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Abstract
1.	 Pollinator habitat enhancement typically relies on flowering species that are pos-
sible to cultivate and produce in large quantities, instead of species that fulfil 
valuable functional roles for plant–pollinator interaction diversity.

2.	 Using plant–pollinator interaction data from 673 plant–pollinator networks within 
17 different studies in temperate grasslands of Europe, we evaluated if native 
plant genera that are readily available from commercial seed suppliers frequently 
occur across plant–pollinator networks, are attractive to pollinators and support 
pollinator assemblages that occupy complementary functional roles in interaction 
space.

3.	 Readily available flowers frequently occurred across plant–pollinator networks 
and were attractive to pollinators. On average, only 8.29 (SE = 0.90) readily avail-
able plant genera were required to support most of the pollinator species across 
all the studies analysed here, compared to 11.53 (SE = 1.64) plant genera with lim-
ited availability. However, they fulfilled redundant functional roles within commu-
nities by supporting overlapping assemblages of abundant pollinators. Simulated 
flower mixes of native plant genera that frequently occurred across pollinator 
networks supported fewer rare and less-selective pollinators than a random se-
lection of plant genera, indicating that revegetation may result in the functional 
homogenization of pollinator communities.

4.	 Synthesis and applications: Flowers that are attractive and occupy a complemen-
tary position in interaction space could be prioritized in flower mixes to recover 
rare and specialized pollinators. By defining the ecological roles of readily avail-
able plants in plant–pollinator networks, particularly those that receive high visi-
tation rates from complementary pollinator communities, this study provides a 
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1  |  INTRODUC TION

Constraints of the seed supply chain limit the plants that can be 
used to enhance habitats by their suitability to large-scale produc-
tion, instead of their ability to recover community stability or eco-
system function (Haaland et al., 2011; Kaul et al., 2023; Ladouceur 
et al., 2018; Zinnen, Barak, et al., 2025; Zinnen & Matthews, 2022). 
The constraints of the seed supply chain are particularly relevant 
for flowering plant species that enhance landscapes for pollinators 
by revegetating areas with plants to provide more pollen and nectar 
resources (Ranalli et  al., 2025). While some seed mixes in Europe 
favour legumes for the production of nectar, or aim to maximize 
flower species richness (Müller et  al., 2024; Scheper et  al., 2013), 
few are based on quantitative evidence to understand the functional 
role of flowering plants to improve pollinator diversity (Garbuzov & 
Ratnieks, 2014; Menz et al., 2011). Consequently, flower mixes for 
pollinator habitat enhancement are often informed by a combination 
of best judgement, practical considerations and cost (Rowe, 2010), 
instead of the functional role of flower species to recover pollinator 
diversity.

Enhancing pollinator habitats with flowering plants can increase 
local species richness but may lead to the functional homogeniza-
tion of pollinator communities across the landscape by supporting 
pollinators that perform similar ecological roles across interaction 
networks. Flowering plants that occur across more local popula-
tions, have complementary phenologies and an overall longer activ-
ity period, and consequently overlap with a wide range of generalist 
and specialist pollinators (Chacoff et al., 2018; Peralta et al., 2020; 
Resasco et  al., 2021). Enhancing landscapes by introducing a few 
flowering plant species that establish across many pollinator net-
works could increase floral cover, and consequently, the chances 
that floral resources are available to most of the pollinator species. 
However, enhancing landscapes with the same subset of flowering 
plant species across local communities potentially leads to the biotic 
homogenization of floral communities (Holl et  al., 2022), with un-
known effects on the structure of plant–pollinator interaction net-
works. Homogenous plant communities may strengthen interactions 
with species from the overall community that share pollination be-
haviours, leading to the reciprocal biotic homogenization of higher 
trophic levels. Flowering plants that are attractive to pollinators 
from a wide range of taxonomic and functional groups can enhance 
habitats to support diverse pollinator communities.

Land managers often face the challenge of maximizing outcomes 
of habitat enhancement while balancing the cost of plant materials, 

making it important to prioritize flowers in mixes that support com-
plementary pollinator assemblages (Williams & Lonsdorf, 2018). A 
flowering plant occupies a position in interaction space depending 
on the composition of pollinator visitors, relative to other flower-
ing plants in a community. Flowers that are ‘original’ attract pollina-
tors that are far from the community average in interaction space, 
while plants that are ‘unique’ are visited by pollinators that are dif-
ferent from the next most similar plant species in interaction space 
(Buisson et al., 2013; Burkle et al., 2020; Figure 1). Given the limited 
number of flower species that can be included in mixes, prioritizing 
flower species with non-overlapping pollinator assemblages—like 
those that attract original or unique pollinator assemblages—can 
enhance pollinator diversity and rebuild interaction network struc-
ture in line with specific goals (Blüthgen & Klein,  2011; Devoto 
et al., 2012; Ladouceur et al., 2022). Understanding the relationship 
between how frequently flowers appear in pollinator networks, and 
the uniqueness and originality in interaction space, could improve 
flower mix design to enhance landscapes for pollinators at appropri-
ate spatial scales.

We used seed supply data from Ladouceur et al. (2018) to iden-
tify flowering plant genera that are readily available from seed 
suppliers in Europe, and integrated these data with a European da-
tabase of plant–pollinator interaction studies (Lanuza et al., 2025b) 
to evaluate whether flowering plants for pollinator habitat en-
hancement also occur frequently across pollinator networks, and 
if the frequency of occurrence influences pollinator visitation 
patterns to these flowers. We hypothesized that readily avail-
able flowers occurred more frequently across pollinator networks 
and supported more pollinator species, than flowers that are less 
available from seed suppliers (Cavender-Bares et al., 2020; Zinnen 
& Matthews,  2022). Even though frequently occurring flowers 
may interact with a wide range of pollinator species, they poten-
tially decrease pollinator community diversity by strengthening 
interactions with a similar subset of the pollinator community 
(Carstensen et al., 2016; Peralta et al., 2020; Vazquez et al., 2009). 
Thus, we hypothesized that there was a negative association be-
tween the occurrence of flowers across pollinator networks, and 
originality in interaction space, because these flowers strength-
ened interactions with functionally similar subsets of mainly gen-
eralist pollinators (Buisson et al., 2013; Parra et al., 2022; Peralta 
et  al., 2020). Lastly, pollinator visitation data was compared be-
tween simulated flower mixes of plants that occur frequently in 
pollinator networks, to a random selection of flowers, to under-
stand if habitat enhancements for pollinators supported fewer 

practical guide for conserving pollinators with ecologically informed restoration 
practices.

K E Y W O R D S
community assembly, complementarity, flower mixes, habitat enhancement, mutualism, 
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rare and less specialized pollinator species. Results indicate that 
readily available flowers occur frequently across pollinator net-
works and support taxonomically diverse pollinator species. 
However, mixes of frequently occurring flowers are likely to sup-
port fewer rare and less selective pollinators, potentially leading 
to the functional homogenization of pollinator communities. To in-
crease the availability of flowers that support rare pollinators, we 
highlight a number of flower genera that have high visitation rates 
and uniqueness as candidates to improve flower mixes for whole 
pollinator communities.

2  |  MATERIAL S AND METHODS

2.1  |  Readily available plant genera in Europe

The plant species list from Ladouceur et  al.  (2018) was used to 
identify flowering plant genera that are native to the EU and read-
ily available from commercial seed suppliers in Europe. In brief, a 
list of native plant species cultivated by commercial operations was 
compiled through a literature search and surveying seed suppliers in 
Europe (n = 17 suppliers, n = 1122 plant species). Seed suppliers were 
from 17 countries (Ladouceur et  al., 2018) and spanned all major 
biogeographical regions of the European continent and islands. 

Flowering plant genera were readily available if they were defined in 
Ladouceur et al. (2018) as ‘commercially available’ and produced by 
more than 40% of seed suppliers. We used 40% as a cut-off so that 
Trifolium, which is a genus that is known to be ubiquitous for com-
mercial applications worldwide, was included as a readily available 
genus. This selection criteria resulted in 44 readily available plant 
genera (Table  S1), with genera representing 3.95 species/genus 
(SE = 0.49). While we acknowledge that interspecific variation within 
genera exists in plant traits, the genus level is considered the most 
practical for pollinator enhancement recommendations because 
most species within the genus have similar benefits for pollinators 
(Garbuzov & Ratnieks, 2014).

2.2  |  Plant–pollinator visitation data

Pollinator visitation patterns and the frequency of plant gen-
era across plant–pollinator networks were described using the 
European Plant-Pollinator Networks database (EuPPollNet; Lanuza 
et al., 2025b). EuPPollNet contains 623,476 plant–pollinator interac-
tions from 1522 local plant–pollinator networks across the European 
continent. These networks belong to 54 independent studies con-
ducted between 2004 and 2021 that document interactions of the 
main insect floral visitors occurring in Europe.

F I G U R E  1 Within each study of the EuPPollNet database, the frequency of occurrence across networks was calculated for each flower 
species. Based on the identity and abundance of pollinators visiting a flower species in a study (right), originality is the distance of a flower 
from the community mean (left; yellow dot) in interaction space, and uniqueness is the distance to the nearest neighbour in interaction 
space.
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To ensure that pollinator visitation patterns to plant genera 
were reliably sampled and comparable across studies, EuPPollNet 
was filtered by studies that sampled plant–pollinator interactions 
using a transect method, had more than 10 distinct local networks 
and targeted entire pollinator communities. Only studies from the 
Continental or Atlantic bioregion were included to standardize the 
interaction data to temperate grasslands of Europe. Only inter-
actions from individuals belonging to three of the main orders of 
European pollinators were included (Hymenoptera, Diptera and 
Lepidoptera) (Willemstein,  1983), and honeybees (Apis mellifera) 
were excluded because the abundance of these species within com-
munities is mainly dependent on anthropogenic activities (60.0% of 
all interactions in EuPPollNet). As a result of this selection criteria, 
there are n = 17 studies with n = 673 total local networks, and the 
number of local networks per study ranged between 12 and 113 
(median = 21) (Table S2; Figure S1).

2.3  |  Flower frequency across pollinator networks

Flower frequency across pollinator networks was assigned to each 
plant genus within a study based on the number of local networks 
where a plant genus was detected, relative to the plant genus that 
was detected in the most local networks (Mouillot et  al.,  2013; 
Simpson et  al.,  2022). Standardized flower frequency ranged be-
tween 0.01 and 1.00, but was also defined categorically to establish 
an easily identifiable benchmark for land managers. Plant genera 
with a standardized frequency in pollinator networks of 50% or 
more were considered ‘frequent’, which was 17.6% of plant genera 
across all studies (Figure S2).

2.4  |  Pollinator assemblages visiting plant genera

To describe the position of flower genera in interaction space, pol-
linator visitations to a plant genus were aggregated across all local 
networks within a study into a single regional-level metaweb. 
Aggregating interactions across a study was required to record the 
full range of pollinator species that visit a plant genus. We excluded 
any plant genus from a study that received fewer than five total visi-
tations within the regional-level metaweb, because there was not 
enough data to reliably describe the pollinators these plants support 
(range = 27.5%–66%, median = 42% of plant genera in a study). Our 
results are robust to this visitation threshold because the extremely 
long right-tailed distribution of total visitations to plant genera does 
not change despite excluding plants with low pollinator visitation 
(Figure S3).

The rarity and specialization of pollinator species were estimated 
within each study, to understand if plant genera that frequently 
occur across pollinator networks are likely to support taxonomic and 
functionally diverse pollinator assemblages. Rare pollinators were 
defined as any species accounting for less than 1% of total interac-
tions in a study (Simpson et al., 2022). Specialization of pollinators 

was calculated using the weighted metric d′ (Blüthgen et al., 2006) 
and unweighted metric normalized degree (ND) to fully characterize 
the diet breadth of species.

2.5  |  Analyses

2.5.1  | What plant genera frequently occur across 
pollinator networks?

We tested the hypothesis that readily available plants frequently 
occur across local pollinator networks, by comparing the mean 
standardized frequency in networks between readily available plant 
genera and plant genera with limited availability using a t-test. To en-
sure that the result was robust against our decision on how to define 
a readily available plant, we manipulated the threshold and re-ran 
the analysis. Next, we tested the hypothesis that readily available 
plant genera support more pollinator species, than plant genera with 
limited availability. Using the species accumulation curves of plant 
genera that are readily available or have limited availability within 
each study, we measured pollinator species richness supported by 
an equivalent number of plant genera in each group, which was de-
fined by the number of readily available genera in a study. A t-test 
with study as a random effect was used to compare means.

2.5.2  |  How is frequency of occurrence related 
to originality and uniqueness in interaction space?

Originality is the difference in interaction space between a plant and 
the average position of other co-occurring plants in the community 
(Figure 1) (Buisson et al., 2013; Burkle et al., 2020). To estimate the 
originality of each plant genus within a study, a distance and dis-
similarity matrix was made based on the observed plant–pollinator 
interactions. Some networks were large and contained many plants 
that did not share any pollinator species Extended dissimilarities 
were thus required to estimate dissimilarity between plant genera. 
A Principal Coordinates Analysis (PCoA), with the distance of each 
plant genus to the overall community centroid was used to estimate 
originality.

Uniqueness is the distance in interaction space between a plant 
and the next most similar plant genus co-occurring in a community 
(Figure  1) (Buisson et  al., 2013; Burkle et  al., 2020). Based on the 
PCoA from above, we calculated the mean distance to all other plant 
genera in NMDS space within a study.

We used a Pearson's correlation to exclude a potential correlation 
between originality and uniqueness (Pearson's correlation = 0.11). 
Following a non-significant correlation, separate linear mixed ef-
fects models were used to investigate the relationship between 
the frequency of a flower across networks and status as a readily 
available plant, on pollinator uniqueness and originality. Originality 
and uniqueness were both response variables, with plant frequency 
and status as a readily available plant as main effects. Study and 
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plant genus were separate crossed random effects to account for 
repeated sampling of the same plant genera across studies and dif-
ferent plant genera within the same study. Originality and frequency 
of occurrence across pollinator networks were log transformed to 
ensure normality. Separate two-way ANOVAs were used to test for 
a significant association between covariates and response variables, 
followed by a t-test using Satterthwaite's method to approximate 
degrees of freedom.

2.6  |  Flower mixes for pollinator habitat 
enhancement

Flower mixes support an increasing number of pollinators with more 
species but based on the cost constraints of purchasing plant materi-
als, flower species richness has limiting returns for pollinator diver-
sity (Harmon-Threatt & Hendrix, 2015; M'Gonigle et al., 2017; Otto 
et al., 2017; Williams et al., 2015). We aimed to understand if flower 
mixes of plants that occur frequently across pollinator networks 
support specialized and rare pollinator species, by comparing the 
mean generalization and rare species richness of pollinator assem-
blages between 10 frequent and randomly selected plant genera. 
We acknowledge that flower mixes can include more or less than 10 
flower genera depending on the resources available to land manag-
ers but believe this is a realistic number based on published evidence 
(Harmon-Threatt & Hendrix,  2015; M'Gonigle et  al.,  2017; Otto 
et al., 2017; Williams et al., 2015). Only studies that had 10 or more 
plant genera that frequently occurred across networks (n = 9 stud-
ies) were included for this exercise. Within each study, 10 frequently 
occurring plant genera were randomly drawn without replacement 
to represent a flower mix, and the associated pollinator interactions 
were included to represent the pollinator community supported by 
the flower mix. For each random draw of plant genera, we calculated 
the mean normalized degree (ND; number of unique plant genera 
relative to the total plant genera in a network) and selectivity (d′) of 
all pollinator species and the number of rare species per interaction. 
The richness of rare pollinators was divided by the total interactions 
associated with the 10 randomly selected plant genera (random spe-
cies seed mix), to understand how well plants that frequently occur 
across pollinator networks support rare pollinators standardized 
by interaction frequency. This process was then repeated with 10 
randomly selected plant genera. The selection of 10 frequently oc-
curring and random plant genera was repeated 100 times for each 
study.

The direction and magnitude of the effects of flower mixes 
with frequently occurring plants on mean pollinator ND, selectiv-
ity and rare species richness were compared by calculating Z-score 
standardized effect sizes. For each study, the mean pollinator value 
(richness of rare species, ND and selectivity) from each run of the 
random-species flower mix was subtracted from the mean value of 
each run of the frequently occurring species flower mix, and then di-
vided by the standard deviation of the pollinator value across all runs 
of the random-species flower mix. The mean and 95% confidence 

intervals were plotted. Based on the density distribution of rare pol-
linators across all studies (Figure S4), we re-ran this analysis when 
categorizing pollinators as rare if they participated in 0.5% (as op-
posed to 1%) of interactions and compared the results finding no 
differences (Figure S5). Additionally, we manipulated the threshold 
to define frequent plants and re-ran the analysis to determine how 
sensitive the results were to our decisions.

2.7  |  Recommendations for attractive and unique 
flower genera

To provide recommendations for flowers that are attractive and 
unique within flower mixes, we identified all the cases of plant gen-
era in the top 15th, 25th, 35th and 45th percentiles of visitation rates 
and uniqueness values. We report the mean number of plant genera 
that were attractive and unique as a proportion of all plant genera 
within a family at the 25th percentile, to identify families with the 
most realistic potential to reach restoration end goals for commer-
cial cultivation. No ethical approval was required for this study.

3  |  RESULTS

3.1  |  What flower genera frequently occur across 
pollinator networks?

Pollinator visitation was observed in 169/332 (50.9%) plant genera 
provided by seed producers, and only 17.2% of these plant gen-
era are readily available. Readily available flower genera occurred 
in more pollinator networks than flower genera with limited avail-
ability (Figure 2a). Across all studies, the mean frequency of occur-
rence in pollinator networks of readily available flower genera was 
0.86 times greater than that of flower genera with limited availa-
bility (t-test, SE = 0.17, t-valuedf = 254 = 5.9, p < 0.001) (Figure S6) and 
was robust against the threshold to define readily available gen-
era (Figure  S7). On average, the same number of readily available 
flower genera supported 18.59 more pollinator species (LMER t-test, 
SE = 4.95, t-value12.47 = 12.47, p = 0.003) than less available plant 
genera (Figure 2b).

3.2  |  How is frequency of occurrence related 
to originality and uniqueness in interaction space?

There was no association between the originality and uniqueness 
of flower genera (Figure  3a). Originality was negatively associ-
ated with the frequency of occurrence across networks (LMER t-
test, est = −0.06, SE = 0.005, t-value860 = −13.09, p < 0.001) but not 
with the availability from seed suppliers (LMER t-test, est = 0.003, 
SE = 0.01, t-value109 = 0.32, p = 0.73) (Figure 3b). Uniqueness was not 
associated with the frequency of occurrence across pollinator net-
works (LMER t-test, est = 0.02, SE = 0.03, t-value782 = 6.82, p = 0.47), 
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or the availability from seed suppliers (LMER t-test, est = 0.02, 
SE = 0.02, t-value772 = −1.30, p = 0.21).

3.3  |  Flower mixes for pollinator habitat 
enhancement

Flower mixes of plants that frequently occur across pollinator 
networks supported less-selective pollinators in 7/9 of studies 
and had a lower richness of rare pollinator species in 8/9 stud-
ies (Figure 4). This effect was stronger on the taxonomic diversity 
compared to the selectivity of the pollinator community, with a 
50.3% stronger reduction in rare species richness compared to 

pollinator selectivity. Plants that frequently occur across net-
works were visited by more- or less-generalized pollinators in 5/9 
studies. Less-restrictive thresholds (i.e. 20%) result in a higher 
number of flower genera that are common, and flower mixes are 
more likely to resemble the pollinator assemblage visiting random 
flowers (Figure S8).

3.4  |  Recommendations for attractive and unique 
flower genera

Across all studies, there were only 47 cases where a plant genus was 
in the top 25th percentile of pollinator uniqueness and visitation 

F I G U R E  2 (a) Bar plot illustrating the distribution of the mean frequency of occurrence (y-axis) of readily available (blue) and limited 
availability (gold) plant genera (x-axis). Bar height represents the mean frequency of occurrence of a plant genus across all studies where 
it was detected. Dashed lines are the 50th percentile. (b) Species accumulation curves of the number of pollinator species (y-axis) for 
readily available (blue) and limited availability (gold) plant genera (x-axis). Points indicate the mean number of flower genera and number of 
pollinator species accumulated across all studies.

F I G U R E  3 (a) Relationship between the visiting pollinator assemblage uniqueness (x-axis) and originality (y-axis) for plant genera in a 
study. Darker blue points are plant genera that occur across more pollinator networks. Dashed lines are the 50th percentile of uniqueness 
and originality. (b) The pollinator assemblage originality (y-axis) declines as plants occur more frequently across pollinator networks (x-axis).
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rate (Figure 5a). Among plant genera with limited availability for res-
toration but are attractive to unique pollinator assemblages, seed 
suppliers may consider plant genera from six families for produc-
tion (Figure 5b). Specifically, 27.5% of the most attractive and unique 
flower genera belong to the Asteraceae family (Figure S9a). As a per-
centage of the flower genera within the family visited by pollinators, 
Convolvulaceae, Geraniaceae and Ranunculaceae, had the most 
genera that were attractive and unique (Figure S9b).

4  |  DISCUSSION

We aimed to understand if flowers that are readily available from 
commercial seed suppliers occur frequently across local pollinator 
networks, and whether these flowers strengthen interactions with 
functionally similar subsets of generalist pollinator species. We found 
that readily available plant genera from European seed suppliers 
were also taxa that occur frequently across local pollinator networks. 

F I G U R E  4 Standardized Z-scores for the effects of flower mixes of frequently occurring plants on pollinator selectivity (d′; top), 
normalized degree (middle) and mean richness of rare species (bottom). For each study (y-axis), the magnitude and direction of the effects 
of flower mix was measured using standardized Z-scores (x-axis). The red dashed line indicates the population mean of the response variable 
centred at zero. A result was considered significantly different than random if the 95% error bars did not overlap with zero.

F I G U R E  5 (a) Flower genera that are in the top 15th, 25th, 35th and 45th percentiles of attractive (x-axis) and uniqueness (y-axis). (b) Ten 
of 25 Flower genera (y-axis) that are in the top 25th percentile of attractive and uniqueness but have limited availability from seed suppliers. 
Bars are coloured depending on the family of the plant genus.
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Naturally widespread plants may have traits that are conducive to 
the commercial seed supply chain, like long-lived seeds that readily 
germinate, and aesthetically pleasing flowers with a reliable market 
demand. Readily available flowers that occur frequently across pol-
linator networks supported more pollinator species than plants with 
limited availability. This may be because flowers that persist across 
time and space receive high pollinator visitation by sharing activity 
periods with many pollinator species (Chacoff et al., 2018; Resasco 
et al., 2021; Vázquez et al., 2007), and only a few readily available 
flower genera are required to support most of the pollinators in a 
community. However, the originality of flowers in interaction space 
declined as flowers occurred more frequently across networks, sug-
gesting that these plants may serve as hubs of network modules, and 
strengthen interactions with similar subsets of the pollinator com-
munity (Olesen et  al., 2007). Additionally, rare pollinator richness 
and selectivity were lower for flower mixes composed of plants that 
frequently occur across pollinator networks compared to a random 
selection of plants in the community. Readily available plant genera 
may strengthen interactions with common and less-selective polli-
nator species, but neglect rare specialists which are often a target 
of conservation (Nichols et al., 2022; Wood et al., 2017). Therefore, 
recovering pollinator diversity may depend on the capacity to iden-
tify, cultivate and incorporate plant materials into seed mixes that 
support rare and specialized pollinator assemblages.

Readily available flower genera from commercial seed suppliers 
in Europe occurred frequently across plant–pollinator interaction 
networks and supported many pollinator species, indicating that 
increasing floral cover benefits pollinator abundance and richness. 
Plants that occupy many local communities have complementary ac-
tivity periods and provide consistent floral resources for pollinators 
across space and time by persisting across the landscape (Havens 
& Vitt, 2016; Ogilvie & Forrest, 2017; Zinnen, Barak, et al., 2025). 
Our study demonstrates that plants which occur frequently across 
networks form more interactions, likely because species interact 
proportionally to their abundances (Vázquez et al., 2007). For these 
reasons, it takes proportionally fewer frequently occurring plant 
species to support a majority of the pollinator community, which 
is consistent with other flower mixes (Burkle et  al., 2020; Glenny 
et al., 2023; Nichols et al., 2023; Warzecha et al., 2018). Pollinator 
habitat enhancements could benefit species richness simply by 
improving flower cover. By contrast, most flowers are rare and re-
ceive low pollinator visitation. It could be that specialized flowers 
also have a narrow range of habitat requirements. As the number of 
flowers within mixes increases, so does the overall pollinator species 
richness, with an increasing likelihood that some pollinator species 
are rare.

Only 17.2% of all plant genera visited by insect pollinators are 
readily available from commercial seed suppliers in Europe. This find-
ing is consistent with previous studies reporting a limited diversity of 
all the potential plant species available for restoration (i.e. ‘the resto-
ration species pool’) (Kaul et al., 2023; Ladouceur et al., 2018; White 
et al., 2018; Zinnen, Chase, et al., 2025; Zinnen & Matthews, 2022). 
Hay transfer, the translocation of plant material harvested from 

species-rich donor sites, or spontaneous colonization can increase 
the potential number of species colonizing local sites but may still 
be insufficient to fully recover diversity in local communities. Hay 
transfer excludes rare species with unique germination require-
ments (Wagner et al., 2021), donor sites may be unavailable and seed 
banks in Europe may be depauperate due to a legacy of disturbance, 
over-fertilization and climate change pressures (Auffret et al., 2023). 
Improving cold stratification, embryo development and seed longev-
ity techniques may expand the pool of species that can practically 
be used in pollinator habitat enhancement projects to include plants 
with unique germination requirements (Jiménez-Alfaro et al., 2016).

Originality was negatively associated with the frequency of 
flowering plants in pollinator networks, indicating that plants that 
are rare across local communities form interactions with pollina-
tor species that occupy a distinct niche in functional interaction 
space. The pollinator assemblage visiting these plants may have 
unusual morphological or behavioural traits that are not already 
supported by plant species that occur more across pollinator net-
works (Kondratyeva et  al., 2019), and are frequently neglected by 
habitat enhancements (Nichols et  al.,  2022; Wood et  al.,  2017). 
Consequently, rare plants occupy an important role in interaction 
space by supporting pollinators that are complementary to the 
community average (Blüthgen & Klein, 2011). Plants with high orig-
inality in interaction space may be less nested (Resasco et al., 2021; 
Vázquez et al., 2007), and may be less strongly associated with a net-
work topology that is consistent with community stability (Glenny 
et al., 2023; Menz et al., 2011). Furthermore, we did not observe an 
association between the frequency of occurrence and pollinator as-
semblage uniqueness. Instead, there may be a correlation between 
uniqueness in floral trait space (visual, olfactory or gustatory cues), 
and interaction space, to support rare and specialized pollinators 
(Burkle & Runyon, 2019). Commercial seed supply companies that 
can cultivate flowers with unique traits in interaction space could 
improve the availability of functionally important plants for pollina-
tor habitat enhancement.

To aid practitioners in prioritizing plants that maximize pollinator 
diversity with revegetation seed mixes, we identified flower genera 
that were both attractive and occupied unique positions in interac-
tion space. Land managers are often restricted by the cost of ac-
quiring plant materials to a limited number of plant genera that can 
be included within seed mixes for pollinator habitat enhancement 
and must choose the genera that provide the greatest cost–benefit 
ratio for pollinators (Harmon-Threatt & Hendrix,  2015; M'Gonigle 
et al., 2017; Otto et al., 2017; Williams et al., 2015). While the role of 
plants for pollinator restoration exists along a spectrum, land man-
agers must evaluate their budgets and choose the number of spe-
cies to meet their end goals. Among the 25th percentile of plants 
that are unique and attractive, Convolvulaceae, Geraniaceae and 
Ranunculaceae had the highest percentage of flower genera. While 
these plant families share flowers that are morphologically similar 
(radially symmetrical with open anthers), nutritional profiles (Pioltelli 
et al., 2024; Vaudo et al., 2020) and/or olfactory signals are additional 
dimensions of flower–pollinator interactions that may determine the 

 13652664, 2026, 1, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2664.70216 by Johann H

einrich von T
huenen, W

iley O
nline L

ibrary on [18/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  9 of 11GLENNY et al.

uniqueness of a flower in interaction space. It is also worth noting 
that our analysis took place at the genus level, when the position of 
a flower in interaction space may be better resolved by traits that 
vary more at the interspecific level. By contrast, there were flowers 
that were frequent and less available by seed suppliers (Supplemental 
Table 3). Genera like Ribes, Cirsium, Carduus and Taraxacum were at-
tractive for pollinators, but could be a nuisance for landowners, and 
therefore undesirable for habitat enhancements associated with 
other management goals, like grazing. While we did not consider the 
role of plants that are ornamental or exotic to the EU for pollinator 
habitat enhancement, their visually striking floral morphologies and 
ease of cultivation, could potentially fulfil unique positions in interac-
tion networks. The prioritization of unique plant species in restoration 
seed mixes may be important to achieve restoration end goals asso-
ciated with rare and specialized pollinators (Ladouceur et al., 2022).

Selectivity and richness of rare pollinators were lower for mixes 
of flowers that frequently occur in pollinator networks compared 
to random, indicating that pollinator habitat enhancement is likely 
to support a few abundant pollinators that account for most of the 
interactions in a network. Abundant pollinators with diet flexibility 
that forage opportunistically have more chances to form interac-
tions with different floral partners. We found contrasting results 
depending on the use of weighted (d′) and unweighted (ND) metrics 
of specialization. Weighted metrics are influenced by interaction 
frequency, so plants appear as if they support a generalist polli-
nator assemblage if generalist pollinators account for most of the 
visitations to a plant genus. By contrast, unweighted metrics are in-
fluenced equally by each pollinator visitor and potentially reduce the 
importance of abundant pollinators for the interaction patterns to a 
flower. Consequently, frequently occurring plants are visited heav-
ily by generalist pollinators, but also by a wide range of pollinator 
species that co-occur in lower abundances. Interestingly, there was 
a stronger negative association of mixes with frequently occurring 
plants on rare species richness compared to mean pollinator selec-
tivity, suggesting that taxonomic diversity may decline more rapidly 
than interaction diversity as a result of revegetation. This may be a 
result of the flexible and nested nature of plant–pollinator interac-
tion networks where many rare pollinator species can be extirpated 
while still maintaining the overall structure of interaction networks 
(Petanidou et al., 2008). Additionally, we only included studies from 
the Continental and Atlantic bioregions of Europe, which excludes 
regions like the Mediterranean where beetles likely contribute to net-
work structure (Lanuza et al., 2025b). Flower mixes for pollinator hab-
itat enhancement must balance the cost–benefit ratio of supporting 
abundant generalists, potentially at the expense of rare specialists.

In conclusion, pollinator habitat enhancement in temperate 
grasslands of Europe using readily available plants from commercial 
seed suppliers will likely have congruent effects on the pollinator 
community by supporting abundant pollinator species. Frequently 
occurring flowers have high visitation richness and abundance but 
fulfil redundant functional roles within flower mixes by sharing pol-
linator assemblages with co-occurring flower genera. Frequently oc-
curring flowers are still likely to support many common pollinators 

but are less suited to support rare specialists. Seed supply pipelines 
that emphasize functionally important plants for pollinator commu-
nity assembly are likely to provide land managers with the materials 
to restore resilient and stable biotic communities.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Table  S1. Flowering plant genera within the EUSafeNet database, 
that are commercially available and produced by more than 40% of 
seed suppliers according to Ladouceur et al. (2018).

Table S2. Studies (n = 17) from the EuPPollNet database that fit our 
selection criteria.
Table  S3. Flowering plant genera within the EuPollNet database 
that are visited in <50% of pollinator networks, but are produced 
by fewer than 40% of commercial seed suppliers according to 
Ladouceur et al. (2018).
Figure S1. The geographic center of each study from the EuPPollNet 
database, included for analysis. Descriptions of the study associated 
with each point are in Table S2.
Figure S2. Plant genera within a study (x-axis) are sorted according 
to the standardized commonness (y-axis), which is the number of 
local networks where a plant genus is present standardized by the 
most common plant genus.
Figure S3. Total number of visitations (y-axis; color scale) to a plant 
genus within a study (x-axis).
Figure S4. Sensitivity analysis to select the threshold-level of 
interactions to define rare pollinator species.
Figure S5. Sensitivity analysis to defining the threshold of rare 
pollinator species at 0.05% of all interactions.
Figure S6. The mean standardized frequency in pollinator networks 
(y-axis) is greater for plant genera that are ready available (blue) 
from commercial seed suppliers, compared to those plants that have 
limited availability (gold) (x-axis).
Figure S7. Sensitivity analysis manipulating the threshold for readily-
available plant genera.
Figure S8. Sensitivity analysis manipulating the threshold for 
common plant genera.
Figure S9. (a) Plant families (x-axis) with the raw counts of plant 
genera that are attractive to unique pollinator assemblages (y-axis). 
(b) Plant families (x-axis) with the percentage of plant genera within 
a family that are attractive to unique pollinator assemblages (y-axis).

How to cite this article: Glenny, W., Lanuza, J. B., Rakosy, D., 
Ladouceur, E., Zhong, Y., & Knight, T. M. (2026). Flowers for 
habitat enhancement primarily benefit common insect 
pollinators across temperate grasslands. Journal of Applied 
Ecology, 63, e70216. https://doi.org/10.1111/1365-2664.70216

 13652664, 2026, 1, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2664.70216 by Johann H

einrich von T
huenen, W

iley O
nline L

ibrary on [18/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/1365-2664.70216

	Flowers for habitat enhancement primarily benefit common insect pollinators across temperate grasslands
	Abstract
	1  |  INTRODUCTION
	2  |  MATERIALS AND METHODS
	2.1  |  Readily available plant genera in Europe
	2.2  |  Plant–pollinator visitation data
	2.3  |  Flower frequency across pollinator networks
	2.4  |  Pollinator assemblages visiting plant genera
	2.5  |  Analyses
	2.5.1  |  What plant genera frequently occur across pollinator networks?
	2.5.2  |  How is frequency of occurrence related to originality and uniqueness in interaction space?

	2.6  |  Flower mixes for pollinator habitat enhancement
	2.7  |  Recommendations for attractive and unique flower genera

	3  |  RESULTS
	3.1  |  What flower genera frequently occur across pollinator networks?
	3.2  |  How is frequency of occurrence related to originality and uniqueness in interaction space?
	3.3  |  Flower mixes for pollinator habitat enhancement
	3.4  |  Recommendations for attractive and unique flower genera

	4  |  DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	STATEMENT ON INCLUSION
	ORCID
	REFERENCES


