narrow habitat niche) and interaction-specialists (narrow mutualistic niche) is also important to guarantee functional complementarity at local and landscape level (Dehling et al. 2021). These two groups of specialized species (habitat-specialists and interaction-specialists) may be particularly correlated to interaction richness and single-site interactions. Thus, a better understanding of how habitat- and interaction-specialist species contribute to interactions across patches is essential for conservation and restoration strategies.
Calcareous grasslands in Europe offer a suitable study system for meta-networks, as they have become rare and fragmented within a matrix of intensively managed agricultural landscapes (Diekmann et al. 2014; Loos et al. 2021). Recognized as European biodiversity hotspots, they support an exceptionally rich plant community with its high floral diversity sustaining a wide array of pollinators, including habitat- and interaction-specialists (Habel et al. 2013). These grasslands face serious conservation threats from both agricultural intensification and land‑use abandonment (Gorris et al. 2025). In response to these pressures, calcareous grasslands have been targeted by the European Nature Restoration Regulation. Effective restoration and conservation of these ecosystems relies on re-establishing or maintaining moderate levels of management, such as grazing and mowing, which promote habitat quality and prevent succession (Tälle et al. 2016; Wang et al. 2019). However, successful restoration also depends on implementing landscape-scale strategies to address fragmentation and isolation effects (Kirsch et al. 2025; Shipley et al. 2024). In particular, connectivity to other calcareous grassland is essential (Biegerl et al. 2025; Kormann et al. 2015; Rotchés-Ribalta et al. 2018), but not always feasible to restore. In this context, areas under agri-environmental-climate schemes (AES) established under the Common Agricultural Policy may play a role providing landscape elements enhancing connectivity and promoting biodiversity. Yet, it remains unknown how local habitat quality and landscape-scale connectivity to calcareous grasslands and AES affect species interactions in semi-natural grasslands.
The goal of this study is to inform future restoration strategies by evaluating the structural characteristics of meta‑networks in European calcareous grasslands. We examined sites spanning a restoration–abandonment gradient in three countries, Estonia, Germany, and Spain. First, we investigated how habitat-specialists and interaction specialization degree are correlated to meta-network metrics, thereby identifying how species’ ecological specialization influences meta-network structure. Second, we assessed the influence of local and landscape-scale management practices on the meta-network metrics to understand how different restoration approaches shape the functional connectivity of the plant-pollinator metacommunity (Figure 1). We hypothesized that: 1) habitat- and interaction-specialist species have a stronger participation in single-site interactions (Resasco et al. 2021) thereby influencing meta-network metrics indicating interaction complementarity; and 2) local restoration actions that enhance floral resources, combined with landscape measures that increase landscape connectivity, reinforce the role of grasslands as keystone and influential patches (Librán-Embid et al. 2021; Loos et al. 2021). This leads to higher predicted eigenvector centrality and apparent influence in restored grasslands, together with lower closeness centrality, indicating diminished meta-network impairment. This information can help identify and prioritize local and landscape restoration actions that maintain key ecological interactions, prevent biotic homogenization and enhance metacommunity cohesiveness. 
Methods: 
Study regions and sites:
We studied 96 calcareous grasslands from three different countries: Spain (Mediterranean region), Germany (continental region) and Estonia (boreal region). Specifically, in each country, 32 calcareous grasslands of up to 10 ha were monitored (Figure 2). They were characterized by different management and vegetation successional stages, from abandoned to restored, embedded in contrasting landscapes with different levels of connectivity to other calcareous grasslands and surrounding areas of AES (see Figure 1).
[bookmark: _Hlk206173301]Our experimental design covered 16 managed and 16 unmanaged calcareous grasslands in Estonia and Spain and 24 managed and 8 unmanaged in Germany, due to the difficulty to find unmanaged grasslands in the German study area. In Estonia and Germany, managed grasslands were initially restored between 2 to 70 years before the study. In Spain, managed grasslands were not previously restored since they have been continuously kept under livestock regimes. During the study period, local management consisted of extensive livestock grazing at different stocking rates and, in certain grasslands in Germany, regular shrub removal. By contrast, the unmanaged grasslands were characterized by a succession process, with different covers of shrubs and trees. Thus, in each country, managed and unmanaged grasslands conformed an abandonment to restoration gradient.
Plant-pollinator interaction recording: 
	Plant–pollinator interactions were recorded by observing wild bee visits to flowers along transect walks. Each site was visited three times during the spring and summer of 2022 and two times in 2023. Sampling was conducted during sunny weather, above 15 °C, with no strong wind, between 08:00 - 17:30. During each round, four flexible transects (Westphal et al. 2008) of 50 m length and 2 m width were walked for 5 min. Every time a wild bee was encountered visiting a flower, both bee and plant species were identified and recorded as an interaction. If species-level identification was not possible in the field, bees were captured with an insect sweep net and identified by experts in the lab. During handling and identification, the time was stopped. The interactions involving Apis mellifera were excluded from the final analysis, since the presence and abundance of this species in the studied regions is related to beekeeper activity (see Supplementary Materials (SM), Appendix (A) 1). 
Habitat-specialist species and calculation of interaction specialization index: 
	To identify plant and wild bee habitat-specialists, we reviewed existing literature (Kasari et al. 2013; Michez et al. 2019; Westrich 2018) and consulted local experts (Erwin Bergmeier, Jelle Devalez, Jordi Artola) to determine which species can be classified as specialists for calcareous grassland habitats. To quantify interaction specialization, we calculated the standardized specialization index (d’) by pooling all plant–wild bee interactions per country into a bipartite network and applying the dfun function of the bipartite package (Dormann et al. 2008). The d’ index measures how much a species’ partner choices deviate from a null expectation based on random use of available partners, ranging from 0 (extreme generalist) to 1 (perfect specialist). Interaction-specialists are species with a narrow interaction niche, engaging with only a few partners, which themselves also tend to be specialized (see SM A 2 for the list of habitat-specialist species and d’ index values per species and country).
Meta-network Structure:
[bookmark: _Hlk209383625]For each country, a meta-network as defined by Emer et al. (2018) was built by pooling the interactions between plants and wild bees observed over five rounds in each calcareous grassland. Each meta-network consisted of an Aij adjacency matrix, where i represents the studied calcareous grassland and j the plant and wild bee interaction. The meta-network is weighted by aij elements corresponding to the frequency of interactions j found in site i. We assessed the statistical significance of meta-network structure by testing connectance, linkage density, web asymmetry, nestedness, weighted NODF and H2 against fixed-fixed null models that maintain constant interaction frequency and the total interactions per grassland while changing network structure (quasiswap) (Hardy 2008). Detailed information on the overall structure of each meta-network and null models per country can be found in SM A 3.
[bookmark: _Hlk206943052]For each meta-network, we calculated six metrics to assess the influence of individual grasslands and their associated interactions on metacommunity cohesion (see Box 1 for details). Grasslands’ eigenvector centrality and closeness centrality were calculated based on the unipartite projection (see Figure 1 panels A, C and E, and Eq.2) using the “igraph” package (Csárdi et al. 2025). The unipartite projection was preferred because it connects nodes of the same type, in this case grasslands, and allows the calculation of metrics that preserve the structure of the original meta-network while simplifying its relationships. For these two metrics, single site interactions were not taken into consideration. In contrast, interaction richness, single-site interaction richness, its proportion, and apparent influence were calculated using the bipartite projection.
Grassland’s apparent influence was calculated based using overlap diagrams (Muller et al. 1999), by calculating the fraction of interactions occurring in a given grassland that were also present in the rest of the grasslands. Technically, this is defined as in the equation (Eq.1): 

where  is the unipartite projection of the meta-network, created from the multiplication of the adjacent matrix by its transpose matrix (Eq.2), i.e.:

where α represents the adjacent matrix of the meta-network. 
Additionally, to investigate variation in interactions among grasslands and test for spatial autocorrelation, we calculated several beta-diversity indices (Sørensen dissimilarity index, Simpson dissimilarity and nestedness-resultant fraction of Sørensen index) using “betapart” package (Baselga et al. 2012) and tested the correlation of Sørensen dissimilarity with geographical distances per country using a Mantel test (Mantel 1967). In all cases, the correlations were non-significant. Thus, we considered spatial autocorrelation to play a minor role in our study and did not include the spatial component in any other analysis (see SM A 4 for more detail).
Measuring habitat quality:
	To assess local habitat quality, we measured the grasslands´ area, woody cover, flower cover and diversity of insect-pollinated plant species. To measure woody cover in Germany and Estonia, we calculated the average proportion of shrubs and trees among five circular subplots of 5 m radius capturing the greatest grassland heterogeneity. In Spain, woody cover was estimated as the proportion of area within a 50-meter buffer from the grassland’s central point. Since small shrubs (<50 cm) can be present in calcareous grasslands in Spain (even if they are grazed) and provided floral resources, they were excluded from the woody cover assessment. Moreover, after each interaction sampling, we counted the number of flower heads per plant species in each transect (Scheper et al. 2015). Complex inflorescences as of Asteraceae were treated as one flower unit. For each plant species, the diameter of 10 flower units from different individuals was measured to obtain the mean area of species’ flower unit. Missing values were added from (Librán-Embid 2021) and a database maintained by the Plant Ecology and Nature Conservation group (Wageningen University and Research). Number of flower units was multiplied by the average flower unit area for each plant species. To get the flower cover per grassland, we summed the flower cover of all plant species found within the respective transects across all rounds. 
Landscape composition and habitat connectivity:
To characterize the compositional heterogeneity and connectivity of the landscape, we focused on the area covered by other calcareous grasslands and AES in the surroundings. We estimated the percentage of area covered by other calcareous grasslands within a 1 km buffer around the border of each studied grassland, as a proxy of grassland´s landscape connectivity. Areas under AES were also calculated as landscape percentages in the same buffers and categorized based on their implementation purpose. AES integrated into crop production (e.g. organic farming) were classified as productive AES, whereas AES implemented as set aside measures that left land uncultivated (such as fallows) were considered non-productive AES (see table S12 to check the specific AES per category and country). These categories are justified by their contrasting ecological effectiveness (Batáry et al. 2015) and the different willingness for uptake by farmers (Kleijn et al. 2019). All landscape metrics were calculated using QGIS (QGIS.org 2024) and R (R Core Team 2025) based on land use data available in each country for the year 2022 and 2023 (Unique Agrarian Statement/DUN and Regional Geographic Information System of Farming Land of the Generalitat de Catalunya in Spain; EELIS - Estonian Nature Information System of the Estonian Environment Agency and WFS map of organic farming in Estonia; and LEA portal of Lower Saxony (https://sla.niedersachsen.de/landentwicklung/LEA/) as well as IACS data (Integrated Administration and Control System) in Germany). 
Statistical Analysis:
Effects of species’ ecological specialization on meta-network structure
[bookmark: _Hlk209385849][bookmark: _Hlk209385883]To evaluate how species’ ecological specialization (habitat and interaction) influences meta‑network structure, we calculated: (i) the proportion of interactions involving plant and wild bee habitat-specialists among all observed interactions and among single‑site interactions, and (ii) the average standardized specialization index (d’) for plants and wild bees participating in all observed interactions and in single‑site interactions. We then assessed Kendall correlations between meta‑network metrics with plant and bee species richness, habitat-specialist richness, and average d’ values per grassland. Significance was tested using the cor.test function from the stats package (R Core Team 2025), and p‑values were adjusted per country using the Benjamini–Hochberg procedure to control the false discovery rate (Benjamini & Hochberg 1995).
Local and landscape effects
To test whether local management and landscape measures affected grassland centrality in the meta-network, we used generalized linear models (GLM). Local habitat quality included flower cover (log transformed), flowering plant richness, woody cover (local percentage), and grassland area (ha). Landscape variables included the cover of surrounding calcareous grasslands (landscape percentage), productive AES (landscape percentage) and non-productive AES (landscape percentage). All variables were tested against the centrality metrics (interaction richness, single-site interaction richness, proportion of single-site interactions, grassland eigenvector centrality, grassland closeness centrality and grassland apparent influence), together with the country factor to account for potential biogeographical differences. A separate model was fitted for each centrality metric. The explanatory variables were scaled for all models, i.e. subtracting the mean and dividing by the standard deviation for each value. We used a generalized Poisson distribution with a log-link function in the case of interaction richness, a negative binomial distribution with quadratic parameterization and log-link function for the single-site interaction richness and a beta distribution with log-link function for the proportion of single-site interactions. In the case of eigenvector centrality, closeness and apparent influence, we adjusted the GLM using a Gaussian distribution with identity link function. Multicollinearity was checked with the Variance Inflation Factor in the “performance” package (Lüdecke et al. 2021). All models were calculated using “glmmTMB” package (McGillycuddy et al. 2025) and “DHARMa" package for residual diagnostics (Hartig 2024). Data processing, meta-network construction, metric calculation, statistical analysis and figure plotting (Wickham et al. 2019) were performed in R (2025). 
Results:
Overall, the three meta-networks encompassed 5476 observed interaction events, 1385 different plant-wild bee interactions, 200 plant species, and 225 wild bee species. Single-site interactions, i.e. interactions only observed in one grassland per country in the whole monitoring period, represented 985 observations (70% of the total interaction richness, but 18% of the observed abundance). Although meta‑network size and species richness varied among countries showing their contrasting biogeographical context, all meta‑networks displayed a similar structure. They were sparse (low connectance), with relatively few shared interactions overall and with consistently high interaction turnover. A small number of grasslands shared interactions widely (high web asymmetry), whereas most were connected with only a limited subset of others (moderate H₂′). Nestedness was low, indicating that interaction‑poor grasslands were not simply subsets of well‑connected ones. Together, these patterns reveal a similar organization of interaction sharing across regions despite differences in meta‑network size (see SM A3 Tables S8 and S9).
[bookmark: _Hlk209384917]Species specialization roles in meta-network structure
Interactions restricted to a single grassland were neither disproportionately composed of habitat-specialists nor dominated by interaction-specialists. Habitat-specialists accounted for 36.5 % of all plant interactions and 10.7 % of all wild bee interactions, with similar proportions in single‑site interactions (32.0 % and 12.3 %, respectively). Mean interaction specialization (d′) was also comparable between total and single‑site interactions for both plants and wild bees. Across countries, plant d′ values tended to be slightly higher in Spain and Germany (0.45, 0.41 respectively) than in Estonia (0.31), whereas wild bee d′ values were relatively consistent at moderate levels (Estonia 0.38, Germany 0.43 and Spain 0.39; see SM A6, tables S13 and S14).
In all countries, more diverse grasslands contributed more total and unique interactions to the meta‑network and had lower closeness centrality as expected (Fig. 3). Richness of habitat-specialist plants was positively related to eigenvector centrality (significant in Germany and Spain), indicating that “keystone” grasslands tend to host more habitat-specialist plants, whereas such specialists were less common in grasslands with higher closeness centrality. Interaction specialization (mean d′, i.e. the average specialization degree of the species present in each grassland) showed mostly weak relationships with meta‑network metrics. Nevertheless, in Estonia and Spain, higher mean d′ for either plants or bees tended to be associated with more total and single‑site interactions, whereas in Germany these relationships tended to be negative. In Germany and Spain, higher interaction specialization corresponded to a greater proportion of single‑site interactions, but not in Estonia. Higher mean bee d′ tended to be associated with lower apparent influence, reflecting the reduced sharing of interactions among sites when bees have fewer partners (see Table S15). 
Local and landscape restoration effects
	In general, local factors exerted a stronger influence on plant–pollinator meta-network structure than landscape-level variables (Figure 4). Among these, flower richness had the most pronounced effect, showing significant positive relationships with interaction richness (estimate ± standard error: 0.14 ± 0.03, p < 0.01), single-site interaction richness (0.26 ± 0.04, p < 0.01), and the proportion of single-site interactions (0.16 ± 0.05, p < 0.01). Additionally, flower richness was significantly negatively associated with both grassland closeness centrality (–0.01 ± 0.005, p = 0.05) and apparent influence (–0.23 ± 0.09, p = 0.01). Similarly, flower cover had a significant positive effect on interaction richness (0.08 ± 0.03, p < 0.01) and single-site interaction richness (0.13 ± 0.05, p = 0.01). 
By contrast, woody cover was only significantly associated with higher grassland closeness centrality (0.15 ± 0.05, p < 0.01), denoting that increased cover of shrubs and trees promotes fewer shared interactions among few grasslands. Regarding landscape management factors, productive AES were significantly negatively linked to grassland closeness centrality (–0.011 ± 0.05, p = 0.02), while non-productive AES were associated with reduced single-site interaction richness (–0.1 ± 0.04, p = 0.03), i.e. potentially increasing the overlap of interactions among sites (see SM A 7, Figures S2 & S3). None of the tested variables significantly affected eigenvector centrality, implying no detectable effects on keystone grassland status. Grassland area and cover of surrounding calcareous grasslands were not significant in any of the models. Country was significant in all tested models, indicating differences among studied regions (see Table S16 for a detailed summary of model results).
Discussion: 
Our study provides a comprehensive assessment of the structure and drivers of plant-wild bee meta-networks in calcareous grasslands in three European countries. Notably, the richness of plant habitat-specialists increased eigenvector centrality, indicating that grasslands with more habitat-specialists plants tend to become more central in the meta-network of interactions. Local habitat quality, particularly flower richness, emerged as the main driver promoting interaction richness and the proportion of single-site interaction, reflecting the spatial complementarity of interactions. In contrast, increased woody cover tended to reduce meta-community cohesion by losing shared interactions across grasslands. Despite the limited effect of landscape-scale measures, both productive and non-productive AES showed the potential to increase the redundancy of interactions among calcareous grasslands, thereby supporting the restoration of plant-pollinator metacommunity cohesion. 
In grasslands, insect‑pollinated plants are often among the first species to disappear after abandonment (Sõber et al. 2024). Our results show that the most effective way to promote plant–pollinator interactions is to restore the richness of habitat‑specialist plants, alongside increasing floral cover and floral richness. These factors were associated not only with a higher diversity of interactions, but also with meta‑network properties, such as interaction spatial redundancy (eigenvector centrality) and spatial complementarity (single‑site interactions). This aligns with previous findings on plant and pollinator populations (Fantinato et al. 2021; Fijen et al. 2025; Harzé et al. 2018; Roulston & Goodell 2011). Restoration actions to achieve this include seed‑bank activation through ground disturbance or the application of moderate grazing management and movement of livestock between grasslands to facilitate plant colonization (Chazdon et al. 2024). However, previous studies indicate that despite local conservation efforts, plant habitat‑specialist declines can occur (Bauer & Albrecht 2020). 
Surprisingly, at the landscape scale, the cover of other calcareous grasslands showed no significant effect on any of the tested meta-network metrics. Similar result were reported by Librán-Embid et al. (2021), where grassland connectivity did not significantly influence interaction richness or single site interaction richness, likely due to the high fragmentation of the studied region in Germany. In our study, we extended the studied gradient of grassland connectivity substantially by including regions with higher percentage of calcareous grassland in the landscape and in other biogeographical regions, yet the results remain non-significant. This suggest that habitat connectivity may not always lead to higher levels of shared interactions, potentially reflecting the complex, multi‑process dynamics of landscape fragmentation (Ibáñez et al. 2014). Moreover, other studies have reported that connectivity effects can be taxon-dependent (Biegerl et al. 2025; Kormann et al. 2015). 
Nevertheless, our results suggest that surrounding AES can facilitate the recovery of metacommunity cohesion of calcareous grasslands by preventing meta-network impairment (i.e. lower grassland closeness centrality) and promoting interaction redundancy (here by reducing single-site interaction richness). This finding is also consistent with Librán-Embid et al. (2021), who reported a negative effect of landscape diversity on the proportion of single-site interactions, yet in a 500 m buffer. In our study, this was only true for non-productive AES, such as flower fields and fallows, at 1 km buffer. Non-productive AES support plant diversity and increase pollinator richness and abundance by providing additional resources, particularly when they include local plants found in calcareous grasslands or have longer temporal continuity (Biegerl et al. 2025; Geppert et al. 2020; Sloan et al. 2025). By supporting species’ richness and abundance at the landscape level, non-productive AES can potentially increase the probability of interactions also occurring in other grasslands. This could result in an extended overlap of interactions among sites, thus ensuring interaction redundancy across space, as pointed by the weak evidence of increased apparent influence (0.17 ± 0.10, p = 0.07, see SM A 7 Table S16). Productive AES, such as organic farming, can benefit pollinator populations (Czechofsky et al. 2025) and may contribute to landscape heterogeneity (Gámez-Virués et al. 2015), thereby facilitating shared interactions at landscape level as shown by reduced closeness centrality. 
Contrary to our expectations, single‑site interactions were not dominated by habitat-specialists or by species with higher interaction specialization. Besides, interaction specialization index showed mostly weak relationships with meta‑network metrics. This aligns with previously reported patterns where interactions involving generalist plant and bee species are more persistent across space and time (Resasco et al. 2021). New studies support the hypothesis that generalism does not drive species’ ecological success, but rather emerges as a result of it. In this view, larger abundances and broader range sizes—rather than intrinsic functional traits—provide species with the opportunity to expand their interaction range, that is, to express their generalist potential. (Hurtado et al. 2024). This suggests that specialist species may have higher capacities to increase their interaction niche than previously thought, if the ecological conditions are favorable to them (Hurtado et al. 2024). Thus, restoration practices should focus on both, support generalist species to foster interaction redundancy but also in promoting favorable conditions for specialists to underpin interaction complementarity. 
Despite using a large dataset across different geographical regions, there are some limitations worth mentioning. We defined meta-networks based on inferred links from the overlap of grassland‑level plant-pollinator networks, and thus represent implicit connections rather than direct, observed interactions between sites, similarly as in the previous studies by Emer et al. 2018 and Librán-Embid et al. 2021. Our monitoring might have constrained the observed interactions as well as the conditions to derive interaction specialization patterns, possibly ignoring biologically relevant temporal or spatial variation (CaraDonna & Waser 2020). To improve our understanding of the meta-network structure and disentangle the potential effects of local and landscape context, future studies should consider additional aspects such as interaction nature (e.g. if an observed interaction is an opportunistic event), functional redundancy (e.g. different interactions with same ecological functions), phenological and temporal changes (e.g. varying observed interactions across time) and regional filtering (e.g. interactions constrained to certain regions), ultimately guiding future restoration practice. 
Biogeographical differences and other regional particularities might have driven structural differences on the meta-networks among the countries studied. For instance, during the monitoring period, Spain was suffering an extreme drought (AEMET 2023, 2024) that impacted the number of floral resources and most probably the number of observed species (Phillips et al. 2018). In Germany, the study region has experienced significant fragmentation of calcareous grasslands during last decades, resulting in widely scattered and small remaining patches (Librán-Embid 2021). This limits both the number of individuals a fragment can sustain and the frequency of immigration events from surrounding patches (WallisDeVries et al. 2002). Conversely, in the case of Estonia, grasslands were spread between the mainland (Pärnu region) and the Saaremaa island. Some wild bee distribution ranges are constrained by this fact, like Bombus confusus, that has not been found from the island (see https://elurikkus.ee/app/taxonomy/taxon/40349). This had a direct impact on the construction of the meta-network and its structure. Nevertheless, overall meta-network topography parameters followed similar patterns in the three countries studied and correlation analysis showed mostly consistent results across countries, showing their potential to derive general findings across regions.
Conclusion:
In this study we used plant-wild bee meta-networks to investigate the restoration of calcareous grasslands. We found that habitat quality (habitat-specialist plant richness, alongside floral cover and richness) is fundamental to restore the diversity of interactions and support interaction complementarity. Additionally, landscape-scale AES can contribute to prevent the impairment of meta-network by supporting the redundancy of interactions across grasslands. Thus, both local habitat quality and a diversified biodiversity-friendly agricultural matrix will help to restore the cohesiveness of the plant-pollinator metacommunity. The meta-network approach has shown great potential for improving restoration practices by accounting for higher levels of ecological complexity. Further methodological development is needed to address limitations related to species distribution characteristics and interaction patterns, in order to accelerate the restoration of calcareous grasslands.
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Figure 1: Conceptual summary of the analytical framework. We studied how species ‘ecological specialization (habitat and interaction specialization) is related to meta-network metrics of individual grasslands. Additionally, we analyzed the effect of local habitat quality, created by a gradient of local management, and landscape context, i.e. the cover of calcareous grasslands and AES in the surrounding landscape, on the role of the grasslands in the meta-network structure. Landscape AES were either integrated into crop production (productive AES) or set aside measures (non-productive AES).
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Figure 2: Map of studied regions and representation of each meta-network per country. Studied regions are marked in dark green on the European map. For each country, the representation of the plant-wild bee meta-networks structure is presented using two different projections. 1) Panels A, C and E show the unipartite projection where the location of calcareous grasslands is presented in colored dots based on the number of interactions hold in each grassland, and yellow lines connect calcareous grasslands when they share the same plant-wild pollinator interaction, projected in the physical maps (satellite images from Google Maps, 2025). 2) Panels B, D and F show the bipartite projection: calcareous grasslands are represented by green nodes, whereas interactions are represented by yellow nodes. Whenever an interaction is occurring uniquely in one site during the whole monitoring period (single-site interactions), the yellow node connects with one single green node.

[image: ]Figure 3: Kendall correlations among grassland meta-network metrics (Interact Rich: richness of interactions; S-S Interact Rich: number of single-site interactions; Prop S-S Interact: proportion of single site interactions, Eigenvector Cent: grasslands eigenvector centrality; Closeness Cent: grasslands closeness centrality; Apparent Influence: grasslands apparent influence) and species’ richness and  ecological specialization (GP: Generalist Plant; GB: Generalist Wild Bee; SP: Specialist Plant; SB: Specialist Wild Bee; WP: Widespread Plants; LP: Local Plants). Tile color indicates the correlation estimate (see legend: green for positive, purple for negative), while texture provides redundant encoding: striped tiles represent positive correlations, dotted tiles represent negative correlations, and denser textures indicate stronger associations. Significant results are marked with thick black margin of the tile.
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Figure 4: Effect of the flower cover, flower richness, woody cover, grassland size, landscape cover of calcareous grasslands, landscape cover of productive AES, and landscape cover of non-productive AES on the studied meta-network metrics differentiated by color (see legend). Whiskers represent 95% confidence intervals of the estimated effects. An explanatory variable is significant if whiskers do not overlap the zero dashed line (shown in bold). Non-significant effects are show with dashed and transparent lines. Country effects have been dropped for visualization purposes.
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