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Abstract

Context Flower-visiting insects depend on floral resource availability from both cultivated and semi-
natural habitats in agricultural landscapes. Landscape studies exploring insect abundance mainly
focus on land cover maps without considering plant species within. Highlighting the functional role of

landscapes through the potential floral resources they provide is an overlooked innovative approach.

Objectives We aimed to identify traits of floral communities that are important, across several spatial
scales, for explaining the abundance of flower-visiting insects. Mapping and quantifying potential
floral resources according to their attractivity, accessibility and profitability in both crop and non-

crop habitats was performed to gain insights into flower-vising insect requirements.

Methods We translated land-cover maps of 39 landscapes of 250 m, 500 m and 1000 m radius into
potential floral resource maps, using pre-existing vegetation surveys and floral traits databases. In
the centres of the landscapes, the abundance of flower-visiting insect groups (domestic and wild
bees, bumblebees and hoverflies) were recorded in organic winter cereal fields. We then fitted
Generalized Linear Models (GLMs) to investigate the effects of flower trait variables (pre-selected
with conditional random forests) at both field and landscape scales on the abundance of each flower-

visiting insect group.

Results Floral resource maps explained the abundances of flower-visiting insect groups. Small wild
bees (< 1 cm) responded positively to the relative amount of attractive and accessible floral
resources at 250 m. The abundance of domestic bees and bumblebees was positively correlated with
the relative amount of high nectar producing plants at 1000 m. The abundance of hoverflies was
positively influenced by the relative amount of actinomorphic flowers (i.e. those with radial

symmetry), at 1000 m.

Conclusion Resource maps could explain flower-visiting insect abundances, identify which category of

floral resources organisms require, and determine in which habitat types these resources prevail.
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These results open a new research area related to managing the environment by optimising floral

resources for flower-visiting insect conservation and pollination maintenance.

Keywords: functional landscape, floral resource, wild bees, domestic bees, pollinators
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Introduction

The influence of spatial heterogeneity on ecological processes is central in landscape ecology (Turner
1989). Landscape heterogeneity, defined by the amount (landscape composition) and spatial
arrangement (landscape configuration) of the habitat patches that compose them (Fahrig et al. 2011,
Gustafson 1998) is classically estimateded from vegetation types or land covers, with or without
explicit consideration of their relevance to species. This structural view has been challenged by many
authors who pointed out the need for a functional approach that considers the fundamental
ecological requirements of species to better understand biodiversity patterns and functions (Dennis
et al. 2003; Dennis et al. 2006; Vanreusel and Van Dyck 2007). Nowadays, few studies have employed
a resource-based view of landscape heterogeneity involving mapping habitat patches or land cover
as a collection of resources (food, shelter, etc.) required by, and accessible to, organisms (see
Ammann et al. 2022; Eckerter et al. 2020; Lonsdorf et al. 2009; Vialatte et al. 2017). Generating such
maps requires additional organism-specific information that is not always easy to obtain unlike
‘classical’ habitat mapping. However, resource maps may help to better explain species patterns and
identify in which habitat types these resources prevail. It also allows for ecologically-relevant
recommendations on agricultural landscape design and habitat restoration/diversification programs

for biodiversity conservation and ecosystem service promotion (Ammann et al. 2022).

In European agricultural landscapes, maintaining diverse and abundant flower-visiting insects such as
domestic bees, wild bees and hoverflies is crucial for sustaining wild plant species diversity and the
efficiency and stability of agricultural production (Balzan et al. 2014; Garibaldi et al. 2013; Ollerton et
al. 2011). Flower-visiting insects require distinct types of resources including availability and
accessibility of nesting sites and floral resources (Potts et al. 2003). In this regard, different types of
habitats are associated with different plant communities and therefore provide different floral
resources (Cavigliasso et al. 2022). Research on landscape-level effects on pollinating insects has

predominantly focused on a binary view (habitat vs. non-habitat) of the landscape, with particular
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attention to the contributions of semi-natural habitats and mass flowering crops (Diekotter et al.
2014; Williams and Kremen 2007). Results show that wild bees and hoverflies seem to depend more
on semi-natural habitats (e.g. grasslands, hedgerows, forest edges) for floral resources than on mass
flowering crops (e.g. oilseed rape, legume crops) while the opposite is true for domestic bees (Rollin
et al. 2013). Nevertheless, few studies have investigated to what extent the amount and diversity of
floral resources fulfilled by crop and non-crop habitat types drive flower-visiting insect abundance.
Contrasting results observed may indicate that these studies mainly considered the amount of floral
resources (i.e. flower density) at a given landscape scale (500 buffer radius, Ammann et al. 2022; 1km
buffer radius, Williams et al. 2012; 2km buffer radius, Lonsdorf et al. 2009). Only Vialatte et al. (2017)
considered different buffer size. Furthermore, these studies focused on a single flower-visiting insect
species (i.e. Bombus vosnesenskii, Williams et al. 2012) or group (i.e. hoverflies, Ammann et al. 2022;
Vialatte et al. 2017). Studies considering weeds, i.e. plants that spontaneously grow within fields, are
even rarer (but see Balfour and Ratnieks 2022; Crochard et al. 2022; Twerski et al. 2022). Targeted by
intensive management in cultivated fields, weeds are paradoxically a major asset for biodiversity
conservation because they offer resources at various times but especially after blooming of mass-
flowering crops. Therefore, weeds may support the maintenance of flower-visiting insects and the
provision of crop pollination ecosystem services at the landscape scale (Bretagnolle and Gaba 2015;
Requier et al. 2015). Thus, adopting a flower-visiting insect’s perspective could overcome this binary
view (habitat vs. non-habitat) of the landscape, and calls for a characterisation of the landscape as a
continuum of available resources, including neglected resources such as weeds. This approach
requires an evaluation of floral resources that habitat types may provide by identifying of plant

species and their specific floral traits.

To reflect local interactions between flower-visiting insects and floral resources, and depict floral
resource heterogeneity, Ricou et al. (2014) proposed three categories of floral traits: (i) visual
attractivity of flowers (e.g. flower colour, plant height); (ii) nectar and pollen accessibility (e.g. flower

morphology) and (iii) profitability (i.e. reward linked to nectar and pollen levels). Indeed, flowering
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plant species exhibit particular traits that do not contribute equally in explaining variation among
insect groups that visit and successfully pollinate flowers (Fenster et al. 2004). For instance, blue and
purple flowers are the most attractive to bees and bumblebees (Ricou et al. 2014) while yellow
flowers are preferred by hoverflies (Sutherland et al. 1999). Focusing on legume mixtures, Cole et al.
(2022) showed that flower morphology plays a role in coordination with the length of the pollinating
insect tongue. Most bumblebees and some solitary bees (Apidae and Megachilidae), all long-tongued
pollinators (Rollin et al. 2013), are more likely to forage tube-shaped corolla rather than flat corolla
flowers unlike hoverflies (Cole et al. 2022). Plant height is another important discerning factor as
many flower-visiting insects tend to fly at a constant height when foraging (Dafni and Potts 2004).
For instance, previous work showed that bumblebees avoided short plants (Dafni and Potts 2004).
Lastly, the preferential use of plant species by insects might be related to the amount and quality of
resources (nectar and pollen) they provide (Balzan et al. 2014). In particular, van Rijn and Wackers
(2016) showed that nectar (but not pollen) availability was the main driver determining flower

resource suitability, flower choice and abundance of hoverflies.

Since flower-visiting insects move through the landscape to acquire resources, floral resources must
be considered at relevant spatial scales. Previous work, based upon land-cover, showed that
response scales vary across insect groups, according to their dispersal abilities and foraging
behaviour (i.e. scale of effect; Jackson and Fahrig 2012). For instance, domestic bees with a generalist
diet and a large foraging range (up to 2 km; Danner et al. 2017) may respond to landscape
heterogeneity at large spatial scales. By contrast, wild bees are more specialised to a single host plant
species or family and with lower dispersal ability. Thus, they may be more sensitive to landscape
heterogeneity at smaller spatial scales (up to several hundred meters; Gathmann and Tscharntke

2002; Steffan-Dewenter et al. 2002).

Mapping and quantifying the presence of flowering species with specific traits across spatial scales,

from both crop and non-crop habitats, could provide important insight into flower-visiting insect
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requirements. Note that our approach did not allow us to accurately measure the availability of floral
resources (i.e. the number of flowers). We thus use the term “’potential floral resources’. Resource
maps could inform about how landscape is exploited and what constitutes a high quality habitat for
flower-visiting insects considering their successful conservation in agricultural areas. More
particularly, we hypothesised that the abundance of insects visiting wild and crop flowers (i.e. wild
bees, honeybees, bumblebees and hoverflies) in arable fields increases with potential floral
resources in the landscape. We expected the spatial scale of the responses to floral resources to vary
among flower-visiting insect groups, depending on insect morphology. We predicted that the relative
amount of flowers with high profitability (nectar directly affecting insect survival and fitness) may

explain flower-visiting insect abundances better than flower attractivity and accessibility.
Material and methods
Study site

The study took place in the Zone Atelier Armorique (Long Term Socio-Ecological Research site, 48° 36’
N, 1° 32" W), located in the southern part of the llle-et-Vilaine department in Brittany, north-western
France. The climate is temperate oceanic with close to 700 mm of annual precipitation. Average
annual temperature is about 12 °C (18 °C in summer and about 5 °C in winter). This zone is
characterised by a dense hedgerow network and small fields (Burel and Baudry 1990). Agriculture is
oriented towards mixed dairy farming and the main cultivated crops are grasslands including leys

(about 40 %), maize silage (30 %) and winter cereals (20 % ; Puech et al. 2015).

In this area, we selected 39 winter cereal fields, distributed along a gradient of landscape
heterogeneity based on the amount of semi-natural elements (including woodland and hedgerows)
within circular landscape buffers of 1000 m radius (Fig. 1). The amount of semi-natural elements
varied from 0.70 % to 25.83 % (woodland: from 0.19 % to 25.23 %; hedgerows: from 0.38 % to 1.07
%). The 39 selected fields had similar soil types and groundwater level, and all were cultivated under

organic farming practices. Their area ranged from 1.08 to 5.88 ha and averaged 3.35 ha. The mean
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distance between selected fields was 24.2 + 15.2 km. Among fields, 17 were cultivated with a mixture
of winter cereal (triticale (Triticosecale spp.), oat (Avena sativa L.), spelt/wheat (Triticum spp) and
legume (faba bean (Vicia faba L.) or pea (Pisum sativum L.); others were cultivated with winter cereal

only. No bee hives were observed around selected fields.
Flower-visiting insect monitoring

Observations of flower-visiting insects were made visually by counting all individuals flying or visiting
either wild or crop flowers along standardised transect walks, i.e. 50 m long x 2 m width transects
(Westphal et al. 2008). Transects were walked at a constant and slow pace, and the average duration
of counting surveys was of 9 minutes (min = 5 minutes even in the absence of flower-visiting insects;
max = 25 minutes). Variation in observation duration is explained by the fact that we did not stop the
timer when scoring abundance; we assumed that net observation duration was comparable between
transects. Transects (one per field) were located in the centre of each crop field, parallel to the field
margin and 50 m away from it. By doing this, we avoided the edge effect and variability caused by
adjoining habitat, which could be another arable field with little or no boundary, a grass strip, a ditch
or a hedgerow. Flower-visiting insect surveys were conducted three times between May and July
2019, once per month, resulting in 117 transects surveyed during the study. Observations were made
on days with wind speeds < 8 m/s and temperatures > 13°C on sunny days and > 17°C on more
cloudy days, from 09:00 to 18:00. To limit potential time-of-day bias (Jeavons et al. 2020), we
randomised the sampling hour for fields across the three sessions. We also took care to avoid double
counting as much as possible by considering only the insects in front of the walker. Observed flower-
visiting insects were classified at sight into five easily recognisable morpho-groups: small wild bees (<
1cm), large wild bees (> 1cm), domestic bees (Apis mellifera Linnaeus, 1758), bumblebees (Bombus
spp.) and hoverflies (Syrphidae). We use the term ‘flower-visiting’ instead of ‘pollinator’ or

‘pollinating’ insect since we did not discriminate between true pollinators and insects visiting flowers
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for other purposes, following Welti and Joern (2018). Abundances (i.e. total number of counted

individuals) was summed over the three sessions for each flower-visiting insect group.
Land-cover maps and floral traits

Land-cover maps were digitised in 1000 m radius buffers centred on the centroid of each crop field
by ArcGis 10.8.1 using aerial ortho-photographs (BD ORTHO IGN, 2017) and field surveys. This radius
is commonly used for assessing landscape effects on pollinators and corresponds to the typical
foraging range of the flower-visiting insects considered here, including domestic bees (Rollin et al.
2019). Land-cover types were classified into 37 categories, including hedgerows. Hedgerows were
digitized as polylines and assigned a standard width of 2 m. The amount (%) of each land-cover type
was calculated. We then identified the main land-cover types likely to provide floral resources. We
selected seven categories (rather than nine) whose cumulative areas represented more than 82 % of
the whole surface of the 39 land-cover maps: grassland, maize, cereal and woodland (altogether
covering more than 75% of the whole surface), two mass flowering crops predominant in our study

area (i.e. oilseed rape and legume-crop mixture), and hedgerows (Table 1).

To list all plant species potentially providing floral resources, we used exhaustive vascular plant data
from previous studies conducted in the studied area within 5 years preceding insect monitoring
(Table 1; Appendix A). When available, 40 plots (e.g. crop fields, woodlots or hedgerows) per main
land-cover type were used (only 30 plots for legume-crop mixture fields). For each plot, 8 to 20
quadrats of exhaustive plant species monitoring were performed (Table 1; Appendix B). From these
exhaustive plant datasets (see species accumulation curves in Appendix C), we established the list of
all dicotyledons, cultivated (e.g. oilseed rape, faba bean, pea) and uncultivated, as well as their
occurrence (i.e. presence in quadrats) within each of the seven main land-cover types (Appendix B).
No exhaustive vegetation dataset was available for oilseed rape. We thus considered Brassica napus

to be the only species, present in 100 % of rape fields. Next, we removed species occurring in less

10

ACCEPTED MANUSCRIPT / CLEAN COPY



209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

than 5 % of all quadrats per main land-cover type. All subsequent analyses were performed on this

subset of 95 dicotyledon plant species.

Following Ricou et al. (2014), all available plant traits in relation to attractivity (in terms of flower
size, colour and mean UV reflection), accessibility (according to flower morphology and symmetry),
and profitability (in terms of reward linked to nectar and pollen quantity and quality) of floral
resources for flower-visiting insects were gathered. These traits were selected based on (i) their
importance in plant-flower-visiting insect interactions and (ii) their availability in databases. Their
values were collected from several trait databases including catminat (Julve 1998), TRY Plant Trait

Database (Kattge et al. 2011), AgriLand (Baude et al. 2015) and Tela Botanica (http://www.tela-

botanica.org/site:accueil), and from Ricou et al. (2014). Among Attractivity traits, flower colour plays

an important role in the attraction of flower visitors, but due to differences in colour vision and
colour preferences of insects (Arnold et al. 2009) and since flowers were assigned one to three
colours, we preferred to use the continuous floral trait Mean UV reflection instead, to which bees are
known to be sensitive (Ricou et al. 2014, Papiorek et al. 2016). Flower size increases plant
attractiveness and diminishes insect pollen and nectar search time (Spaethe et al. 2001). Among
Accessibility traits and as mentioned above, flower morphology (see Appendix D for illustration)
conditions insect corolla foraging according to their tongue length. Flower symmetry influences
flower handling speed for insects and pollination efficiency (Ricou et al. 2014). Finally, nectar is
usually considered to be the main attractive force driving flower-visiting insects, and likely to have a
substantial impact on survival and fitness: nectar provides 80 % of sugar required by bees (Ricou et
al. 2014). In total, 13 floral traits (five continuous traits and eight trait modalities), for which less than
one third of the data across all 95 plant species was missing were considered in subsequent analyses

(Table 2).

Functional landscapes
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With the aim of translating land-cover maps (Fig. 1) into potential floral resource maps (Fig. 2),
Community Weighted Mean (CWM) was calculated for each floral trait and each land-cover type
(Appendices B and E) using the R package FD (Laliberté et al. 2014). For qualitative traits, the
calculated value corresponded to the presence probability of each trait modality (value between 0
and 1). CWM values were calculated for each crop field (N = 39) then extended to the landscape scale
by weighting CWM values by the relative area of every land-cover type in each landscape. To take
into account the varying dispersal abilities of flower-visiting insect groups, three spatial scales were
considered corresponding to 250 m, 500 m and 1000 m radius circle buffers centered on sampled

fields.
Statistical analysis

We explored how the abundance of each flower-visiting insect group related to the relative amount
of potential floral resources at different spatial scales. Owing to our sample size (N = 39 crop fields), a
preselection of explanatory variables was performed to decrease their large number (N = 13 floral
traits * 4 spatial scales). As we were interested in disentangling the contribution of floral resources at

local (i.e. field) vs. landscape scale, we performed a variable selection in two steps.

In the first step, we identified the explanatory variables (i.e. CWM of floral traits) at the field scale
most related to the abundance of each flower-visiting insect group using a conditional random forest
model (Strobl et al. 2008). Random forests have grown in popularity in many scientific fields due to
their robustness in ‘small n large p’ situations, complex interactions and highly correlated predictor
variables (Bradter et al. 2013; Strobl et al. 2008). Random forests are recursive partitioning methods
used in ecology for variable selection (see Puech et al. 2014; Bertrand et al. 2016 for examples). By
providing a measure of ‘variable importance’ for each explanatory variable (Strobl et al. 2007, 2008),
random forests allow selection of the most relevant variables to be considered in linear models.
Herein, random forests were grown based on 500 bootstrap samples (robustness of results was

checked with 1000 trees) using the party R package (Hothorn et al. 2006). We fixed the number of
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input variables randomly sampled as candidates at each node as the square root of the total number
of variables (often suggested as a default value in the literature, see Strobl et al. 2007). Model
stability was verified by checking that the same ranking was achieved with different random seeds
(Puech et al. 2014; Bertrand et al. 2016). Variables were considered as informative and relevant
when their conditional score was above the absolute value of the lowest negative-scoring variable
(Strobl et al. 2007). In the case of two highly correlated ‘important’ variables (Spearman rho
coefficient > |0.70], Appendix F), only the most important one (in terms of the conditional

importance measure from random forests) was retained in models.

In the second step, we repeated the procedure at the landscape scale, including all explanatory
variables (i.e. CWM of floral traits) within different spatial scales around sample locations (i.e. at 250,
500 and 1000 m. Examination of these variables at three spatial scales each resulted in 39 potentially

correlated predictors (see Spearman’s correlation matrix in Appendix G) to select between.

In the third step, Generalized Linear Models (GLMs) were run to test for the effects of the important
field and landscape variables (pre-selected with conditional random forests) on the abundance of
each flower-visiting insect group. Poisson error distribution with a log link function was used for the
abundance of insect groups as it represented count data. All explanatory variables were centred and
scaled (mean = 0, standard deviation = 1) to allow direct comparison of regression coefficients across
variables. Due to overdispersion, models were fitted with a Negative Binomial distribution and a log
link using the glm.nb function in the MASS R package (Venables and Ripley 2002). We checked for
multi-collinearity (Lautenbach 2013) using variance inflation factors (VIFs), and all VIFs were below
the collinearity threshold (< 2.5) in all models (Dormann et al. 2013). Visual inspection of residuals
revealed no obvious deviations from homoscedasticity or normality. No spatial autocorrelation in

model residuals was observed (Appendix H).

In a last step, we applied a multi-model inference to build all possible generalized linear models

based on all additive combinations of up to four explanatory variables for each flower-visiting insect
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group. Models were ranked according to Akaike's information criterion corrected for small sample
size (AlCc) using the MuMIn R package (Bartori 2020). Model averaging was used to determine the
average of models presenting similar relevance, i.e. A AlCc < 4 (Grueber et al. 2011). We used the
natural average approach (sensu Burnham and Anderson 2022) in which the parameter estimate of
each variable is averaged only over models in which that variable appears. We considered
independent variables significant if the 95% confidence intervals did not overlap with zero. Explained
variance (R?) was estimated through the explained variance of the best-fitting model (i.e. with the

lowest AIC value) using the rsq function in the rsq R package (Zhang 2022).

To identify in which habitat type significant floral traits prevail, we tested for Spearman correlations
between significant CWM trait values and the amount of land-cover type at 250, 500 and 1000 m. All

statistical analyses were performed in R 4.0.2 (R Core Team 2020).
Results

In total, 1031 flower-visiting insects were observed comprising 148 small wild bees, 129 large wild

bees, 156 domestic bees, 239 bumblebees and 359 hoverflies.

Using conditional random forests, zero to four variables at the field scale and one to three variables
at the landscape scale were selected as ‘important’ for explaining the abundance of flower-visiting
insect groups (Table 3). Among ‘important’ traits for small wild bees, four (CWM of Min and Max size
of floral unit, Plant height [Intermediate] and Flowering duration) were identified at the field scale,
along with three (CWM of Mean UV reflection, Flower morphology [Tube] and Empiric nectar
productivity) at the landscape scale. Selected floral traits mainly pertained to the Attractivity
category (N = 4). Two of the three floral traits selected at the landscape scale concerned the smallest
spatial scale (250 m). Two floral traits were selected for explaining the abundance of large wild bees:
CWM of Mean UV reflection at the field scale and CWM of Flower morphology [Tube] at 1000 m.
Three floral traits, one at the field scale (CWM of Flowering duration) and two at the landscape scale

(CWM of Flower morphology [Tube] and Empiric nectar productivity) were identified as ‘important’ to
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explain the abundance of domestic bees. Two of them pertained to the Accessibility category. All
floral traits selected at the landscape scale referred to the 1000 m spatial scale. Among ‘important’
floral traits for bumblebees, two were retained at the field scale (CWM of Plant height [Intermediate]
and Flowering duration) along with one (CWM of Empiric nectar productivity) at 1000 m. None of the
floral traits at the field scale were identified as ‘important’ for explaining the abundance of
hoverflies. Two of the three floral traits (CWM of Plant height [Short], Flower symmetry [Actimorphy]
and Flower morphology [Flat]) retained at the landscape scale belonged to the Accessibility category
and all referred to the 1000 m spatial scale. CWM of Flowering duration at the field scale and CWM
of Empiric nectar productivity at 1000 m were the traits most often identified as ‘important’ for

explaining insect group abundances (three groups out of five; Table 3).

Following this selection by random forests, averaged GLMs showed that the abundance of small wild
bees was significantly and negatively correlated with CWM of Mean UV reflection at 250 m and
positively related to CWM of Flower morphology [Tube] at 250 m (Table 4). CWM of Flower
morphology [Tube] at 250 m was highly correlated (rho = 0.62) with the amount of grassland at 250
m (Table 5). None of the ‘important’ floral traits significantly influenced the abundances of large wild
bees (Table 4). CWM of Empiric nectar productivity at 1000 m was significantly and positively
correlated with the abundance of domestic bees and bumblebees (Table 4). CWM of Empiric nectar
productivity at 1000 m was very highly correlated (rho = 0.72) with the amount of woodland at 1000
m and, to a lesser extent, with the amount of grassland at 1000 m (rho = 0.60) but was negatively
correlated with the amount of maize at 1000 (rho = -0.60; Table 5). The abundance of hoverflies was
significantly and positively corelated with CWM of Flower symmetry [Actinomorphy] at 1000 m (Table
4). No major correlations were observed for the amount of any particular habitat amount at 1000 m

(Table 5).

Discussion
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To our knowledge, our study is the first to investigate the effects of potential floral resources,
described in terms of attractiveness, accessibility and profitability at multiple spatial scales, on the
abundance of several groups of flower-visiting insects. Our approach goes beyond the binary view of
the landscape traditionally used in pollinating insect studies by considering a continuum of potential
floral resources, evaluated from crop and wild plants, in both cultivated and semi-natural habitats.
We showed that the abundance of most flower-visiting insect groups, except large wild bees,
increased with the presence of plant communities possessing certain floral traits in the landscape.
Small wild bees responded positively to the relative amount of attractive (i.e. low values of mean UV
reflection) and accessible (i.e. tube-shaped corolla) floral resources at the smallest landscape scale
(i.e. 250 m) whereas domestic bees and bumblebees responded to the relative amount of profitable

resources (i.e. high nectar producing plant species) at the largest landscape scale (i.e. 1000 m).

The amount and quality of floral resources are known to be limiting factors for flower-visiting insect
development in agricultural landscapes. Nevertheless, studies addressing the role of habitat patch
quality, in terms of potential resource provision and at different spatial scales are scarce (but see
Ammann et al. 2022). Furthermore, those studies predominantly focused on the role of semi-natural
habitats (e.g. Ricketts et al. 2008; Winfree et al. 2009) while ignoring the contribution of wild plants
in cultivated habitats (i.e. weeds). Our study highlights the importance of a holistic integration of the
diverse potential floral resources provided by crops, wild plants in semi-natural habitats and, weeds
in fields, to allow functional characterisation of landscape heterogeneity for flower-visiting insects.
Our approach did not allow us to accurately measure the availability of floral resources because we
did not assess the number of flowers of each species, nor the variation between plots of the same
land-cover type (i.e. due to environmental heterogeneity or management), nor the variation across
seasons (i.e. plant phenology). Additionally, estimating floral resources at the landscape scale is
challenging and time-consuming. Therefore, our estimation inevitably relies on some generalisations
resulting in potential over- or underestimation of the contributions of different flowering species to

the landscape scale floral resource availability (Ammann et al. 2022). Additional ecological resources,
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such as pollen provision, oviposition and nesting sites could not be included in the study because
such data are not available. Despite these limitations, we obtained significant results that explicitly
linked flower-visiting insect abundance with the amount of floral resources surrounding the focal
fields. Moreover, the results allowed us to determine which floral traits are the most important in

explaining flower-visiting insect abundance.

According to our second hypothesis, we detected variability in the spatial scales of flower-visiting
insect responses to potential floral resources. We showed that domestic bees, bumblebees and
hoverflies responded to the relative amount of specific floral traits at the largest spatial scale (1000
m). These results are in accordance with the foraging distance reported for these insects in the
literature: Knight et al. (2005) evaluated the foraging range of bumblebees between 1 to 3 km while
Danner et al. (2017) reported foraging range for domestic bees (Apis mellifera) up to 2 km. These
results also support the findings of Kleijn and van Langevelde (2006), who suggested that hoverflies
are optimally related to landscape context at scales of 500—1000 m. By contrast, solitary wild bees
are known to have a small foraging range (150 to 600 m) and were found to respond to landscape
heterogeneity at smaller scales than bumblebees and domestic bees (Gathmann and Tscharntke
2002; Steffan-Dewenter et al. 2002). Our results for small wild bees confirmed these observations.
Because of the contrasting response scales, it appears necessary to consider taxon-specific
differences when predicting the effect of functional landscape heterogeneity (i.e. based on potential

floral resource availability) on flower-visiting insects.

In partial agreement with our third hypothesis, we showed that Profitability, through CWM of
Empiric nectar productivity, was the best floral trait category ifor explaining the abundance of
domestic bees and bumblebees but not of other flower-visiting insect groups. While many studies
have investigated the effect of floral morphology/nectar accessibility on the abundance and
behaviour of floral visitors (e.g. van Rijn and Wackers 2016), few have addressed several categories

of floral traits together. A rare example is the study of Mallinger and Prasifka (2017) who examined
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floral trait variation within cultivated sunflowers and its effects on bee foraging behaviour. They
showed that visits by domestic and wild bees increased significantly with nectar sugar amount
(determined by nectar volume) and decreased with corolla length. Here, we found that plant
communities at 250 m with decreasing Mean UV reflection increased the abundances of small wild
bees. Red flowers are known to be more attractive to bees if they reflect UV light, and white flowers
are more attractive to bees if they absorb UV light, but no difference in bee preference was observed
for yellow flowers with differing UV reflectance (Lunau et al. 2011). Thus, we suggest that promoting
the presence of low-reflectance white flowers such as Convolvulus arvensis or Daucus carota in the
vicinity of fields could be an effective habitat restoration/diversification measure to support the
abundance of small wild bees. The beneficial effect at 250 m of plant communities with tube-shaped
corolla is more difficult to explain as bees generally forage on flowers with a corolla depth matching
their tongue length (Cole et al. 2022). Although floral traits may provide clues about potential
foraging pollinators, they are not always a fail-safe way of predicting the occurrence of specific
flower-visiting insect species, or their abundance. Similar patterns could also emerge due to other
abiotic factors or biotic relationships not considered here. We found that the CWM of Empiric nectar
productivity in a 1000 m radius buffer around the focal fields significantly increased the abundance of
both domestic bees and bumblebees, and it explained up to 20 % of variance. In accordance with
previous work (e.g. Mallinger and Prasifka 2017), nectar amount appears to be the main driver of bee
abundance. Lastly, we showed that the abundance of hoverflies increased with higher availability of
actinomorphic plant species at 1000 m. This result agrees with previous work showing that hoverflies
prefer simpler flower structure, with a radial symmetric shape rather than an oblong shape (Cole et
al. 2022). Nevertheless, caution should be taken with results because explained variance is relatively

low, except for domestic bees.

We showed that the presence of tube-shaped corolla species was correlated with the amount of
grassland at the 250 m scale. Although the link between tube-shaped flowers and small wild bees is

unclear, restoring grasslands would be beneficial for the conservation of these insects. We also found
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that CWM of Empiric nectar productivity at 1000 m was highly correlated with the amount of
woodland and, to a lesser extent, with the amount of grassland and maize at 1000 m. Among semi-
natural habitats in agricultural landscapes, the beneficial role of grasslands in supporting flower-
visiting insects is well known (e.g. Morandin et al. 2007), whereas the contribution of woodlands has
received far less attention (but see Ockinger et al. 2012; Proesmans et al. 2019). As a consequence,
agri-environmental schemes often focus on the extensification of grassland management, or the
conservation/plantation of linear ecological infrastructures such as sown flower strips (Batary et al.
2015). However, our study underlines the importance of also including woodland habitats in
management and conservation programs since high nectar producing plant communities are not
restricted to grasslands. Furthermore, Hedera helix, Crataegus monogyna and Prunus spinosa were
the highest nectar producing species encountered in our woodlands. By flowering early (i.e. from
March to May for Prunus spinosa) or late in the season (i.e. from August to November for Hedera
helix), these species could provide complementary resources when nectar is otherwise scarce in the
landscape. This would suggest that improving woodland quality through the promotion of such highly
nectar producing plant species may contribute to increase the abundance of domestic bees and
bumblebees, and may consequently lead improved delivery of pollination service. Although we
cannot prove this hypothesis, wooded habitats are also beneficial for other flower-visiting insect
groups, and can host more specialised bee communities such as Lasioglossum sp. (Rivers-Moore et

al. 2020).

Finally, the fact that the presence of actinomorphic flowers at 1000 m was not strongly correlated
with a particular amount of habitat confirms the value of our resource-based approach and suggests
that a wide diversity of habitats should be included in pollinating insect conservation programs.
Indeed, having a range of complementary habitats in farmlands that provide resources during
different periods of the year appears to be an effective measure for conserving pollinators
(Timberlake et al. 2019). If wild pollinator populations are known to be limited by floral resources,

the timing of these resources is definitely an important factor driving this limitation (Timberlake et al.
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2019). Taking better account of plant phenology would certainly have improved the explanatory
power of our models. Thus, the effects of intra- and inter-annual variation, landscape composition

and management on resource phenology are important topics for future studies.
Conclusion

We demonstrated significant relationships between the presence of plant communities exhibiting
specific floral traits in the landscape and flower-visiting insects’ abundance. We argue that using a
resource-based approach can benefit the conservation of flower-vising insects including pollinators
by informing efforts to preserve existing habitats within degraded landscapes, and also guiding
spatial planning of priorities for habitat restoration. Enhancing habitat quality to sustain flower-
visiting insects could be achieved by sowing UV light-absorbing, actinomorphic, and nectar-rich plant
species. Interestingly, we found that the presence of highly nectar producing plant species was
strongly correlated with the amount of woodland in the vicinity. This result calls for a better
consideration of woodlands in flower-visiting insect conservation and landscape management

programs.
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Fig. 1 (A) Location of the 39 landscapes in the study area and (B) illustration of the main land-cover

types in a 1000 m radius buffer landscape
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Fig. 2 Representation of a functional landscape (i.e. the empirical nectar productivity in a 1000 m

buffer radius landscape). The landscape shown is the same as in Figure 1
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639  Table 1 Main land-cover types (ranked according to their total amount overall in the 39 landscapes)
640  and information on the data used (sampling year, number of plots [e.g. crop fields, woodlots or
641 hedgerows], number of quadrats per plot and quadrat size) to characterise their plant communities.

642 For details of studies, see Appendix A

No. quadrats Quadrat Total
Land-cover type Year No. plots oer plot size! amount (%)
2018 4 10 I1m X1m
Grassland 29.14
2018 36 10 2m X2m
. 2019 31 10 1m X1m
Winter cereal 22.08
2018 9 10 I1m x1m
. 2013-2014 37 20 Im x1m
Maize 17.14
2018 3 10 1m X1m
Woodland 2018 40 8 10m X5m 7.74
Built area / / / 7.19
Oilseed rape / / / 3.30
Road / / / 1.97
) | 2018 15 10 1m X1m
eglime-cerea 2019 5 10 1mx1m  1.94
mixture
2018 10 10 I1m x1m
Hedgerow 2019 40 10 Im X1m 0.74

643 1The sampled area (i.e. number of plots x quadrat size) corresponded to the minimal area recommended for
644 each land-cover type (Mueller-Dombois and Ellenberg 1974).
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645  Table 2 List of floral traits retained and the trait category to which they belong (attractivity,

646  accessibility and profitability of floral resources)

Category Trait Cc?ntinuous‘ Categorit?al variable % Fiata
variable - Unit - Modality available
Mean UV reflection % / 67
Attractivity Min si.ze of floral uni.t mm / 100
Max size of floral unit mm / 100
Plant height / Short/Intermediate/Tall 100
Flowering duration months / 100
Accessibility  Flower symmetry / Actinomorphy / Zygomorphy 93
Flower morphology / Flat/Tube/Catkin® 98
Profitability =~ Empiric nectar productivity kg /ha /year / 70

647 1‘Catkin’ refers to flower morphology of some ligheous species such as sweet chestnut (Castanea sativa) or hazel

648 (Corylus avellana). See Appendix D for illustration.
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649  Table 3 Results of the selection of ‘important’ variables (i.e. Community Weighted Mean of floral

650 traits) according to random forests performed at field and landscape scales

Insect group Scale Buffer radius CWM of trait Trait category
Min size of floral unit* Attractivity
. 1 .
Field Makx size of floral unit Attractivity
Plant height [Intermediate] Attractivity
Small wild bees ] ) o

<1em Flowering duration Accessibility

250 Mean UV reflection Attractivity
Landscape 250 Flower morphology [Tube] Accessibility
1000 Empiric nectar productivity Profitabiltity

Big wild bees Field Mean UV reflection Attractivity
>1lem Landscape 1000 Flower morphology [Catkin] Accessibility
Field Flowering duration Accessibility
Domestic bees Landscape 1000 Flower morphology [Tube] Accessibility
1000 Empiric nectar productivity Profitabiltity

Field Plant height [Intermediate] Attractivity
Bumblebees Flowering duration Accessibility
Landscape 1000 Empiric nectar productivity Profitabiltity

Field - -
. ) -

Hoverflies 1000 Plant height [Short] Attractivity
Landscape 1000 Flower symmetry [Actinomorphy]?>  Accessibility
1000 Flower morphology [Flat]? Accessibility

651 L variables highly correlated (Spearman rho coefficient = 0.96). Only Min size of floral unit (the most important
652 variable according to the random forests results) was introduced into models. 2 Variables highly correlated (rho
653 > 0.89). Only Flower symmetry [Actinomorphy] with a higher ‘importance’ value in random forest was

654 introduced into further models.
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Table 4 Model-averaged standardised estimates from generalised linear models (GLMs) of the abundances of each flower-visiting insect group in relation to
the ‘important’ variables selected by random forests. In bold, significant variables i.e. the 95% confidence interval (Cl) that do not overlap with zero.

Explained variance (R?) was calculated for the best fitting model i.e. with the minimum AlICc value.

Insect group Trait category Variable Spatial scale  Estimate St.E Cl 2.5% Cl97.5% R? best

Intercept 0.821 0.206 0.403 1.240 0.007
Attractivity Min size of floral unit field 0.535 0.298 -0.057 1.126
Small wild bees!  Accessibility Flowering duration field -0.099 0.215 -0.523 0.326
<lcm Attractivity Mean UV reflection 250 -0.821 0.257 -1.342 -0.299
Accessibility Flower morphology [Tube] 250 0.777 0.239 0.292 1.263
Profitability Empiric nectar productivity 1000 0.375 0.337 -0.292 1.043

) Intercept 1.152 0.215 0.716 1.587 0.04

Large wild bees L . .

>1em Profitability Mean UV reflection field 0.166 0.227 -0.285 0.617
Accessibility Flower morphology [Catkin] 1000 0.120 0.205 -0.287 0.528

Intercept 1.071 0.227 0.612 1.530 0.22
. Accessibility Flowering duration field 0.027 0.133 -0.241 0.295

Domestic bees o

Accessibility Flower morphology [Tube] 1000 0.169 0.234 -0.297 0.636
Profitability Empiric nectar productivity 1000 0.838 0.255 0.322 1.355

Intercept 1.703 0.166 1.366 2.041 0.03
Attractivity Plant height [Intermediate] field -0.008 0.090 -0.190 0.174

Bumblebees o ) ) )

Accessibility Flowering duration field -0.122 0.203 -0.525 0.281
Profitability Empiric nectar productivity 1000 0.477 0.244 -0.009 0.963

. Intercept 2.142 0.167 1.826 2.484 0.11

Hoverflies L .

Accessibility Flower symmetry [Actino.] 1000 0.369 0.170 0.064 0.677

! The variable ‘Plant height [Intermediate]’ was not retained in the multi-model inference procedure and thus does not appear.
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Table 5 Spearman correlation coefficients between significant traits from the model-averaging
procedure and main land-cover types at 250, 500 and, 1000 m. Bold values indicate Spearman rho

coefficients > |0.7|

Mean UV  Flower shape Flower symmetry Empiric nectar

reflection [Tube] [Actino.] productivity
250 m 250 m 1000 m 1000 m
Grassland - 250 m -0.04 0.62 0.55 0.22
Grassland - 500 m 0.06 0.41 0.57 0.40
Grassland - 1000 m -0.04 0.24 0.34 0.60
Woodland - 250 m -0.02 -0.33 -0.32 0.35
Woodland - 500 m 0.18 -0.06 -0.29 0.55
Woodland - 1000 m 0.28 0.06 -0.18 0.72
Hedgerow - 250 m 0.20 0.47 0.48 -0.06
Hedgerow - 500 m -0.02 0.26 0.35 -0.16
Hedgerow - 1000 m -0.05 -0.005 0.29 -0.16
Legume-crop mixture - 250 m 0.23 0.49 -0.06 0.07
Legume-crop mixture - 500 m -0.13 0.07 -0.26 0.05
Legume-crop mixture - 1000 m -0.16 0.01 -0.16 0.09
Oilseed rape - 250 m 0.41 -0.28 -0.25 -0.16
Oilseed rape - 500 m 0.28 -0.11 -0.09 -0.09
Oilseed rape - 1000 m 0.10 -0.33 -0.40 -0.16
Winter cereal - 250 m 0.42 0.12 -0.04 -0.22
Winter cereal - 500 m 0.25 -0.06 -0.17 -0.26
Winter cereal - 1000 m -0.05 -0.10 0.12 -0.38
Maize - 250 m 0.19 -0.002 0.24 -0.06
Maize - 500 m -0.06 0.21 0.51 -0.06
Maize - 1000 m 0.01 0.15 0.46 -0.60
35
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Appendix A Protocol details and references of projects used for exhaustive vegetation data

Total .
Land-cover . . No. species .
Year Project species .. i Protocol details References
type . filtered
richness
Grassland 2018 SEBIOPAG 108 c1 Quadrats located 5 m apart, 50 m away from the field margin Ricci et al. (2019)
2018 BISCO Quadrats evenly distributed, at least 5 m away from the field margin Uroy (2020)
Winter 2019 AGRIM 113 95 Quadrats evenly distributed, at least 10 m away from the field margin Ricono (2021)
cereal 2018 SEBIOPAG Quadrats located 5 m apart, 50 m away from the field margin Ricci et al. (2019)
‘ 2013-2014 EARMLAND Quad.rats located along two transects, one. atlm avyay from the field Alignier et al. (2020)
Maize 96 45 margin, the other at 25 m away from the field margin
2018 SEBIOPAG Quadrats located 5 m apart, 50 m away from the field margin Ricci et al. (2019)
Woodland 2018 BISCO 146 36 quadrats evenly distributed, at least 5 m away from the field margin Uroy (2020)
) 2018 DIVAG Quadrats located 5 m apart, 25 m away from the field margin Aviron et al. (in prep)
iilrjgle_ 2019 AGRIM 124 63 Quadrats evenly distributed, at least 10 m away from the field margin Ricono (2021)
2018 Berry internship Quadrats located 5 m apart, 25 m away from the field margin Aviron et al. (in revision)
Hedgerow 2019 AGRIM 193 76 Quadrats located 5 m apart Ricono (2021)

! Number of species among the 95 dicotyledon species ‘filtered’. See Appendix B for details about species selection.

Alignier A, Solé-Senan X, Roblefio |, Baraibar B, Fahrig L, Giralt D, Gross N, Martin, J-L, Recasens, J, Sirami C, Siriwardena G, Baillod A, Bertrand C, Carrié R, Hass
A, Henckel L., Miguet P, Badenhausser |, Baudry J, Bota G, Bretagnolle V, Brotons L, Burel F, Calatayud F, Clough Y, Georges R, Gibon A, Girard J, Lindsay K,
Minano J, Mitchell S, Patry N, Poulin B, Tscharntke T, Vialatte A, Violle C, Yavercovski N., Batary P (2020) Configurational crop heterogeneity increases within-
field plant diversity. Journal of Applied Ecology 57(4): 654-663

Aviron S, Berry T, Leroy D, Savary G, Alignier A (in revision) Wild plants in hedgerows and weeds in crop fields are important floral resources for wild flower-
visiting insects, independently of the presence of intercrops.

Aviron S, Berry T, Jeavons E, Le Lann C, Leroy D, van Baaren J, Alignier A (in prep) Contribution of floral resources provided by crops, weeds and wild plants in
supporting wild pollinating insects in agricultural landscapes

Ricci B, Lavigne C, Alignier A, Aviron S, Biju-Duval L, Bouvier JC, Choisis JP, Franck P, Joannon A, Ladet S, Mezerette F, Plantegenest M, Savary G, Vialatte A,
Petit S (2019) Local pesticide use intensity conditions landscape effects on biological pest control. Proceedings of the Royal Society B 286(1904) : 20182898
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Ricono C (2021) Effets des pratiques agricoles biologiques en contexte bocager sur le microbiote du blé et ses fonctions associées. PhD Dissertation, University
of Rennes

Uroy L (2020) Effet de la connectivité et de sa dynamique temporelle sur la structuration taxonomique et fonctionnelle des communautés végétales. PhD
Dissertation, University of Rennes
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Appendix B Flowchart of the successive steps used to obtain Community Weigthed Mean (CWM) values of each floral trait per landscape

2- Description of the plant community per land-cover type

1- Land-cover maps

39 x 1 km-huffer radius landscapes

4- Functional characterisation of landscapes

2
S & F
& o o~
4 e
s & & &
& & 5 5
& & & F
hd & P e

Landscape 1 [cwmi1 cwmi2 cwM13 cwMils
Landscape 2 |cwm2.1 CWM22 CWMZE CWM24

—

Relative amount
of each land-
cover type,

Landscape 39 |cwm3a1 cwm32 (WM393 CWM394

CWM caleulation for each

floral trait
per landscape

Selection of the 7 main
land-cover types :

- grassland

- winter cereals

- maize

- woodland

- oilseed rape
legume-cereal mixture
- hedgerow

3- Functional characterisation of each land-cover type
I

Selection and collection

8 to 20 quadrats

quadrat,

plot,

h g

=
per plot N=40 plots per land-cover type

(except for legume-cereal mixture, N=30)

ooonooooog

plot,

Filtering of species occuring in at

least 5% of total quadrats in each
land-cover type,

s

of 13 floral traits for each
of the 95 plant species

55555

95 dicotvledun species overall land-cover types (N = 7)

Calculation of the relative
abundance of each “filtered
species per main land-cover type,

L

Floral trait database

~
Grassland
b .
. Maize
Woodland
Winter cereal

CWM11 CWM12 CWM132 CWM14
CWM2.1 CWM2.2 CWM23 CWM 24
CWM3.1 CWM32 CWM3.3 CWM 34

CWMAL CWMA2 CWMAZ CWM 4.4

CWM calculation for each
trait per main land-cover
type,
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Appendix C Species accumulation curves for main land-cover types
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Appendix D lllustration of the three traits modalities for Flower morphology

Tube Flat Catkin
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Appendix E Community Weighted Mean (CWM) values of each floral trait for each main land-cover type.

Min size Maxsize Plant Plant Flower Flower Flower Flower Flower Empiric
Mean UV of floral of floral height Plant height  height Flowering symmetry symmetry morpho. morpho. morpho. nectar
reflexion unit unit [Short] [Intermediate] [Tall] duration [Actino.] [Zygo.] [Catkin] [Flat] [Tube] productivity
Grassland 9.20 17.35 28.02 0.76 0.24 0.00 6.26 0.63 0.37 0.00 0.56 0.37 466.68
Woodland 10.93 24.30 41.45 0.50 0.32 0.18 3.85 0.71 0.09 0.21 0.72 0.07 405.85
Maize 13.40 14.28 23.77 0.90 0.10 0.00 6.66 0.77 0.23 0.00 0.79 0.20 67.16
Legume-crop mix 14.11 14.31 24.04 0.52 0.48 0.00 4.61 0.42 0.58 0.00 0.43 0.57 138.00
Winter cereals 14.40 11.06 18.74 0.86 0.14 0.00 6.54 0.69 0.31 0.00 0.76 0.23 170.46
Hedgerow 12.31 14.74 27.69 0.23 0.62 0.15 4.18 0.75 0.11 0.18 0.71 0.11 199.79
Oilseed rape 21.50 20.00 30.00 0.00 1.00 0.00 5.00 1.00 0.00 0.00 1.00 0.00 268.11
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Appendix F Spearman correlation coefficients between Community Weighted Mean (CWM) values of each floral trait, at the field scale. Bold values indicate

Spearman rho coefficients > |0.7]

) — =
T =} — S —_
s 5 5 f£ T - s T % ® & £ E
* s s £ & § % £ E 8 5 5 5
$ < % S kS & 3 3 3 g 3 3 3
= = = o o o [ [ [ ] o o o
Mean UV reflection 1.00 0.16 0.17 0.04 -0.04 -0.16 0.10 0.25 -0.25 -0.40 -0.05 0.18 -0.18
Min size of floral unit 0.16 1.00 0.96 0.37 -0.37 0.11 -0.08 -0.01 0.00 0.15 0.27 -0.04 0.02
Max size of floral unit 0.17 0.96 1.00 0.45 -0.46  0.02 -0.24 -0.13 0.12 0.08 0.20 -0.19 0.17
Plant height [Intermediate] 0.04 0.37 0.45 1.00 -100 -026 -066 -0.71 0.70 0.01 -0.09 -0.67 0.66
Plant height [Short] -0.04 -0.37 -046 -1.00 1.00 0.24 0.66 0.70 -0.70 -0.01 0.09 0.66 -0.66
Plant height [Tall] -0.16 0.11 0.02 -0.26 0.24 1.00 0.41 0.32 -0.33 0.30 0.79 0.44 -0.44
Flowering duration 0.10 -0.08 -0.24 -0.66 0.66 0.41 1.00 0.75 -0.76  0.31 0.33 0.81 -0.81
Flower symmetry [Actino.] 0.25 -0.01 -0.13 -0.71 0.70 0.32 0.75 1.00 -1.00 0.13 0.26 092 -0.93
Flower symmetry [Zygo.] -0.25 0.00 0.12 070 -0.70 -0.33 -0.76 -1.00 1.00 -0.14 -027 -0.93 0.93
Empiric nectar productivity -0.40  0.15 0.08 0.01 -0.01 0.30 0.31 0.13 -0.14 1.00 0.25 0.25 -0.24
Flower morpho. [Catkin] -0.05 0.27 0.20 -0.09 0.09 0.79 0.33 0.26 -0.27 0.25 1.00 0.34 -0.35
Flower morpho. [Flat] 0.18 -0.04 -0.19 -0.67 0.66 0.44 0.81 092 -0.93 0.25 0.34 1.00 -1.00
Flower morpho. [Tube] -0.18 0.02 0.17 0.66 -066 -0.44 -0.81 -0.93 0.93 -0.24 -0.35 -1.00 1.00
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Appendix G Spearman correlation coefficients between Community Weighted Mean (CWM) values of each floral trait, at the landscape scale (i.e. 250, 500

and 1000 m). Bold values indicate Spearman rho coefficients > |0.7]

See attached excel file
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Appendix H Spatial correlograms (plotting Moran’s | values against distance in metres) of
Generalized Linear Models residuals for each flower-visiting insect group. The 95 % confidence
intervals (in grey) always encompass the zero-value, indicating the absence of spatial

autocorrelation.
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