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Abstract
1. Agricultural intensification, afforestation and land abandonment are major driv-

ers of biodiversity loss in semi- natural grasslands across Europe. Reversing these 
losses requires the reinstatement of plant–animal interactions such as pollina-
tion. Here we assessed the differences in species composition and patterns of 
plant- pollinator interactions in ancient and restored grasslands and how these 
patterns are influenced by landscape connectivity, across three European regions 
(Belgium, Germany and Sweden).

2. We evaluated the differences in pollinator community assemblage, abundance 
and interaction network structure between 24 ancient and restored grasslands. 
We then assessed the effect of surrounding landscape functional connectivity 
(i.e. green infrastructure, GI) on these variables and tested possible consequences 
on the reproduction of two model plants, Lotus corniculatus and Salvia pratensis.

3. Neither pollinator richness nor species composition differed between ancient 
and restored grasslands. A high turnover of interactions across grasslands was 
detected but was mainly due to replacement of pollinator and plant species. The 
impact of grassland restoration was consistent across various pollinator func-
tional groups, whereas the surrounding GI had differential effects. Notably, bees, 
butterflies, beetles, and dipterans (excluding hoverflies) exhibited the most sig-
nificant responses to GI variations. Interestingly, networks in restored grasslands 
were more specialised (i.e. less functionally redundant) than in ancient ones and 
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1  |  INTRODUC TION

European semi- natural grasslands are hotspots of biodiversity 
which are suffering the impacts of agricultural intensification, af-
forestation and abandonment (Cousins et al., 2015; Poschlod & 
WallisDeVries, 2002; Ridding et al., 2020). Such grasslands pro-
vide important environmental/ecosystem services, such as water 
supply and flow regulation, carbon storage, erosion control, cli-
mate mitigation, pollination, as well as cultural ecosystem services 
(Bengtsson et al., 2019; Bullock et al., 2011; Hooftman et al., 2021, 
2023). The remaining fragments of ancient semi- natural grasslands 
are often surrounded by large areas of forest or intensively farmed, 
which hampers plant and animal movement among them (Auffret 
et al., 2015; Cousins et al., 2015; Hooftman & Bullock, 2012; 
Öckinger & Smith, 2007). This reduced landscape connectivity, or 
isolation, has shown to cause reduced population genetic diversity, 
lower plant species richness and smaller populations of special-
ist plants within remaining grasslands (Lehmair et al., 2020; Plue 
et al., 2022). Further effects of poorly connected landscapes may 
be the disruption of plant–animal interactions such as pollination 
networks (Clough et al., 2014; Orford et al., 2016; Rotchés- Ribalta 
et al., 2018).

Landscape connectivity may be determined by the amount 
and spatial configuration of the so- called ‘Green Infrastructure’ 
(GI, hereafter), defined as an ensemble of habitats such as road 
verges, hedgerows, grass- strips, small grassland remnants and 
formerly grazed forest borders, that harbour grassland species 
with high potential to maintain biodiversity and to supplement 
grassland ecosystem service provision across the landscape (mod-
ified from Hooftman et al., 2023). However, environmental condi-
tions in these habitats are often unsuitable for maintaining viable 

source populations of specialised grassland plants (Dániel- Ferreira 
et al., 2023). Furthermore, GI habitats are likely less important as 
sources of food for pollinators and for their nature conservation 
and cultural value unless they are well- connected to ancient core 
grassland areas which can act as a source of unique species and ge-
netic diversity within landscapes (Dániel- Ferreira et al., 2023; Plue 
et al., 2022). Indeed, increases in GI by itself appears to be insuf-
ficient to offset connectivity declines caused by the loss of semi- 
natural habitat, and landscape links must be functionally effective to 
contribute to grassland diversity (Kimberley et al., 2021).

Here, we focus on the grassland restoration effect and on the 
influence of landscape connectivity on one important ecosystem 
function, pollination and the resulting plant reproductive perfor-
mance of insect- pollinated plants. Previous studies have shown that 
pollinator communities improve quickly after grassland restoration 
(reviewed in Sexton & Emery, 2020). Furthermore, pollinator traits 
such as mobility and resource use act as filters influencing the as-
semblage of pollinator communities after restoration (Öckinger & 
Smith, 2007). Occurrence of important pollinator functional groups 
like bumblebees, solitary bees, and hoverflies in the restored sites 
depends on such traits, such as nesting habits and migratory ca-
pacity (Öckinger & Smith, 2007). The few restoration studies that 
have monitored not only pollinators but plant- pollinator interactions 
at a community level, using a network approach, have found that 
networks in restored sites are significantly less complex, in terms 
of network connectance (fraction of all potential network links that 
are actually realised) and less robust (i.e. in terms of resistance to 
disturbances) than in ancient sites (Cusser & Goodell, 2013; Forup 
et al., 2008; Williams, 2011). This occurs despite plant and pollinator 
communities being established successfully on restored sites, and 
regardless of their proximity to ancient sites (Forup et al., 2008). 

also showed a higher number of insect visits to habitat- generalist plant species. 
Landscape connectivity had a similar effect, with habitat- specialist plant species 
receiving fewer visits at higher GI values.

4. Fruit set in S. pratensis and L. corniculatus was unaffected by grassland type or GI. 
However, the fruit set in the specialist S. pratensis increased with the number of 
pollinator visits, indicating a positive correlation between pollinator activity and 
reproductive success in this particular species.

5. Synthesis and applications. Our findings provide evidence of the necessity to en-
hance ecosystem functions while avoiding biotic homogenisation. Restoration 
programs should aim at increasing landscape connectivity which influences plant 
communities, pollinator assemblages and their interaction patterns. To avoid gen-
eralist species taking over from specialists in restored grasslands, we suggest re-
inforcing the presence of specialist species in the latter, for instance by means of 
introductions, as well as increasing the connectivity to source populations.

K E Y W O R D S
functional connectivity, grassland restoration, habitat quality, land- use change, plant 
reproductive success, plant- pollinator interactions, species richness, trophic interactions
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A lower pollinator functional redundance and lower network ro-
bustness was also reported by Williams (2011) in restored riparian 
communities, which showed diverse and abundant native pollinator 
communities but with a distinct species composition compared to 
the reference sites. This was attributed mainly to differences in the 
physical characteristics of restored sites, which may affect, for in-
stance, nesting availability. Landscape factors such as distance from 
the remaining habitat patches of intact quality and areas with low 
floral diversity have also been reported to reduce pollinator diver-
sity, and possibly network robustness (Cusser & Goodell, 2013). 
Landscape connectivity, specifically, appears to determine to a 
large extent which pollinators and plant- pollinator interactions can 
be restored. For instance, solitary bees are more likely to occur in 
well- connected restored grasslands whereas the opposite is found 
for hoverflies, although the migration capacity of the latter seems 
to influence their abundance in restored grasslands (Öckinger & 
Smith, 2007). A particular pollinator functional group may also be 
more species rich but less abundant in well- connected grasslands 
than in poorly connected (isolated) grasslands, as found by Rotchés- 
Ribalta et al. (2018). No effect of landscape connectivity on plant- 
pollinator network metrics has also been reported in at least one 
study (Noreika et al., 2019).

Through a large- scale study, across three European regions 
(Figure S1), we investigated the impacts of grassland restoration on 
plant- pollinator interactions and on reproductive performance of 
insect- pollinated plants, related to landscape connectivity. We first 
assessed differences in species composition and plant- pollinator in-
teractions between ancient and restored grasslands, and then eval-
uated how these variables were influenced by GI. Lastly, by using 
a pair of plant species as model systems—Salvia pratensis L., repre-
senting a grassland specialist, and Lotus corniculatus L., embodying 
a grassland generalist—we examined whether and how fruit and 
seed set differs between both type of grasslands. Additionally, we 
investigated how these measures of reproductive success are mod-
ified by GI. The distinction between specialist and generalist lies in 
their ecological performance, with the former demonstrating a more 
specific habitat preference and the latter thriving across a broader 
range of grass types and more heterogeneous grassland environ-
ments (Grant, 1996; Moughan et al., 2021; Van Treuren et al., 1993). 
Specifically, we tested the following hypotheses:

1. Restored grasslands show a lower number of pollination inter-
actions, a high interaction turnover between grasslands, and 
more generalised networks compared to the ancient grasslands. 
Due to the likely richer pollinator communities in the latter, 
higher reproductive success is anticipated in ancient grasslands.

2. Improved connectivity between habitats, facilitated by green in-
frastructure, increases both pollinator visits (abundance) and rich-
ness within grasslands, while simultaneously minimising changes 
in interaction patterns.

3. If Hypothesis 2 is true, this should result in higher fruit and seed 
set, in both grassland generalist and specialist plants. This implies 
that connecting habitats through green infrastructure contributes 

to maintain both type of species, without the necessity to rein-
force the presence of specialist plants in the restored grasslands.

4. Restored grasslands with higher levels of green infrastructure 
closely resemble ancient grasslands in species richness, abun-
dance, and plant- pollinator interactions due to enhanced habi-
tat connectivity facilitating the process of plant and pollinator 
recolonisation.

2  |  MATERIAL S AND METHODS

2.1  |  Study system and sampling design

Our work is based on species surveys and digitisations of 36 
landscapes across three regions in Western Europe (Hooftman 
et al., 2021, 2023; Kimberley et al., 2021): the Viroin valley in 
Belgium, the Kallmünz region in Germany, and Södermanland 
county and the Stockholm archipelago in Sweden (see Figure S1). 
In each of these three regions, 12 circular landscapes, of 1500 m 
radius from the centroid of a focal semi- natural grassland, were se-
lected. Landscape area was based on the ability to generate five 
concentric bands of 300 m for segment selection (=1500 m) from 
the edge of the cores (see Hooftman et al., 2021 for detailed infor-
mation). Some overlap between landscapes could not be avoided 
due to the low availability of such grasslands, especially in Germany 
(Hooftman et al., 2021). The study focused on key grasslands in vari-
ous regions, each reflecting a mix of historical continuity and recent 
restoration efforts. Six of these grasslands had been consistently 
managed through grazing for centuries, while the other six were re-
cently restored, showcasing a spectrum of contemporary structural 
connectivity (refer to Kimberley et al., 2021 for detailed informa-
tion). Livestock, such as sheep or cattle, played a role in the grazing 
management of all focal grasslands. In the case of restored grass-
lands, restoration also included the removal of successional scrub 
and trees from abandoned pastures (Kimberley et al., 2021). For 
logistic and feasibility reasons, we did our pollinator sampling in 24 
out of the 36 landscapes (see Table 1).

We considered semi- natural grassland, open forest, midfield is-
lets, forest borders and road verges as potential ‘Green Infrastructure 
(GI) habitats for grassland plant species’ (Cousins, 2006; Lindgren 
et al., 2018; Poschlod & Braun- Reichert, 2017). Our estimate of land-
scape connectivity was the total number of hectares of GI within 
a 1500 m radius. This approach aligns with our overarching goal of 
assessing connectivity at a broad level, capturing the potential com-
plexity and variability in landscapes with various management forms 
and historical conditions.

2.2  |  Plant–pollinator interactions' survey

Plant- pollinator interactions were sampled five times at each of 
the 24 focal grasslands throughout the main flowering periods of 
2018, shifting geographically with the flowering period (3 May–6 
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June in Germany, 14 June–8 July in Belgium and 10 July–9 August 
in Sweden), from 9 a.m. to 6 p.m. on sunny days with low wind, and 
above 15°C. Flower visitation data were gathered along three par-
allel linear transects (80 m long and 3 m wide) over 45 min (15 min 
per transect). The list of censused plants is shown in Appendix S2 
and the number of plants and pollinators censused in each grassland 
are given in Table 1. We recorded the identity and number of insect 
contacts to flowers, considering only those (i.e. potential pollina-
tion events) when an insect clearly touched the flower reproduc-
tive organs. Insects were either identified in the field or collected (in 
Germany and Sweden) or photographed (in Belgium) for subsequent 
identification by expert taxonomists. Licences were not needed for 
fieldwork, and ethical approval was not required for the research. 
Sampling completeness, estimated through the Chao2 index, was 
rather acceptable, being 68.9% and 48.87% for pollinator richness 
and plant- pollinator interactions, respectively.

To facilitate the detection of general patterns, we grouped the 
flower visitors into 10 functional pollinator groups (set of species 
that tend to interact with flowers similarly; Fenster et al., 2004), 
namely (in alphabetical order): ants, coleopterans, dipterans (exclud-
ing hoverflies), hemipterans, hoverflies, large bees (≥1 cm), small bees 
(<1 cm), lepidopterans, neuropterans and wasps (see Appendix S3). 
Hemipterans and neuropterans were excluded from the statistical 
analyses (see below) as they were poorly represented in the dataset 
(less than 1% of visits).

2.3  |  Plant reproductive performance

We evaluated plant reproductive success by quantifying fruit set 
and viable seed set of two grassland plant species that occur in all 
three regions: L. corniculatus, a common grassland generalist present 
in a variety of habitats (Grant, 1996; Van Treuren et al., 1993), and 
a more habitat specialist S. pratensis (Moughan et al., 2021). Both 
are referred hereafter as Lotus and Salvia. Lotus is self- incompatible, 
fully dependent on insect pollination to produce viable seeds 
(Stephenson, 1984) and pollinated by different pollinator functional 
groups whereas Salvia is self- compatible but needs pollinators to 
move pollen from the anther to the ovary, being mainly pollinated by 
bees (Van Treuren et al., 1993). At each grassland, we marked up to 
10 plant individuals, if available, per species, marking all flower buds 
of one of the inflorescences in each individual. Before fruit dehis-
cence, we collected and counted the number of fruits and seeds in 
each. Later in the laboratory, we used an X- ray test (Bruggink, 2017) 
to assess seed viability, that is whether seeds contained a fully de-
veloped embryo and endosperm. The final evaluated variables were 
fruit set and viable seed set.

2.4  |  Estimation of network metrics

We constructed quantitative bipartite networks using full- season 
data for each focal grassland, aiming to provide a comprehensive 

and seasonal perspective on interactions, moving beyond daily 
analyses. While this approach introduces the potential for ‘forbid-
den links’ due to varying flowering times, our analysis revealed no 
significant difference in flowering turnover between ancient and 
restored grasslands (ANOVA: F1,18 = 0.027, p = 0.87) or among re-
gions (ANOVA: F2,18 = 2.215, p = 0.14). Therefore, the uniformity in 
flowering turnover across grassland types and regions confirms the 
robustness of our results. Consequently, the overall outcomes of our 
study are unlikely to be the result of a different probability of links 
between partners due to temporal mismatches.

We used visitation frequencies as a proxy for interaction 
strength (Vázquez et al., 2005), defining visitation frequency be-
tween pollinator i and plant j species as the total number of visits of 
i to j. For each grassland, we obtained the number of plant species 
(P) and animal species (A) and used R package ‘bipartite’ (Dormann 
et al., 2008) to calculate seven niche- based topological metrics that 
describe network performance:

 (i)  total number of different plant- pollinator interactions (I);
 (ii) total number of visits (V);
 (iii) mean number of links/species;
 (iv) connectance (C = I/AP), that is the fraction of realised interac-

tions in the network;
 (v) interaction evenness (IE), which ranges from 0 to 1 with low val-

ues implying strong dominance in the distribution of interac-
tions such that some links are very strong (i.e. high interaction 
frequencies) and many others weak;

 (vi) network specialisation (H′2), which quantifies the degree of niche 
divergence of elements within an entire bipartite network 
(Blüthgen et al., 2007) ranging from 0 (low specialisation, high 
niche overlap, high functional redundancy) to 1 (high specialisa-
tion, low niche overlap, low functional redundancy); and

 (vii)  network modularity (Q), which measures the extent to which 
species interactions are organised into modules. Q values were 
estimated applying Newman's modularity adapted for quantita-
tive bipartite networks by Beckett (2016) and were corrected 
by comparing them to a reference distribution derived from 
100 random networks constructed with the r2dtable algorithm 
(Patefield, 1981). The Q values in the randomisations were used 
to determine the z- score (QZ). This standardisation allowed us 
to compare the different grasslands, because Q is sensitive to 
network size and sampling intensity (Dormann & Strauss, 2014).

2.5  |  Data analysis

2.5.1  |  Pollinator species assemblages

By means of a linear model, we tested whether the type of grass-
land and amount of GI modified the total number of pollinator spe-
cies by using rarefaction curves. Rarefied species richness for each 
grassland was estimated using the function ‘rarefy’ implemented 
in the R package ‘vegan’ (Oksanen et al., 2020), which is based on 
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Hurlbert's (1971) formulation. Curves were rescaled by the number 
of observations (i.e. number of visits) to allow for species richness 
comparison. All models included grassland type and region as fixed 
factors and amount of GI as a continuous predictor variable.

Multiple- site- β- diversity measures based on Bray–Curtis dissimi-
larity index were used to quantify variation in pollinator species com-
position between grasslands. We employed the ‘betapar’ R package 
(Baselga et al., 2022) to compute three multiple- site beta diversity 
indices accounting for the: (i) balanced variation (βBC.BAL, individuals 
of some species in one grassland are replaced by the same number 
of individuals of different species in another grassland) and (ii) abun-
dance gradient components of dissimilarity (βBC.GRA, whereby some 
individuals are lost from one grassland to the other), (iii) and the sum 
of both values (βBC, total abundance- based dissimilarity). We then 
tested whether βBC was related to type of grassland, GI amount, 
and region using a permutational multivariate analysis of variance 
(PERMANOVA) on the Bray–Curtis dissimilarity matrix. The analy-
sis was implemented in the function ‘adonis 2’ in R package ‘vegan’ 
(Oksanen et al., 2020) using 999 permutations. To assess whether 
differences in β- diversity were due to changes in the main type of 
pollinator, we repeated the analyses but estimated multiple- site- β- 
diversity independently for each pollinator functional group.

2.5.2  |  Network topology

Linear models were used to assess the effect of grassland type, 
amount of GI, and region on the different network level metrics. 
Grassland type and region were included as fixed factors, and 
amount of GI and network size (known to affect several network 
metrics; Blüthgen et al., 2008; Dormann & Strauss, 2014) as con-
tinuous predictor variables. Given that the mean number of links 
per species correlated positively with network connectance (C) and 
number of different interactions (I) (r > 0.5, p < 0.001), we used only 
the former as the dependent variable. The remaining selected met-
rics at network level (i.e. H'2, IE and Q) were not significantly cor-
related (r < 0.2, p > 0.5). Finally, we fitted a linear model for the total 
number of visits (V), as it is a useful measure of the total ‘volume’ 
of the pollination function. In this model, we included the variable 
‘Habitat Preference’ and its interaction with type of grassland and 
GI. Habitat preference classified the visits according to whether they 
were recorded on specialist grassland plant species or on generalist 
ones; a generalist was considered a species found in different habi-
tats while a specialist in only one habitat (Kimberley et al., 2021). We 
used an identity link function with a normal distribution of residuals 
in all fitted linear models. Number of visits, H′2, IE and QZ were ln- 
transformed to reach normality and homoscedasticity.

Model residuals were checked visually for normality and homo-
geneity of variance using diagnostic plots (Zuur et al., 2009). The 
goodness- of- fit of the linear models was determined by means of 
the R2. Linear models were fitted with the R packages ‘stats’ (R Core 
Team, 2022) and ‘lme4’ (Bates et al., 2015), respectively. In the case 
of fitted models for network metrics, where we had a sample size of 

24, a model selection approach based on Akaike information crite-
rion (AIC) was chosen. This approach is useful in the case of low sta-
tistical power, as it manages a trade- off between model fit and model 
complexity (Burnham & Anderson, 2002). AIC was used to evaluate 
full models and reduced models fitted for all variable combinations. 
This approach selects the ‘best’ model (i.e. that with the smallest 
AICc) and ranks the remaining models based on their AICc value. 
Models with AICc >4 relative to the best model were discarded, 
as they have less statistical support (Burnham & Anderson, 2002). 
We also calculated the Akaike weight (wi) of each model as a proxy 
of model quality of adjustment (Burnham & Anderson, 2002). To 
quantify the relative importance of the different predictors (w+) 
on the network metrics, we summed wi for each predictor across 
all the models in which it occurred; the larger this sum, the more 
important a given variable is relative to the other variables used in 
the same models (Burnham & Anderson, 2002). As there was some 
overlap in the circular landscapes used as replicates (as indicated in 
the sampling design above), Moran's tests were conducted on model 
residuals to assess spatial autocorrelation in the complete model. 
The results demonstrated no statistically significant autocorrelation 
(all p > 0.19).

2.5.3  |  Plant reproductive success

Linear models were used to evaluate whether fruit and viable seed 
set were affected by number of pollinator visits, grassland type, 
GI, region, and whether there were differences between Lotus and 
Salvia species. The interaction term species × grassland type was in-
cluded in the models, given the different level of specialisation of the 
two plants. The assessment of model assumptions and goodness of 
fit was carried out in the same way as for the network metrics.

3  |  RESULTS

3.1  |  Composition of pollinator species 
assemblages

We recorded a total of 7105 pollinator visits across the three 
European regions (Appendix S3). Large bees were the most active 
functional group (39.8% of visits), followed by lepidopterans (21.6%), 
coleopterans (18.5%), hoverflies (7.14%), small bees (4.97%), dipter-
ans—excluding hoverflies—(4.85%), wasps (1.69%) and ants (1.47%). 
In contrast to the expected, no overall differences in pollination 
richness were detected either between ancient and restored grass-
lands, and this was consistent across the three regions. Moreover, 
the amount of GI was not found to significantly influence the num-
ber of pollinator species in each target grassland (F- test: all p > 0.05; 
Table 1; Table S1).

Regarding β diversity, there was a wide variation in the compo-
sition of pollinator assemblages across grasslands (βBC = 0.94), and 
this dissimilarity was mainly driven by spatial replacement of species 
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    |  1021TRAVESET et al.

(βBC.BAL = 0.89) rather than species loss from one grassland to an-
other (βBC.GRA = 0.05). The PERMANOVA analyses indicated that dis-
similarity in species composition was partly due to the amount of GI, 
as grasslands with similar GI values hosted similar pollinator assem-
blages (Table S2; PERMANOVA: F1,19 = 4.42, R2 = 0.12, p < 0.001). 
The functional groups showing the greatest change in relation to 
a proportional change of GI were small bees, lepidopterans, cole-
opterans, large bees, and dipterans (Figure 1; Table S2). In contrast, 
GI did not affect the diversity of hoverflies, wasps and ants (Figure 1; 
Table S2: all p > 0.05). Pollinator species composition also var-
ied among the three regions (Table S2; PERMANOVA: F1,19 = 6.93, 
R2 = 0.36, p < 0.001), which was mainly due to differences in species 

richness of coleopterans, large bees and small bees between them 
(Figure 2a). The type of grassland did not influence pollinator assem-
blages (Table S3; PERMANOVA: F1,19 = 1.13, R2 = 0.03, p = 0.3), as the 
proportion of each pollinator functional group remained constant 
(Figure 2b).

3.2  |  Changes in network topology

Region and network size were included in most of the selected mod-
els (Table 2) and therefore had the highest relative importance in ex-
plaining variation in network topology (Figure S2). GI and grassland 

F I G U R E  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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F I G U R E  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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type were also key factors frequently integrated into these mod-
els (Table 2; Figure S2). The models revealed that higher GI values 
decreased the total number of visits (Figure 3a), while restored 
grasslands accumulated more visits than ancient ones (Figure 3b; 
Table S3). The impact of GI and grassland type on visit numbers var-
ied based on the habitat preferences of plant species (Figure 3b,c; 
Table 2; Table S3). Generalist plants received more visits in restored 
grasslands, with no significant differences for specialists (Figure 3b). 
The negative effect of GI on visit numbers was more pronounced 
for specialists than for generalist species (Table S3), and for restored 
than for ancient grasslands (Figure 3c; Table S3). Higher GI values led 
to increased network specialisation (H'2) while concurrently reduc-
ing the mean number of links per species and network modularity 
(QZ) (Figure 4a; Table 2; Table S3). Networks were more specialised 

and modular in restored grasslands, while mean number of links 
per species also increased in restored pastures (Figures 3b; Table 2; 
Table S3). Grassland type and GI were also chosen by the AIC cri-
terion to account for variation in interaction evenness, but neither 
of the models including GT or GI improved upon the intercept- only 
model (Table 2). Furthermore, their explanatory power was low 
(R2 < 0.08 in all models).

3.3  |  Plant reproductive success

Reproductive success was assessed for 159 Lotus and 42 Salvia in-
dividuals. Salvia produced more fruits per flower (0.69 ± 0.05) than 
Lotus (0.36 ± 0.03) (Table 3: F1,192 = 24.86, p < 0.001), but grassland 

TA B L E  2  Best- fitting regression models for explaining network level metrics.

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 specialisation (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

Note: 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.
Abbreviations: GI, green infrastructure; GT, grassland type; HP, habitat preference; NS, network size; RE, region.
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    |  1023TRAVESET et al.

type did not affect fruit set in either species (Table 3, p > 0.005). 
Fruit set increased with the number of pollinators visits in Salvia but 
not in Lotus (Figure 5; Table 3: F1,192 = 3.97, p < 0.05). Seed viability 
was obtained from 123 individuals: 82 of Lotus and 41 of Salvia. 
Region and species were the only variables examined that had a sig-
nificant effect on seed viability (Table 3; Table S3). The significant 
species effect was because the mean viable seed set was higher for 
Lotus than for Salvia (1.64 ± 0.41 vs. 0.14 ± 0.2, respectively) (Table 3: 
F1,93 = 5.76, p = 0.02).

4  |  DISCUSSION

Contrary to our expectations, and consistently across regions, re-
stored and ancient grasslands did not differ in either pollinator rich-
ness or in the proportion of different pollinator functional groups. 
We found a high turnover of interactions across grasslands, driven 
by high replacement of plants and pollinators. This suggests that 
even though species identity may vary between ancient and re-
stored grasslands, as well as within each grassland type, pollination 
functionality is maintained. Plant- pollinator interactions appear to 
be rapidly restored probably due to the high ‘flexibility’ of many pol-
linators allowing them to establish interactions with a wide array of 
plants, that is acting as generalists. This finding is concordant with 
previous work also reporting high responsiveness of plant pollination 
communities to restoration actions (e.g. Forup et al., 2008; Kaiser- 
Bunbury et al., 2017; Noreika et al., 2019; Tarrant et al., 2013).

Here we show that this flexibility is dependent upon landscape 
connectivity and that such dependence varies across pollinator 
functional groups. Specifically, our study provides evidence that the 

presence of GI in the surrounding landscape is a key factor deter-
mining pollinator species composition, especially for small and large 
bees, butterflies, beetles and dipterans. In contrast, GI was shown 
to be of minor relevance for hoverflies, wasps and ants. Differences 
among pollinator functional groups in responses to landscape con-
nectivity were also documented by Öckinger and Smith (2007) and 
by Rotchés- Ribalta et al. (2018). In accordance with our results, 
the positive relationship between dissimilarity of GI and pollinator 
functional groups was particularly notable for bees (Rotchés- Ribalta 
et al., 2018) and lepidopterans (Öckinger & Smith, 2007), which can 
differ greatly in their effectiveness as pollinators (Ollerton, 2021).

This leads us to speculate that differing GI among grasslands may 
promote changes in pollinator effectiveness. The consequences of 
different responses by different pollinator groups for plant repro-
ductive success and, thus, for future plant community composition, 
are indeed much unknown. Hence, it is important for any restoration 
program to consider not only total pollinator species richness but the 
effects on the pollinator groups that potentially have different roles 
in plant pollination success.

Regarding the overall structure of the plant- pollinator net-
works, the total number of pollinator visits as well as network spe-
cialisation varied substantially between the two grassland types. 
It's worth noting that the interaction between grassland type and 
GI was scarcely selected for nearly any model, indicating a limited 
effect size, which implies that the effectiveness of restoration in 
terms of the pollination network structure was not strongly influ-
enced by the amount of GI. Restored grasslands received more 
pollinator visits than ancient ones, which indicate that they are 
effective at attracting pollinators, but only to generalist plant spe-
cies. This led to more specialised networks, whereby pollinators 

F I G U R E  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 grey) and restored 
(light grey) grasslands. The trendline 
depicts a linear regression for each plant 
group.
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tend to be more selective and do not use resources solely on the 
basis of their abundance, resulting in a reduced niche overlap. This 
finding may imply that restored grasslands are less functionally re-
dundant (i.e. less resilient) than their ancient counterparts, and is 
consistent with at least those of two previous studies who reported 
plant- pollinator interactions to be less robust on restored than on 
ancient or reference sites (Forup et al., 2008; Williams, 2011). On 
the other hand, the amount of GI was associated with networks 
exhibiting lower modularity. Specialisation and modularity often 
exhibit an inverse relationship as specialised pollinators tend to 
visit fewer plant species, leading to reduced interaction diversity 
and complexity, reflected in a lower mean number of links per 
species. Additionally, higher values of GI also correlated with a 
reduction in the total number of insect visits to flowers. These 
negative effects of landscape connectivity were stronger for 

grassland- specialist than for grassland- generalist plants, which is 
consistent with the effect of grassland type (restored vs. ancient). 
Interestingly, the observed increase in fruit set in the specialist 
Salvia with pollinator visits adds nuance to this narrative, hinting at 
potential pollination limitations in specialist species within these 
grasslands. Thus, restored grasslands with low amounts of GI were 
those promoting the highest number of insect visits to habitat- 
generalist plants, which might translate into higher reproductive 
success of generalist plant species but not specialist ones. Such 
findings are consistent with those of Kimberley et al. (2021) who 
reported that restored grasslands tend to have more generalist 
plant species and a lower density of grassland specialists than an-
cient ones, leading to biotic homogenisation.

Different restoration strategies can result into different out-
comes of plant- pollination interaction network structure. This was 

F I G U R E  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 grey) and 
restored (light grey) grasslands. Error bars represent standard errors.
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shown, by means of modelling, by Devoto et al. (2012) who found 
that a strategy focused on restoring functional complementarity 
would result into a different trajectory when compared to a strat-
egy focused in restoring redundancy. Their findings suggest that 
restoration should aim at increasing both interaction diversity and 
evenness, properties which are typical of ancient sites. While an 
increase in interaction diversity can be achieved by introducing 
plant species, they found that interaction evenness can be en-
hanced by maintaining a high grassland specialist species density 
from the onset of the restoration. On the other hand, restoration 
should consider the spatial landscape configuration to improve its 
outcome. Our study provides new evidence that the landscape 
context indeed affects the interactions between plants and polli-
nators, not only influencing species composition and the interac-
tion they establish, but also changing the level of generalisation of 
the entire pollination network, making it more or less redundant 

and, thus, more or less resistant to future perturbations. Network 
structure has been shown to be a suitable indicator for pollina-
tion quality (Kaiser- Bunbury et al., 2017) and we argue that more 
studies at community level, using such network approach, will 
help predicting how plausible different restoration programs are 
for these unique ecosystems. Our findings also corroborate the 
necessity to reconcile ecosystem functioning and species recov-
ery to avoid biotic homogenisation. The keys to success in this 
aim certainly warrant further research (Holl et al., 2022). One first 
suggestion emerging from this study is that reinforcing the pres-
ence of specialist plants in the restored grasslands is key.
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Escribano Ávila conceived the ideas and designed the methodol-
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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

Note: Significant effects (p < 0.05) are indicated in bold. Parameter estimates fitted for fixed effects 
are provided as Supporting Information (Table S4).

TA B L E  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.

F I G U R E  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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