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Abstract

Most plant-pollinator networks are based on observations of contact between an insect and a flower
in the field. Despite significant sampling efforts, some links are easier to report, while others remain
unobserved. Therefore, visit-based networks represent a subsample of possible interactions in which
the ignored part is variable. Pollen is a natural marker of insect visits to flowers. The identification
of pollen found on insect bodies can be used as an alternative method to study plant-pollinator
interactions, with a potentially lower risk of bias than the observation of visits, since it increases the
number of interactions in the network. Here we compare plant-pollinator networks constructed (i)
from direct observation of pollinator visits and (ii) from identification of pollen found on the same
insects. We focused on three calcareous grasslands in France, with different plant and pollinator
species diversities. Since pollen identification always yields richer, more connected networks, we
focused our comparisons on sampling bias at equal network connectance. To do so, we first
compared network structures with an analysis of latent blocks and motifs. We then compared
species roles between both types of networks with an analysis of specialization and species
positions within motifs. Our results suggest that the sampling from observations of insect visits does
not lead to the construction of a network intrinsically different from the one obtained using pollen
found on insect bodies, at least when field sampling strives to be exhaustive. Most of the significant
differences are found at the species level, not at the network structure level, with singleton species
accounting for a respectable fraction of these differences. Overall, this suggests that recording
plant-pollinator interactions from pollinator visit observation does not provide a biased picture of
the network structure, regardless of species richness; however, it provided less information on

species roles than the pollen-based network.

Keywords: motifs; mutualistic networks; pollen analysis; pollen network; species roles; visit

network.

Data accessibility: The data analysed during the current study will be available in Zenodo upon

acceptance or at the reviewers’ request.
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1. Introduction

Plant-pollinator interaction networks are critical to the maintenance of ecosystems (Ashworth et al.,
2009; Bronstein et al., 2006; Memmott, 2009; Vazquez et al., 2009). Pollinators indeed provide an
invaluable service, on which much of current agriculture depends (Deguines et al., 2014; Gallai et
al., 2009; Klein et al., 2007), and they maintain genetic diversity in plant populations (Kearns et al.,
1998). Reciprocally, wild plants provide various resources to pollinators, usually food and other
type of nutrients, hence maintaining pollinator populations (Bronstein et al., 2006; Kearns et al.,
1998; Ollerton, 2017). Understanding the structure and functioning of these networks (i.e. how
species interact and how these interactions shape species abundance dynamics) and obtaining more
accurate information on plant-pollinator networks are among the current important goals of
ecology. Thus, it is essential to manage and maintain insect pollination - which constitutes an
ecosystem service of global importance — because disruption of interactions can affect the diversity,
abundance and distribution of both plants and pollinators, with cascading consequences affecting
the whole network (Gill et al., 2016). Most plant-pollinator networks are based on direct
observations of contact between an insect and a flower in the field. However, some links are
biologically (i.e. morphologically) or temporally (i.e. phenologically) forbidden, while other links
can remain unobserved (Olesen et al., 2011). Thus, such visit-based networks can only represent a
subsample of all possible interactions. Alternative methodologies or more intense sampling can
reduce the probability of missing some existing interactions. One such alternative method is the
identification of pollen found on pollinator bodies.
Pollen is a major attractant for many pollinators since it is an important part of their diet (Kearns
and Inouye, 1993). Moreover, it can favour long-term associative learning in wild bees (Muth et al.,
2016), influencing the floral choice of pollinators and their foraging strategy (Somme et al., 2015).
As a result of this “visitation activity”, i.e. when pollinators visit a flower, pollen becomes attached
to their bodies. Thus, it becomes a natural marker indicating the recent history of pollinator visits
(Jones, 2012a) since a significant part of the pollen grains generally stay on the pollinator’s body.
The identification of this pollen provides valuable information on the spectrum of pollen resources
and it is an important method to elucidate the foraging behaviour and the floral preferences of wild
pollinators, such as solitary and social bees (Beil et al., 2008; Carvell et al., 2006; Fisogni et al.,
2018; Marchand et al., 2015), hoverflies (Lucas et al., 2018a; 2018b, Rader et al., 2011), butterflies
and other pollinators (Macgregor et al., 2019; Stewart and Dudash, 2016). Pollen is also often used
to assess pollinator effectiveness both at the community level (Ballantyne et al., 2015; King et al.,
2013; Willmer et al., 2017) and at the individual level (Marchand et al., 2015; Tur et al., 2015).
Indeed, not all the visits recorded in the field correspond to actual pollination (King et al., 2013;
3
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Popic et al., 2013) and not all the pollinators are equally efficient. For example, not all pollen grains
transported by corbiculated-bees are available for the pollination event, since the moistening (using
nectar) may cause physiological changes in the pollen grain (Parker et al., 2015).

The identification of pollen found on insect bodies can be used as an alternative method to study
plant-pollinator interactions (Jones, 2012b). This methodology can provide a more extended history
record of plant-pollinator interactions than the observation of visits. Moreover, observing pollen
grains rather than visits removes some of the sampling biases associated with short sampling
periods and can provide an alternative view to the ‘plant’s perspective’ provided by the observation
of visits (Bosch et al., 2009; Gibson et al., 2011; King et al., 2013). However, few studies have
compared visit-based networks to pollen-based ones (Alarcn, 2010; Bosch et al., 2009; Olesen et
al., 2011; Pornon et al., 2017, 2016), mostly because the identification of pollen grains is time-
consuming and depends on the availability of experts with skills in palynology. The precision of
pollen identification depends on knowledge of the floral community in the study sites (Westrich and
Schmidt, 1990), thus suggesting that the use of a complete pollen atlas of the co-flowering species
of the study site, as we used in the present study, may enhance the precision of identification. An
alternative method to microscopic identification that recently garnered interest is the use of DNA
barcoding (Bell et al., 2019, 2017; Macgregor et al., 2019; Pornon et al., 2017, 2016; Richardson et
al., 2015). It is, however, a recent methodology not widely used in the study of plant-pollinator
networks and it can have some limits (Bell et al., 2017; Macgregor et al., 2019).

Various studies have pointed out that when pollen information is used to build networks, the
number of links between plant and insect species significantly increases, revealing changes in the
network structure (Bosch et al., 2009; Pornon et al., 2017). However, all these studies compared
network structure using classic network metrics, such as connectance, nestedness and modularity,
which are strongly affected by network dimensions (i.e. the number of species and realised links
among them; Rivera-Hutinel et al., 2012; Staniczenko et al., 2013). Thus, differences obtained in
the network structure when visit- and pollen-based networks are compared are essentially due to the
higher number of species and new links recorded in the latter. To our knowledge, only few studies
(Popic et al., 2013; Pornon et al., 2017) used a null model approach to take into account differences
in network size when comparing pollen- and visit-based networks. They found that network
structure does not significantly change between the two methods but did not investigate changes at

the species level.

The aim of this study is to understand to what extent networks obtained using pollinator visit

records can introduce biases in the representation of the network when compared to those obtained
4
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through pollen identification. For a constant sampling effort, we could expect that richer
communities are more likely to be undersampled than poorer communities. Then, the addition of
pollen information can lead to changes in the network structure and species roles (i.e. the set of
positions occupied by a species in the network), since apparent specialised species may be more
generalist than observed and thus separate groups of species may be more connected, revealing a
biased picture of the network. To test these hypotheses, we used simulated networks mimicking the
ones obtained through observation of insect visits but based on the pool of possible interactions
given by the pollen-based network. In a sense, these randomized networks can be considered as
different “virtual observers” sampling from all the possible interactions detected using the pollen on
insect bodies, but with a sampling effort equal to that used in the field. This technique allowed us to
compare two networks of the same size and to check for congruence between networks. Armed with
this methodological framework, we studied the plant-pollinator networks encountered in three
different calcareous grasslands in three different regions in France. We compared the two types of
networks (visit- and pollen-based networks) using a new methodological approach combining
different analyses. First, we compared the network structure using latent block models (LBM) and
motif analyses (Leger et al., 2015; Simmons et al., 2019a). Second, we compared species
specialisation level (Bluthgen et al., 2006) and species roles, based on the frequency of species

positions within motifs (Simmons et al., 2019a).

2. Materials and methods

2.1. Study sites and plant inventories

In this study we recorded interaction between wild bees and native herbaceous plant species in three
calcareous grasslands located in three different French regions (Fig. A.1): one in Hauts-de-France
(Regional natural reserve Riez de Noeux les Auxi, noted R, 50°14°51.85”N 2°12°05.56”E), one in
Normandie (Chateau Gaillard — le Bois Dumont, noted CG, 49°14'7.782"N 1°24'16.445"E) and one
in Occitanie (Fourches, noted F, 43°56'07.00"N 3°30'46.1"E). We chose calcareous grasslands since
they are characterised by highly diverse plant communities with a high proportion of entomophilous
species (Baude et al., 2016; Butaye et al., 2005; WallisDeVries et al., 2002). The three sites are
three protected areas of 1 hectare each, which are included in the European NATURA 2000
network. We sampled wild bees and we recorded their interactions with flowering species during
one-day sessions in the month of July 2016 (see paragraph 2.3 for sampling details). Flowering
plants were identified at the species level in the field and their abundances recorded. All plant

inventories were performed by the same two surveyors to avoid biases.



150

151
152
153
154
155
156
157
158

159

160
161
162
163
164
165
166
167
168
169
170
171
172

173

174
175
176
177
178
179
180

2.2. Pollen atlas

During each field session we sampled plant anthers of all species flowering within the study site.
We put the anthers in individual Eppendorf tubes filled with 70% ethanol to preserve them. From
this collection, we prepared a pollen atlas representative of the pollen diversity present in the three
areas. In the laboratory, we extracted and transferred the pollen released by anthers in the
Eppendorf tube on a microscopic slide mounted with a cube of glycerine jelly (Kaiser’s Glycerol
Gelatine for microscopy) to maintain the natural colour of the pollen grains, and we sealed the
cover slip with nail varnish. For each slide we recorded the plant species and the site and date of

collection, and we photographed the pollen grain as reference.

2.3. Direct observations of plant-pollinator interactions in the field

For this study, we recorded plant-pollinator interactions for three days (one day per site) in the
month of July 2016, since it was one of the richest months in terms of plant and pollinator diversity.
Surveys of plant-pollinator interactions were performed under suitable weather conditions for
pollinators (following Westphal et al. 2008). The surveyors (from 4 to 5 at each session) walked
slowly and randomly within the site (following a variable transect as explained in Westphal et al.
2008) and hand-net sampled all wild bees visiting open flowers, recording the observed plant-
pollinator interaction. The sampling period consisted of 4 hours split into 2 hours in the morning
(about 10am-12am) and 2 hours in the afternoon (about 2pm-4pm), to cover the daily variability of
pollinator foraging behaviour (Vaudo et al., 2014)and flower communities. All sampled insects
were immediately put into individual Killing vials with ethyl acetate and were later prepared and
pinned in the laboratory for identification at the species level by expert taxonomists. For some
individuals we recorded and attributed several interactions, since they were observed interacting
with more than one plant species before we were able to collect them.

2.4. Bee pollen load analysis

We focused on wild bees (superfamily: Apoidea, clade Anthophila) because, with their hairy bodies
and their ability to quickly fly from one flower to another, they are one of the most efficient
pollinator groups worldwide and many herbaceous plants and wild flowers depend on them for their
reproduction (Ballantyne et al., 2017; Michener, 2000; Stavert et al., 2016). Moreover, wild bees
present different specialized structures for pollen collection which allow them to transport large
amount of pollen to feed their larvae (Alarcon, 2010; Michener, 2000). Pollen was collected from

the bodies of female bees and prepared on two different microscope slides as follows: one slide with
6
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the pollen passively transported on the body (scattered pollen, PS), and the other slide with pollen
actively collected in specialised structures (i.e. curbiculae or scopae, PC). Since we want to
compare the information provided by PS and PC slides, we only used female bees because males
lack adapted structure to carry pollen, such as corbiculae or scopae, (and hence cannot provide PC).
We collected PS from insect bodies using a small cube of glycerine jelly (volume 2 mmg3) following
Kearns and Inouye (1993). PC was removed by brushing the specialised structures with a small
needle or a small spoon and put in an Eppendorf tube filled with 70% ethanol for conservation.
Only a fraction of PC (10 ul) was used to prepare pollen slides. We prepared a total of 782 pollen
slides, considering both types of pollen and with information on sampling date, hour and site
(Fourches 346 slides, Chateau Gaillard 256 slides and Riez 180 slides). Pollen identification was
performed at the lowest taxonomic level (at species level in 90% of the cases) by an expert (K. Bieri
at the Biologisches Institut fur Pollen analyses, Kehrsatz, Switzerland) using a combination of
diagnostic keys and comparison with the pollen atlas described above. When it was not possible to
discriminate between two closely related species, we aggregated them at higher categories (family,
genus or morphotype). Microscope slides were observed at 400x magnification by random transects
until we counted 100 pollen grains, then the rest of the slide was searched for undetected pollen
types. However, for the statistical analyses we did not consider plant species for which we detected
< 5 pollen grains per bee individual, which we considered as infrequent or accidentally collected
(Bosch et al., 2009; Fisogni et al., 2018).

2.5. Characterisation of plant-pollinator interactions

To understand whether and how pollen added new links to the fieldwork observations, we separated
recorded plant-pollinator interactions in five categories: (i) interactions observed as visits that were
confirmed by both pollen types (PS and PC); (ii) interactions detected only by observing both types
of pollen but not as visits (PS+PC); (iii) interactions found only with PS; (iv) interactions found
only with PC; and (v) interactions only observed as visits but not confirmed by pollen.

We divided plant species in three groups: (a) plant species which were present in the study area
(and included in the botanic inventory) and that were visited by pollinators; (b) plant species which
were present in the study but whose interaction with pollinators was detected only by pollen
analysis; (c) plant species present only in the surroundings of the study sites but not within them
(and whose interaction with pollinators was detected only by pollen analysis). Plant species which
were present in the study area but were never visited by pollinators and whose pollen we did not

find on the insect bodies (i.e. plant species with no interactions) were excluded from the analysis

7
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altogether, and group (c) was not used for the purpose of comparing networks obtained from direct
observation of visits and pollen identification. Results of this classification were represented using a
heat map (function quilt.plot in R, see Supplementary Information Fig. A.2, A.3, A.4).

Prior to conducting the rest of the analyses, we tested whether the information provided by the two
types of pollen (PS and PC) was different. To do so, we compared the two interaction-based
rarefaction curves (Fig. A.5) using a Wilcoxon test. We found that there was not significant
difference in the number of observed links between PS and PC, even if the percentage of unique
links was higher for PS than for PC (results not shown). Thus, we decided to merge the information
given by the two pollen types and we further refer to them as “pollen-based network” in the

following analysis.

2.6. Plant-pollinator network analysis

We constructed two weighted (i.e. quantitative) bipartite networks including all pairs of interacting
plant and insect species (i) directly observed as visits in the field (“visit-based” network) or (ii)
retrieved from the pollen found on insect bodies (“pollen-based” network).Overall, we built three
visit-based networks and three pollen-based networks (using the two types of pollen — PC and PS —

found on insects), one for each site.

Raw networks were weighted networks accounting for the intensity of interactions between species
pairs — in the case of visits, intensity equals the number of recorded visits of the focal pollinator
species on the focal plant species; in the case of pollen identifications, intensity equals the number
of insects of the focal pollinator species found with at least 5 pollen grains from the focal plant
species. For some analyses (connectance, motifs and position analyses) we transformed weighted

networks into binary ones.

For both binary “visit-based” and “pollen-based” networks, we calculated its connectance as the
proportion of observed links divided by the number of all possible links. We also calculated the
specialization index H2' of the weighted networks (BlUthgen et al., 2006), using the H2fun function
implemented in the bipartite package (Dormann et al. 2009; R Core Team 2018).

To model compartmental structure within networks, we applied latent block models (LBM) to each
network, visit-based, simulated or pollen-based. We used the BM_poisson method for Poisson
probability distribution implemented in the blockmodels package (Leger et al., 2015) to calculate
blocks on the weighted networks. The algorithm finds the best groupings of insects and plants that

8
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maximize the Integrated Completed Likelihood (ICL; Biernacki et al. 2000; Daudin et al. 2008) of
a model that fits the intensity of interactions between each pair of species as a Poisson draw with a
parameter defined by the blocks each species belong to.

While the LBM approach reveals consistent species groups in complex networks, it neither informs
on how species interact within each block, nor does it seek regularities in the arrangement of links
within a small group of species. Such information can be obtained by counting the number of motifs
observed within networks (Simmons et al., 2019b, 2019a). Motifs are defined by Simmons et al.
(2019a) as “building blocks” of the network, i.e. patterns of possible interactions between a small
number of species. If we compare the network to a toy brick house, motifs would be the “building
bricks” with different sizes, shapes and colours that can be used to build the house. Motifs contain
between two (one pollinator and one plant species) and six species. Motifs do not only consider
direct interactions, but they also consider indirect ones, when the impact of one species on another
is mediated by one or more intermediary species (Wootton, 2002, 1994). To calculate how
frequently different motifs occurred in our networks, we used the function mcount implemented in
the new package bmotif in R (Simmons et al., 2019b) and normalized these values using the
maximum number of times each motif could have occurred given the number of species in the

network (correction “normalise_nodesets”).

2.7. Insect roles and specialization index

Within motifs, species (nodes) can be found at different positions. Each position reflects a particular
ecological role (e.g. pollinator species linked to at least two plant species with one of these
connected to another pollinator species) and the same species can appear at different positions in
different motifs. We calculated the sum-normalised frequencies of each position for each species
using the node_position function implemented in the bmotif package in R (Simmons et al., 2019b).

We also calculated the standardized specialization index d' (Blithgen et al., 2006), but we did not
use the d' values provided by the dfun function in the bipartite package (Dormann et al., 2009) as
they sometimes yielded spurious results based on the computation of the minimal d value (e.g.
reporting low d’ for species with only one partner in the network). However, we used the d and
dmax values, obtained from the dfun function, and we calculated the d' index, for each plant and
insect species, as the ratio of the d-value (Kullback-Leibler divergence between the interactions of

the focal species and the interactions predicted by the weight of potential partner species in the
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overall network) to its corresponding dmax-value (maximum d-value theoretically possible given

the observed number of interactions in the network).

2.8. Comparing network structure and species roles using a null model

To understand to what extent the networks obtained using pollinator visit records did not bias the
representation of the network when compared to those obtained through pollen identification, we
compared species roles and specialization (node-level statistics), motif counts and the congruence
between latent blocks (network-level statistics) using a null model accounting for the difference in
sample size between visit- and pollen-based networks. We thus constructed null model networks
(hereafter called “simulated” networks) in which we fixed the number of interactions per pollinator
species as found in the visit-based network, but with randomized interactions pairs obtained from
the interactions recorded in the pollen-based network. In other words, we can consider a simulated
network as the result of a virtual observer that samples the same insects visiting plants, but the
plants on which the insects are virtually observed are drawn from the distribution given by the
pollen-based network. We performed 10,000 randomizations using the function rmultinom (package
stat in R) to generate multinomial distribution drawings following the interaction frequencies
reported in the pollen-based network.

To gauge if the network structure changed between the two networks, we compared the results of
LBM and motif analyses between visit-based networks and simulated ones. Then, to detect whether
species roles changed between networks, we compared results on specialization and node positions.
Including connectance, H2, d’, NMI, motifs and positions, we performed 197 tests in the site of F,
117 tests in the site of CG and 107 tests in the site of R and we adjusted all p-values in each site
using the function p.adjust (package stat) and the false discovery rate correction method of
Benjamini-Hochberg ("BH" or "fdr", Benjamini and Hochberg, 1995). The numbers of tests are

different because we had different numbers of species in the three sites.

Latent Block Model — We performed LBM on weighted versions of the visit-based, pollen-based
and simulated networks (10,000 simulations). To show the species rearrangement among groups
between the visit- and pollen-based networks, we used alluvial diagrams (package alluvial in R). In
order to assess whether changes in block memberships of species between pollen- and visit-based
networks was expected due to changes in sampling intensity, we computed the congruence between
the classifications given by node memberships of, first, the visit- and pollen-based networks and,

then, the pollen-based network and each of the simulated networks, using the normalized mutual
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information index (NMI), implemented as method “nmi” of the function compare in the R package
igraph (Danon et al. 2005; Astegiano et al. 2017). NMI values range between 0 (no congruence
between classifications) and 1 (perfect congruence). The distribution of NMIs obtained when
comparing the blocks of the pollen-based networks and those of the simulated networks allowed us
to compute the probability (p-value) that the NMI between the visit-based and pollen-based blocks
was significantly less than expected from the null model. Corrected p-values less than 5% were

deemed significantly inferior to the null model expectation.

Motifs — The motif analysis was performed on binary networks (Simmons et al., 2019b) and
explored all motifs with up to 6 species. The frequency of each motif in the visit-based network was
compared to the corresponding frequencies in the ensemble of randomized networks using a two-
tailed test for the purpose of significance (i.e. the difference in frequency was deemed significantly
different if it fell below 2.5% or above 97.5% of the simulated cumulated frequencies for the same
motif).

Positions —To explore if insect and plant species had different roles in the networks based on visits
vs. pollen, we calculated the frequency with which species occurred at different positions within all
possible motifs of 2 to 6 species. This vector of position frequencies represented the species’ “role”
in the network. We then calculated the distance of each species’ role to the centroid of all the
simulated roles for the same species, and compared this distance to the distribution of distances
between simulated roles and their centroid, with observed distances greater than 95% of the
simulated distances deemed as significantly different from the null expectation. To account for
heterogeneous variances and correlations between position frequencies (i.e. coordinates in species’
role vectors), we used Mahalanobis distance on modified coordinates obtained by first running a
principal component analysis (PCA) on the set of all roles of all species in all simulated networks.
The covariance matrix used in the Mahalanobis distance was simply the diagonal matrix of singular
values associated with the principal components of the PCA. The modified coordinates of the
centroid and the observed role of a given species were obtained by projecting their position

frequencies into the PCA space.

All analyses were performed in R version 3.5.2 (R Core Team, 2018).
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3. Results

3.1. Characterisation of plant-pollinator interactions

In the month of July, we recorded a total of 96 flowering species, 63 in the site of Fourches (F), 33
in the site of Chéateau Gaillard (CG) and 32 in the site of Riez (R). However, these species were not
all visited by pollinators, and those with neither visit nor pollen found on insects (12 species in the

site of F, 14 in the site of CG and 16 in the site of R) were not considered in the analysis.

We sampled 574 visiting insects overall, but for the statistical analysis we only used female insects
with the information on both types of pollen (collected and scattered). For the following analyses,
we used 391 insects overall, 173 in the site of F, 128 in the site of CG and 90 in the site of R.

Visit- and pollen-based networks in the same site have comparable number of species (i.e. the
number of insect species is fixed, but the number of plant species can vary depending on the
sampling, i.e. visit or pollen), except in the site of Fourches: for the site of Fourches 50 insect
species x 44 potential plant species (29 plant species in the visit-based network vs. 40 species in the
pollen-based one); for the site of Chateau Gaillard 22 insect species x 18 plant species (13 in the
visit- and 18 in the pollen-based networks) and for the site of Riez 19 insect species x 16 potential
plant species (12 in the visit- and 15 in the pollen-based networks). For three insect species (2
species in the site of CG, Lasioglossum laticeps and Lasioglossum politum, and 1 species in the site
of R, Halictus rubicundus) which were sampled once in the visit-based network, we did not record
any interaction in the pollen-based network due to the low number of pollen grains (< 5) or to
interactions with plant species not included in the botanic inventory (Fig. A.3, A.4). These species
were thus excluded from the analyses in the problematic sites. In the site of Fourches we recorded
179 visit-based interactions and 340 pollen-based interactions; in the site of Chateau Gaillard we
recorded 130 visit-based interactions and 228 pollen-based interactions and in the site of Riez we
recorded 93 and 173 interactions in the visit- and the pollen-based networks, respectively. Overall,

with the pollen information we doubled the number of interactions in all sites.

3.2. Plant-pollinator networks analysis

When we compared network connectances, i.e. the proportion of realized links over all possible
ones, we found that the pollen-based network connectance was always higher than the visit-based
network connectance in the three sites (Table 1). We observed the opposite pattern for the network
specialization index, since the H> values were higher in the visit-based network than in the pollen-
based one in all sites (Table 1). However, when we compared the visit-based network and the
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simulated networks, we did not find any significant difference both for the connectance and the H>
index (Table 1).

Pollen-

Analysis Region Site Vrzsgtt\;\l/):;sked based Sr']?t\lljvlstrf(d adjusted p-value
network

Connectance Occitanie Fourches (F) 0.07 0.09 0.07 1 n.s
Normandie Chateau Gaillard (CG) 0.17 0.20 0.14 1 n.s
Hauts-de-France Riez (R) 0.18 0.22 0.16 1 n.s

H2 Occitanie Fourches (F) 0.52 0.33 0.47 0.64 n.s
Normandie Chéteau Gaillard (CG) 0.32 0.29 0.37 0.35 n.s
Hauts-de-France Riez (R) 0.36 0.30 0.44 0.13 n.s

Table 1. Results for the analyses of networks connectance and H, (network specialisation index) in the visit-
based and pollen-based networks and for the simulated networks in the three sites. The adjusted p-values

refer to the comparison of statistics between the visit-based network and the simulated networks.

In order to compare network structures between visit- and pollen-based networks, we performed
LBMs (Fig. 1) and compared the classification induced by latent blocks using NMI (Table 2). In the
site of Fourches, we found a total of 5 blocks (2 insect blocks and 3 plant blocks) in the visit-based
network and a total of 7 blocks (4 blocks for insects and 3 for plants) in the pollen-based network.
In the site of Chéateau Gaillard, we found 7 blocks (4 for insects and 3 for plants) in both networks,
and a similar pattern for the site of Riez, but with 5 blocks (2 for insects and 3 for plants) in both
networks. Block clustering largely followed species degrees, i.e. the number of partners (high,
medium and low degree, Fig. A.6). We observed plant species rearrangements in all sites (green
lines in the alluvial diagrams), but insect block rearrangements only in the sites of CG (in two insect
species, Andrena flavipes and Seladonia tumulorum) and R (for one insect species, Lasioglossum
pauxillum). Block rearrangements are mainly due to the higher number of links in the pollen-based
network but not to substantial changes in the network structure. The higher number of blocks found
in the pollen-based network in the site of Fourches (Fig. 1) is due to the occurrence of two new
blocks in the group of insects: the first block in the visit-based network (constituted by three species
with the highest degrees, Fig. 1 and Fig. A.6 Fourches visits) split in two blocks in the pollen-based
network (blocks 1 and 3, Fig. 1 and Fig. A.6 Fourches pollen); and the fourth block in the visit-
based network (Fig. 1 and Fig. A.6 Fourches visits) also split in two other blocks of species
(respectively with species with medium and low degree in the pollen network, Fig. 1 and Fig. A.6
Fourches pollen). Even if we found species rearrangements among groups between the visit- and
pollen-based networks in all three sites (Fig. 1), the network structures were not intrinsically
different. When we compared the congruence between the memberships of species in the visit- and
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pollen-based networks using the NMI, we obtained NMI values close to 1 (perfect congruence) in

all sites (Table 2). Moreover, we did not find any significant difference when we compared these

NMIs with those obtained from comparisons of the pollen-based network and each of the simulated

networks.
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Figure 1. Alluvial diagrams showing the species rearrangement among blocks between the visit- and pollen-based networks. Green lines show the species
rearrangement for plant species and orange and yellow lines for insect species. The plant species that changed modules are Linum sp. from block 3 to block 7
(dark green line) and Lotus delortii, Ononis striata and Sedum sp. from block 4 to block 6 (pale green line), in the site of F. In the site of CG the plant species that
changed from block 6 to block 7 is Ononis natrix and the insects species that changed from block 3 to block 1 are Andrena flavipes and Seladonia tumulorum
(orange line). Plant species that changed block in the pollen-based network, in the site of R, are Rubus plicatus and Trifolium repens and the insect species that

changed from block 2 to block 1 is Lasioglossum pauxillum (yellow line).
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NMI

Visit-based

network vs

pollen-based NMI adjusted p-
Site network Pollen-based network vs Simulated networks (quantile) value

2.5% 50% 95% 97.5%

Fourches (F) 0.76 0.68 0.76 0.82 0.82 0.98 n.s.
Ch. Gaillard (CG) 0.80 0.76 0.84 0.89 0.90 0.31 n.s.
Riez (R) 0.84 0.73 0.83 0.88 0.94 0.75 n.s.

Table 2. Normalized mutual information (NMI) values obtained in the three sites when we compared the
congruence between the classifications given by node memberships of, first, the visit- and pollen-based
networks (NMI visit-based network) and, second, the pollen-based and each of the simulated networks (NMI
simulated networks). The p-value corresponds to the probability that the NMI between the visit-based and

pollen-based blocks was inferior to what would be expected from the null model.

In general, when we compared the network structure using the motifs, we did not find important
differences between the visit-based network and the simulated networks. We did not find any
significant difference when we compared the frequency of each motif in the visit-based network to
the corresponding frequencies in the simulated networks in the site of Fourches and Riez. However,
we found significant differences for three motifs (motifs 16, 33 and 43; see Fig. 3 in Simmons et al.
2019a) in the site of Chateau Gaillard. All three motifs were less represented in the simulated
networks than in the visit-based network (Fig. 2). Motif 16 is constituted by 5 nodes (i.e. species)
and 6 links, with two species of pollinators (on the top level) and three species of plants (bottom
level), while motifs 33 and 43 are constituted by 6 nodes and 7 links, with three pollinators and
three plants species in the motif 33 and two pollinators and four plant species in the motif 43. In
motifs 16 and 43, all species of one group interact with all species in the other group, thus all the
possible interactions between the two groups of species are realised. In motif 33 there are two
pollinators out of three that are generalist species, i.e. they interact with all the plant species, while
the third pollinator is a “specialist” species which interacts with only one “generalist” species in the
plant group. All the plant species are “generalist” species, but only one plant species interacts with
all the partners in the pollinator group, while the other two species only interact with two
pollinators.
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426  Figure 2. Motifs 16, 33 and 43 in the site of Chateau Gaillard. Red triangles correspond to the frequency value (corrected value) in the visit-based network and

427  the boxplot and outliner dots correspond to all the frequency values in the simulated network.
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3.3. Insect roles and specialization index

We found that several species in the site of Chateau Gaillard and Riez had significantly different
roles (adjusted p-value < 0.05, Tables A.2, A.3, Fig. 3) when we compared the simulated distances
to their visit-based distances, but we did not find any role change at all in the site of Fourches
(Table A.1).

In the site of Chateau Gaillard, we found 13 species significantly more distant from the simulated
centroid (seven insect species, Anthidiellum strigatum, Bombus lapidarius (Fig. 3a), Ceratina
cucurbitina, Lasioglossum interruptum, Megachile willughbiella, Osmia rufohirta and Trachusa
byssina, and six plant species Allium sphaerocephalon, Centaurea scabiosa (Fig. 3b), Echium
vulgare, Origanum vulgare, Scabiosa columbaria and Teucrium sp.; Table A.2). In the site of Riez
we found three species (one insect species, Osmia bicolor (Fig. 3c), and two plant species, Achillea
millefolium (Fig. 3d), and Prunella vulgaris) that had significantly different roles between the visit-
based and the simulated distances (Table A.3).

We also compared for each species the specialization index d' calculated in the visit-based network
to the average d’ of the simulated networks. We found that the specialization of most species was
not significantly different in the two networks in all sites (Tables A.1, A.2, and A.3). We recorded
significant differences in the specialization level for 8 species in the site of F (five insect and three
plant species, with two insect and two plant species more specialized in the simulated networks), for
two species in the site of CG (one insect and one plant species, both appearing more specialized in
the simulated networks) and for five species in the site of R (three insects species out of four more

specialized in the simulated networks and one plant species).

Overall, nearly half of the species for which we found significant differences in their node positions
or/and in the specialization level were singletons (13 species out of 27) in the visit-based or pollen-
based network, i.e. species that had only one observed interaction (Tables A.1, A.2 and A.3). Only
four species out of the 27 (one insect and one plant species both in the sites of CG and R, Tables
A.2 and A.3) showed significant differences in both their role and specialization level.
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Figure 3. The PCA plot shows the significant distance (adjusted p-value < 0.05) along principal axes 1 and 2, between the visit-based position (red triangle), the
simulated centroid (black triangle) and the convex hull (black lines and dots) obtained on the 95% of the simulated positions which were close to the centroid
(grey dots) in the randomized network, in four examples of species among the 13 species that showed significant differences:(a) Bombus lapidarius and (b)
Centaurea scabiosa in the site of Chateau Gaillard (Normandie) and in (c) Osmia ruforhirta and (d) Achillea millefolium in the site of Riez (Hauts-de-France).
The visit-based distance was greater than 95% of all the simulated distances. Photo credits: Atlas Hymenoptera and Acta plantarum.
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4. Discussion

Plant-pollinator networks are mainly constructed using direct observations of plant-pollinator
interactions in the field, a method subject to undersampling (Bllthgen, 2010; Olesen et al., 2011;
Vazquez et al., 2009). The problem of undersampling is much higher in richer communities where
some flower visits are scarcer and hence more difficult to detect (Serensen et al., 2011). The use of
pollen found on insect bodies is an alternative method that might help reconstruct the insect
visitation history and give a better image of the whole network. Few studies have compared the
visit- and pollen-based networks (Bosch et al., 2009; Pornon et al., 2017), and all of these
comparisons have used classic networks metrics, which are known to be influenced by network
dimensions (Astegiano et al., 2015; Bluthgen et al., 2008; Staniczenko et al., 2013).

In our study, we compared plant-pollinator networks constructed (i) from direct observation of
pollinator visits and (ii) from identification of pollen found on these same insects in three different
calcareous grasslands. The three plant-pollinator networks used in this study showed differences in
the identity and number of species in both plants and insects. We used a null model approach (i.e.
simulated networks), accounting for differences in network size, to understand how differences in

sampling method, not intensity, can contribute to changes in observed network structure.

As expected (Bosch et al., 2009), our results show that pollen identification increases the number of
observed links and always yields richer and more connected networks (Table 1), independently
from the site richness and diversity, since in all the sites we doubled the number of links when using
the pollen information. Nevertheless, the pollen-based links often confirm the links observed in the
field (Alarcon, 2010; Popic et al., 2013). We did not find any significant change in any of the study
sites when we compared network structures between visit-based and simulated networks. This
finding, which holds for all three sites, partially invalidates the hypothesis that richer communities
(here, the site of Fourches) would lead to more pronounced differences between networks obtained
by the two methods. However, we found changes in the species roles for some insect and plant

species.

Although we observed that the use of pollen data increased the number of interactions (we doubled
the number of interactions in all sites), pollen information mostly increased the number of links for
abundant and already highly connected species (number of links > 5 in the visit-based networks,
Tables A.1, A.2 and A.3), while for rare (singletons) and not abundant species we recorded few
interactions even in the pollen-based network. Since visit-based network construction is essentially
pollinator-based (and not plant-based), the information given by pollen found on insects is

especially useful to add links to plant species that were not observed in the visit-based network
20
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(plant species with no links in the visit-based network, Tables A.1, A.2 and A.3). Indeed, block
rearrangements are observed more often in plants than in insects (Fig. 1 and A.6). However, block
changes in the LBM representation did not correspond to changes in species position.

Block rearrangements are influenced by the number of links and the species degree, i.e. the number
of partners with which a species interacts, but it neither informs on species role nor specialization.
For example, the singleton species Prunella vulgaris in the site of Riez clustered in the same block
(block 4) in both visit- and pollen-based networks (Fig. 1). Nevertheless, it was the only plant
species for which we observed a significant change in its role and specialization degree in this site.
In the visit-based network, this species was found in interaction with only one insect species (Fig.
A.6, Riez visits), Ceratina cyanea, in a one-to-one interaction (“direct interaction”), and thus only
in position 1 (in motif 1). Conversely, in the pollen-based network, even if P. vulgaris always
interacted only with C. cyanea (Fig. A.6 Riez pollen), C. cyanea interacted with two new plant
species (Trifolium repens and Centaurium erythraea). Thus, the specialization for C. cyanea
changed significantly. Moreover, the specialization level and the role of P. vulgaris also changed
significantly since in the pollen-based network its interaction with C. cyanea was affected indirectly
by two other plant species, which may be potential competitors. Moreover, all the new positions of
P. vulgaris in the pollen-based network, were “unique” in more complex motifs, i.e. P. vulgaris
interacted with one generalist insect species that had other interactions with other plants (Simmons
et al., 2019a). Similarly to P. vulgaris, Achillea millefolium, in the same site, was a singleton in the
visit-based network while it gains one link in the pollen-based network. This new interaction was
observed with Lasioglossum pauxillum which was a “super-generalist” species (visiting 11 plant
species). Therefore, the role of A. millefolium changed significantly (Fig. 3d) through possible
indirect interactions with new potential competitors. These examples show that indirect interactions,
i.e. the impact of one species on another mediated by other intermediary species, are important to
give a more complete picture of the species’ role when comparing networks, especially when

accounting for singleton species in the visit-based network.

We also found changes in species roles for 6 species which were more connected in the visit-based
network, i.e. with more than 5 observed interactions, such as Bombus lapidarius and Centaurea
scabiosa in the site of Chateau Gaillard (with 20 and 8 interactions, respectively; Fig. 3a, b, Table
A.2). In “complex” motifs where all species are generalists in both groups and all interact together,
changes in species roles through indirect interactions are expected to be stronger than in “simple”
motifs which are composed of specialist species that affect each other indirectly via their effect on

one generalist species (Simmons et al., 2019a).
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In most species for which we observed a significant change in their positions or specialisation
degree, we recorded a slightly higher number of links or the same number of links in the pollen-
based networks than in the visit-based ones, and only 3 species out of 27 nearly doubled their
interactions (Tables A.1, A.2 and A.3). However, for four species, Anthyllis vulneraria in the site of
F, Origanum vulgare and Centaurea scabiosa in the site of CG and Lasioglossum fulvicorne in the
site of R (Tables A.1, A.2 and A.3), we recorded a lower number of links in the pollen-based
network than in the visit-based one, since some interactions were only observed in the field but they
were not confirmed with pollen identification (blue squares in the Fig. A.2, A.3 and A.4), which
might explain the significant difference in their specialisation level or species role obtained when
we compared the visit-based network to the simulated networks. For both A. vulneraria and L.
fulvicorne, the specialization level recorded in the visit-based network was always lower than the
one recorded in the simulated networks, which means that both species were less specialized (in the
visit-based network) than expected if the interactions had been drawn out of the ones recorded by
pollen grains. For C. scabiosa the number of links recorded in the pollen-based network was lower
than in the visit-based one since the interactions with two insect species, Bombus lapidarius and
Osmia leaiana, were not confirmed by pollen identification (Fig. A.3), probably because the two
visitors were not carrying enough pollen grains (less than 5) of this plant species. Therefore, in the
pollen-based network the loss of partners and their interactions influenced C. scabiosa’s role,
especially in highly connected motifs (i.e. motifs where all species in one group interact with all
species in the other group) such as motifs 16 and 43, which were less represented in the simulated
networks than in the visit-based network. Consequently, the loss of the interaction with C. scabiosa

indirectly induced a change in the position of B. lapidarius (Fig. 3).

Since the focus of our study was to compare representations of networks borne out of two different
methods (observation of pollen vs. observation of visits), but taken at equal sampling intensity, our
results do not comprise the obvious differences seen in raw pollen vs. visit comparisons, i.e. that
more detailed approaches (such as pollen-based network building). We did not find any significant
changes in network structures once the intensity of sampling was taken into account, but we
observed important changes at the species level in all the three sites. Indeed, we found differences
both in species role and specialization in a few species, as also evidenced by other studies
(Ballantyne et al., 2015; Lucas et al., 2018b). We showed that non-significant change in network
structure can mask more subtle changes of species roles and specialisation level. However, these
changes are in part observed in singleton species such as P. vulgaris in the site of Riez, which
showed a low number of links both in the visit- and in the pollen-based networks. Singleton species

are expected even in well-sampled communities, since they are often considered as rare species
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accounting for rare interactions (Bascompte and Jordano, 2013; Novotny and Basset, 2000).
Moreover, in our study we focused on wild bee species, but pollination networks are also composed
of other pollinator species (Bosch et al., 2009; Lucas et al., 2018b; Pornon et al., 2016). Hoverflies,
beetles, butterflies and moths, and ants can carry less important amount of pollen grains than bees
(Alarcon, 2010), due to their low hairiness, but can nonetheless influence the network structure and

the comparison between visit-based and pollen-based networks.

To conclude, our results suggest that more detailed sampling, obtained from pollen found on insect
bodies, does not lead to the construction of an intrinsically different network, independently from
the site richness and diversity. Almost all of the significant differences are found at the species
level, not at the network structure level, with singleton species accounting for half of these species-
level differences. Overall, this suggests that recording plant-pollinator interactions from pollinator
visit observation is enough to provide a satisfactory representation of the network structure.
However, the use of pollen can provide a more exhaustive image at the species level, highlighting
important changes in species role and specialization, especially for studies investigating pollinator
effectiveness and/or dealing with scarce pollinators. Since pollen identification is a time-consuming
endeavour, new methods such as DNA-barcoding might simplify and accelerate pollen

identification in the future if improved with new specific (regional or local) botanic databases.
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