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ABSTRACT 21 

1. Agricultural intensification, afforestation and land abandonment are major drivers of biodiversity loss 22 

in semi-natural grasslands across Europe. Reversing these losses requires the reinstatement of plant-23 

animal interactions such as pollination. Here we assessed the differences in species composition and 24 

patterns of plant-pollinator interactions in ancient and restored grasslands and how these patterns are 25 

influenced by landscape connectivity, across three European regions (Belgium, Germany and 26 

Sweden). 27 

2. We evaluated the differences in pollinator community assemblage, abundance, and interaction network 28 

structure between 24 ancient and restored grasslands. We then assessed the effect of surrounding 29 

landscape functional connectivity (i.e. green infrastructure, GI) on these variables and tested possible 30 

consequences on the reproduction of two model plants, Lotus corniculatus and Salvia pratensis. 31 

3. Neither pollinator richness nor species composition differed between ancient and restored grasslands. 32 

A high turnover of interactions across grasslands was detected but was mainly due to replacement of 33 

pollinator and plant species. The impact of grassland restoration was consistent across various 34 

pollinator functional groups, whereas the surrounding GI had differential effects. Notably, bees, 35 

butterflies, beetles, and dipterans (excluding hoverflies) exhibited the most significant responses to GI 36 

variations. Interestingly, networks in restored grasslands were more specialised (i.e. less functionally 37 

redundant) than in ancient ones and also showed a higher number of insect visits to habitat-generalist 38 

plant species. Landscape connectivity had a similar effect, with habitat-specialist plant species 39 

receiving fewer visits at higher GI values.  40 

4. Fruit set in S. pratensis and L. corniculatus was unaffected by grassland type or GI. However, the fruit 41 

set in the specialist S. pratensis increased with the number of pollinator visits, indicating a positive 42 

correlation between pollinator activity and reproductive success in this particular species.. 43 

5. Synthesis and applications. Our findings provide evidence of the necessity to enhance ecosystem 44 

functions while avoiding biotic homogenization. Restoration programs should aim at increasing 45 

landscape connectivity which influences plant communities, pollinator assemblages, and their 46 

interaction patterns. To avoid generalist species taking over from specialists in restored grasslands, we 47 
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suggest reinforcing the presence of specialist species in the latter, for instance by means of 48 

introductions, as well as increasing the connectivity to source populations.  49 

 50 
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NON-ENGLISH ABSTRACT 54 

1. La intensificación agrícola, la forestación y el abandono de tierras son factores clave en la pérdida de 55 

biodiversidad en pastizales semi-naturales en toda Europa. Revertir estas pérdidas requiere restablecer 56 

interacciones planta-animal, como la polinización. En este estudio, evaluamos las diferencias en la 57 

composición de especies y patrones de interacciones planta-polinizador en pastizales antiguos y 58 

restaurados, y cómo estos patrones son influenciados por la conectividad del paisaje en tres regiones 59 

europeas (Bélgica, Alemania y Suecia). 60 

2. Examinamos las diferencias en el ensamblaje de la comunidad de polinizadores, su abundancia y la 61 

estructura de la red de interacciones planta-polinizador en 24 pastizales antiguos y restaurados. Luego, 62 

evaluamos el efecto de la conectividad funcional del paisaje circundante (es decir, infraestructura 63 

verde, GI) en estas variables y evaluamos posibles consecuencias en la reproducción de dos plantas 64 

modelo, Lotus corniculatus y Salvia pratensis. 65 

3. No hubo diferencias en la riqueza de polinizadores ni en la composición de especies entre los pastizales 66 

antiguos y restaurados. El impacto de la restauración de pastizales fue consistente en diversos grupos 67 

funcionales de polinizadores, mientras que la GI circundante tuvo efectos diferenciales. 68 

Destacadamente, abejas, mariposas, escarabajos y dípteros (excluyendo sírfidos) mostraron las 69 

respuestas más significativas a las variaciones en la GI. Curiosamente, las redes en pastizales 70 

restaurados fueron más especializadas (menos funcionalmente redundantes) que en los antiguos y 71 

también mostraron un mayor número de visitas de insectos a especies de plantas generalistas de 72 

hábitat. La conectividad del paisaje tuvo un efecto similar, con especies de plantas especializadas 73 

recibiendo menos visitas a mayores valores de GI. 74 

4. La producción de frutos en S. pratensis y L. corniculatus no se vió afectada por el tipo de pastizal o la 75 

GI. Sin embargo, la producción de frutos en la especialista S. pratensis aumentó con el número de 76 
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visitas de polinizadores, indicando una correlación positiva entre la actividad de polinización y el éxito 77 

reproductivo en esta especie. 78 

5. Síntesis y aplicaciones. Nuestros resultados evidencian la necesidad de evitar la homogeneización 79 

biótica. Los programas de restauración deben apuntar a aumentar la conectividad del paisaje, que 80 

influye en las comunidades de plantas y polinizadores y sus patrones de interacción. Para evitar que 81 

especies generalistas desplacen a especialistas en pastizales restaurados, sugerimos reforzar la 82 

presencia de especies especialistas en estos, por ejemplo, mediante introducciones, así como aumentar 83 

la conectividad con poblaciones fuente. 84 

 85 

1   INTRODUCTION 86 

European semi-natural grasslands are hotspots of biodiversity which are suffering the impacts of 87 

agricultural intensification, afforestation and abandonment (Poschlod & WallisDeVries, 2002; Cousins et al., 88 

2015; Ridding et al., 2020). Such grasslands provide important environmental/ecosystem services, such as 89 

water supply and flow regulation, carbon storage, erosion control, climate mitigation, pollination, as well as 90 

cultural ecosystem services (Bullock et al., 2011; Bengtsson et al., 2019; Hooftman et al., 2021, 2023). The 91 

remaining fragments of ancient semi-natural grasslands are often surrounded by large areas of forest or 92 

intensively farmed, which hampers plant and animal movement among them (Hooftman & Bullock, 2012; 93 

Auffret et al., 2015; Cousins et al., 2015; Öckinger et al., 2017). This reduced landscape connectivity, or 94 

isolation, has shown to cause reduced population genetic diversity, lower plant species richness, and smaller 95 

populations of specialist plants within remaining grasslands (Lehmair et al., 2020; Plue et al., 2022). Further 96 

effects of poorly connected landscapes may be the disruption of plant-animal interactions such as pollination 97 

networks (Clough et al., 2014; Orford et al., 2016; Rotchés-Ribalta et al., 2018). 98 

Landscape connectivity may be determined by the amount and spatial configuration of the so-called 99 

‘Green Infrastructure’ (GI, hereafter), defined as an ensemble of habitats such as road verges, hedgerows, 100 

grass-strips, small grassland remnants and formerly grazed forest borders, that harbour grassland species with 101 

high potential to maintain biodiversity and to supplement grassland ecosystem service provision across the 102 

landscape (modified from Hooftman et al., 2023). However, environmental conditions in these habitats are 103 

often unsuitable for maintaining viable source populations of specialised grassland plants (Dániel-Ferreira et 104 
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al., 2023). Furthermore, GI habitats are likely less important as sources of food for pollinators and for their 105 

nature conservation and cultural value unless they are well-connected to ancient core grassland areas which 106 

can act as a source of unique species and genetic diversity within landscapes (Plue et al., 2022, Dániel-Ferreira 107 

et al. 2023). Indeed, increases in GI by itself appears to be insufficient to offset connectivity declines caused 108 

by the loss of semi-natural habitat, and landscape links must be functionally effective to contribute to grassland 109 

diversity (Kimberley et al., 2021).  110 

Here, we focus on the grassland restoration effect and on the influence of landscape connectivity on 111 

one important ecosystem function, pollination and the resulting plant reproductive performance of insect-112 

pollinated plants. Previous studies have shown that pollinator communities improve quickly after grassland 113 

restoration (reviewed in Sexton & Emery, 2020). Furthermore, pollinator traits such as mobility and resource 114 

use act as filters influencing the assemblage of pollinator communities after restoration (Öckinger et al., 2017). 115 

Occurrence of important pollinator functional groups like bumblebees, solitary bees, and hoverflies in the 116 

restored sites depends on such traits, such as nesting habits and migratory capacity (Öckinger et al., 2017). The 117 

few restoration studies that have monitored not only pollinators but plant-pollinator interactions at a 118 

community level, using a network approach, have found that networks in restored sites are significantly less 119 

complex, in terms of network connectance (fraction of all potential network links that are actually realized) 120 

and less robust (i.e. in terms of resistance to disturbances) than in ancient sites (Forup et al., 2008; Williams 121 

2011; Cusser and Goodell, 2013). This occurs despite plant and pollinator communities being established 122 

successfully on restored sites, and regardless of their proximity to ancient sites (Forup et al., 2008). A lower 123 

pollinator functional redundance and lower network robustness was also reported by Williams (2011) in 124 

restored riparian communities, which showed diverse and abundant native pollinator communities but with a 125 

distinct species composition compared to the reference sites. This was attributed mainly to differences in the 126 

physical characteristics of restored sites, which may affect, for instance, nesting availability. Landscape factors 127 

such as distance from the remaining habitat patches of intact quality and areas with low floral diversity have 128 

also been reported to reduce pollinator diversity, and possibly network robustness (Cusser & Goodell, 2013). 129 

Landscape connectivity, specifically, appears to determine to a large extent which pollinators and plant-130 

pollinator interactions can be restored. For instance, solitary bees are more likely to occur in well-connected 131 

restored grasslands whereas the opposite is found for hoverflies, although the migration capacity of the latter 132 
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seems to influence their abundance in restored grasslands (Öckinger et al., 2017). A particular pollinator 133 

functional group may also be more species rich but less abundant in well-connected grasslands than in poorly 134 

connected (isolated) grasslands, as found by Rotchés-Ribalta et al. (2018). No effect of landscape connectivity 135 

on plant-pollinator network metrics has also been reported in at least one study (Noreika et al., 2019).  136 

Through a large-scale study, across three European regions (Fig. 1S), we investigated the impacts of 137 

grassland restoration on plant-pollinator interactions and on reproductive performance of insect-pollinated 138 

plants, related to landscape connectivity. We first assessed differences in species composition and plant-139 

pollinator interactions between ancient and restored grasslands, and then evaluated how these variables were 140 

influenced by GI. Lastly, by using a pair of plant species as model systems  -Salvia pratensis L., representing 141 

a grassland specialist, and Lotus corniculatus L., embodying a grassland generalist- we examined whether and 142 

how fruit and seed set differs between both type of grasslands. Additionally, we investigated how these 143 

measures of reproductive success are modified by GI. The distinction between specialist and generalist lies in 144 

their ecological performance, with the former demonstrating a more specific habitat preference and the latter 145 

thriving across a broader range of grass types and more heterogeneous grassland environments (Moughan et 146 

al., 2021; van Treuren et al., 1993, Grant 1996). Specifically, we tested the following hypotheses:  147 

1. Restored grasslands show a lower number of pollination interactions, a high interaction turnover 148 

between grasslands, and more generalized networks compared to the ancient grasslands.. Due to the likely 149 

richer pollinator communities in the latter, higher reproductive success is anticipated in ancient grasslands.  150 

2. Improved connectivity between habitats, facilitated by green infrastructure, increases both pollinator 151 

visits (abundance) and richness within grasslands, while simultaneously minimizing changes in interaction 152 

patterns. 153 

3. If hypothesis 2 is true, this should result in higher fruit and seed set, in both grassland generalist and 154 

specialist plants. This implies that connecting habitats through green infrastructure contributes to maintain 155 

both type of species, without the necessity to reinforce the presence of specialist plants in the restored 156 

grasslands.4. Restored grasslands with higher levels of green infrastructure closely resemble ancient 157 

grasslands in species richness, abundance, and plant-pollinator interactions due to enhanced habitat 158 

connectivity facilitating the process of plant and pollinator recolonization. 159 



 
 

 

7 

2. MATERIALS AND METHODS 160 

2.1 Study system and sampling design 161 

Our work is based on species surveys and digitisations of 36 landscapes across three regions in Western 162 

Europe (Hooftman et al., 2021, 2023; Kimberley et al., 2021): the Viroin valley in Belgium, the Kallmünz 163 

region in Germany, and Södermanland county and the Stockholm archipelago in Sweden (see Figure S1 in 164 

Appendix S1 within the Supporting Information). In each of these three regions, 12 circular landscapes, of 165 

1500 m radius from the centroid of a focal semi-natural grassland, were selected. Landscape area was based 166 

on the ability to generate five concentric bands of 300 meters for segment selection (=1500m) from the edge 167 

of the cores (see Hooftman et al., 2021 for detailed information). Some overlap between landscapes could not 168 

be avoided due to the low availability of such grasslands, especially in Germany (Hooftman et al., 2021). The 169 

study focused on key grasslands in various regions, each reflecting a mix of historical continuity and recent 170 

restoration efforts. Six of these grasslands had been consistently managed through grazing for centuries, while 171 

the other six were recently restored, showcasing a spectrum of contemporary structural connectivity (refer to 172 

Kimberley et al., 2021 for detailed information). Livestock, such as sheep or cattle, played a role in the grazing 173 

management of all focal grasslands. In the case of restored grasslands, restoration also included the removal 174 

of successional scrub and trees from abandoned pastures (Kimberley et al., 2021). For logistic and feasibility 175 

reasons, we did our pollinator sampling in 24 out of the 36 landscapes (see Table 1).  176 

We considered semi-natural grassland, open forest, midfield islets, forest borders and road verges as 177 

potential ‘Green Infrastructure (GI) habitats for grassland plant species (Cousins, 2006; Poschlod and Braun-178 

Reichert, 2017; Lindgren et al., 2018). Our estimate of landscape connectivity was the total number of hectares 179 

of GI within a 1500 m radius. This approach aligns with our overarching goal of assessing connectivity at a 180 

broad level, capturing the potential complexity and variability in landscapes with various management forms 181 

and historical conditions. 182 

2.2. Plant–pollinator interactions’ survey 183 
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Plant-pollinator interactions were sampled five times at each of the 24 focal grasslands throughout the 184 

main flowering periods of 2018, shifting geographically with the flowering period (May 3rd-June 6th-in 185 

Germany, June 14th-July 8th in Belgium and July 10th-August 9th in Sweden), from 9 a.m. to 6 p.m. on sunny 186 

days with low wind, and above 15ºC. Flower visitation data were gathered along three parallel linear transects 187 

(80m long and 3m wide) over 45 min (15 min per transect). The list of censused plants is shown in Appendix 188 

S2 (Supporting Information) and the number of plants and pollinators censused in each grassland are given in 189 

Table 1. We recorded the identity and number of insect contacts to flowers, considering only those (i.e. potential 190 

pollination events) when an insect clearly touched the flower reproductive organs. Insects were either identified 191 

in the field or collected (in Germany and Sweden) or photographed (in Belgium) for subsequent identification 192 

by expert taxonomists. Licenses were not needed for fieldwork, and ethical approval was not required for the 193 

research. Sampling completeness, estimated through the Chao2 index, was rather acceptable, being 68.9% and 194 

48.87% for pollinator richness and plant-pollinator interactions, respectively.   195 

To facilitate the detection of general patterns, we grouped the flower visitors into 10 functional 196 

pollinator groups (set of species that tend to interact with flowers similarly (Fenster et al., 2004), namely (in 197 

alphabetical order): ants, coleopterans, dipterans (excluding hoverflies), hemipterans, hoverflies, large bees (> 198 

or = 1 cm), small bees (<1 cm), lepidopterans, neuropterans, and wasps (see Appendix S3 in Supporting 199 

Information). Hemipterans and neuropterans were excluded from the statistical analyses (see below) as they 200 

were poorly represented in the dataset (less than 1% of visits). 201 

2.3 Plant reproductive performance 202 

We evaluated plant reproductive success by quantifying fruit set and viable seed set of two grassland 203 

plant species that occur in all three regions: Lotus corniculatus, a common grassland generalist present in a 204 

variety of habitats (van Treuren et al., 1993, Grant 1996), and a more habitat specialist Salvia pratensis 205 

(Moughan et al., 2021). Both are referred hereafter as Lotus and Salvia. Lotus is self-incompatible, fully 206 

dependent on insect pollination to produce viable seeds (Stephenson, 1984) and pollinated by different 207 

pollinator functional groups whereas Salvia is self-compatible but needs pollinators to move pollen from the 208 

anther to the ovary, being mainly pollinated by bees (van Treuren et al., 1993). At each grassland, we marked 209 
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up to 10 plant individuals, if available, per species, marking all flower buds of one of the inflorescences in 210 

each individual. Before fruit dehiscence, we collected and counted the number of fruits and seeds in each. 211 

Later in the laboratory, we used an X-ray test (Bruggink 2017) to assess seed viability, i.e., whether seeds 212 

contained a fully developed embryo and endosperm. The final evaluated variables were fruit set and viable 213 

seed set.  214 

2.4 Estimation of network metrics 215 

We constructed quantitative bipartite networks using full-season data for each focal grassland, aiming 216 

to provide a comprehensive and seasonal perspective on interactions, moving beyond daily analyses. While 217 

this approach introduces the potential for 'forbidden links' due to varying flowering times, our analysis revealed 218 

no significant difference in flowering turnover between ancient and restored grasslands (ANOVA: F1,18 = 0.027, 219 

P = 0.87) or among regions (ANOVA: F2,18 = 2.215, P = 0.14). Therefore, the uniformity in flowering turnover 220 

across grassland types and regions confirms the robustness of our results. Consequently, the overall outcomes 221 

of our study are unlikely to be the result of a different probability of links between partners due to temporal 222 

mismatches.  223 

 We used visitation frequencies as a proxy for interaction strength (Vázquez et al., 2005), defining 224 

visitation frequency between pollinator i and plant j species as the total number of visits of i to j. For each 225 

grassland, we obtained the number of plant species (P) and animal species (A) and used R package “bipartite” 226 

(Dormann, Gruber & Fruend, 2008) to calculate seven niche-based topological metrics that describe network 227 

performance:  228 

(i) total number of different plant-pollinator interactions (I);  229 

(ii) total number of visits (V);  230 

(iii) mean number of links/species; 231 

(iv) connectance (C = I/AP), i.e., the fraction of realized interactions in the network;  232 

(v) interaction evenness (IE), which ranges from 0 to 1 with low values implying strong dominance 233 

in the distribution of interactions such that some links are very strong (i.e. high interaction 234 

frequencies) and many others weak;  235 



 
 

 

10 

(vi) network specialization (H’2), which quantifies the degree of niche divergence of elements 236 

within an entire bipartite network (Blüthgen, Menzel & Blüthgen, 2007) ranging from 0 (low 237 

specialization, high niche overlap, high functional redundancy) to 1 (high specialization, low 238 

niche overlap, low functional redundancy); and 239 

(vii) network modularity (Q), which measures the extent to which species interactions are organized 240 

into modules. Q values were estimated applying Newman’s modularity adapted for quantitative 241 

bipartite networks by Beckett (2016) and were corrected by comparing them to a reference 242 

distribution derived from 100 random networks constructed with the r2dtable algorithm 243 

(Patefield, 1981). The Q values in the randomizations were used to determine the z-score (Qz). 244 

This standardization allowed us to compare the different grasslands, because Q is sensitive to 245 

network size and sampling intensity (Dormann & Strauss, 2014). 246 

2.5 Data analysis 247 

2.5.1 Pollinator species assemblages 248 

 By means of a linear model, we tested whether the type of grassland and amount of GI modified the 249 

total number of pollinator species by using rarefaction curves. Rarefied species richness for each grassland 250 

was estimated using the function “rarefy” implemented in the R package “vegan” (Oksanen et al., 2020, which 251 

is based on Hurlbert's (1971) formulation. Curves were rescaled by the number of observations (i.e., number 252 

of visits) to allow for species richness comparison. All models included grassland type and region as fixed 253 

factors and amount of GI as a continuous predictor variable.  254 

Multiple-site-β-diversity measures based on Bray-Curtis dissimilarity index were used to quantify 255 

variation in pollinator species composition between grasslands. We employed the “betapar” R package 256 

(Baselga et al., 2022) to compute three multiple-site beta diversity indices accounting for the: (i) balanced 257 

variation (βBC.BAL, individuals of some species in one grassland are replaced by the same number of individuals 258 

of different species in another grassland) and (ii) abundance gradient components of dissimilarity (βBC.GRA, 259 

whereby some individuals are lost from one grassland to the other, (iii) and the sum of both values (βBC, total 260 

abundance-based dissimilarity). We then tested whether βBC was related to type of grassland, GI amount, and 261 
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region using a Permutational Multivariate Analysis of Variance (PERMANOVA) on the Bray–Curtis 262 

dissimilarity matrix. The analysis was implemented in the function “adonis 2” in R package “vegan” (Oksanen 263 

et al., 2020) using 999 permutations. To assess whether differences in β-diversity were due to changes in the 264 

main type of pollinator, we repeated the analyses but estimated multiple-site-β-diversity independently for 265 

each pollinator functional group.  266 

2.5.2 Network topology 267 

 Linear models were used to assess the effect of grassland type, amount of GI, and region on the different 268 

network level metrics. Grassland type and region were included as fixed factors, and amount of GI and network 269 

size (known to affect several network metrics; Blüthgen et al., 2008; Dormann & Strauss, 2014) as continuous 270 

predictor variables. Given that the mean number of links per species correlated positively with network 271 

connectance (C) and number of different interactions (I) (r > 0.5, P < 0.001), we used only the former as the 272 

dependent variable. The remaining selected metrics at network level (i.e. H2', IE and Q) were not significantly 273 

correlated (r < 0.2, P > 0.5). Finally, we fitted a linear model for the total number of visits (V), as it is a useful 274 

measure of the total ‘volume’ of the pollination function. In this model, we included the variable “Habitat 275 

Preference” and its interaction with type of grassland and GI. Habitat preference classified the visits according 276 

to whether they were recorded on specialist grassland plant species or on generalist ones; a generalist was 277 

considered a species found in different habitats whilst a specialist in only one habitat (Kimberley et al., 2021). 278 

We used an identity link function with a normal distribution of residuals in all fitted linear models. Number of 279 

visits, H’2, IE and QZ were ln-transformed to reach normality and homoscedasticity.   280 

Model residuals were checked visually for normality and homogeneity of variance using diagnostic 281 

plots (Zuur et al., 2009). The goodness-of-fit of the linear models was determined by means of the R-squared. 282 

Linear models were fitted with the R packages “stats” (R Core Team, 2015) and “lme4” (Bates et al., 2015), 283 

respectively. In the case of fitted models for network metrics, where we had a sample size of 24, a model 284 

selection approach based on Akaike information criterion (AIC) was chosen. This approach is useful in the 285 

case of low statistical power, as it manages a trade-off between model fit and model complexity (Burnham & 286 

Anderson, 2002).  AIC was used to evaluate full models and reduced models fitted for all variable 287 

combinations. This approach selects the “best” model (i.e. that with the smallest AICc) and ranks the remaining 288 



 
 

 

12 

models based on their AICc value. Models with AICc > 4 relative to the best model were discarded, as they 289 

have less statistical support (Burnham and Anderson, 2002). We also calculated the Akaike weight (wi) of each 290 

model as a proxy of model quality of adjustment (Burnham & Anderson, 2002). To quantify the relative 291 

importance of the different predictors (w+) on the network metrics, we summed wi for each predictor across all 292 

the models in which it occurred; the larger this sum, the more important a given variable is relative to the other 293 

variables used in the same models (Burnham and Anderson, 2002).  As there was some overlap in the circular 294 

landscapes used as replicates (as indicated in the sampling design above), Moran's tests were conducted on 295 

model residuals to assess spatial autocorrelation in the complete model. The results demonstrated no 296 

statistically significant autocorrelation (all P > 0.19). 297 

2.5.3 Plant reproductive success  298 

Linear models were used to evaluate whether fruit and viable seed set were affected by number of 299 

pollinator visits, grassland type, GI, region, and whether there were differences between Lotus and Salvia 300 

species. The interaction term species x grassland type was included in the models, given the different level of 301 

specialization of the two plants.  The assessment of model assumptions and goodness of fit was carried out in 302 

the same way as for the network metrics. 303 

3. RESULTS 304 

3.1 Composition of pollinator species assemblages 305 

 We recorded a total of 7,105 pollinator visits across the three European regions (Appendix S3). Large 306 

bees were the most active functional group (39.8 % of visits), followed by lepidopterans (21.6 %), coleopterans 307 

(18.5 %), hoverflies (7.14 %), small bees (4.97 %), dipterans -excluding hoverflies- (4.85 %), wasps (1.69 %) 308 

and ants (1.47 %). In contrast to the expected, no overall differences in pollination richness were detected 309 

either between ancient and restored grasslands, and this was consistent across the three regions. Moreover, the 310 

amount of GI was not found to significantly influence the number of pollinator species in each target grassland 311 

(F-test: all P > 0.05, Table 1, Table S1 in Appendix S1).  312 
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 Regarding β diversity, there was a wide variation in the composition of pollinator assemblages across 313 

grasslands (βBC= 0.94), and this dissimilarity was mainly driven by spatial replacement of species 314 

(βBC.BAL=0.89) rather than species loss from one grassland to another (βBC.GRA=0.05). The PERMANOVA 315 

analyses indicated that dissimilarity in species composition was partly due to the amount of GI, as grasslands 316 

with similar GI values hosted similar pollinator assemblages (Table S2 in Appendix S1, PERMANOVA: F1,19 317 

= 4.42, R2= 0.12, P < 0.001).  The functional groups showing the greatest change in relation to a proportional 318 

change of GI were small bees, lepidopterans, coleopterans, large bees, and dipterans (Figure 1, Table S2). In 319 

contrast, GI did not affect the diversity of hoverflies, wasps and ants (Figure 1, Table S2:  all P > 0.05). 320 

Pollinator species composition also varied among the three regions (Table S2, PERMANOVA: F1,19 = 6.93, 321 

R2= 0.36, P < 0.001), which was mainly due to differences in species richness of coleopterans, large bees and 322 

small bees between them (Figure 2A). The type of grassland did not influence pollinator assemblages (Table 323 

S3 in Appendix S1, PERMANOVA: F1,19 = 1.13, R2= 0.03, P = 0.3), as the proportion of each pollinator 324 

functional group remained constant (Figure 2B).  325 

3.2 Changes in network topology 326 

 Region and network size were included in most of the selected models (Table 2) and therefore had the 327 

highest relative importance in explaining variation in network topology (Figure S2 in Appendix S1). GI and 328 

grassland type were also key factors frequently integrated into these models (Table 2, Figure S2). The models 329 

revealed that higher GI values decreased the total number of visits (Figure 3A), while restored grasslands 330 

accumulated more visits than ancient ones (Figure 3B, Table S3). The impact of GI and grassland type on visit 331 

numbers varied based on the habitat preferences of plant species (Figure 3B, Figure 3C, Table 2, Table S3). 332 

Generalist plants received more visits in restored grasslands, with no significant differences for specialists 333 

(Figure 3B). The negative effect of GI on visit numbers was more pronounced for specialists than for generalist 334 

species (Table S3), and for restored than for ancient grasslands (Figure 3C, Table S3). Higher GI values led to 335 

increased network specialisation (H'2) while concurrently reducing the mean number of links per species and 336 

network modularity (Qz) (Figure 4A, Table 2, Table S3). Networks were more specialized and modular in 337 

restored grasslands, while mean number of links per species also increased in restored pastures (Figures 3B, 338 

Table 2, Table S3). Grassland type and GI were also chosen by the AIC criterion to account for variation in 339 
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interaction evenness, but neither of the models including GT or GI improved upon the intercept-only model 340 

(Table 2). Furthermore, their explanatory power was low (R2 < 0.08 in all models).  341 

3.3 Plant reproductive success  342 

Reproductive success was assessed for 159 Lotus and 42 Salvia individuals. Salvia produced more fruits 343 

per flower (0.69 ± 0.05) than Lotus (0.36 ±0.03) (Table 3: F1,192 = 24.86, P < 0.001), but grassland type did not 344 

affect fruit set in either species (Table 3, P > 0.005).  Fruit set increased with the number of pollinators visits 345 

in Salvia but not in Lotus (Figure 4, Table 3: F1,192 = 3.97, P < 0.05). Seed viability was obtained from 123 346 

individuals: 82 of Lotus and 41 of Salvia. Region and species were the only variables examined that had a 347 

significant effect on seed viability (Table 3, Table S3). The significant species effect was because the mean 348 

viable seed set was higher for Lotus than for Salvia (1.64 ±0.41 vs 0.14 ±0.2, respectively) (Table 3: F1,93 = 349 

5.76, P = 0.02). 350 

DISCUSSION  351 

Contrary to our expectations, and consistently across regions, restored and ancient grasslands did not 352 

differ in either pollinator richness or in the proportion of different pollinator functional groups. We found a 353 

high turnover of interactions across grasslands, driven by high replacement of plants and pollinators. This 354 

suggests that even though species identity may vary between ancient and restored grasslands, as well as within 355 

each grassland type, pollination functionality is maintained. Plant-pollinator interactions appear to be rapidly 356 

restored probably due to the high ‘flexibility’ of many pollinators allowing them to establish interactions with 357 

a wide array of plants, i.e., acting as generalists. This finding is concordant with previous work also reporting 358 

high responsiveness of plant pollination communities to restoration actions (e.g., Forup et al., 2008, Tarrant et 359 

al., 2013, Kaiser-Bunbury et al., 2017, Noreika et al., 2019).  360 

Here we show that this flexibility is dependent upon landscape connectivity and that such dependence 361 

varies across pollinator functional groups.  Specifically, our study provides evidence that the presence of GI 362 

in the surrounding landscape is a key factor determining pollinator species composition, especially for small 363 

and large bees, butterflies, beetles and dipterans. In contrast, GI was shown to be of minor relevance for 364 

hoverflies, wasps and ants. Differences among pollinator functional groups in responses to landscape 365 
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connectivity were also documented by Öckinger et al. (2017) and by Rotchés-Ribalta et al. (2018). In 366 

accordance with our results,  the positive relationship between dissimilarity of GI and pollinator functional 367 

groups was particularly notable for bees (Rotchés-Ribalta et al., 2018) and lepidopterans (Öckinger et al., 368 

2017), which can differ greatly in their effectiveness as pollinators (Ollerton, 2021).  369 

This leads us to speculate that differing GI among grasslands may promote changes in pollinator 370 

effectiveness. The consequences of different responses by different pollinator groups for plant reproductive 371 

success and, thus, for future plant community composition, are indeed much unknown. Hence, it is important 372 

for any restoration program to consider not only total pollinator species richness but the effects on the pollinator 373 

groups that potentially have different roles in plant pollination success. 374 

Regarding the overall structure of the plant-pollinator networks, the total number of pollinator visits as 375 

well as network specialization varied substantially between the two grassland types. It's worth noting that the 376 

interaction between grassland type and GI was scarcely selected for nearly any model, indicating a limited 377 

effect size, which implies that the effectiveness of restoration in terms of the pollination network structure was 378 

not strongly influenced by the amount of GI. Restored grasslands received more pollinator visits than ancient 379 

ones, which indicate that they are effective at attracting pollinators, but only to generalist plant species. This 380 

led to more specialised networks, whereby pollinators tend to be more selective and do not use resources solely 381 

on the basis of their abundance, resulting in a reduced niche overlap. This finding may imply that restored 382 

grasslands are less functionally redundant (i.e., less resilient) than their ancient counterparts, and is consistent 383 

with at least those of two previous studies who reported plant-pollinator interactions to be less robust on 384 

restored than on ancient or reference sites (Forup et al., 2008; Williams, 2011). On the other hand, the amount 385 

of GI was associated with networks exhibiting lower modularity. Specialization and modularity often exhibit 386 

an inverse relationship as specialized pollinators tend to visit fewer plant species, leading to reduced interaction 387 

diversity and complexity, reflected in a lower mean number of links per species. Additionally, higher values 388 

of GI also correlated with a reduction in the total number of insect visits to flowers. These negative effects of 389 

landscape connectivity were stronger for grassland-specialist than for grassland-generalist plants, which is 390 

consistent with the effect of grassland type (restored vs ancient). Interestingly, the observed increase in fruit 391 

set in the specialist Salvia with pollinator visits adds nuance to this narrative, hinting at potential pollination 392 

limitations in specialist species within these grasslands. Thus, restored grasslands with low amounts of GI 393 



 
 

 

16 

were those promoting the highest number of insect visits to habitat-generalist plants, which might translate 394 

into higher reproductive success of generalist plant species but not specialist ones. Such findings are consistent 395 

with those of Kimberley et al. (2021) who reported that restored grasslands tend to have more generalist plant 396 

species and a lower density of grassland specialists than ancient ones, leading to biotic homogenization.  397 

Different restoration strategies can result into different outcomes of plant-pollination interaction 398 

network structure. This was shown, by means of modelling, by Devoto et al. (2012) who found that a strategy 399 

focused on restoring functional complementarity would result into a different trajectory when compared to a 400 

strategy focused in restoring redundancy. Their findings suggest that restoration should aim at increasing both 401 

interaction diversity and evenness, properties which are typical of ancient sites. While an increase in interaction 402 

diversity can be achieved by introducing plant species, they found that interaction evenness can be enhanced 403 

by maintaining a high grassland specialist species density from the onset of the restoration. On the other hand, 404 

restoration should consider the spatial landscape configuration to improve its outcome. Our study provides 405 

new evidence that the landscape context indeed affects the interactions between plants and pollinators, not 406 

only influencing species composition and the interaction they establish, but also changing the level of 407 

generalisation of the entire pollination network, making it more or less redundant and, thus, more or less 408 

resistant to future perturbations. Network structure has been shown to be a suitable indicator for pollination 409 

quality (Kaiser-Bunbury et al., 2017) and we argue that more studies at community level, using such network 410 

approach, will help predicting how plausible different restoration programs are for these unique ecosystems. 411 

Our findings also corroborate the necessity to reconcile ecosystem functioning and species recovery to avoid 412 

biotic homogenization. The keys to success in this aim certainly warrant further research (Holl et al., 2022). 413 

One first suggestion emerging from this study is that reinforcing the presence of specialist plants in the restored 414 

grasslands is key.  415 
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Table 1. Network metrics and landscape information for the 24 focal semi-natural grasslands chosen to carry out the plant-pollinator interactions. GI is 
the total amount of hectares of grassland habitat within each target grassland. I: total number of different plant-pollinator interactions; V: total number 
of insect visits to flowers; C: network connectance; IE: interaction evenness; H’2: network specialization; lwp: weighted linkage for plants; lwa: weighted 
linkage for pollinators; Q: network modularity; QZ: standardized network modularity 

Grassland 
code 

Grassland 
type 

Region GI Plants Pollinators 

Rarefied 
pollinator 
species 
richness 

I V C 

Mean # 
Links 
per 

species 

IE H’2 lwp lwa Q QZ 

B7 Ancient Belgium 53.81 16 25 9.40 55 733 0.13 1.31 0.46 0.53 2.51 2.81 0.51 43.67 
B8 Ancient Belgium 44.41 24 75 25.89 167 959 0.09 1.59 0.58 0.53 3.09 13.60 0.53 49.13 

B12 Ancient Belgium 46.61 15 30 16.78 69 362 0.15 1.50 0.58 0.50 2.81 7.07 0.49 25.09 
B3 Restored Belgium 32.80 17 34 19.33 64 223 0.11 1.23 0.56 0.52 2.16 7.25 0.47 17.70 
B4 Restored Belgium 60.21 17 47 22.04 109 466 0.13 1.65 0.61 0.54 3.15 6.37 0.55 35.75 
B5 Restored Belgium 35.13 24 46 21.04 120 550 0.10 1.67 0.58 0.54 3.15 6.04 0.58 42.25 
G1 Ancient Germany 92.56 16 39 25.15 71 180 0.11 1.29 0.60 0.65 2.14 4.77 0.67 24.96 
G2 Ancient Germany 45.60 17 41 22.26 79 241 0.11 1.36 0.59 0.58 2.46 5.79 0.53 21.68 
G3 Ancient Germany 73.76 17 29 15.92 48 182 0.10 1.04 0.43 0.72 1.71 2.72 0.58 25.37 
G4 Ancient Germany 95.56 18 36 24.40 60 154 0.09 1.11 0.58 0.67 1.94 5.02 0.67 17.14 
G5 Ancient Germany 45.20 27 56 24.28 138 513 0.09 1.66 0.60 0.44 3.45 10.50 0.45 24.05 
G6 Ancient Germany 65.57 23 38 21.91 66 208 0.08 1.08 0.54 0.69 2.01 3.92 0.63 24.77 
G8 Restored Germany 78.67 25 58 24.06 112 391 0.08 1.35 0.54 0.66 2.33 5.35 0.65 36.65 
G9 Restored Germany 122.04 27 39 23.12 80 220 0.08 1.21 0.55 0.68 2.32 3.31 0.71 29.02 

G10 Restored Germany 104.44 19 48 20.11 100 526 0.11 1.49 0.56 0.60 2.61 4.86 0.56 38.73 
G11 Restored Germany 85.61 13 49 25.15 72 199 0.11 1.16 0.58 0.66 1.98 6.71 0.61 18.79 
G12 Restored Germany 52.60 15 27 20.08 56 163 0.14 1.33 0.62 0.62 2.50 4.50 0.62 18.24 
S1 Ancient Sweden 101.40 11 17 14.29 26 81 0.14 0.93 0.55 0.50 2.35 4.82 0.48 9.31 
S2 Ancient Sweden 80.00 9 38 25.22 52 134 0.15 1.11 0.60 0.67 1.75 8.84 0.58 13.99 
S4 Ancient Sweden 120.50 8 19 13.63 30 124 0.20 1.11 0.52 0.42 2.27 4.40 0.33 7.65 
S5 Ancient Sweden 98.40 15 35 19.86 63 206 0.12 1.26 0.51 0.58 2.02 6.50 0.52 18.31 
S8 Restored Sweden 104.70 13 25 16.88 44 147 0.14 1.16 0.54 0.59 2.10 4.17 0.46 11.49 

S9 Restored Sweden 147.50 10 22 22.00 35 57 0.16 1.09 0.60 0.59 1.90 4.05 0.64 7.68 
S10 Restored Sweden 70.50 10 21 17.86 27 86 0.13 0.87 0.55 0.77 1.42 4.60 0.66 15.16 



Table 2. Best-fitting regression models for explaining network level metrics. Each row corresponds 
to one of the selected models in the confidence set of Delta AICc < 4.  Models are ranked according 
to the Akaike information criterion (AICc). AICc measures the relative goodness of fit of a given model; 
the lower its value, the more likely this model is correct GT: grassland type, GI: green infrastructure, 
HP: habitat preference, NS: network size, RE: region. 

 R2 df logLik AICc ∆AICc wi 

Total number of visits       
log (Visits) ~ 1+ GT + GI + HP + NS + HP:GI + HP:GT 0.66 8 -48.64 117.2 - 0.26 
log (Visits) ~ 1+ GT + GI + HP + NS + HP:GI 0.64 7 -50.16 117.3 0.1 0.25 
log (Visits) ~ 1+ GT + GI + HP + NS + HP:GI + HP:GT + GT:GI 0.68 9 -47.51 118.03 0.86 0.17 
log (Visits) ~ 1+ GT + GI + HP + NS + HP:GT + GT:GI 0.65 8 -49.13 118.16 0.99 0.16 
log (Visits) ~ 1+ GI + HP + NS  0.56 5 -54.54 120.57 3.40 0.05 
Interaction evenness (IE)       
log (IE) ~ 1 0.00 2 34.38 -64.14 - 0.32 
log (IE) ~ 1+ GI 0.07 3 35.22 -63.11 1.03 0.19 
log (IE) ~ 1+ NS 0.02 3 34.66 -61.98 2.15 0.11 
log (IE) ~ 1+ RE 0.13 4 35.96 -61.57 2.57 0.09 
log (IE) ~ 1+ GT 0.01 3 34.44 -61.54 2.59 0.09 
log (IE) ~ 1+ GT + GI 0.08 4 35.33 -60.30 3.83 0.05 
Mean # links per species       
Links ~ 1+ RE + NS 0.65 5 14.80 -16.27 - 0.53 
Links ~ 1+ GI + NS 0.55 4 11.73 -13.34 2.92 0.12 
Links ~ 1+ NS 0.48 3 10.01 -12.82 3.45 0.09 
Links ~ 1+ RE + GT + NS 0.65 6 14.83 -12.72 3.55 0.09 
Links ~ 1+ RE + GI + NS 0.65 6 14.81 -12.67 3.60 0.09 
Network specialization (H’2)       
log (H’2) ~ 1+ RE 0.29 4 17.56 -24.90 - 0.28 
log (H’2) ~ 1+ GI 0.15 3 15.42 -23.57 1.33 0.14 
log (H’2) ~ 1+ RE + GT 0.34 5 18.28 -23.03 1.87 0.11 
log (H’2) ~ 1+ RE + NS 0.32 5 17.97 -22.42 2.48 0.08 
log (H’2) ~ 1+ RE + GI 0.31 5 17.78 -22.03 2.86 0.07 
log (H’2) ~ 1+ GT + GI 0.16 4 15.61 -21.00 3.90 0.04 
Network modularity (QZ)       
log (QZ) ~ 1+ RE + NS 0.77 5 -0.50 14.34 - 0.71 
log (QZ) ~ 1+ RE + GI 0.77 6 -0.50 17.94 3.60 0.12 
log (QZ) ~ 1+ RE + GT 0.77 6 -0.50 17.94 3.60 0.12 
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Table 3. Effects of number of pollinator visits, grassland type (GT), region, and 
amount of green infrastructure (GI) on reproductive success of Lotus corniculatus 
and Salvia pratensis.  Significant effects (p < 0.05) are indicated in bold. Parameter 
estimates fitted for fixed effects are provided as Supporting information (Table S4 
in Appendix S1). 
 

Predictor 
Sum 

of 
Squares 

df 
Mean 

Square 
F p 

Fruit set      
   Region 1.54 2 0.77 6.25 0.002 
   Species 3.07 1 3.07 24.86 <0.001 
   Pollinator visits 0.27 1 0.27 2.15 0.144 
   GI 0.01 1 0.01 0.08 0.780 
   GT 0.08 1 0.08 0.66 0.418 
   Species : P. visits 0.49 1 0.49 3.97 <0.05 
   Species : GT 0.03 1 0.03 0.23 0.634 
   Error 23.72 192 0.12   
Seed set      
   Region 49.85 2 24.92 4.88 <0.01 
   Species 29.37 1 29.36 5.76 0.02 
   Pollinator visits 0.26 1 0.26 0.05 0.820 
   GI 6.88 1 6.87 1.34 0.248 
   GT 1.47 1 1.46 0.28 0.593 
   Species : P. visits 0.86 1 0.85 0.17 0.682 
   Species : GT 0.01 1 0.01 0.00 0.974 
   Error 474.11 93 5.09   
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Figure 1. Effect of differences in the amount of green infrastructure (GI) between pairs of 
grasslands(∆GI) on multiple site β-diversity (βBC) for each pollinator functional group: coleopterans, 
Dipterans, ants, hoverflies, large bees, lepidopterans, small bees and wasps. 
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Figure 2. Species richness by pollinator functional group as a function of grassland type and region. 
Each colour represents a pollinator functional group: Coleopterans (CO), Dipterans (DI), ants (FO), 
hoverflies (HO), large bees (LB), lepidopterans (LE), small bees (SB) and wasps (WA).A) 
Distribution of pollinator species within each functional group and region. B) Distribution of 
pollinator species within each functional group and grassland type.  
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Figure 3. Impact of grassland type and green infrastructure on pollinator visits to specialist and 
generalist grassland plants. (A) Relationship between green infrastructure (GI) and the number of 
pollinator visits to specialist (blue dots) and generalist (orange dots) plants in the studied grasslands. 
The trendline represents a linear regression for each plant group. (B) Comparison of the number of 
pollinator visits to specialist (blue) and generalist (orange) plants in ancient and restored grasslands. 
Error bars indicate standard error. (C) Relationship between GI  and the number of pollinator visits to 
plants in ancient (dark gray) and restored (light gray) grasslands. The trendline depicts a linear 
regression for each plant group.  
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Figure 4. Influence of green GI and grassland type on network metrics. (A) The impact of GI on the 
network-level metrics in each grassland. The trendline illustrates the fitted linear regression. (B) A 
comparison of network-level metrics between ancient (dark gray) and restored (light gray) 
grasslands. Error bars represent standard errors.  
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Figure 5. Association between number of pollinators visits and fruit set for the two model species: 
Lotus corniculatus (left) and Salvia pratensis (right). 
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