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species of high performance for multiple criteria in current and future
applications.
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bee conservation, habitat plantings, pollinator habitat restoration, pollinator networks,
seed mixes
INTRODUCTION et al., 2019). Thus, it is possible that diverse plantings with

Recent evidence from collections worldwide suggests that
numerous species of native bees are declining (Zattara &
Aizen, 2021). Although a variety of interacting factors
contribute to these declines (LeBuhn & Vargas Luna,
2021), one increasingly well-documented mechanism is
the reduction in abundance and continuity of floral
resources that are critical to the persistence of diverse bee
communities (Nicholson et al., 2021). Loss of continuity
over the season creates gaps or curtailment in resources
at critical times (Timberlake et al., 2019) that may
increase adult mortality and also reduce the numbers of
offspring that can be provisioned. Both factors can
decrease population growth rates and increase the proba-
bility of local extinction (Burkle et al., 2013). The loss of
reliable floral resources is particularly acute in intensive
agricultural landscapes in which conversion of land from
natural habitat to crop fields, simplification and homoge-
nization of crops and fields (e.g., Ollerton et al., 2014;
Scheper et al.,, 2014), and weed management reduce
noncrop floral resources and their phenological diversity.

Enhancing flowering habitat by planting wildflower
meadows, flower-rich field borders or hedgerows can
help to bolster floral resource abundance and diversity
and restore flowering continuity between periods of crop
flowering within agricultural landscapes (Balzan et al.,
2014; Gill et al., 2016; Hardman et al., 2016; Schulte
et al., 2017). Flower plantings generally benefit pollinator
diversity (Lane et al., 2020) and abundance (Albrecht
et al., 2020; Balzan et al., 2014; Lowe et al., 2021); how-
ever, the value of high-diversity plantings is not universal
and may depend on the choice of plant species. For
example, the presence of certain plant species that are
particularly attractive and/or provide higher quality pol-
len rewards than others (Vaudo et al., 2020) can have a
greater impact for supporting pollinators than the overall
diversity of the mix in both agricultural (Warzecha
et al., 2018) and natural ecosystems (Harmon-Threatt &
Hendrix, 2015). From a set of 94 tested plant species,
Warzecha et al. (2018) found that 14 were most used by the
pollinator community, and the top four species supported
80% of all flower visitors (Warzecha et al., 2018). Similar
results have been shown in other systems as well (Nichols

few attractive species benefit bee communities less than
simpler mixes with crucial plant species included (Lowe
et al., 2021; Williams & Lonsdorf, 2018). Moreover, when
targeting pollinator species of conservation concern, tailored
selection of host plant species may be essential for seed mix
design (Purvis et al., 2021).

The concept of keystone species—those that exert a
disproportionate influence on the patterns of species
occurrence, distribution, and density in a community
(de Visser et al., 2012)—applies here. Within the context
of habitat restoration for pollinators and pollination ser-
vice, keystone plant species have been broadly described
as plant species supporting a high abundance and diver-
sity of species within the pollinator community (Zych
et al., 2007). We like to emphasize that we decided to use
the term “candidate key species” to account for the
caveat of not being able to include information on the
effects of biomass or removal as required for the canoni-
cal definition of a keystone species (Paine, 1995). In prac-
tice, the value of a plant species for supporting bees is
often evaluated and/or ranked based on the frequency,
abundance, and diversity of pollinators it attracts relative
to other available floral species (Harmon-Threatt &
Hendrix, 2015; Lundin et al., 2017; Nichols et al., 2019;
Tuell et al., 2014). Although choosing individual plant
species that support disproportionate bee diversity is a
logical approach to selecting individual plants for res-
toration and pollinator conservation, the logic can break
down when designing plant communities to support
diverse bee communities for at least two reasons. First,
different plant species may be strongly redundant in the
bees they support, and although redundancy provides
other benefits for bolstering stability and resilience
(Burkle et al., 2020), it is inefficient for promoting bee
diversity. Instead, plant species that support complemen-
tary sets of bees offer greater benefit. The point is easily
understood with respect to plants that bloom at different
times of the year. Choosing a spring and a summer
blooming species is likely to offer greater benefit for bees
than two otherwise similar species that both bloom in
spring. Second, pollinator conservation may also target
rare species or those of particular importance. In this
case, understanding plants with specific functional
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characteristics, for example, supporting crop pollinators
versus total diversity may inform their value. Mallinger
et al. (2019) found that Phacelia spp. were frequented
predominantly by social generalists, whereas sun-
flowers supported rare and specialist species (Mallinger
et al., 2019). Expanding the concept of keystone plant
species to include characteristics that, on the one hand,
more comprehensively represent their species role within
plant-pollinator community interactions (e.g., Russo
et al., 2013) across seasons and, on the other hand, capture
their performance within mixed plantings could promote
the inclusion of plant species for pollinator plantings that
support diverse, resilient pollinator communities.

Defining candidate key plant species for
pollinator plantings

Pollinator visitation characteristics

Within a community context, plants and pollinators
form interaction networks where flowers are linked to
flower visitors based on patterns of visitation (Warzecha
et al., 2018), or use of resources (e.g., pollen collected;
Ballantyne et al., 2015). Taking a network perspective to
plant selection can capture general characteristics like
the centrality metric degree—the number of interactions
per species—which itself is a component of biodiversity
and essential for ecosystem services such as pollination
(Tylianakis et al., 2010). In addition, species can be charac-
terized using species network metrics (Bliithgen et al., 2006;
Gonzdlez et al. 2010). For example, plant-pollinator net-
works often are composed of core generalist plant species
that are hubs of interactions and can support more ecologi-
cally specialized bee species. These characteristics are
encompassed by centrality, which describes the central core
of the network (Bascompte et al., 2003). High centrality of
some plants is crucial to support a high proportion of the
pollinator community, but also enhances the robustness of
a network and its resilience to disturbances if extinctions
are simulated from lowest to highest degree. If extinction
is simulated from high to low, affecting the few central
species, a network is more vulnerable to extinction
(Bascompte, 2007; Memmott et al., 2004). As such, a high
centrality score may better represent the qualities of a true
candidate keystone species than a simple measure of high
pollinator richness. Network analysis also can be used to
identify the floral preferences of bee taxa that are more
specialized (Bliithgen et al., 2006) via specialization indi-
ces, like degree, which can then be used to determine a
plant species’ importance for supporting ecologically spe-
cialized pollinator taxa.

As such, a network perspective for plant selection
provides a way to help identify the central candidate key-
stone plant species that promote a robust community
structure and support pollinator diversity to create a resilient
community of interactions in the face of changes to species
richness and abundance (Valiente-Banuet et al., 2015). In
addition, by expanding from the central core species, addi-
tional plants can be chosen to support specialized
plant-pollinator interactions that would not necessarily be
conserved by targeting only the candidate keystone plants.

The importance of network analysis has been empha-
sized for the conservation of interactions (Borchardt
et al., 2021; Tylianakis et al., 2010); however, few studies
have explored its use for the selection of plant species to
include in pollinator habitat plantings (Maia et al., 2019;
Russo et al., 2013). Approaches include the identification
of core plant species that support stability for community
interactions (Maia et al., 2019; Russo et al., 2013) as well
as the identification of connective species that link differ-
ent modules at one point in time or between seasons
(Larson et al., 2014). Such species bolster phenological
stability of interactions and their persistence over time
(e.g., “node duration”; Russo et al., 2013).

Plant-flowering performance characteristics

In order for a plant species to become a pollinator
resource, it must successfully establish and bloom within
the context of the plant mix (Scheper et al., 2015). Thus,
in addition to the properties of its interactions with polli-
nators, establishment and competitiveness in terms of
flowering performance are critical characteristics for plant
selection. Floral display area is one definitive trait to
assess plant establishment and performance with respect
to supporting pollinators (Haaland et al., 2011; Nayak
et al., 2015; Tuell et al.,, 2014; Williams et al., 2015).
Although vegetative performance is undoubtedly impor-
tant in restoration and pollinator plantings (Wilkerson
et al., 2014), it may not simply translate to attracting and
supporting pollinators. In addition to flower abundance,
flowering duration critically affects a plant’s ability to sup-
port pollinators. Longer flowering periods tend to support
a greater diversity of visitors with different phenologies
and strongly contribute to the seasonal continuity of
flower resources (Sutter et al., 2017; Williams et al., 2015).
Finally, the few existing studies of pollinator mix establish-
ment suggest that, generally, some plant species come to
dominate over two to three years (Wilkerson et al., 2014),
whereas others can struggle to establish, fail to flower, or
get outcompeted (Schmidt et al., 2020). Therefore, assess-
ment of performance across multiple years is needed.
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Benefits of integrating two datasets

Assessment of plant importance whether through simple
attractiveness or more comprehensive network-based
metrics can be biased by flower abundance or display
area. Attempts to correct this bias by including plant rela-
tive abundance can still overestimate and underestimate
the importance of individual species (Friind et al., 2016).
No study that we are aware of has independently evalu-
ated plant species independent of establishment and
flowering performance in mixes in order to disentangle and
control for the influence of relative abundance/dominance.
To address these knowledge gaps, we combine two datasets:
one on pollinator visitation using standardized arrays of
monospecific plots of equal area for all plant species and
another assessing plant flowering performance and phenol-
ogy through the season for three years from mixed-species
plantings of the same plants grown at varying densities and
richness (Miiller et al., 2024). We use the combination to
identify candidate keystone species for supporting native
bee communities based on plants’ species network roles
and flowering performance in mixed plantings. We specifi-
cally addressed two research questions: (1) Which plant
species are candidate keystone pollinator resources that
could support a diverse pollinator community according to
species network roles in comparison to abundance- and
richness-based metrics? (2) How do these potential candi-
date keystone pollinator resources perform in seed mix
applications according to maximum floral area and pheno-
logical coverage?

MATERIALS AND METHODS
Experimental setup

We consolidated data from two independent studies: one
that examined native bee visitation to arrays of standard-
area monospecific plots for 27 Northern California native
wildflowers and another that quantified the flowering per-
formance of these species in replicate mixed species plots.

Plant-pollinator visitation

For the native bee visitation data, the 27 native wild-
flower species also included in the seed mixes were
planted in individual 1 m* monospecific plots within four
replicate blocks. The plot design was sown identically in
2014 and again in 2018 and grown over multiple years at
two locations: University of California, Davis Bee Biology
Research Facility (2015-2017; 38.536439 N, 121.788142 W)
and at Hedgerow Farms, Inc. (2018-2019; 38.623742 N,

121.98938 W). The monospecific plot design allowed us to
control for resource availability and removed differences
in establishment success among the different plant species
by providing standardized flowering areas per plant spe-
cies for sampling of bee visitation data. Plots were regu-
larly trimmed to maintain plot area, and all nontarget
plant species were removed by hand weeding throughout
the season. Plots were separated by 1-m alleyways covered
with weed cloth. At both sides, plots were only watered if
monthly rainfall was below the average of the previous
10 years as assessed from data from https://cimis.water.ca.
gov with Davis, CA (Davis Bee Biology Research Facility)
and Esparto, CA (Hedgerow Farms) as the selected data
resource.

Data collection

Bee sampling was conducted weekly over the entire
blooming season (March-October/November) in the years
2015-2017 (UC Bee Biology) and 2018-2019 (Hedgerow
Farms). A total of 28-37 sample rounds were used
depending on interannual variation in phenology. We net-
ted all bees that touched the reproductive part of a flower
during a 30-second observation at each plot in bloom (for
a total of 2 min per species among the four blocks per site).
These observations were repeated once in the morning
and once in the afternoon. Morning and afternoon sam-
ples were a minimum of 3 h apart to capture expected var-
iation in visitation throughout the day. The observation
design allowed to account for local as well as temporal var-
iability in capturing flower visits per species as feasible
within the time available. We used stopwatches, pausing
them while a bee was netted so that specimen processing
was not included in the 30-s observation period. All netted
bees were identified to species by taxonomic experts using
reference collections housed at the Williams Lab and
Bohart Museum of Entomology, UC Davis. All collected
specimens are curated at the University of California
Davis. On the bee sampling day, we also counted individ-
ual flowers (floral abundance) per plot and measured
corolla areas of 5 individuals for each species from which
we calculated floral area per plot for each weekly sampling
round.

Flowering performance study

The seed mix experiment was carried out between 2018
and 2021 at the UC Davis student farm (38°32'11" N,
121°47'18” W), USA. The experimental setup comprised
120 2m X 2 m plots in a 20 X 6 grid with treatments
located randomly. Plots were separated by 1-m alleyways

851807 SUOWIWIOD 3AEaID 3|qedldde 8y Aq paulenof a1e 9 YO ‘SN JO S3|NJ o AXeiq 1T 3UIIUO A8]IA UO (SUO N IPUOD-PUe-SWLBYLL0D A8 | IMAe.d1)BUI|UO//SARY) SUORIPUOD PUe Swiie | 81 88S *[5202/2T/80] Uo Atelq)TaulluO A8|IM ‘260L 'ZS98/200T OT/I0p/LL0d" 8| 1M Aleiq 1 BuljUO'S UINO fesay/sdny wiou4 papeo|umoq ‘2T ‘G202 ‘526805TE


https://cimis.water.ca.gov
https://cimis.water.ca.gov

ECOSPHERE

50f17

covered with weed cloth (Dewitt 3.2 oz. Ground Cover).
The seed mix design included a fully blocked crossing of
three diversity and three density treatments. It also added
the inclusion or exclusion of grasses at the lower two
density treatments (Table 1) (Mdiller et al., 2024).

The sown plant species comprised the 27 forb species
in the mono-specific plots and two grass species, all
native to California. Forbs were included in approxi-
mately equal numbers of early (spring, Feb—April), mid
(early summer, May-Jun), and late (late summer-fall,
July-Oct) blooming species. Both annual and perennial
species were included (Appendix S1: Table S1). In order
to account for the effects of plant identity on mix perfor-
mance, we varied the plant species composition of a mix
across 7-10 replicates for each treatment. Within each
replicate, forb species were randomly drawn from the
pool of species represented in the monospecific plots
while meeting the requirements for seasonal stratification
(Miiller et al., 2024).

All plots were regularly trimmed around the perime-
ter to maintain equal area. Any plant other than the tar-
get species for that plot was weeded out. As was done for
the monoplots, these mixed species plots were only
watered if monthly rainfall was below the average of the
previous 10 years as assessed from data from https://
cimis.water.ca.gov with Davis, CA, as the selected data
resource.

Data collection—Flowering
performance study

Flower counts of sown plant species, percent cover of
grass, and weeds were assessed in two randomly chosen
1 m? quarters of each study plot every three weeks from
March to October for a total of 8-11 sample rounds per
year over three consecutive years. Corolla areas were
measured annually for all forb species during peak bloom
(Mtiller et al., 2024).

TABLE 1 Overview of seed mix design experiment (120 plots).
Forb:Grass
Total seeding density (seeds/m?) treatment
Low (242 seeds) Forb

Forb + grass
Medium (484 seeds) Forb

Forb + grass
High (968 seeds) Forb

Forb + grass

DATA ANALYSIS

Candidate key plants—Abundance/
diversity metrics

Apis mellifera was excluded from the analysis. The fre-
quency of native bee visits to flower species showed a strong
correlation among all years (Spearman correlation, all
p > 0.001, R: 0.54-0.64); thus the data were pooled among
years for final analysis. Although this choice excludes mea-
suring variability in plant performance among years, it sub-
stantially increases the data supporting main plant-level
patterns and streamlines interpretations. Abundance of
native bee visits was calculated as the proportion of total
native bee visits per sampling event on each plant species
summed across the four blocks. Species richness was calcu-
lated as the cumulative number of native bee species identi-
fied on each plant species during each part of the season.
Abundance and richness were calculated within early, mid,
late parts of the season for each year using the same desig-
nations as described above for selecting plants for the seed
mix experiment and to match the temporal units used in
the network analysis (see below).

Candidate key plants—Network metrics

We identified candidate key plant species for supporting
pollinators based on traditional abundance and diversity
metrics, as well as two complementary characteristics in
plant-pollinator networks. The first metric was core/central
position as a resource for bees within bee-plant visitation
networks and the second, ability to support specialized bees.
Native bee abundance, species richness, and species-level
network indices were calculated for all 27 plant species
included in the seed mix experiment based on visitation
data. Native bee visits per flower were first used to generate
quantitative plant-pollinator networks with the bipartite
package in R (Dormann et al., 2021). We created separate

Sown forb species richness

Low (9) Medium (12) High (24)
10 7 7
10 7 7
10 7 7
10 7 7
10 7 7
NA NA NA

Abbreviation: NA, not applicable.
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networks for early, mid, and late season as described
above for selecting plants for the seed mix experiment.
Subsequent metrics for each plant species were calcu-
lated based on these separate season-specific networks.
Centrality position for each target plant species was cal-
culated using the individual-level network metrics
betweenness centrality, which measures the importance
of a species as a connector in the community, and close-
ness centrality, which describes proximity as a measure
through closed linkage pathways to other species in the
community (Gonzalez et al. 2010). To classify plant spe-
cies that could form a network core, we used the 4-year
mean for the metrics betweenness and closeness central-
ity. Plant species exceeding upper quartiles for between-
ness and closeness centrality in the same season were
considered central candidate key species. To assess sup-
port for specialist bees, we first calculated d’ for each
bee species, where d’ describes reciprocal specialization
by accounting for interaction frequency with regard to
the abundance of the interaction partner. We then
determined the mean of d' for all bee species visiting
each plant species weighted by visitation frequency.
Plant species ranking above the upper quartile of mean
d’ were considered candidate key for supporting special-
ist bees (candidate specialist keystone species). Similar
upper quartiles for “abundance” and “richness” of visit-
ing bees were determined for each plant and used to
identify them as candidate key species. As such, our
focus is on species as contextual ecological specialists
rather than specifically intrinsic oligolectic bees
(Cane & Sipes, 2006), although the former will undoubt-
edly contain some of the latter.

Flowering performance in seed mixes

To assess the performance of focal plant species growing
within mixed-species plots, we evaluated the two inde-
pendent criteria, maximum floral area and seasonal phe-
nological coverage for each plant species. We determined
maximum floral area as the highest floral area covered in
any sample round from any plot in which the focal spe-
cies was sown. This approach provided a metric indepen-
dent of phenological coverage. To calculate seasonal
phenological coverage, we first calculated the average flo-
ral area per species for each season over all plots in which
it was sown and used it as a seasonal threshold. Species
cover was then coded as a binary variable for each sam-
ple round depending on whether its floral area exceeded
the species-specific seasonal threshold (1) or did not (0).
Phenological coverage comprised the number of sample
rounds in which the floral area of a species exceeded its
seasonal threshold. In order to test for the sensitivity of

results to our choice of seasonal categories, the analysis
was repeated with the median instead of the mean and
with the upper SD of the mean applied as thresholds.

We calculated means for maximum floral area and
phenological coverage separately for each year
and selected a group of 12 “best-performing” species with
an above median performance within the community for
maximum floral area and phenological coverage in at
least two out of three years. Finally, the potential pollina-
tor resources from the network analysis were compared
with the best-performing species in seed mixes.

The relationship between maximum floral abundance
and phenological coverage was tested using linear
mixed-effects models within the package Ime4 (Bates, 2007).
In the models, phenological coverage was included as the
predictor, maximum floral cover as the response variable,
and plant species as a random effect. All models were
checked for homoskedasticity of residuals with diagnostic
plots by the package DHARMa (Hartig, 2021). All analyses
were performed in R version 4.0.3.

RESULTS
Candidate key plant species

Overall, we identified 10 plant species that were in the
upper quartile of centrality scores within at least one sea-
sonal network (central candidate key species) and
15 plant species that were in the upper quartile of
weighted mean d’ for visitors and thus candidate key for
supporting specialist bees in at least one season. In addi-
tion, 9 species ranked in the upper quantile within at
least one seasonal network for abundance and 11 species
for richness (Figures 1-4; Appendix S1: Figure S2). All
plant species ranking highest in abundance were also
identified as central candidate key species. Plant species
receiving highest visitor richness were all categorized as
central candidate key species or candidate key for
supporting specialist species except Lasthenia fremontii
and Malacothrix saxatilis (Figure 4). However, abundance
and richness metrics alone failed to consistently identify
plant species supporting specialized bee interaction as
identified with the network approach. Such species
supporting specialists included Heterotheca grandiflora,
Achillea millefolium, Clarkia unguiculata, Lupinus
densiflorus, and Madia elegans (Figures 1-3).

In the early season, Phacelia ciliata, Phacelia
tanacetifolia, Phacelia campanularia, Eriophyllum lanatum,
and Eschscholtzia californica ranked in the upper quartiles
for both betweenness and closeness centrality and thus
were classified as central candidate keystone species.
P. ciliata and E. lanatum scored particularly high. Plants
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FIGURE 1

for early-season networks. Highlighted plant species are ranging above upper quartiles (25%) and are represented as colored areas.

Plant species Plant species

Plant species

T.lanceolatum
T.fucatum
S.ambigua
P.tanacetefolia
P.ciliata
P.campanularia
P.californica,
N.menziesii
N.maculata
M.saxalis
M.elegans
L.fremontii
L.formosus
L.densiflorus
H.grandiflora
H.annuus
G.capitata
G.camporum
E.lanatum
E.californica
C.williamsonii
C.unguiculata
C.heterophylla
C.cheiranthifolia
A.millefolium

T.lanceolatum
T.fucatum
S.ambigua
P.tanacetefolia
P.ciliata
P.campanularia
P.californica,
N.menziesii
N.maculata
M.saxalis
M.elegans
L.fremontii
L.formosus
L.densiflorus
H.grandiflora
H.annuus
G.capitata
G.camporum
E.lanatum
E.californica
C.williamsonii
C.unguiculata
C.heterophylla
C.cheiranthifolia
A.millefolium

T.lanceolatum
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FIGURE 3 Centrality indices (betweenness centrality and closeness centrality) and specializations (d’ of visiting bees) of visiting bees
for late-season networks. Highlighted plant species are ranging above upper quartiles (25%) and are represented as colored areas.
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H. californicus

E. lanatum

A.millefolium

C. cheiranthifolia

H.bolanderi
_—

h%

L. formosus

P, californica T. fucatum

Legend

-~

High seed mix
performance

L

Central key
species

e

Specialist key
species

%%

High bee
abundance

W%
High bee
richness

FIGURE 4 All plant species sown in seed mixes. Species highlighted are those best performing in seed mixes with an above median

seed mix performance for maximum floral area and phenological coverage in at least two out of three years, central candidate key species in

networks, candidate key species for supporting specialized interactions, species of high abundance and richness of visiting native bees. Photo

credit: Neal Williams Lab.

important for specialists included Trichostema lanceolatum,
Sphaeralcea ambigua, Lu. densiflorus, Het. grandiflora,
Helianthus annuus, and Grindelia camporum. Candidate
keystone species based on visiting bee abundance included
P. ciliata, P. tanacetifolia, and P. campanularia, E. lanatum,
E. californica, and Gr. camporum. Based on visitor richness,
P. ciliata, P. tanacetifolia, E. californica, E. lanatum, and
La. fremontii all had richness values within the upper quar-
tile. P. ciliata was a standout with distinctively high abun-
dance and richness of visiting native bees (Figure 1;
Appendix S1: Figure S2).

In the mid-season, T. lanceolatum, Helianthus bolanderi,
Hel. annuus, Gr. camporum, Gilia capitata and, marginally,
E. californica ranked as central key species. Of these,
H. annuus notably was high for both metrics. Candidate
key supporters for specialists included P. tanacetifolia, P.
ciliata, Phacelia californica, Lupinus formosus, Lu.
densiflorus, Het. grandiflora, and C. unguiculata. Highest
visiting bee abundances were observed on Hel. annuus,
Hel. bolanderi, and Gr. camporum. E. lanatum,

E. californica, Gi. capitata, and T. lanceolatum also ranked
in the wupper quartile for visitor abundances. Gr.
camporum attracted notably higher bee richness than
others, although Gi. capitata, S. ambigua, Hel. annuus,
Mal. saxatilis, and Hel. bolanderi all ranked in the upper
quartile (Figure 2; Appendix S1: Figure S3).

In the late season network, Mad. elegans and
Gr. camporum were the two most prominent species with
regard to both centrality and support of specialized inter-
actions. T. lanceolatum and Hel. annuus ranked as candi-
date central key species with additional relevance of
S. ambigua. Unlike in the early- and mid-season,
Mal. saxatilis and Ac. millefolium emerged with high
importance for specialized interactions. Specialist bees
were further supported by the sunflowers Hel. bolanderi
and Helianthus californica. T. lanceolatum, Hel. annuus,
Hel. bolanderi, and Gr. camporum ranked highest in
abundances and richness of visiting bees; S. ambigua
ranked high in visiting bee richness (Figure 3;
Appendix S1: Figure S4).
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Interestingly, plants with long phenology often (a) yearl
changed roles among seasons. For example, of those spe- 1541 , ® N. maculata
cies present in all three seasons, E. californica showed a .
central role in the network with both centrality values | & Nmenziest

. . . 101 ! C. unguiculata
above upper quantile thresholds in early and mid-season ° ! o o/ A
but not in the late season, whereas Gr. camporum and ' 1.8 olanderi °
T. lanceolatum supported ecologically specialized bees in 51 so“’lf'”"";"' £ calfordica
the early season, but in the mid- and late season both ~ f-----"--—=+<®----g------ P tanacetifolia
became central. Other plant species with long phenol-
p P g P 01 emmee ,.

ogies were candidate key species for a short period
(E. lanatum, Gi. capitata) or important for specialized
bees only in one season (Ac. millefolium). Het. grandiflora
showed consistent support of specialized native bees over
all three seasons.

Flowering performance in seed mixes

Over the three years of the seed mix experiment, the
numbers of blooming plant species decreased substan-
tially. Of the 27 sown species, 26 flowered during the first
year, 23 in the second, and 18 in the third. Nonetheless,
there was a positive linear relationship between maximal
floral area and phenological coverage of a plant species
for all three years (linear mixed model, ¢ value 0.764,
D < 0.01; Figure 5a-c).

The best-performing plant species in seed mixes
according to the criteria of exceeding the medians for
both maximal floral area and phenology changed over the
three years. Most turnover occurred after the first year, with
more consistency between the second year and third year.
In the first year, E. californica, Nemophila maculata,
Nemophila mengziesii, Hel. annuus, C. unguiculata, Clarkia
williamsonii, and P. tanacetifolia were most abundant and
phenologically persistent. Hel. annuus, Hel. bolanderi, and
N. maculata vanished by the second year during which
E. lanatum, Ac. millefolium, Collinsia heterophylla, Lu.
densiflorus, and Gr. camporum dominated the blooming
plant community. Even though Gr. camporum was highly
persistent, its floral area fell right at the median. Clarkia
williamsonii and Mad. elegans also performed above the
median but were much less dominant. By the third year,
three species, E. californica, Ac. millefolium, and Gr.
camporum, clearly dominated. Several other species includ-
ing Lu. densiflorus, N. mengiesii, C. heterophylla, E. lanatum,
and P. tanacetifolia still persisted at levels above the median.
When considering all three years, only five species consis-
tently performed above the median for both maximum area
and phenological coverage: E. californica, N. menziesii,
C. unguiculata, C. williamsonii, and P. tanacetifolia
(Figure 5a-c).

Taken together, the results from network analysis
and performance in mixes revealed several plant species
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FIGURE 5 Maximum floral area (proportion of sown area
covered with flowers during its peak sample round) and
phenological coverage (rounds over seasonal threshold) for plant
species in each of the three years; dashed lines indicate the medians
for each variable. Each point represents one plant species.

of high function in supporting bees and competitiveness
in mixed planting: E. californica outperformed all other spe-
cies by being of central and specialized importance in the
early- and mid-season networks and of consistently
high-performing species in mixed plantings. P. tanacetifolia,
which was of central and specialized importance in the net-
work, performed well in the first year of seed mix applica-
tions, although it tapered off subsequently. Other plant
species with potential for high function in supporting bees
had temporal limitations in seasonal and yearly perfor-
mance and would require specific management to grow
well in mixed species applications. T. lanceolatum, for
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example, which showed high seasonal centrality and impor-
tance for specialized bees (Figures 1-3), performed poorly
in seed mixes in the first year and did not establish thereaf-
ter. Hel. annuus, Hel. bolanderi, and Het. grandiflora, which
were of high temporal importance both as central candidate
key species and for supporting specialized pollinators,
declined after the first year and might require some addi-
tional management to persist. Ac. millefolium emerged as
one of the few dominating species only after the second year
and supported specialized interactions in the late season.

In combination, the two evaluations yielded a selection
of 8 species with important network roles and strong
flowering performance in mixed plantings. Each exceeded
overall median metrics in at least two out of three
years of the experiment. Gr. camporum, E. lanatum,
P. tanacetifolia, and E. californica are particularly impor-
tant candidates. All four were also selected when using
abundance and richness metrics. Additional species with
high seed mix performance and specialist roles in the net-
work (Ac. millefolium, C. unguiculata, Lu. densiflorus, and
Mad. elegans) were not selected when exclusively using
abundance and richness of visiting bees as selection
criteria (Figure 4).

DISCUSSION

Re-evaluating candidate key species
selection for pollinator habitat plantings

Flowering habitats grown from seed mixes are widely
implemented to support bees and other pollinators
(Albrecht et al., 2020; Lowe et al., 2021). In general, the
value of different plants for supporting pollinators for
such actions is assessed from mixed species plantings
(Lundin et al., 2017, Nichols et al., 2019; Warzecha
et al., 2018). In this context, plant species’ abilities to support
pollinators can be conflated with their competitive perfor-
mance in plant mixtures because more competitive species
likely produce larger floral displays that are more attrac-
tive to bees (Winfree et al.,, 2015). As such, some
high-functioning plant species would likely be missed
using assessments made in mixed plantings because they
poorly establish or compete with others. These species
could be functionally important for supporting bees and
other pollinator species with specific management to
establish and maintain them. By separating the assessment
of pollinator support from performance in mixes using
two complementary datasets, we robustly identified a set
of plant species as pollinator foraging resources, as well as
species that could be high-performing if managed appro-
priately. For example, in our study, T. lanceolatum, which
ranked highly in abundance-richness metrics as well as in

importance in network assessment, failed to establish or
flower in mixed plantings grown from seed mixes. Thus,
for practical purposes, including it in a seed-based wild-
flower planting would require more elaborate manage-
ment actions to promote its growth and persistence. In
this case, T. lanceolatum could have high impact because
its role was not duplicated by other plant taxa. After sepa-
rate tests of attraction and performance, consolidating
plant species evaluation criteria improves the effectiveness
of conservation measures and also potentially reduces
costs as wildflower seeds are expensive (Williams &
Lonsdorf, 2018).

We also highlight that species network roles provide a
usefully more discrete approach for informing plant
choices for seed mixes, or other types of plantings, by
identifying central candidate keystone species and species
that support specialized bee interactions. Particularly, the
latter are inadequately detected by the simpler visitation
metrics commonly used as criteria for selecting key polli-
nator resources (Harmon-Threatt & Hendrix, 2015;
Lundin et al., 2017; Nichols et al., 2019; Tuell et al., 2014).

Potential of network approach: Species
network roles versus abundance-richness
metrics

Supporting and/or restoring plant-pollinator networks as
part of restoration actions aims to replicate communities
whose interaction patterns resemble natural ones. This
goal anchors the species’ role in a network as an important
selection criterion in conservation efforts (Maia
et al., 2019; Russo et al., 2013). Targeting networks with
natural characteristics by providing selected floral
resources builds on several assumptions. First, this
assumes that species’ network roles are conserved after
introduction in novel communities (Maia et al., 2019).
Second, since pollinator species are expected to reassemble
at floral resources as long as source populations are pre-
sent in the local environment (Forup et al., 2008; Potts
et al., 2003), it assumes that pollinator community assem-
bly will not be impacted by facilitation and competition
(Rathcke, 1983) and interaction patterns are reasonably
fixed (Kaiser-Bunbury et al., 2010). Additional evidence is
required to confirm what these few case studies have
shown so far.

Because simpler metrics like visitor abundance and
richness are still commonly used to evaluate plants for
inclusion in seed mixes, we compared traditional metrics
against emerging network-based metrics across plant spe-
cies. Traditional and network methods often produced
congruent results. Plant species that supported high
abundance and species richness of visiting pollinators
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were among those with the highest centrality scores (core
species, see also, Maia et al., 2019). However, it is also
important to keep in mind that such core species
also have caveats such as being of low floral rewards
due to intense competition (Valdovinos et al., 2010,
2013, 2016) or hubs for pathogen transmission (Piot
et al., 2020). Furthermore, they may not support all
targeted pollinators (Howlett et al., 2021). A desire to
select plant species that contribute most to supporting
pollinator communities requires a more compre-
hensive look at species interactions (Borchardt
et al., 2021). Our comparison revealed that plant spe-
cies can play an important role in the network despite
low abundance and richness of flower visitors—in par-
ticular through their support of specialized pollinators
such as oligolectic bees collecting pollen of a special-
ized range of plant species as demonstrated by
C. unguiculata, Lu. densiflorus, Ac. millefolium, and
Mad. elegans.

Many specialist bees are of high conservation concern
due to reported declines (Bartomeus et al., 2013; Burkle
et al., 2013) despite a scarcity of data for many taxa and
geographic regions (Zattara & Aizen, 2021). Such declines
are also concerning for the conservation of whole
plant-pollinator networks because specialized interac-
tions are important for the floral structure and evolution
(Mathiasson & Rehan, 2020). If specialized interactions
go undetected and the plants supporting them are not
incorporated in wildflower plantings, this could exacer-
bate species declines. In general, wildflower plantings
often support common generalists rather than rare or
threatened species taxa (Arathi et al, 2019; Kleijn
et al.,, 2015; Korpela et al., 2013), perhaps because the
design principles used to create them focus on supporting
highly attractive plant species (i.e., those that support
larger numbers and richness of flower visitors) rather
than on those that support rarer specialists. In any case,
focusing on generalist bee species alone can eventually
impair pollination efficiency as a community of general-
ists might not be able to provide the same level of pollina-
tion service as a community with specialists included
(Meldrum et al., 2024).

In order to address the problem, seed mixes can
additionally be tailored to support specialist taxa
(Haaland et al., 2011). Rare and specialized pollinators
might depend on minimum population sizes of their
specific host plants (Larsson & Franzén, 2007). As such,
network-based metrics that identify plants that tend to
host specialists could help design seed mixes that sup-
port certain pollinator taxa by providing species-specific
foraging profiles as outlined by Russo et al. (2013). Plant
species hosting generalists can simultaneously host
abundant generalists (Tylianakis et al., 2010).

Plant performance in seed mixes

In order to guarantee resource provisioning for pollina-
tors by candidate key plants, performance in plantings
also must be assessed and added as a criterion in plant
selection. Previous studies have evaluated the perfor-
mance of individual plant species in applied pollinator
seed mixes (Lybbert et al., 2022; Scheper et al., 2021;
Wilkerson et al., 2014) and detected differences between
sown and established species composition in a mix as
well as differences in individual species’ performances
(Bretzel et al.,, 2009; Scheper et al., 2015; Schmidt
et al., 2020). Using complementary metrics to identify a
set of strong performing plant species for a seed mix can
facilitate tailoring mixes for different goals because plant
species can provide different profiles that have different
impacts on the outcomes. For example, if we sought a
species with a long bloom period that persisted over mul-
tiple years, our data would suggest that Gr. camporum,
Lu. densiflorus, and E. californica may be most promising.
If we additionally required species that lasted late into
the season, then Gr. camporum would be best (see also
Wilkerson et al., 2014). If instead, the seed mixes were
to be resown on a short-time scale (1-2 years), then
P. ciliata and P. tanacetifolia could be prioritized for
early-season and Hel. bolanderi or Hel. annuus
for mid-late season floral resources. Lu. densiflorus or
Ac. millefolium, on the other hand, offer long-term
phenology and multi-year persistence while supporting
specialized interactions.

Implication for pollinator planting
applications

The traditional ecological concept of a keystone species
can refer to only one or a few candidates for a particular
system (Power et al., 1996 and included references); how-
ever, restoration ecology deals with novel systems and
aims at effectively building stability and sustainability
across an entire community. Plant-pollinator networks
show high seasonal turnover in which communities can
differ significantly from one season to the other. Key spe-
cies should therefore be designated with a seasonal per-
spective and can include long- as well as short-term
examples. Therefore, we chose a set of plant species from
seasonal networks as candidate key species for our sys-
tem. We also added a set of candidates supporting spe-
cialized interactions.

The application of our presented method considers
the conflict between scientific management recommen-
dations and practical resource availability. Recording pol-
linator visitations, taxonomically identifying specimens,
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and analyzing extensive plant-pollinator visitation
datasets like the one used in the present study require
resources like time, funding, and scientific expertise that
might not be available in planning, implementing, and
evaluating practical restoration projects (see also
Bruninga-Socolar et al., 2023; Larson et al., 2014).
Therefore, it is noteworthy that simple abundance and
richness data can identify the most popular plant species
for pollinators and be used in the case of resource con-
straints. However, plant species that play particular
roles in communities, such as supporting specialized vis-
itors, can be missed with these simpler metrics. The pre-
sent results therefore justify the investment in more
extensive network analysis approaches if feasible.

Future perspectives on criteria for
candidate key pollinator resource selection

Despite the insights made by applying more detailed met-
rics for identifying candidate key plant species, they
nonetheless leave open approaches that characterize
more detailed causal mechanisms for choosing particular
plants for mixes. Pollinator resources could be identified
with newer approaches that focus on nutritional rewards.
Species richness in pollen and nectar can attract a high
diversity and abundance of common generalist pollina-
tors such as bumble bees (Carvell et al., 2007; Pywell
et al., 2006). However, not only quantity but also qual-
ity of pollen and nectar elucidates a plant’s value. Bees
require both nutritional resources to obtain necessary nutri-
ents like carbohydrates, proteins, lipids, and micronutrients
(Brodschneider & Crailsheim, 2010) and also depend on dif-
ferent nutrients throughout their life cycles (Filipiak, 2019).
Pollen and nectar quality varied between different host
plants (Vaudo et al., 2015), which argues for a consideration
of a plant’s nutritional value when identifying key polli-
nator resources (Neece et al., 2023). More plant func-
tional traits impacting practical requirements (Sabatino
et al., 2021) could be included in future evaluations.
Finally, in the face of climate change, pollinator plant-
ings must consider phenological coverage with regard to
potential mismatches (Forrest et al., 2015; Rafferty & Ives,
2011) and integrate them in the network perspective.

CONCLUSION

Instead of simply enhancing plant species richness, inte-
gration of a selection of evaluated candidate key
resources in mixes can increase cost-effectiveness and
sustainability of ecological benefits (Lybbert et al., 2022).
Although this has been attempted based on simple

visitation approaches (e.g., Williams & Lonsdorf, 2018),
species network roles can extend the perspective of candi-
date key pollinator resource selection and enhance the
predominantly used metrics of abundance and richness
of visitors with regard to specialized plant-pollinator
interactions allowing the identification of crucial additive
candidates to key species. There is high value in assessing
both performance and species network roles when choos-
ing plant species for pollinator mixes with enhanced
resilience and sustainability.
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