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2. In this study, we took a functional-traits approach to community assembly and
tested the hypothesis that landscape properties act most strongly on pollinators
indirectly, through their influence on flowering plant communities. Using plant and
pollinator data from 96 landscapes in Britain, we tested the associations between
plant and pollinator communities and local environmental factors, such as habitat
cover and configuration, using path analysis based on Mantel and partial Mantel
statistics.

3. When all pollinators were considered, we found that the environmental factors
had stronger links to the composition of flowering plant communities than to the
composition of pollinator communities. Further, the flowering plant community
was strongly linked to the pollinator community suggesting a mediating role
between land use and pollinators. When separating the pollinator community into

taxonomic groups, we found the same result for hoverflies, but wild bees were

linked to both environmental factors and flowering plants.
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wild pollinators.
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1 | INTRODUCTION

Pollinator abundance and diversity are declining worldwide
(Wagner, 2020; Zattara & Aizen, 2021), threatening ecological func-
tioning and crop production (Hooper et al., 2012; Kremen, 2018).
These trends are partly driven by agricultural intensification (Gabriel
et al.,, 2013; Holzschuh et al., 2008; Potts et al., 2016), which in turn
is associated with several key environmental stressors. Insect pol-
linators are directly impacted by pesticides (Goulson et al., 2015),
habitat loss and fragmentation (Delnevo et al., 2020; Garibaldi
et al., 2011; Winfree et al., 2009), and changes in habitat composi-
tion at landscape scales (Coutinho et al., 2021; Jauker et al., 2013).
Intensive management practices also tend to simplify habitat con-
figuration, reducing the structural complexity and connectivity be-
tween patches (Gillespie et al., 2022; Kennedy et al., 2013), leading to
declines in the abundance and diversity of native plants, upon which
pollinators rely for food (Duflot et al., 2017; Liccari et al., 2022).
Despite well-established evidence about the impact of these
landscape-scale drivers, there is a lack of consensus about the most
important components of a pollinator-supporting landscape, because
most responses are context and/or species specific (Hopfenmdiller
et al., 2014; Kennedy et al., 2013), and drivers may have compli-
cated and interacting effects on biodiversity (Gillespie et al., 2022;
Kennedy et al., 2013). Recent research has also shown that the re-
sponse of flowering plant diversity to landscape-scale management
can have important knock-on effects to pollination services and pol-
linator diversity (Bennett et al., 2014; Rotchés-Ribalta et al., 2018;
Theodorou et al., 2020). These findings underline a key point of a
review by Roulston and Goodell (2011), who highlight that pollina-
tors are likely to be impacted by factors that relate to resource needs
such as plant forage and nesting locations, as well as by broader fac-
tors that alter the availability of those resources, such as land-use
change. Despite this understanding, the possible mediating effect
of flowering plants is understudied at the landscape scale; more
research is needed to understand how a combination of stressors
impact pollinator communities both directly and indirectly. In this
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4. We further explored these links with structural equation models using the
response-effect trait framework as a guiding principle. We found strong evidence
that land-use composition and configuration influence the trait distribution and
functional diversity of the pollinator community via plant community composition.

5. These findings suggest that the indirect effect of land use on pollinators via flow-
ering plants should be considered in informing the design of pollinator friendly

landscapes and in future research of the effects of land use and management on

community ordination, environmental filtering, floral resources, functional diversity, landscape
ecology, pollinator community composition, traits

study, we investigated how landscape-scale drivers impacted the
composition of pollinator communities both directly and indirectly
through floral resource availability, using a functional trait-based
approach.

The trait-based approach to pollination ecology is important in
managed landscapes because functionally diverse pollinator com-
munities, those comprising species with a varied range of dispersal
and foraging traits, can include species that provide complementary
pollination services (Forrest et al., 2015; Rader et al., 2014; Williams
et al.,, 2010). However, there is a lack of consensus over the most
functionally important pollinator and plant traits and their responses
to land use (De Palma et al., 2015; Rader et al., 2014). This may be
because we have not yet identified the most informative traits for
many species, or because the pollinator traits may also respond in-
directly to land use through impacts on their fundamental resources
(Lavorel et al., 2013; Pakeman & Stockan, 2013). Such an indirect
effect may suggest a mediating role of flowering plant traits on pol-
linator traits and has been formalised by the ‘response-effect trait
framework’ put forward by Lavorel et al. (2013), which aims to pre-
dict the impact of environmental change on ecosystems via multi-
trophic relationships. Plant traits may be considered ‘response’ traits
if they are associated with environmentally filtered membership of
a community, and ‘effect’ traits if they are associated with ecosys-
tem functions such as pollination. The framework has been applied
to plant and pollinator communities with contrasting methods and
varying levels of support (e.g. Pakeman & Stockan, 2013; Roblefio
et al., 2018; Solé-Senan et al., 2018), and additional research is re-
quired to advance its utility (Goulnik et al., 2021; Lavorel et al., 2013).
With this in mind, we used the framework as a guiding principle to
generate hypothesised structural equation models (SEM) that tested
the mediating role of plant communities in British landscapes. In
contrast to previous uses of the framework where separate analyses
are used to identify traits that are ‘ideal’ for the study system, we
used gradients of dominant plant and pollinator traits from loadings
on principal component analysis (PCA) axes and found a potential
future direction of study.
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We used floral and pollinator abundance data across a net-
work of 96 2x2km field sites in Britain, to test the links be-
tween landscape-scale environmental factors and community
assemblages (Objective 1). We expected that the plant commu-
nity would be more responsive to environmental factors than
the pollinator community, and that this would affect pollinator
communities. We then explored the mechanisms that may lie be-
hind these patterns, assessing how the mediating effect of plant
communities could be explained in terms of response and effect
trait distributions (Objective 2). In line with previous studies, we
expected that flowering plants with ruderal response traits would
be associated with intensive land use types (Goulnik et al., 2021;
Lavorel & Grigulis, 2012), with consequences for floral traits that
may in turn attract different functional groups of pollinators
(Goulnik et al., 2021). In general, we expected that these more in-
tensive land use types would have reduced functional diversity (Le
Provost et al., 2021; Staton et al., 2022).

2 | METHODS

2.1 | Replication statement

Scale at which Number of replicates
the factor of at the appropriate

Scale of inference interest is applied  scale

16 landscapes
clustered in each of 6
regions

Landscape
(2x 2km sites)

Community

2.1.1 | Study sites

We used a network of 96 field sites (2x2km) clustered in 6 re-
gions of Great Britain (16 sites per region), which were selected
in 2011 (previously described in Gillespie et al., 2017) and sur-
veyed for flowers and pollinators in 2012 and 2013 (Gillespie
et al., 2022). The 6 study regions (100 x 100 km) were selected to
maximise representation of British broad habitat types (as mapped
by the 2007 Land Cover Map, Morton et al., 2011) and biocli-
mate (using the Institute of Terrestrial Ecology (ITE) land classes;
Bunce et al., 1996; Figure 1). The regions cover several counties
of England and Scotland, hereafter referred as (1) Inverness-shire
(north Scotland), (2) Ayrshire (south Scotland), (3) Yorkshire (north
England), (4) Staffordshire (Midlands), (5) Wiltshire (south-west),
(6) Cambridgeshire (south-east).

Within each region, 16 study landscapes (hereafter: ‘sites’) were
selected to maximise the contrast in four variables we considered
to be important landscape-scale drivers of pollinator populations:
honeybee densities, insecticide loadings, floral resource availability,
and habitat diversity. Full details of the derivation of these metrics
can be found in Gillespie et al. (2017). The sites within each region
were within 50km of each other and met other selection criteria (low

cover of urban and open water land use types). They were also found
to decrease the level of inter-correlation between the gradients of
our four drivers of interest by correlation analysis of the variable

scores (Gillespie et al., 2017).

2.1.2 | Additional landscape metrics

In addition to the four environmental factors listed above, we
derived metrics to represent habitat composition and configura-
tion using the Land Cover Map data described above (2007 map;
Morton et al., 2014). The broad habitat types for the study sites
were validated by ground-truthing over the 2years of the study,
and corrected maps were used as inputs to the software pro-
gramme FRAGSTATS (v4.2.1.603; McGarigal et al., 2023) to calcu-
late edge density and a connectivity index. Edge density describes
the total length of borders between different habitat types per
unit area and represents the structural complexity of the land-
scape (Martin et al., 2019), while connectivity (percentage of all
possible ‘connections’ between all habitat patches of the same
type within 250m) accounts more for the proximity of different
habitat patches and provides an alternative structural dimension
(McGarigal et al., 2023).

We also simplified the broad habitat categories of the Land Cover
Map to aid analysis of the effects of land cover types. Use of the orig-
inal categories resulted in a large number of zeros for many habitats,
but exploration of the habitat make-up of these sites revealed strong
land-use gradients from sites that were composed mostly of inten-
sively managed land (arable or improved grazing; categories 1 and 2
below) to those dominated by semi-natural habitats (SNH; woodland,
heathland, rough grazing common land etc., categories 3 and 4). We
further divided SNH between open (3) and woodland (4) habitats,
because the pollinator and plant communities often differ greatly
(Thomas et al., 2015). However, the ‘woodland’ category would in-
clude large conifer plantations, an intensive land use type unlikely to
support diverse pollinator communities (Humphrey et al., 2002). We
therefore only included conifer patches of less than 10% land cover
in ‘woodland SNH’, and classed larger blocks of conifer as category
5: conifer plantations. Finally, ‘Linear Features’ (category 6) was in-
cluded to investigate the importance of these ubiquitous features.
The resulting simplified habitat categories were:

1. Arable crops.

2. Improved grassland.

3. Open semi-natural habitats (‘open SNH’; rough low-productivity
grassland, other grassland (acid, neutral and calcareous), heath,
bog and hay meadows).

4. Woodland habitats (‘woodland SNH’; deciduous, mixed, recently
planted woodland and conifer where patches were less than 10%
of the site area).

5. Conifer plantations.

6. Linear features (water edges, stone walls, fence lines and hedges),
where all were assumed to be 2m wide.
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FIGURE 1 Map of the six study regions in Britain, indicating variation in terrain (left) and broad habitat composition of each region (right).
The broad habitat categories correspond to a simplified topology used in this study (see section Additional landscape metrics). Region
numbers: (1) Inverness-shire (north Scotland), (2) Ayrshire (south Scotland), (3) Yorkshire (north England), (4) Staffordshire (Midlands), (5)

Wiltshire (south-west), (6) Cambridgeshire (south-east).

2.1.3 | Pollinator sampling

In this study, the term ‘pollinators’ is used to refer to all wild bee
and hoverfly species. Pollinators were sampled in the spring and
summer of 2012 and 2013 using five pan trap sets at each of the
96 field sites. The trap sets consisted of three bowls painted with
UV-reflecting paint (blue, white, and yellow) and mounted to a
wooden stake at the height of the ground vegetation within 1 m
radius. Traps were located at least 100m apart in the centre of
each site in a regular pentagon where possible. However, traps

were only set out in unshaded locations where they could not
be disturbed by livestock or people, which required minor de-
viations from a regular formation in some sites. The traps were
set up in three rounds per year (Round 1: April-May, Round 2:
June-July, Round 3: August-September) during clear, dry condi-
tions and were left in place for 24 h. Upon removal, insect material
was stored in ethanol for later mounting and identification to spe-
cies by Hymettus Ltd. Taxonomic resources included Stubbs and
Falk (2002) for hoverflies, and test keys that formed the basis of
Else and Edwards (2018) for bees and wasps.
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2.1.4 | Flowering plant data collection

At each field site, we surveyed the flowering plant community using
aquadrat and transects system in both 2012 and 2013 (see Gillespie
et al., 2017 for full details). We surveyed 1000 m of transect at each
site, divided proportionate to the broad habitats of the LCM, and
added 40m of transect per ‘linear feature’ type present for a total
of 1100-1200m per site. Each transect section was sub-divided
into 10m long segments, with each segment starting with a 1m
widex0.5m quadrat followed by a 1mx9.5m ‘additional belt’ to
the next segment. In each quadrat, we counted the number of ‘flo-
ral units’ of each animal-pollinated plant species (a floral unit=the
cluster of flowers over which a honeybee could walk, rather than
fly, to reach all nectaries, e.g. capitulum, sub-umbel etc.). Any flow-
ering plant species that occurred in the 9.5 m additional belt but not
in the quadrat was also counted, but on an approximate logarithmic
scale (i.e. 1, 2, 5, 10, 20, 50, 100, ...). Flower counts were conducted
three times during each season to coincide with the three pollinator
survey rounds. As sampling usually required an entire day for one
site, each site was surveyed on a different day and the order of sur-
veys was randomised for each sampling round. We did not require
licences or permits to carry out any of the fieldwork, and permis-
sion for land access was granted privately by landowners.

2.1.5 | Trait information

We used plant, bee and hoverfly traits commonly used in the litera-
ture (Table 1). We acknowledge that intraspecific variability may be
important to many of these traits, but as our species database con-
tained over 400 plant species and nearly 300 pollinator species, we
opted for greater species coverage over individual measurements of
a smaller subset of species. We selected 12 plant traits, six of which
were categorised as ‘response’ traits (responsive to environmental
variation), and six as ‘effect’ traits (likely to affect pollinator attrac-
tion). We limited the number of traits to ensure maximum coverage
of the plant database (266 plant species), modelling accuracy and
comparability to previous work.

The plant response traits covered a range of possible responses
to management intensity, as traits such as life span (perennial, bi-
ennial or annual), specific leaf area (correlated with resource acqui-
sition) and seed mass and number, can be related to varying levels
of land-use intensity both in terms of disturbance and macronutri-
ent availability (Diaz et al., 2016; Lavorel & Grigulis, 2012; Roblefio
et al., 2018). Similarly canopy height and date of first flowering have
been related to competition and successional gradients (Lavorel &
Grigulis, 2012; Storkey et al., 2013). The chosen effect traits covered
factors likely to influence attractiveness to and associations with
pollinator species, as different species tend to be attracted to dif-
ferent colours (in visual and UV spectra), flower shapes and reward
levels (Goulnik et al., 2021; Lavorel et al., 2013).

Pollinator traits were selected to relate to aspects of species’
mobility and foraging behaviour (Williams et al., 2010). For bees,

we used female inter-tegular distance (ITD) for body size, as well as
tongue length guild, diet breadth and sociality, which are import-
ant determinants of forage resource needs (Williams et al., 2010).
We used the phenological traits of month that activity begins and
duration of activity in months as these can impact the availability
of flowering plants on which bees forage (Woodcock et al., 2014).
With bivoltine species, we treated activity duration as the differ-
ence between first activity month and the last activity month (i.e.
ignoring any activity gaps), because trait database data were not de-
tailed enough to determine precise durations. However, we included
voltinism as a trait to attempt to account for this. For hoverflies, we
used body size, the same phenological traits as for bees, as well as
voltinism and the target floral reward of adults. We omitted traits
relating to bee nesting and hoverfly larval needs as these are not
directly related to floral traits and therefore not strictly conform-
ing to the response-effect framework or relevant to understanding
how the flowering plant community influences pollinator functional
diversity. To ensure the largest dataset possible we included both
resident and migrant species, and this resulted in a dataset of 112

bee species and 95 hoverfly species.

2.1.6 | Data analysis

All analyses were conducted in the R programming environment
(version 4.2.2; R Core Team, 2023), and we used the ade4 package
(Thioulouse et al., 2018) for all multivariate analysis. Honeybees
(Apis mellifera) were excluded from the pollinator dataset as they
were used as a site selection variable and their presence is primar-
ily driven by beekeeper decisions on apiary location. For initial ex-
ploration of the species abundance data, all species abundances
were Hellinger transformed using the vegan package (Oksanen
et al., 2019), as this method down weights the importance of rare
species and extreme values, as well as double absences in the data
table (Legendre & Gallagher, 2001). The pollinator and plant species
data were arranged into speciesxsite matrices by summing abun-
dances across sampling rounds and years. We further separated the
wild bee species and hoverfly species into their own data tables to
analyse them separately. All four species tables (plants, all pollina-
tors, wild bees and hoverflies) were then analysed by correspond-
ence analysis (CA). Because our 96 sites are clearly clustered into six
regions, we then applied a Between-class analysis (BCA) with region
as the grouping factor to explore the differences in community com-
position. The site-level data on the four site selection criteria (hon-
eybee density, insecticide loading, floral resource availability, habitat
diversity), habitat composition (habitat cover variables) and habitat
configuration (edge density and connectivity) were combined into
an ‘environmental matrix’ and this was analysed by principal compo-

nent analysis (PCA) to explore the regional gradients.

Objective 1. The flowering plant community as me-
diator between environmental factors and the polli-
nator community composition.
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TABLE 1 List of traits, the variable type and sources of information. See footnote for source definitions.

Species group Trait
Plant response traits First flower month
Canopy height
Specific leaf area (SLA)
Seed number

Seed mass

Life span

Plant effect traits Flower colour

Flower type - a simplified classification of

Muiller's (1881) flower classes

Flowering duration

Nectar reward score

UV reflectance

Insect pollination

Wild bee Body size

Sociality

Diet
Active season start
Duration of season

Voltinism

Tongue length guild
Hoverfly Body size (median body length)
Active season start
Duration of season
Diet

Voltinism

Variable type Source
Numerical (month number) 1,2,3
Numerical (m) 4
Numerical (mm?/mg) 4
Numerical 4
Numerical 4
Categorical - converted to three binary variables 1,2,3
(Annual, Biennial, Perennial)

Categorical (Blue/Violet, Red/Pink, White/Yellow, 1,3
Green/Brown)

Categorical - Fly (original classes F, FH, Fn, Ft, D, Dk, 1,3
Ds, Dt), hidden nectar (B, B’, BD, BH), hymenoptera

(H, Hb, Hh, Hi, Hw), open nectar (A, AD), part hidden

nectar (AB), pollen (Po)

Numerical (months) 1,2,3
Ordinal - 0-3, based on BiolFlor scoring (0=nectar 1
none, 1=nectar little, 2=nectar present, 3=nectar
plenty)

Numerical - percentage light reflected as UV 3
Binary: 1=insect pollinated, 0=wind, apogamy or 1,3
selfed

Numerical (mean ITD of females) 5
Categorical (Cleptoparasitic, Social, Social parasite, 5
Solitary)

Categorical (None, Oligolectic, Polylectic) 5
Numerical (month) 5
Numerical (months) 5
Categorical, converted to three binary variables 5
(Univoltine, Bivoltine, Multivoltine)

Binary (O=short, 1=Ilong) 5
Numerical 6
Numerical (month) 6
Numerical (months) 6
Binary (1=nectar only, 0=nectar and pollen) 6
Binary (1 =univoltine, 0=multivoltine) 6

Sources: 1=Biolflor: Klotz et al. (2002), 2 =Ecoflora: Fitter and Peat (1994), 3=TRY database: Kattge et al. (2020), 4 =LEDA: Kleyer et al. (2008),
5=unpublished database from University of Reading, 6=Syrph the Net: Speight et al. (2013).

To test the mediating role of the plant community, we used a
method detailed by Frenette-Dussault et al. (2013), and adapted
it to account for spatial autocorrelation in our sites. In that study,
simple and partial Mantel correlations were used to test four path
models of relationships between an environmental matrix, vege-
tation structure and ant communities. We tested similar hypothe-
ses here (Models 1, and 3-5 in Figure 2), and an additional model
(Model 2) to test the hypothesis that environmental drivers only
impacted the pollinator community, which may have occurred if our
environmental variables did not have strong impacts on the flow-
ering community. We performed the Mantel tests on Bray-Curtis
distance matrices of the Hellinger transformed pollinator and plant
species data detailed above, and a Euclidean distance matrix of the

environmental matrix. To account for the spatial autocorrelation
due to regional clustering of our study sites, we tested the Mantel
statistics with Moran spectral randomisation (MSR) instead of stan-
dard permutation procedures (Crabot et al., 2019). This procedure
is outlined in Appendix S1, but it essentially allows a spatially con-
strained permutation test of the Mantel statistics (r) that tests the
null hypothesis: ‘given the spatial structure in the original data, the
distances in matrix X are not related to the distances in matrix Y’
(Crabot et al., 2019).

Objective 2. The response and effect traits of plants
as mediator between environmental factors and the

pollinator functional traits.
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Model Structure

Model 1: Environmental impacts only on floral community

Model predictions

FIGURE 2 Five plausible ecological
models explaining pollinator community
composition. Each model displays the

Env:zc::sental - co'r:rlltr)nvﬁ:’ity ci?rlrlml?;?tl;/ Ek‘x ~ EIEJVX :8 hypothesised relationships between
FLW ~POL=0 environmental drivers (ENV), the
flowering plant community (FLW) and
Model 2: Environmental impacts only on pollinator community pollinator communities (POL). If a model
Environmental Pollinator Flower ENV~FLW =0 is to be considered a plausible fit to the
drivers community community IEIIEIV\\I/: gg::: 8 data, all model predictions should be

Pollinator
community

Environmental Flower
drivers > community

Model 3: Indirect environmental impacts on pollinator community via floral community

ENV ~FLW # 0

FLW ~POL# 0

ENV ~ FLW = ENV ~ POL

met, as computed by Mantel tests. The
notation of the model predictions in the
form ENV ~FLW, for example, represents
the correlation between dissimilarity
matrices for environmental drivers and

FLW ~ POL 2 ENV ~ POL

ENV ~POL|FLW =0
ENV ~ FLW | POL #0
FLW ~ POL| ENV #0

the flowering plant community. Notation
such as ENV ~FLW/|POL represents the
partial correlation between dissimilarity

Model 4: Common environmental impacts on floral community and pollinator community

Flower
community
Environmental
drivers
Pollinator
community

matrices for ENV and FLW when
statistically controlling for POL. Adapted
from Frenette-Dussault et al. (2013).

ENV ~FLW # 0
ENV~POL# 0
ENV ~ FLW | POL#0
ENV ~ POL | FLW 0
FLW ~POL | ENV =0

Model 5: Direct environmental impacts on pollinator community and indirect effects via floral community

Where plants were found to play a significant intermedi-
ary role between environment and pollinators (Model 3 or 5 in
Figure 2), we further explored the nature of the relationships with
piecewise structural equation models (SEM). We used the piece-
wiseSEM package (Lefcheck, 2016), as each ‘piece’ of the SEM
can be constructed using linear mixed effects models, allowing
us to account for the regional grouping as a random effect. In
addition, this method identifies ‘missing’ links in the hypothesised
model through tests of directed separation (Shipley, 2000). This
enabled us to test the applicability of a path model built with the
response-effect framework in mind, but to also identify any ad-
ditional direct relationships between environmental drivers and
pollinator communities. As inputs to the model, we reduced the
six habitat cover variables to the first two axes of a PCA to avoid
overfitting and collinearity. Similarly, the response traits of the
96 plant communities were first summarised by computing the
community weighted mean (CWM) values of numerical traits,
and proportions of categorical traits, and then reducing these
variables to the first two axes of a PCA. This process was re-
peated for the effect traits and the bee and hoverfly traits. We
limited the analysis to only the first two axes of each PCA in the
interests of simplicity. We then fit these PCA axes, the habitat
configuration metrics and the site selection criteria, to one of

Flower ENV ~FLW# 0

community ENV - POL # 0

Environmental FLW ~ POL # 0
drivers * ENV ~ FLW | POL # 0
Pollinator ENV ~ POL | FLW £0
community FLW ~ POL | ENV £0

two models depending on the results of the Mantel path anal-
ysis (Figure 3). Where Model 3 was the best fit, the SEM was
structured according to the theory of the response-effect trait
framework (Figure 3a). Where Model 5 was the best fit, the SEM
had additional links between all environmental variables and the
pollinator traits (Figure 3b).

The bee and hoverfly species data were further represented by
the functional diversity metrics functional dispersion (FDis) and func-
tional richness (FRic), computed using the FD package (Laliberté &
Legendre, 2010), with the Cailliez correction for non-Euclidean dis-
tances due to the categorical trait variables included in the trait ma-
trix. FDis is a metric that is mathematically independent of species
richness, and accounts for the relative abundances of trait combina-
tions (Laliberté & Legendre, 2010). We also used FRic as a measure
of functional diversity that incorporates site differences in species
richness. To test whether the response-effect framework could ex-
plain variation in these two metrics of pollinator functional diversity,
we computed four separate SEMs replacing the pollinator trait gradi-
ents with (1) wild bee FDis, (2) wild bee FRic, (3) hoverfly FDis and (4)
hoverfly FRic. Full details of the SEM fitting procedure are given in
Appendix S1, but note that we omitted the insecticide loading vari-
able from models as it was highly colinear with one of the habitat
composition axes.
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(a) Model 3: Indirect environmental impacts on pollinator community
via floral community

Habitat composition

Environmental Flower Pollinator
drivers community | community Habitat i " Plant response Plant effect Bee/hoverfly
abitat configuration traits traits traits
Site selection drivers
(b) Model 5: Direct environmental impacts on pollinator . . Plant response Plant effect
community and indirect effects via floral community Habitat composition traits traits
Flower
community
Environmental Habitat configuration
drivers +
Pollinator v
community
Site selection drivers > Beelhqverfly
traits

FIGURE 3 Hypothesised piecewise structural equation models on the right corresponding to (a) Model 3 and (b) Model 5 from the Mantel
path analysis. SEMs are simplified for clarity: Variables in bold are site scores from the first two axes of separate PCAs at each level. Habitat
configuration metrics consist of edge density and connectivity index variables, and site selection drivers comprise the variables habitat

diversity, honeybee density and floral resource availability.

3 | RESULTS

Over the 2years of study, we identified 294 species of insect, of
which 108 species were hoverflies (~39% of total UK fauna; 14,710
individuals identified) and 116 species were wild bees (~43% of total
UK fauna; 5142 individuals identified). The remaining 70 species
were from wasp, butterfly or other fly families (Table S2). In addi-
tion, we surveyed 470 species of flowering plants containing nectar
and/or pollen that was accessible to pollinating insects.
Unsurprisingly there was a strong regional impact on the plant
and pollinator communities. According to the between-group anal-
yses of the plant and pollinator species data tables, the regional
grouping of the study sites accounted for a significant (Monte
Carlo permutation test p=0.001) proportion of the variance in
abundances of species (All pollinators: 15.8%, wild bees: 15.1%,
hoverflies: 15.0%, flowering plants: 20.5%). The environmental
matrix was also subject to a strong region impact (p=0.001, pro-
portion of variance =29.6%). These findings highlighted the need
to account for spatial clustering in our analyses. Dissimilarities
between regions (Figure S1) also suggest that regional condi-
tions acted as a broad environmental filter on plant and pollinator

communities.

Objective 1. The flowering plant community as me-
diator between environmental factors and the polli-
nator community.

The best fitting model to the data depended on the taxonomic
groups used in the pollinator community matrix (Figure 4). When
all pollinators (including all wasps and butterflies) were used, or
when only hoverflies were used, Model 3 was the best fitting model

suggesting that the environmental variables only impacted the polli-
nator community composition indirectly via effects on the flowering
plant community. When the pollinator community was restricted to
wild bees only, Model 5 was the best fitting model, suggesting both
a direct effect of environmental variables on the composition of the
pollinator community, and an indirect effect via the flowering plant
community.

Objective 2. The response and effect traits of plants
as mediator between environmental factors and the

pollinator functional traits.

The first two axes of the habitat composition PCA explained
60.3% of the variance in habitat cover distribution (axis 1: 36.7%,
axis 2: 23.6%). Loadings indicated that axis 1 (hereafter ‘Habitat 1)
represented a gradient from open SNH (negative loading) to im-
proved grassland and abundance of linear features (positive load-
ings), while axis 2 (‘Habitat 2’) mainly represented a gradient from
high to low arable land use (Table 2). The first plant response trait
axis (hereafter ‘Response 1'; 46.8%) revealed a gradient with larger
negative loadings for SLA, annual life span and seed mass, and pos-
itive loadings for perennialism and late flowering (Table 2). The sec-
ond axis (‘Response 2’, 25.3%) was mainly a gradient of height and
seed number, with negative loadings for tall species producing many
seeds. The effect traits PCA revealed a complex set of gradients due
to the presence of several categorical variables (Table 2). The first
axis (hereafter ‘Effects 1', 34.2%) had strong negative loadings for
flowers with partly hidden nectar sources (a Miiller flower shape
category), high nectar scores, high UV reflectance and a tendency
to be pollinated by insects (rather than wind or selfing), while there
were positive loadings for blue/violet flowers, and the Miiller (1881)
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All Pollinators - Model 3

ENV FLW POL

ENV 0.44 0.33
FLW 0.34 0.46
POL 0.07 0.42

via floral community

Hoverflies - Model 3

Model 3: Indirect environmental impacts on pollinator community

FIGURE 4 Table of multivariate
relationships between the environmental
variables (ENV), the flower community
(FLW) and the pollinator community
(POL), when the latter consists of all
pollinators captured, wild bees only or
hoverflies only. Cell values correspond
to spatially-corrected simple (above the

Environmental o | Flower 5 | Pollinator diagonal) and partial Mantel statistics
ENV FLw PoL drivers | community | community g . P .
(below the diagonal), which are based
ENV 0.44 0.26 on the Pearson's product-moment
= 0.38 0.37 correlation. Bold values indicate
significance at the p<0.001 level after
POL 0.05 0.34

Wild bees - Model 5
ENV FLW POL

ENV 0.44 0.40

Environmental
FLW 0.31 0.34 drivers
POL 0.24 0.29

Model 5: Direct environmental impacts on pollinator
community and indirect effects via floral community

Bonferroni correction. Flower and
pollinator abundances were Hellinger
transformed. Significance was assessed

Flower with 4999 permutations. Models 3
community and 5 are reproduced from Figure 2 to
* illustrate the confirmed models for each
Pollinator community.
community

TABLE 2 Loadings from the first two PCA axes for habitat composition, plant response traits and plant effect traits.

Habitat composition Plant response traits

Plant effect traits

Axis 1 Axis 2

Arable 0.08 -0.82 First flower month
Improved 0.56 0.30 Canopy height
Woodland SNH 0.15 0.11 SLA

Conifer -0.35 0.10 Seed number
Open SNH -0.45 0.42 Seed mass

Linear features 0.58 0.19 Annual life span

Biennial life span

Perennial life span

flower shape categories: open nectar sources, pollen flower types
and flowers favoured by Hymenoptera. The second axis (‘Effects 2’,
23.6%) appeared to represent a gradient from white/yellow flowers
with partly hidden nectar (Miiller, 1881) and a long flowering season,
to red/pink flowers with hidden nectar sources (Miiller, 1881) and a
shorter season.

The wild bee PCA axes explained 43.4% and 19.7% of the vari-
ance, respectively, and the first axis (‘Bee 1') represented a gradient
of large, long-tongued and social species with a long active season
and tendency towards multivoltinism, to small, solitary species and
a tendency towards a later start to the active season (Table 3). The
second axis (‘Bee 2') appeared to mainly represent a gradient from
parasitic to polylectic species. The hoverfly PCA axes explained

Axis 1 Axis 2 Axis 1 Axis 2
0.37 -0.37 Blue/Violet flowers 0.30 0.14
-0.23 -0.50 Red/Pink flowers -0.10 0.51
-0.43 0.28 White/Yellow flower -0.10 -0.54
0.02 -0.63 ‘Fly’ flowers 0.18 -0.07
-0.43 0.09 Hidden nectar flowers -0.01 0.39
-0.46 -0.23 Hymenoptera flowers 0.29 0.08
-0.13 0.14 Open nectar flowers 0.33 -0.10
0.46 0.22 Part hidden flowers -0.38 -0.28
Pollen flowers 0.29 0.10

Flowering duration 0.16 -0.38

Nectar score -0.32 0.16

UV reflectance -0.28 0.05

Insect pollinated -0.39 0.07

43.9% and 27.7% of the variance in trait distribution, with the first
axis (‘Hoverfly 1') representing a phenological gradient from species
with a long active season, to those with a late season start and a
tendency towards univoltinism (Table 3). The second axis (‘Hoverfly
2’) had high positive loadings for body size and adult diet (nectar
only feeding).

As Model 5 was the best fitting Mantel path model for the wild
bee community, we fit the corresponding SEM to wild bee traits and
it was initially a poor fit to the data (Fisher's C,,=81.3,p=0.002; a
low p-value indicates poor model fit). To achieve ‘good fit’, the model
required the addition of three paths: a correlated errors links be-
tween the two Effect axes, and links from edge density and Habitat 2
to Effect 1. With these paths added, the model was an adequate fit to
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Hoverfly traits

traits. Axis1  Axis2 Axis1  Axis2

Body size -0.36 -0.06 Body size -0.27 0.58

Cleotoparasitic 0.20 -0.23 Active season 0.56 -0.27
start

Social -0.37 0.07 Duration of -0.62 -0.09
season

Social parasite 0.02 -0.52 Adult diet 0.19 0.71

Solitary 0.35 0.11 Voltinism 0.43 0.27

No diet preference (parasitic) 0.13 -0.55

Oligolectic 0.08 -0.06

Polylectic -0.16 0.52

Active season start 0.26 0.17

Duration of season -0.35 -0.08

Univoltine 0.03 -0.06

Bivoltine =03l -0.09

Multivoltine -0.34 -0.13

Tongue length guild -0.33 -0.11

the data (C,4="51.5, p=0.07; Figure 5a). These additional paths were
also required for the wild bee FDis and FRic models (FDis: C;,=36.3,
p=0.198; FRic: C;,=36.3, p=0.113; Figure 5b,c).

Model 3 was the best fitting Mantel path model for the hoverfly
community, and the corresponding SEM also required the addition
of the three paths described above. However, this only resulted in
an adequate fit for the trait model (C,,=82.3, p=0.062; Figure 6a).
The FDis model also required a link between connectivity and FDis
(C,,=54.8, p=0.089; Figure 6b), and FRic required a link from con-
nectivity to Effects 2 (C,,=53.2, p=0.115; Figure 6c).

In general, both sets of models showed some support for the
response-effect framework, with the strong influence of the habi-
tat composition gradients on Response 1 suggesting that plant spe-
cies with traits such as high SLA and seed mass, early flowering
and annual life span tended to be associated with the arable and
improved grassland cover types, as well as linear features such
as fence lines, stonewalls and water ditches. However, a positive
link from Habitat 2 to Response 2 showed some complexity to this
pattern, with tall and late flowering species also favouring arable
land. Effect 1 had the strongest link from Response 1, suggesting
that communities dominated by fast-growing species tended to
be those dominated by species with either open nectar and pollen
flower types, or with blue- and violet-coloured flowers. However,
the impacts of Habitat 2 (negative) and edge density (positive) on
Effect 1 again highlighted complexity not captured solely by the
response-effect structure.

The strong link from Effect 1 to Bee 1 further suggests that certain
flower types tended to attract small and solitary species that are active
early in the season. The strongest direct impact of the environmen-
tal variables was a positive link between honeybee density and Bee 1,
functional dispersion and functional richness. Similar to the bee SEM,
Effect 1 had a strong positive link to the hoverfly size gradient (Hoverfly

2), although in the opposite direction to bees. Larger hoverflies and
those preferring to feed on nectar only were associated with this ef-
fect trait axis. In contrast to the bee model, Effect 1 had a positive,
though weaker, effect on hoverfly FDis, but not hoverfly FRic.

4 | DISCUSSION

In this study, we found that the links between land-use patterns and
species communities were generally stronger for flowering plants
than for pollinators and that links between land use and pollinator
communities were largely (for bees) or wholly (for hoverflies) me-
diated by floral resources. Furthermore, we found strong support
for the ability of the response-effect trait framework to explain the
mechanisms underlying this mediation, although our large-scale and
exploratory application of the framework revealed some additional
complexities. We recommend that future studies of land use and
pollinator biodiversity consider such indirect effects in project de-

sign and analysis more explicitly.

4.1 | Regional patterns—A broad
environmental filter

Our pollinator and plant data indicated that the regions we studied
in the UK had relatively distinct pollinator and flowering plant
communities. Those in the southern-England regions were highly
dissimilar to those in Scotland, although there was considerable
overlap in assemblages between northern England and southern
Scotland. These patterns are unsurprising given the regional
differences in topography, climate and land use in Britain, from
the low-lying, warmer and more arable southern regions to the
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FIGURE 5 Path models exploring the indirect link between wild bee (a) functional traits, (b) functional dispersion, and (c) functional
richness and environmental variables via plant response and effect traits. The left-hand side of the models are the same for all three
responses and has been omitted in (b) and (c) to save space. Note also that most non-significant relationships are omitted for clarity. Red

text indicates negative loadings for habitat/trait PCA axes; black text indicates positive loadings. Red arrows =negative effects; black
arrows =positive effects; and grey, dashed arrows=non-significant relationships (p>0.05). The thickness of arrows corresponds to the size
of the standardised coefficients (displayed numerically). The first r-squared value is marginal (only fixed effects) and the second in brackets is
conditional (both fixed and random effects). See Appendix S2 for full results.

mountainous, wetter and more abundant heath- and moorlands of
northern Scotland (Mayes & Wheeler, 2013). We have not explored

this further, but regional dissimilarities have been found elsewhere

as a broad-scale environmental filter to community assembly (de

Bello et al., 2013), and these strong patterns along topographic and

climatic gradients support the existence of a large-scale regional

environmental filter in Britain.

4.2 |

Within-region environmental filters

When the regional effect was accounted for, the Mantel path

models linking the dissimilarity of pollinators, flowering plants

and environmental factors strongly suggested that land use pro-

vided within-region environmental filtering and that plant com-

munities likely mediated this process on pollinators. These results
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FIGURE 6 Path models exploring the indirect link between hoverfly (a) functional traits, (b) functional dispersion, and (c) functional
richness and habitat composition via plant response and effect traits. The left-hand side of the models is the same for all three responses
and has been omitted in (b) and (c) to save space. Red text indicates main negative loadings for habitat/trait PCA axes; black text indicates
main positive loadings. Red arrows =negative effects; black arrows = positive effects; and grey, dashed arrows =non-significant relationships
(p>0.05). Note that most non-significant relationships are omitted for clarity. The thickness of arrows corresponds to the size of the
standardised coefficients (displayed numerically). The first r-squared value is marginal (only fixed effects) and the second in brackets is
conditional (both fixed and random effects). See Appendix S2 for full results.

are similar to those of Frenette-Dussault et al. (2013), who found
that vegetation structure mediated environmental effects on
ant communities, suggesting a coarse environmental filter and a
finer, microclimatic filter of vegetation structure. A similarly hi-
erarchical filtering process may have occurred in our landscapes,
perhaps due to plants' relatively limited dispersal, strong depend-
ence on local conditions and slow reactions to habitat change

(Winsa et al., 2017), whereas more mobile insect pollinators are
able to quickly track the availability of food resources (Kremen
et al., 2018).

We note, however, that the full mediation role of plants was
only found for the entire pollinator community and for hoverflies
separately. When we restricted our analysis to wild bees, the
best model comprised both direct and indirect links between the
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environmental factors and the wild bee community, suggesting a
complex filtering process. This is perhaps unsurprising given the
importance of suitable nesting substrates to many bee species
(Roulston & Goodell, 2011), and the impact of land use and land
management on these resources (Bennett et al., 2014; Kells &
Goulson, 2003). However, we have not explicitly assessed nesting
resources at our sites, and support calls to improve our understand-
ing of these requirements (Image et al., 2022). Future iterations of
this modelling approach could then incorporate probable indirect
links between land use and pollinators via multiple resources to
greatly improve our overall understanding of landscape-scale pol-
linator communities. Furthermore, the different findings for our
species groups suggest that this analysis is sensitive to target taxa
and that investigation of smaller targeted groups may be needed
to corroborate these patterns. Nevertheless, the partial mediating
effect of the plant community remains plausible because the qual-
ity of floral resources is considered an important factor in pollina-
tor community structure (Potts et al., 2003), with many pollinators
demonstrating flowering plant preferences based on flower struc-

ture, size and colour (Carvell et al., 2006).

4.3 | Response-effect framework—land-use effects
on plant response traits

Our piecewise SEM analysis suggested further insights into the
mechanisms behind the above results via an exploratory adapta-
tion of the response-effect trait framework. The left-hand side of
the SEM diagrams highlighted the role of land use in structuring
plant communities, with sites dominated by intensive land use
types such as arable and improved grassland strongly linked to
plant communities exhibiting fast resource-use traits, as shown
elsewhere (Smart et al., 2006; Storkey et al., 2013). Trait values
such as high specific leaf area and annual life span are associ-
ated with a resource acquisition strategy typical of highly fertile
habitats (Cebrian-Piqueras et al., 2021; Lavorel & Grigulis, 2012),
early successional plant communities (Gaba et al., 2017; Lavorel
& Grigulis, 2012), disturbed environments (i.e. those subject
to regular tilling, mowing and grazing; Storkey et al., 2013), and
agricultural field margins (Blaix & Moonen, 2020). By contrast,
less intensive SNH were associated with ‘resource conservation’
traits such as perennialism, slow resource use and later flower-
ing (Lavorel & Grigulis, 2012; Storkey et al., 2013). These are typi-
cal dominant traits of low fertility and later successional habitats,
such as heathlands and woodlands (Roblefio et al., 2018; Solé-
Senan et al., 2018).

In addition, the plant response trait axis ‘Response 2’ appeared
to represent the ‘plant size’ gradient (Lavorel & Grigulis, 2012),
which has been posited as an independent axis to gradients of
leaf economics (typified by high to low SLA), and is often re-
lated to seed number (Cebrian-Piqueras et al., 2021; Lavorel &
Grigulis, 2012), as we found here. We found that taller flower-
ing plants were associated with arable land use, which is likely to

reflect the predominance of tree and weed species in field margins
(Rotchés-Ribalta et al., 2018). However, the lack of strong asso-
ciation with improved grassland and linear features is contrary
to studies of grassland disturbance reporting a predominance of
shorter plants (Lienin & Kleyer, 2012; Roblefio et al., 2018; Storkey
et al., 2013). Nevertheless, as Lavorel and Grigulis (2012) pointed
out for grasslands, short height is commensurate with the resource
conservation strategy found in late successional and low fertility
habitats such as our SNH habitats.

4.4 | Response-effect relationships and links to
land use

The response-effect framework suggests that the correlation be-
tween the two plant trait types will determine the impact of en-
vironmental drivers on functioning (Lavorel et al., 2013; Lavorel &
Garnier, 2002), and while we did not specifically test certain trait
pairings, our exploratory approach found strong links between
response- and floral (effect) traits. Although little is understood
about how floral traits relate to other plant functional traits (E-
Vojtko et al., 2020; Goulnik et al., 2021), similar associations have
been found elsewhere (Blaix & Moonen, 2020; Roblefio et al., 2018;
Solé-Senan et al., 2017). In general, grasslands also support many an-
nual weedy species that are able to self-pollinate, are likely to invest
less in pollinator attraction, frequently have white flowers and can
flower for long periods (Gaba et al., 2017).

Given the links between habitat composition and response traits,
the associations here also support general patterns of floral trait as-
sociations with land-use intensity. A review of grassland floral traits
by Goulnik et al. (2021) reported that intensive management of grass-
lands can lead to reductions in nectar tube depth, amount of nectar
reward, pollen quality and attractiveness of flowers. Conversely, the
authors also suggested a change in colour dominance with inten-
sity from blue to white. Our results suggested both blue/violet and
white/yellow flowers were linked to more intensive land uses, and
other studies have reported a range of associations between flower
colour and management intensity dependent on season (Rotchés-
Ribalta et al., 2018) and region (Roblefio et al., 2018). However,
flower colour is only one factor in pollinator attractiveness; UV re-
flectance is also a factor in visual attractiveness (Ricou et al., 2014)
and may be a more precise measure of pollinator attraction. In our
study, this had a negative loading on Effect 2 and was subsequently
associated with plant communities linked to more intensive land

uses.

4.5 | Effect and pollinator trait links

We found contrasting effects in the associations between plant
effect traits and the traits of bees and hoverflies. The strongest link
was between larger species of social bee with long active seasons,
such as bumblebees, and high reward plant communities that

85US0| 7 SUOWIWOD BT8O 9|qedljdde ay) Aq peussnob e sap e O ‘8sn Jo Se|nJ Joj Aeig1 8ulUQ A8]1/M UO (SUONIPUOD-pUe-SLLLBI WO A8 1M AReq | Bul |uo//:SdL) SUONIPUOD PUe Swie | 8y 88S *[520Z/70/80] Uo Arigiauluo A|Im ‘ARiq)T uoueyiolg 8y L spse JO AIseAIUN Ag 9991 T SEZ-GOET/TTTT OT/I0P/WO0d A3 |1 Aleiq jpul|uo's feuunokaqg//sdny woly pepeojumod ‘ZT ‘202 ‘SErZSIET



GILLESPIE ET AL.

accommodated high proportions of partially hidden nectar flowers
(several members of Brassicaceae, Rosaceae, Ranunculaceae and
Caryophyllaceae), favoured by medium to long-tongued species
(Miller, 1881). By contrast, smaller hoverflies with nectar and
pollen diets were weakly associated with these traits. The same link
suggested that smaller, solitary bee species (and larger hoverflies)
were associated with plant communities dominated by open nectar
sources (e.g. Apiaceae, Rubiaceae, Hypericaceae), ‘pollen’ plants
and blue-violet flowers. Larger bumblebees have been associated
with high reward flowers elsewhere (Solé-Senan et al., 2018; Vaudo
et al., 2015) and may outcompete hoverflies for resources (Hogg
et al., 2011). Similarly, smaller solitary bees have been associated
with lower nectar quantities and pollen lower in amino acids (Vaudo
etal., 2015), and hoverfly body size relates to flower size preferences
in some sub-families (Klecka et al., 2018). However, not enough is
known about hoverfly diet preferences, and the low explanatory
power of our models may reflect their generalist, opportunistic
flower choices (Branquart & Hemptinne, 2000), and indicate that
their distribution depends more on larval requirements than flower
traits. If this is the case, it is surprising that our SEMs did not find
stronger direct links between hoverfly traits and the environmental
variables, and further research into these links is recommended.
The wild bee SEM also found a strong impact of honeybee
density on Bee 1 and functional diversity, and this link may explain
why Model 5 was the better fitting Mantel path model. A high
density of managed honeybees in our landscapes appeared to en-
hance functional diversity, and favoured small, solitary species of
wild bee. This may suggest that honeybees compete for resources
with larger, social bees, supporting recent review findings (Iwasaki
& Hogendoorn, 2022), and this is considered more likely in areas
of uniform land cover and scarce floral resources (Herbertsson
et al,, 2016). Such competition may enhance functional diversity
by encouraging a greater range of solitary bee species with varied
traits, particularly when bumblebees are lacking. However, we also
cannot rule out the possibility that this result is an artefact of our
honeybee density data, which are more certain in southern regions
where more solitary bee species were caught (Gillespie et al., 2022).
The general pattern shown by the SEM analysis suggests that via
dominant plant traits, intensive land uses favoured smaller and soli-
tary bee species with early active periods (and large hoverflies), and
that less disturbed open SNH habitats supported larger and social
bee species (and small hoverflies). While previous work attempting
to test such links directly have reported conflicting results concern-
ing the sensitivity of traits such as body size to land use (Bartomeus
et al,, 2018; De Palma et al., 2015; Rader et al., 2014), our indirect
approach showed congruence with the patterns detected in the re-
view of grassland floral trait patterns by Goulnik et al. (2021). They
described floral traits as becoming generalised in frequently dis-
turbed and intensively managed habitats, increasing in ruderal spe-
cies associated with fewer insect pollinated plants, smaller nectar
tube depth and lower nectar rewards and pollen quality. This may
lead to fewer large, long-tongued and social bees that require more
resources to develop colonies (Cane & Tepedino, 2017), and more
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oligolectic solitary bees that favour lower quality pollen (Weiner
et al., 2010). Many nectar and pollen feeding hoverflies on the other
hand, may be favoured in these situations due to shorter tongue
length, a stronger ability to store protein and fewer constraints on
nesting sites (van Rijn et al., 2013). Although the review by Goulnik
et al. (2021) only covers grasslands, and no other habitat types have
been treated to such a holistic overview, the patterns in plant and
pollinator coexistence provide important insights into the filtering
role that flowering plants may play in pollinator community composi-
tion. Previously conflicting results concerning the impact of land use
composition may occur because the direct signal on pollinator com-
munities is obscured by these mediating effects on favoured food

resources in the plant community (Forrest et al., 2015).

4.6 | Effects on functional dispersion and richness

The wild bee functional richness SEM suggested greater trait rich-
ness was associated with flowering plants linked to more intensive
land uses. This appears contrary to previous work, where greater
functional richness and dispersion were associated with agroforestry
compared to arable land uses (Staton et al., 2022), and where func-
tional dispersion was associated with low intensity land uses (Forrest
et al., 2015; Roquer-Beni et al., 2021). Whether the increased func-
tional richness found here translates to increased function is be-
yond the scope of this study and remains to be tested. However, our
results do highlight previously unexplored complexity, suggesting
that non-target flowering plants occurring among intensively man-
aged landscapes are important to pollinator functional diversity. For
example, in landscapes with a high proportion of arable land, the
flowering plant community may consist of both fast-growing, early
flowering species, and tall, late flowering species, probably grow-
ing at field edges. These plants were associated with effect traits
favoured by small, solitary species which apparently drive functional
richness here. With the addition of the effect of edge density and
habitat composition on Effect 1, our models suggest that managing a
range of habitats and linear features in disturbed landscapes with a
diverse flowering plant composition are likely to be most important
to functional richness.

The weaker effects we found on hoverfly trait distribution
and functional diversity may reflect the limited traits we used for
hoverflies, or may be a result of differing behaviour of this group.
Hoverflies are not central-place foragers like bees, are generally
less specialised in their floral dependencies, do not collect re-
sources for larvae and are not restricted by the need for proxi-
mal forage resources (Winsa et al., 2017). Therefore, the filters
impacting trait dispersion are likely linked to the diversity of lar-
val food resources, which have not been included in our analysis.
Nevertheless, the positive link of Effect 1 on Hoverfly 2 and hov-
erfly functional dispersion suggests body size is a key driver of
functional diversity.

As with the Mantel path analysis, our SEMs found that the
responses of pollinator community to both plant resources and
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environmental factors depended on the focal taxa. Contrasting
responses of bees and hoverflies have been reported elsewhere
(Roquer-Beni et al., 2021; Staton et al., 2022), and some authors
have suggested that assessments of landscape effects on hover-
flies may be required at coarser spatial scales (Staton et al., 2022).
In any case, these patterns highlight the importance of considering
the differing resource needs of smaller taxonomic groups, and we
recommend that further research aims to identify which flower-
pollinator associations are important and most responsive in dif-

ferent regional contexts.

4.7 | Weaknesses

We note that these findings should be interpreted with a degree
of caution because the pollinators were not recorded visiting the
flowering plants but were caught in the same locations. We can-
not therefore prove that it is the flowering plant community that
attracted the pollinators to our landscapes per se. In addition, it
should also be noted that pan-traps used to collect insects do not
always provide an accurate reflection of pollinator communities (e.g.
Hutchinson et al., 2022). Similarly, we were limited by the published
trait information available for many species, which made the results
of the Mantel tests difficult to compare to those of the SEM, for
example. We recommend that future work aimed at corroborating
our findings is based on individually measured values of carefully
selected traits. Finally, our findings may be limited by our use of PCA
axes to represent gradients. The first two axes did not reach a com-
monly used threshold of 80% variance explained and may not have
fully captured the most important gradients, or fully accounted for
the spatial clustering of our sites. However, we would iterate that the
SEM analysis was an exploratory approach rather than confirmatory,
and that our findings provide important insights for designing future

research approaches.

5 | CONCLUSIONS

We have demonstrated that pollinator community assemblage is de-
termined by a complex suite of factors including broad regional fil-
ters, habitat composition and configuration, and their impacts on the
foraging resources of the local pool of pollinators. It is also important
to note that our findings depended on the focal taxonomic group,
highlighting different resource needs and responses to landscape-
scale pressures. In general, it seems that functionally diverse pol-
linator communities can be found even in intensively managed
landscapes, particularly through the maintenance or enhancement
of diverse, locally important plant communities, rather than large-
scale alteration of the habitat matrix. We therefore recommend
more mechanistic research on the role of floral resources and their
diverse and complementary roles in pollinator nutrition. We further
suggest that future research should begin to explicitly model the in-
direct effects of land use via fundamental resources. Much previous

research uses a direct, linear effects modelling approach to assess
both broad landscape effects and more local resource provision
effects on pollinator abundance, diversity and visitation (Gillespie
et al., 2022; Hopfenmidiller et al., 2014; Jauker et al., 2013; Martin
et al., 2019). These studies have provided important insights into
the links between pollinator populations and floral resources (e.g.
Holland et al., 2015), and habitat composition and configuration (e.g.
Ekroos et al., 2015). However, habitat composition and configura-
tion effects are likely to act indirectly through changes in resource
availability, and resources such as foraging plants and nesting loca-
tions are sometimes more direct factors (Roulston & Goodell, 2011).
Research approaches such as the response-effect trait framework
(Lavorel et al., 2013), can be instrumental in understanding the tight
link between trophic levels and their environments, and we recom-
mend that future studies are designed and analysed with direct and

indirect effects in mind.
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