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Highlights
e Urbanisation negatively impacts the total richness of flower visitors
e Agricultural and semi-natural areas have interactive effects on insect richness
e Maximum richness occurs in agricultural landscapes with ~30% of semi-natural areas
e Landscape effects on richness varied according to insect taxa

e Urban areas were less detrimental to bee richness than intensive agricultural areas

Abstract

Studies investigating urbanisation effects on pollinator diversity have shown contrasting results, ranging
from predicting urban areas as ecological sinks to possible refuges for pollinators. These divergent
results may stem from the diversity of non-urban areas being compared with urban areas as well as the
existence of interactions among habitats. We tested the interactive effects of urban, agricultural and
semi-natural areas on the richness of flower-visiting insects at the landscape scale. Using the dataset
from a citizen science programme, we investigated how the richness pattern varied (i) along the triple
gradient across urban, agricultural and semi-natural areas and (ii) among the different visitor taxa. We
stratified the dataset to have a balanced landscape composition and spatial distribution of sampling sites
for each plant species sampled. Accounting for general sampling factors (e.g., plant species,
temperature, shading, time of observation), we showed that urbanisation negatively impacted the total
richness of flower visitors, especially when associated with agricultural areas. We observed maximum
richness in agricultural landscapes composed of ~30% of semi-natural areas, thus suggesting synergistic
effects between these land uses on insect richness. Our results showed contrasting richness patterns for
different taxa. For bees, urban areas were less detrimental to richness than agricultural areas. By contrast,
for syrphids and butterflies, richness was highest in agricultural and semi-natural areas, respectively.
Our study revealed the necessity to distinguish among rural areas when studying urbanisation gradients
and highlighted synergistic landscape effects that could help inform landscape planners about how to

attract a diversity of flower visitors.

Keywords: agriculture, urbanization, semi-natural, pollination, Spipoll, citizen science
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1 Introduction

For a quarter of a century, growing evidence has demonstrated that flower-visiting entomofauna is
threatened (Kearns et al. 1998; Biesmeijer et al. 2006; Ollerton et al. 2014; Hallmann et al. 2017; Powney
etal. 2019).1 For instance, based on data from several European countries with red lists, it was estimated
that nearly 9% of bee and butterfly species are considered threatened (Nieto et al. 2014). Hereafter
‘flower visitors’ refers to insects that visit flowers, usually to feed on their resources, and mainly belong
to Hymenoptera, Diptera, Lepidoptera and Coleoptera. Changes in the abundance and diversity of flower
visitors, particularly those who are efficient pollinators, are likely to have dramatic cascading effects on
plants, since the vast majority of wild plant species (Ollerton et al. 2011) as well as crops (Klein et al.
2007; Gallai et al. 2009) depend on insects for their reproduction. The cause of flower visitor-species
extinction and population decline is multifactorial, although agricultural intensification and semi-natural
habitat loss are likely to be particularly harmful to species richness and abundance (Winfree et al. 2009).
Urban expansion and agricultural intensification are the two major anthropogenic land-use changes
responsible for the loss of natural habitats (United Nations 2014; Agreste 2021).

Although it is frequently shown that urban areas are an adverse environment for flower visitors
compared with the surrounding rural areas (Ahrné et al. 2009; Bates et al. 2011; Deguines et al. 2012;
Geslin et al. 2016; Desaegher et al. 2018), many studies have highlighted that urban areas are a potential
refuge for some taxa (Baldock et al. 2015; Hall et al. 2017; Levé et al. 2019). These contrasting results
may be due to the regional context of the study areas, and particularly, the nature of rural areas that are
compared with urban areas (Wenzel et al. 2020). Rural areas, also known as the countryside, can include
both natural and agricultural areas. Yet it is unclear how landscapes affect the richness of flower visitors
when urban sites are compared with rural areas that have a variable proportion of natural and agricultural
land uses (Verboven et al. 2014).

In the context of global insect population declines, partly caused by anthropogenic land-use
changes, it is crucial to identify the specificity and complementarity among habitats in terms of
entomological composition (Collado et al. 2019). Studying landscape gradients, though less frequent
than categorical comparisons in urban ecology (Wenzel et al. 2020), enables the identification of
continuous and non-linear effects (e.g., break points, local maxima; McDonnell and Hahs 2008). Using
a gradient-based experimental design, Fortel et al. (2014) identified the maximum bee diversity at
intermediate levels of urbanisation (~50%), which was interpreted as a possible consequence of the
maximum land-use diversity (known as the intermediate disturbance hypothesis; Kolasa and Rollo
1991). Clustering different land uses together, which increases land-use diversity, is often hypothesised
to promote a maximum biodiversity, as it could support species necessitating the complementation and

supplementation among distinct habitats at the landscape scale (Colding 2007) and also allows the

1 Abbreviations: AlCc, corrected Akaike information criterion; EDF, effective degree of freedom; GAM,
generalised additive model; GLM, generalised linear model; HAC, hierarchical ascendant classification; PCA,
principal component analysis; UAN, urban-agricultural-semi-natural.
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presence of species with different niches. In addition, the area-heterogeneity trade off hypothesis,
supposes that increasing heterogeneity in a limited space may initially increase species richness, but
above a certain threshold could lead to a richness decrease due to the reduction of the average habitat
area and the higher risks of stochastic extinctions (Kadmon and Allouche 2007; Allouche et al. 2012).
The likelihood of extinctions would be particularly important for species with narrow niches. In the case
of insect richness along urbanisation gradients, we could also expect that the loss of habitats due to
urbanisation outweighs the increase in land-use diversity and lead to a richness decrease (Desaegher et
al. 2018). Exploring non-linear patterns of insect richness along landscape gradients is essential, since
the maxima of richness may occur in sites where all urban, agricultural and natural areas that are easily
accessible to insects.

To date, the effects of anthropogenic disturbance have mostly been studied on bees despite the
important role played by other flower visitors on ecosystem functions and services (i.e., biocontrol,
pollination; Wenzel et al. 2020). Non-bee taxa such as hoverflies and butterflies strongly differ in their
life cycle and niche width compared with bees and may respond differently to anthropogenic
perturbations and complex landscape interactions. For instance, bees act as central place foragers (i.e.,
foraging around a fixed nest) and may particularly depend on landscape
complementation/supplementation compared to other taxa (Verboven et al. 2014). Therefore, we can
expect different richness patterns along landscape gradients according to insect taxa.

In the present study, we used a remarkably large dataset generated by an ongoing French citizen
science programme (SPIPOLL) that has been recording flower-visiting insects across the entire country
over a 10-year period (Deguines et al. 2012). We tested the hypothesis of a positive interaction among
three land-cover classes (i.e., urban, agricultural and semi-natural areas) on the richness of flower
visitors at the landscape scale. This large dataset that covers a wide range of landscapes allowed us to
consider for the first time the interactive and non-linear effects of landscape composition variables on
different insect taxa along the triple urban-natural-agricultural gradient. We aimed to respond to the
following questions: (i) What is the average pattern of flower visitor richness along the triple landscape
gradient? (ii) What are the land-use associations responsible for the local maxima or minima of richness?

(iii) How do landscape effects differ among taxa?

2 Materials and methods

2.1 Citizen science programme and protocol

In the present study, we used data collected from the French citizen science programme called SPIPOLL

(Suivi Photographique des Insectes POLLinisateurs). This programme was initiated by the Muséum

national d’Histoire naturelle (MNHN) and the Office pour les insectes et leur environnement (OPIE) in
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2010 and is still ongoing (www.spipoll.org; Deguines et al. 2012, 2016, 2018; Desaegher et al. 2018;
Levé et al. 2019).

According to the standard sampling protocol, participants have to choose a location with a plant

species in bloom, regardless of the time and place, in France. The first step is to photograph the plant in
order to identify the species and gather information about the local environment. Participants are then
asked to take photographs of the different insects landing on the flowers of the focal plant species, within
a radius of 5 m for a period of 20 min. Hereafter, a 20 min session is called a ‘collection’. Participants
are also asked to record basic information about the date and location of the collection as well as the
weather conditions (i.e., temperature, cloud cover, wind speed, shading). At home, participants identify
the plant species and flower visitors using online identification tools. Finally, the participants upload all

the photographs and recorded data to the website dedicated to the programme (www.spipoll.org). The

majority of identifications are checked by experienced entomologists and botanists involved in the
programme (for more details, see Deguines et al. 2012).

2.2 Flower visitor richness

Using the online identification tool available to participants, flower visitors are classified into predefined
‘morpho-taxa’ with different taxonomic resolution levels according to the traits observable in the
photographs. For insect species with very distinctive traits, identification to the species or genus is
possible (e.g., Apis mellifera), although other insects are classified into morpho-groups (e.g., black
bumblebees with yellow stripes and white tail).

As not all insects are identified to the same taxonomical resolution, we could not calculate
taxonomic richness but instead richness in morpho-taxa per collection. Using morpho-taxa richness is
not without potential bias, because some morpho-taxa are taxonomically richer than others.
Nevertheless, morpho-taxa richness per collection represents an informative proxy for insect richness
(Renaud et al. 2020), as it is unlikely that distinct species characterised by the same morpho-taxa group
would visit the focal plants during a 20 min session.

In the present study, we aimed to quantify the influence of landscape composition on total insect
richness and to identify how it varies according to the main insect categories. We chose to distinguish
seven categories of flower visitors: 1) bees (i.e., Andrenidae, Apidae, Colletidae, Halictidae,
Megachilidae, Melittidae); 2) other hymenopterans; 3) syrphids (i.e., Syrphidae); 4) other dipterans; 5)
coleopterans; 6) lepidopterans; and 7) other insects. Breaking down the total richness into different
groups allows us to distinguish distinct patterns among groups and to eventually identify the dominant

taxa driving the observed pattern along the triple gradient.

2.3 Geographic information
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To characterise the landscape composition around the collections, we used the OSO Theia land-cover

map for 2020 (www.theia-land.fr/en/product/land-cover-map/). This map resulted from the processing

of time series of satellite images (Sentinel-2), for the year 2020, using the iota2 processing chain

(https://docs.iota2.net/master/). This map is a single raster covering the entire French metropolitan

territory with a spatial resolution of 10 m and a thematic resolution of 23 land-cover categories. Maps
at this resolution did not exist before 2018, preventing us to use the actualized maps for each sampled
year between 2010 and 2020.

We calculated the proportion of the 23 land-cover categories within a buffer radius of 1000 m
around the sampled sites. This radius was chosen because it has been shown to be a good compromise
to detect the maximum landscape effect related to the average flight distance of most flower visitors
(i.e., scale of effect; Krauss et al. 2003; Meyer et al. 2009; Desaegher et al. 2022). To explore correlations
among the 23 categories, we performed Principal Component Analysis - PCA (dudi.pca, inertia.dudi,
s.corcircle functions, R package ade4). We grouped the 23 land-cover categories into the following three
classes: urban areas (i.e., dense built-up areas, diffuse built-up areas, industrial and commercial areas),
agricultural areas (i.e., winter oilseeds, straw cereals, spring oilseeds, soy, sunflower, maize, rice, tubers
roots, grasslands, orchards, vineyards) and semi-natural areas (i.e., deciduous forests, coniferous forests,
natural grasslands, heathland, natural mineral surfaces, beaches and dunes, water, glaciers and eternal
snow). To account for the fact that insects are expected to interact more with nearby landscape elements
than with those located further away (Miguet et al. 2017), we calculated what is hereafter called the
‘accessibility index’ to urban, agricultural and semi-natural areas using a spatial kernel. For a given
land-cover class, the accessibility index ranges from 0 to 1 and represents the distance-weighted surface
proportion of that particular land-cover class. For each sampling site, the accessibility to urban,
agricultural and semi-natural areas adds up to 1 and can be shown in a triangular diagram known as a
ternary diagram (triangle.plot function, R package ade4). The accessibility index for a land cover Class

i from a map pixel p is calculated using the following formula:

Zp'E Classi€ @
D

Zp’eﬂe_a

Where D is the Euclidean distance between pixel p and p’, a is a scale parameter related to the average

Classi Accessibilityp =

foraging distance of insects, and Q is the area including all the pixels p’ used to investigate the landscape
effects. In our case, we set a to 400 m and included in Q all the pixels within a buffer radius of 2500 m
following Desaegher et al. (2022). The distance of 2500 m is the maximum distance beyond which the
landscape composition was considered to have negligible effects on insect abundance (noted A in
Desaegher et al. 2022).

2.4 Data selection and stratification
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The biological dataset was composed of all SPIPOLL collections recorded in the French
metropolitan territory between 2010 and 2020 (excluding Corsica). We excluded collections located less
than 3 km from the French borders to ensure that we had the corresponding geographical data. We only
selected the collections made on plant species identified to the species level. Our initial dataset contained
50570 collections. On this dataset we then applied a double stratification to control for heterogeneous
sampling efforts according to the plant species, landscape composition and spatial distribution of the
sites. The double stratification is detailed hereafter.

The first stratification involved classifying the collections according to the sampled plant species
and the distribution of the percentage of accessibility to urban, agricultural and semi-natural areas in the
ternary diagram (Fig. 1). We calculated the Euclidean distance matrix among the collections based on
the percentage of accessibility to these three land-cover classes. For each plant species, we iteratively
ran a hierarchical ascendant classification (HAC) based on this distance matrix using the ‘average’
method (hclust function, R package mgcv). Landscape clusters, hereafter ‘UAN clusters’, were defined
by cutting the dendrogram at a height of 0.05. This means that if the average difference in accessibility
percentages between the sites included in a cluster and a new site exceeded 5%, this site was not included
in the cluster. The 5% threshold appeared to be a good compromise to have a maximum number of UAN
clusters and a homogeneous distribution in the ternary diagram. Once collections were classified into
UAN clusters, we selected randomly one collection per cluster for each plant species in order to avoid
pseudo-replication and simplify statistical modelling design. To ensure a minimum sample size for each
plant species, we removed all collections made on plant species sampled in less than 10 UAN clusters.

When the collections selected from the first stratification were combined into a single dataset,
all plant species combined, the spatial distribution of samples was still heterogeneous. We therefore
applied a second stratification to classify the collections according to their spatial distribution and also
to their distribution in the ternary diagram. This second stratification aimed to control for the size of the
spatial clusters, to avoid that landscape effects were biased by a high number of samples spatially
clustered in a few locations. For that, we first calculated the geographic distance between the sampling
sites and then ran a HAC using the ‘average’ method. Spatial clusters were defined by cutting the
dendrogram at 2500 m. We also redefined the UAN clusters, as with the first stratification and using the
same methodology, by running a HAC based on the percentage of accessibility to urban, agricultural
and semi-natural areas. For each spatial cluster, we selected a maximum of five collections per UAN
cluster, made on different plant species. Therefore, each spatial cluster is controlled to have a similar
weight to estimate the effects of landscape variables. To keep as many sampled plant species as possible
in our dataset, we prioritised the collections made on plant species having the smallest sample size but
sampled in at least 10 UAN clusters.

After two stratifications, a total of 4045 collections made up the final dataset (Fig. 2). This
dataset provided information on visits to 200 plant species, with at least 10 collections for each plant

species sampled.
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2.5 Statistical analysis

To examine the effects of landscape composition on the richness of flower visitors, we had to control
for several botanical, meteorological, geographical and temporal variables. We opted for a two-step
analysis. Using generalised additive models (GAM) to account for non-linear relationships, we first
explored how non-landscape variables affected insect richness (GAM 1) and in a second step, we
estimated the landscape effects on insect richness (GAM 2) while accounting for the richness predicted
from GAM 1.

2.5.1 Effects of non-landscape variables on the richness of flower visitors

To analyse the variation in the richness of flower visitors, the year, Julian day and hour of sampling
were all declared as smooth terms (i.e., non-linear) using generalised additive models (GAM; gam
function, R package mgcv). Concerning the Julian day and hour of sampling, both characterised by
cyclic effects on insect richness, we modified the basis function of the smooth terms using cubic cyclic
splines. The hour of the day was transformed into a decimal number between 0 and 24 without
considering daylight-saving changes in winter and summer. In the GAM, we also included the shading
of the sampling site (presence/absence), temperature category (< 10°C,10-20°C, 20-30°C, > 30°C),
cloud cover (0-25%, 25-50%, 50-75%, 75-100%), wind speed (none, light, strong), sampling region (12
French mainland regions) and plant species, as linear terms. Since we observed overdispersion,
characterised by a quadratic relationship between mean and variance of richness, we used a negative
binomial distribution for the residuals. Using the total insect richness as a response variable, we
performed a model selection procedure based on a set of candidate models containing all possible
explanatory variable combinations ranked by the corrected Akaike information criterion (AlICc) using
the dredge function (R package MuMIn). Based on this model selection procedure, we identified the
best model, hereafter called GAM 1 (AAICc=1.9 with the second-best model). We extracted from GAM
1 the predicted richness of each collection (i.e., fitted values). These predictions were included in the
subsequent model (GAM 2) as a fixed effect and represent standardisation to control for bias in the
detected diversity (e.g., changes made to the photo identification online key in 2014 with a higher
number of taxa). In all GAM, we chose the GCV.Cp as the automatic optimization method to estimate
the smoothing parameters of the models, based on a cross-validation. However, we checked that the
REML (Restricted maximum likelihood) method gave similar results. We were not concerned about
multicollinearity issues because our aim was not to estimate the independent effects of each of these
control variables but rather to use the predictions of the model. Multicollinearity does not influence the
overall fit of the model, nor the model predictions and precision of the predictions (Kutner et al. 2005).

We did not observe strong concurvity among smoothed variables (“worst” value < 0.8, concurvity

8
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function, R package mgcv). The distribution of the model residuals were visually checked and did not
show issues (gam.check function, R package mgcv). We did not observe significant spatial

autocorrelation of residuals (mantel.rtest, R package ade4 ; spline.correlog, R package ncf).

2.5.2 Effects of landscape variables on the richness of flower visitors

GAM 2 aimed to test the landscape effects on insect richness. We included the observed insect
richness as the response variable and accessibility to the three land-cover classes (urban, agricultural,
semi-natural) as explanatory variables. We used the accessibility to urban, agricultural and semi-natural
areas within the same smooth term, thus accounting for their interactions and non-linear effects on insect
richness. To account for the effects of non-landscape variables modelled with the GAM 1, we also added
the richness predicted by this initial model as a linear term.

To identify how landscape effects vary according to insect taxa, we iteratively applied the
GAM1-GAM2 analysis sequence using the richness of the focal taxa (seven categories of flower
visitors) as the response variable. We also performed the analyses on the total insect richness by
removing honeybee Apis mellifera observations from the dataset to ensure that any variations in insect
richness were not solely due to beekeeping in the vicinity of sampling sites. Hereafter, we present the
results for total richness, including honeybees, since the results were quantitatively very similar.

We predicted the effect of the percentage of accessibility to urban, agricultural and semi-natural
areas on insect richness using the predict function on GAM 2, keeping the predicted richness from GAM
1 constant and equal to the mean value. To discriminate the significant variation in insect richness
predicted from GAM 2 according to the three extreme landscape gradients (agricultural to semi-natural,
agricultural to urban, urban to semi-natural), we performed analyses on three subsets of collections based
on their accessibility to the land-cover classes. When studying a gradient between two variables (e.g.
agricultural to semi-natural), we selected all collections with 0 to 15% accessibility of the third variable
(e.g. urban). We selected a threshold of 15%, as it appeared to be a good compromise between the
sample size and the representativity of the studied gradient. We used generalised linear models, GLM,
when the variation in insect richness varied linearly along the landscape gradient, and used GAM when
it varied non-linearly.

To discriminate whether the origin of richness hotspots or coldspots in the ternary diagram of
accessibility is due to specific land-cover categories, we also performed complementary analyses. We
tested the individual effects of land-cover categories and interaction effects of pairs of land-cover
categories on total insect richness. As explanatory variables, we used the land-cover percentage (23
categories from OSO Theia), calculated within a buffer radius of 1000 m around the sampled sites. To
estimate individual effects, we only included one land-cover category in the model at a time, to avoid
multicollinearity. We also tested specifically the interaction between aggregated land-cover categories,

the percentage of forest land cover (deciduous, coniferous forests) and the percentage of annual crops

9
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(oilseeds, straw cereals, soy, sunflower, maize, rice). When multiple land-cover categories where tested
together we checked that the Variance Inflation Factor was below three (Zuur et al. 2010). Since land-
cover effects were linear on the richness of insects, we used GLM. In these models, we always used the
predicted richness from GAM 1 as an additional explanatory variable to account for the effect of non-

landscape variables.

3 Results

We analysed the results from 4045 collections recorded between 2010 and 2020. A total of 200 plant
species belonging to 155 genera and 45 families were recorded. The most sampled family was
Asteraceae (993 collections). The majority of collections were recorded on plants in sunny locations
during good weather conditions with a temperature between 20 and 30°C, minimal cloud cover (< 25%)
and light wind (for more details, see Table 1).

The total richness per collection ranged from 0 to 40 with a mean of 7.2 (sd=5.5). For each taxa,
the mean richness per collection was as follows: bees 1.77 (min=0, max=10), other hymenopterans 0.65
(min=0, max=11), syrphids 0.95 (min=0, max=9), other dipterans 1.27 (min=0, max=14), lepidopterans
0.64 (min=0, max=16), coleopterans 1.01 (min=0, max=12) and other insects 0.92 (min=0, max=9).

3.1 Effects of non-landscape variables on total insect richness

Based on the model selection procedure, we found that the model with all variables, except for cloud
cover and wind speed, had the lowest AlICc (AAICc=1.86 with the second-best model). Using the best
model (GAM 1), we found that all explanatory variables had a significant effect on the variation of total
richness per collection (p-value < 0.001 for all variables). We observed a positive effect of temperature
and a negative effect of shading on total richness (Fig. 3). Temporal variables (year, Julian day and hour
of sampling) also had a non-linear significant effect on total insect richness (Fig. 4), which justifies their
use as smooth terms (p-value < 0.001, respectively, characterised by an effective degree of freedom -
EDF of 4.3, 7.6 and 4.8). Using a linear model, we showed that predicted richness from GAM 1 (fitted
values) explained 44% of the variance (R2) of the observed richness (p-value < 0.001; Fig. 5). The plant
species identity explained most of the variance, because when it was removed from the initial GAM 1,

the predicted richness explained only 20% of the variance of the observed richness.

3.2 Landscape effects on total insect richness

The PCA on the proportions of the 23 land-cover categories revealed a strong aggregation of variables

into the three land-cover classes (urban, agricultural and semi-natural) (Fig. 6), which justified
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discriminating the effects of these three major classes on flower visitors. The strongest correlations were
observed among the urban land-cover categories (Fig. 6).

Based on GAM 2, we detected a non-linear and significant triple interaction among the three
land-cover classes (p-value < 0.001, EDF=13.6, Fig. 7). We observed that urban areas were associated
with the smallest total insect richness. The two gradients of agricultural to urban and semi-natural to
urban were not equivalent. Urbanisation was predicted to be detrimental more rapidly in combination
with agricultural areas than with semi-natural areas (Fig. 7). We also detected a richness maximum for
agricultural landscapes composed of ~30% of semi-natural areas. When the predicted richness from
GAM 1 was removed from GAM 2, landscape effects only accounted for 4.2% of the deviance.

Since grasslands have an intermediate status between agricultural and natural areas and are often
associated with other agricultural and semi-natural features (Fig. 6), this land cover was a candidate to
explain the richness hotspot. However, we did not detect any effects of the percentage of grasslands on
total insect richness when the predicted richness from GAM 1 (grasslands p-value=0.91) or the plant
species sampled (grasslands p-value=0.42) was included as an explanatory variable. Interestingly, along
the agricultural to semi-natural gradient (i.e., data subset with urban accessibility below 15%), we
observed a significant positive interaction (p-value=0.039) between the percentage of forest land cover
(deciduous, coniferous forests) and the percentage of annual crops (oilseeds, straw cereals, soy,

sunflower, maize, rice).

3.3 Landscape effects according to insect taxa

The study of the richness of flower visitors revealed that richness patterns varied according to the
different taxa (Fig. 8). Along the agricultural to semi-natural gradient, we detected a significant non-
linear relationship for bees, other hymenopterans and other dipterans as well as a significant linear
relationship for syrphids (-) and lepidopterans (+) (Table 2). Along the urban to semi-natural gradient,
we did not detect any significant non-linear relationship, although we observed a significant linear
relationship for lepidopterans (+) and coleopterans (+). Along the agricultural to urban gradient, we
detected a significant non-linear relationship for other dipterans and a significant linear relationship for

bees (+), syrphids (-), lepidopterans (-) and coleopterans (-) (Table 2).

4 Discussion

By studying the triple landscape gradient across urban, agricultural and natural areas, we highlighted
distinct richness patterns along the three gradients and according to the different insect taxa. We found
that urbanisation negatively impacts the total richness of flower visitors, especially when associated with
agricultural areas. We identified a maximum richness in agricultural landscapes composed of ~30% of

semi-natural areas, thus pointing to the existence of synergistic effects of agricultural and semi-natural

11



390
391
392
393

394
395
396

397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426

areas on insect richness. When differentiating total richness according to distinct taxa, one striking result
was that urban areas were less detrimental to bee richness than intensive agricultural areas, despite the

major role played by bees in entomophilous crop pollination.

4.1 Effects of non-landscape variables

Among the variables included in our analyses, plant species identity outweighed the other variables,
including the landscape variables, to explain insect richness per collection. This variable level of
generalisation (Ollerton et al. 2007) among the plant species is explained by differences in their floral
traits such as floral morphology, floral scents and colours, nectar content and floral display (Ramirez
2003; Stang et al. 2006, 2007; Olesen et al. 2007; Dellinger 2020). The study from Desaegher et al.
(2018), consistently showed that floral morphology traits outweighed the effects of several landscape
and meteorological variables on flower visitor occurrence. More generally, it is often found that the
composition of flower communities and other local microsite factors explain pollinator occurrence and
diversity better than large-scale landscape variables (Ahrné et al. 2009; Everaars et al. 2011; Bates et al.
2011; Shwartz et al. 2013; Wenzel et al. 2020).

The observed effects of temperature, shade, hour and Julian day on pollinator activity were
expected and consistent with the existing literature (Vicens and Bosch 2000; Deguines et al. 2016;
Ushimaru et al. 2021). Unexpectedly, however, we detected an increase in insect richness over the 10
years of the study, which was particularly pronounced in the first 3 years (Fig. 4) and never previously
highlighted in the SPIPOLL programme. In the context of the well-documented insect population
decline in several European countries (Biesmeijer et al. 2006; Ollerton et al. 2014; Hallmann et al. 2017,
Powney et al. 2019; van Klink et al. 2020; Desquilbet et al. 2020), this result is particularly surprising.
We do not believe that this trend is related to an overall increase in insect richness. Rather, it could be
explained by the experience gained by volunteers in correctly identifying insects over the years
(Deguines et al. 2018) and the changes made to the photo identification online key in 2014, which

defined a greater number of taxa.

4.2 Effects of landscape variables

We detected significant landscape effects on total insect richness and on richness for all taxa categories.
Our results were generally consistent with the existing literature, which showed that rural areas are richer
than urban areas (Franks et al. 2007; Ollerton et al. 2009; Zulian et al. 2013; Fortel et al. 2016; Fauviau
et al. 2022; Herrmann et al. 2023). However, in contrast to the frequent result that semi-natural areas are
richer than agricultural areas (Bates et al. 2011; Garibaldi et al. 2011; Verboven et al. 2014; Collado et
al. 2019), we found that it depends on the focal taxa, and that total insect richness is quite similar in

landscapes largely dominated by semi-natural or agricultural areas. Interestingly, the two gradients of
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urban to agricultural and urban to semi-natural had linear effects on total richness but were not
equivalent, with urbanisation being worse when associated with agricultural areas than semi-natural
areas (e.g., see 25% iso-richness line in Fig. 7). Both bees and other dipterans appear to be driving this
pattern (Fig. 8, Table 2).

Along the agricultural to semi-natural gradient, we observed an intermediate maximum, which
was particularly pronounced for bees and other dipterans (Table 2, Fig. 8). This result supports the
intermediate disturbance and area-heterogeneity trade off hypotheses mentioned above (Kolasa and
Rollo 1991; Kadmon and Allouche 2007; Allouche et al. 2012). Although hump-shaped relationships
were also expected between rural and urban areas (Fortel et al. 2014), our results rather suggest a linear
decrease in richness, probably explained by habitat loss. Concerning the agricultural to semi-natural
gradient, our findings confirm the 20% semi-natural threshold that is often recommended in agro-
ecology guidelines below which it is difficult to maintain ecological functions in agroecosystems (Burel
et al. 2013; Poux and Pointereau 2014; Garibaldi et al. 2021). In the literature, this threshold was
suggested by simulation models showing that when semi-natural patches were reduced by an area
representing less than 20% of the landscape, their isolation increased exponentially (Andrén 1994); this
has nevertheless rarely been confirmed by empirical results (but see Tscharntke et al. 2002; Eeraerts
2023). Our analysis suggests that the intermediate maximum resulted from land-cover complementation
(Pope et al. 2000; Colding 2007) between annual crops and forest patches and was not due to a singular
land cover such as grasslands occurring at mid-gradient. Woodlands, especially woodland edges, often
provide nesting habitats and floral resources for wild bees (Osborne et al. 2008; Joshi et al. 2016;
Donkersley 2019; Ulyshen et al. 2023) and can offer various other microhabitats for other taxa such as
syrphids (e.g., Meyer et al. 2009), whereas annual crops provide mass-flowering resources for these taxa
during short periods (Westphal et al. 2003; Timberlake et al. 2019). Semi-natural habitats in
agriculturally dominated landscapes could also mitigate the negative consequences of pesticides and
climate changes on insect populations (Ulyshen et al. 2023). For bees, we observed minimal richness in
agriculturally dominated landscapes, which is possibly related to a higher sensitivity of bees to landscape
simplification and intensive practices (i.e., use of chemicals, reduced crop diversity, short rotations,
large field size), causing a lack of nesting sites and plant diversity with annual flowering discontinuity,
and insect intoxication in these landscapes (Deguines et al. 2014; Ollerton et al. 2014; Sirami et al. 2019;
Dainese et al. 2019). For syrphids, we observed a maximum richness in agriculturally dominated
landscapes. This global trend for syrphids could be driven by crop-dwelling species, whose larvae feed
on aphids, which are possibly more frequent in intensive agricultural landscapes (Meyer et al. 2009;
Dainese et al. 2016). Butterfly richness was lowest in urban areas and highest in semi-natural areas,
which is consistent with the literature (e.g., Deguines et al. 2012). Since most collections were done
during the day, we expect the observed trend to be dominated by diurnal butterflies. Diurnal butterflies
are particularly vulnerable to changes in their environment, especially since the caterpillars of most

species feed on only one or a few specific host plants, which are less frequent in cities than in semi-

13



464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500

natural areas (UICN 2014). Recently, it has been shown that the richness of butterflies is particularly
linked to the richness of plant species whose conservation status is of concern (red-listed species),

compared to other arthropod taxa (Tobisch et al. 2023).

4.3 Limitations and perspectives

Our results confirm the necessity to distinguish natural areas from agricultural areas when studying
insect richness along the urbanisation gradient. However, urban, agricultural and semi-natural areas still
represent broad land-use classes, which conceal the high diversity of environments probably responsible
for the large variability in insect richness. For instance, regarding urban areas, the recent review of
Wenzel et al. (2020) emphasises that differentiating urban sprawl from urban densification might be
responsible for the divergence of results among the studies analysed. Unfortunately, in our study we
were unable to differentiate between dense and diffuse built-up areas when calculating the accessibility
to urban areas due to the strong correlation between both land uses (Fig. 6). This point also applies to
agricultural areas, which include diverse cropping systems, and to natural areas such as deciduous and
coniferous forests and heathland. More generally, our study only considered landscape composition and
did not consider single or interactive effects with configurational variables, which have recently been
shown to influence biodiversity and ecosystem services (Martin et al. 2019). For instance, it was shown
that the consequences of urbanisation on butterfly populations can differ for different urban settings
(e.g., land sharing vs land sparing; Soga et al. 2014).

It is important to keep in mind that high insect richness may be related to common species and
that some land uses (e.g., natural areas) may be less rich but harbour rare species. In our study, this could
be the case of bees in urban areas, since urbanisation was shown to homogenise plant and insect
communities (Kiihn and Klotz 2006; Verboven et al. 2014; Deguines et al. 2016). In our study, we
estimated the landscape effects on insect richness in relation to 200 different plant species, thus
representing an estimation of the o-diversity of flower-feeding insects along the triple landscape
gradient. However, our approach did not include any assessment of B- and y-diversity (see diversity
definitions in Whittaker 1972 and a recent example in Collado et al. 2019), which is a fundamental
diversity component to assess the biological conservation value of the different land uses at the
landscape scale. In particular, we did not account for the botanical specificity of each land use in our
analysis, because the citizen science protocol gives participants the freedom to choose the focal plants
and their location, thus possibly leading to the biased representativity of the sampled plants.

In the future, combining our stratification methodology and insect richness predictions for each
plant species together with representative botanical surveys within the different land uses may help to
better estimate the conservation value of the different land uses and their complementarity. This could
inform landscape managers in their decision-making to promote synergies among contiguous land uses.

Furthermore, delving into the diversity of urban morphology (IAURIF 1995) and understanding how it
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affects biodiversity and ecological connectivity could greatly inform urban planners and policymakers
to make cities more sustainable (Flégeau et al. 2020). The study of urban forms is still largely overlooked
by ecologists and conservation biologists (Wenzel et al. 2020), instead being more the domain of
geographers, urban planners, architects and landscape architects (FIégeau et al. 2020). As a result, this
represents an interdisciplinary and methodological challenge. Finally, based on the observation that
landscape variables only had weak effects on insect richness compared to the variations observed among
plants species, we believe that the effect of plant identity may be promising to investigate further. This
could lead to the optimisation of flower enhancement in urban and agricultural areas to attract pollinator

diversity and maintain ecosystem services.
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Fig. 2. Map of the French metropolitan administrative regions and distribution of the sampling sites
selected after the two sampling stratifications (blue dots).
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Fig. 3. Boxplots representing the relationship between the total richness of flower-visiting insects (raw
data) and the temperature (a) and the shading of the sampling site (b). Blue dots represent the means for
each category and the central bold line the median. For each variable, the categories sharing the same
letters do not significantly differ (p-value > 0.05).
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553  Tables

554

555  Table 1: Summary of the categories of the six non-landscape factors. Numbers represent the number of
556  collections for each category. For plants, we indicated the top five families, genera, and plant species

557  and their associated number of collections.

Variables Categories and number of collections

Temperature < 10°C: 91, 10-20°C: 1351, 20-30°C: 2310; > 30°C: 293

Cloud cover  0-25%: 2950; 25-50%: 421; 50-75%; 302; 75-100%; 372

Wind speed  No wind: 977; light: 2407; strong: 661

Region Auvergne-Rhone-Alpes: 881; Tle-de-France: 871; Occitanie: 501; Bretagne: 389;
Grand Est: 290; Nouvelle-Aquitaine: 248; Provence-Alpes-Coéte d'Azur: 207;
Bourgogne-Franche-Comté: 191; Centre-Val de Loire: 131; Hauts-de-France: 127;
Pays de la Loire: 122; Normandie: 87

Shading Yes: 3775; No: 270

Plants 45 families (Asteraceae: 993; Lamiaceae: 408; Rosaceae: 325; Apiaceae:323;
Fabaceae: 252); 155 genera (Prunus: 109; Senecio: 106; Ranunculus: 92; Hedera: 82;
Solidago: 82); 200 species (Hedera helix: 82; Buddleja davidii: 77; Senecio

jacobaea:74; Daucus carota:72; Rosmarinus officinalis: 70)

558
559
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Table 2. Results of the statistical models testing for the effect of the percentage accessibility to land-

cover classes along the three distinct gradients. For each taxon, the first row is the p-value from the

GAM, with the effective degrees of freedom (EDF) between brackets, whereas the second row is the p-

value from the GLM, with estimates between brackets + standard error. In both models, the tested

variable is specified in the column header. Asterisks indicate the level of statistical significance (p-value:
0 <***<0.001 <**<0.01 <*<0.05). The higher the EDF value, the stronger the non-linearity. We

considered the relationship to be linear when EDF < 1.5; in this case, only GLM results should be

considered (see bold values).

Taxa Model Gradient Agri—SN Gradient Urban—SN Gradient Agri—Urban
Access. Semi-natural Access. Semi-natural Access. Urban

Total Richness GAM _ 0.229 (EDF=2.9) < 0.001*** (EDF=1) 0.005** (EDF=1)

GLM  0.661 (Est.=0.021 +0.048) <0.001%** (Est.=0.21£0.06)  0.004** (Est.=-0.191 +0.067)
Bees GAM  (014* (EDF=3.) 0.544 (EDF=1.8) 0.003** (EDF=1)

GLM  (.265 (Est.=0.077 £0.069) 0.751 (Est.=-0.024 +0.075) 0.003** (Est.=0.259 +0.086)
Other Hymenopterans  GAM g 036+ (EDF=2.1) 0.781 (EDF=13) 0.077 (EDF=1)

GLM  (.026* (Est=-027240.122)  0.744 (Est.=-0.05 +0.152) 0.076 (Est.=-0.322 +0.181)
Syrphids GAM  (003** (EDF=1) 0.089 (EDF=1) < 0.001*** (EDF=1)

GLM  (003** (Est.=-0.2040.097)  0.087 (Est.=0.236 +0.137) < 0.001%** (Est.=-0.61 +0.146)
Other dipterans GAM  (009** (EDF=2.6) 0.174 (EDF=1) 0.016* (EDF=1.8)

GLM  0007** (Est.=-0.225 +0.084)  0.173 (Est.=0.148 +0.109) 0.008** (Est.=-0.344 +0.129)
Lepidopterans GAM 0 001** (EDF=1) < 0.001*** (EDF=1) 0.057 (EDF=1.4)

GLM  0.001** (Est.=0.450 £0.134) < 0.001*** (Est.=1.120.181)  0.025* (Est.=-0.54 +0.241)
Coleopterans GAM 542 (EDF=1) < 0.001*** (EDF=1) 0.015* (EDF=1)

GLM (535 (Est.=0.06 +0.097) < 0.001%** (Est.=0.46 20.126)  0.014* (Est.=-0.35 +0.143)
Other insects GAM ' (684 (EDF=1.7) 0.172 (EDF=15) 0.663 (EDF=1)

GLM

0.588 (Est.=0.054 +0.101)

0.095 (Est.=0.203 +0.122)

0.658 (Est.=-0.063 +0.141)
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