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Abstract The diversity and abundance of insect pollinators are declining. This decline
reduces the potential ecosystem services of pollination for wild and cultivated plants. Spe-
cific agri-environment schemes (AES) are subsidised to support and conserve biodiver-
sity in farmlands. In Belgium, the pollinator flower-strips AES, strips of flower-rich hay
meadows, has been promoted as a potential scheme to increase pollinator abundance and
diversity, even if their effectiveness has not been locally evaluated. The main objective of
this research is to assess the capacity of pollinator-strip AES to provide flower-resources
to diverse pollinators. During 2 years, we monthly measured the availability of flower
resources (pollen and nectar) produced on four flower-strips surrounded by intensive farm-
ing in Belgium. We counted and identified insects that visited these flowers, and we con-
structed the plant—insect interactions networks. The pollinator-strip AES presented a mix
of both sown and spontaneous plant species. The ten sown plant species were all present,
even after 8 years of strip settings. Three of them, Centaurea jacea, Lotus corniculatus,
and Daucus carota were mainly visited for nectar collection, and a spontaneous non-sown
species, Trifolium repens, had a key role in providing high-quality pollen to insects. Most
of the observed flower-visiting insects belonged to common species of Hymenoptera and
Diptera. All are considered highly efficient pollinators. The Belgian pollinator flower-strips
are effective AES that provide flower resources to pollinators, mainly during summer and
support pollination services. Nevertheless, spring and autumn flower resources remain
poor and could reduce the strips’ effectiveness for supporting long-term insect diversity.
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Introduction

Pollinator decline and the resulting pollination crisis endanger the sexual reproduction of
numerous plant species, wild and cultivated (Allen-Wardell et al. 1998; Cane and Tepedino
2001; Ghazoul 2005; Biesmeijer et al. 2006; Potts et al. 2010). Approximately 78% of tem-
perate plants depend on insects for pollination (Ollerton et al. 2011). Several agricultural
practices, mainly linked to agricultural intensification, are considered as the major causes
of this crisis. These practices include pesticide use (Godfray et al. 2015; Goulson et al.
2015) and landscape modifications like land consolidation and hedgerows destruction lead-
ing to insect habitat and resources loss (Kennedy et al. 2013; Deguines et al. 2014; Goul-
son et al. 2015). In the European Union, since 1992, incentive measures to environment-
friendly farmland management are promoted by the Common Agricultural Policy (CAP).
These measures, named agri-environment schemes (AES), are subsidised by the CAP
to compensate farmers that implement AES to compensate for landscape homogeneity,
excessive intensive farming and by encouraging biodiversity in farmlands (Goulson et al.
2015; Wood et al. 2017). Several regional pollinator initiatives propose specific pollinator-
friendly managements. But lot of them are devoted to honeybee and not to the pollinator
diversity (Decourtye et al. 2010). In 2005, the Walloon government introduced 11 AES,
among which the AES ‘managed-strips’. In 2013, 1275 km of these managed-strips were
implemented (Natagriwal 2016). The aim of one of these managed-strip AES, the pollina-
tor flower-strip AES, is to support wild pollinating insects (Le Roi et al. 2010; Natagri-
wal 2014). The Belgian pollinator flower-strips are within-field strips of flower-rich hay
meadows. They are sown with a mix of four native grasses and ten entomophilous wild-
flowers, mainly belonging to Asteraceae (e.g. Leucanthemum vulgare) and Fabaceae (e.g.
Medicago lupulina, Medicago sativa, Lotus corniculatus, and Trifolium pratense). Pollinat-
ing insects forage on flowers to collect sugars, proteins, and lipids from nectar and pollen
(Miiller et al. 2006; Michener 2007). Insect development and population growth depend
on the quality and diversity of the available flower resources (Pernal and Currie 2001;
Tasei and Aupinel 2008; Eckhardt et al. 2014; Vanderplanck et al. 2014). Some insects,
especially Bombus, can develop flower fidelity based on the resources quality (Leonhardt
and Bliithgen 2012; Ruedenauer et al. 2016). Studying this fidelity can help to understand
which plants are the best pollen providers. Natural regeneration of plants and spontaneous
species settlement are unpredictable but can strongly modify the composition of the sown
flower-strips, changing their interest for insects (Carvell et al. 2004; Pywell et al. 2005).
Evaluating the biological effectiveness of such flower-strips under local constraints (e.g.
landscape, seed bank, insect diversity, farming practices) is essential to assess pertinence
and identify improvements to composition and management (Dicks et al. 2013; Batary
et al. 2015). AES optimisation has been identified as a key policy-relevant question (Mer-
ckx et al. 2009), but such evaluation has never been performed in old (6 to 8 years old)
farmer-implemented pollinator flower-strip AES. Moreover, most of the previous studies
on flower-strips focussed on one or few insect groups such as Bombus (Carvell et al. 2007;
Pywell et al. 2011), other wild bees (Scheper 2015; Wood et al. 2017), butterflies (Haaland
and Gyllin 2010; Haaland and Bersier 2010; Pywell et al. 2011) or moths (Merckx et al.
2009) but rarely on the entire guild of flower-visiting insects.
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The objective of this paper is to answer the following questions:

1) What is the entomophilous plant diversity, the flower resources (pollen and nectar) they
provide and the relative importance of sown and spontaneous plant species?

2) What are the diversity and abundance of insects foraging on flower-strips?

3) What are the plant species visited for their pollen and do insects use pollen sources from
outside of the flower-strips?

4) TIs the flower resources provision by flower-strips adapted to insect phenology?

Materials and methods
Studied sites

Monthly, from April to September, in 2014 and 2015, we studied four eight-year-old
pollinator flower-strips located in Condroz, South Belgium (50°22'N, 5°13'E, 250 to
300 m a.s.l., Table 1). The Condroz is characterised by an east—west succession of cal-
careous sandstone ridges and fertile wind loess soils (Castiau et al. 2011). Meadows
(47%), cereal (37%), oilseed rape (5%), sugar beet (4%) and potato (4%) crops dominate
the Condroz agricultural landscape (Castiau et al. 2011).

Sites with neighbouring apiaries, orchards, forests, hedges, or villages were omitted
to avoid high competition by honeybees, Apis mellifera hives or influence from non-
agricultural habitats. Honeybees can be very competitive for flower resources, reducing
the availability of flower resources for wild bee population in a radius up to one km
around the apiary (Pyke and Balzer 1985; Paini 2004; Goulson and Sparrow 2009; Her-
bertsson et al. 2016). Sites were at least 3 km from apiaries during the flowering period.
All the strips were at least 3 km apart to avoid pseudo-replication.

The four studied strips were 12 to 21 m wide, and 560 to 1000 m long (Table 1).
They were sown in 2008 with a seed mix (30 kg/ha) of perennial native grasses (85%
Poaceae: Agrostis capillaris, Festuca rubra, Poa spp.), and wildflowers (4% Fabaceae:
Meidcago lupulina, Medicago sativa, Lotus corniculatus, and Trifolium pratense, and
11% other entomophilous species: Achillea millefolium, Centaurea jacea, Daucus
carota, Leucanthemum vulgare, Malva moschata, and Silene x hampeana, Le Roi et al.
2010). We studied three transects of 100 X 1 m per strip.

It is known that insects abundances, diversity and the plant they use vary among
years (Bascompte and Jordano 2014). Therefore, to have a global overview of the
flower-insect interactions occurring on the perennial pollinator flower-strip AES we
pooled together sites and years.

Table 1 Location of the four studied pollinator flowered strips (all sown in 2008) in Belgian agricultural
landscapes in 2014 and 2015

Locality Location latitude, longitude Length (m) Width (m)
Strip 1 Ciney 50°1825"N, 5°08'43"E 1000 12
Strip 2 Ciney 50°16'54"N, 5°07'54"E 560 12
Strip 3 Havelange 50°21'42"N, 5°17'20"E 773 21
Strip 4 Ciney 50°17'38"N, 5°00'13"E 1000 20
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Observations
Flower observations

To assess the flower resources, we recorded the diversity, the density and the resource
productions of the flowering entomophilous species.

For all species, we recorded flower unit densities every 5 m along each transect using
1-m? quadrats. We conducted counting once a month (around the 15th, according to
weather conditions) from April to September. For Asteraceae, a flower unit corresponds
to a capitulum while for all the other species the flower unit corresponds to a single
flower.

For the flower resources already evaluated, we used values provided by Hicks et al.
(2016), or Baude et al. (2016). For not still evaluated species, we sampled pollen vol-
umes (uL) and 24 h nectar sugar secretion (ug) per flower unit, according to Hicks et al.
(2016) and Baude et al. (2016). Supplemental Table S1 presents data of the 12 species
we measured.

We standardised all continuous variables to 1 m? ((sum of data)/(sum of observed
areas)) or to 100 m? ((sum of data)/(sum of observed areas) x 100).

Insect observations

We recorded the insect diversity foraging on the strips and the flowers they visited.

From April to September 2014 and 2015, we monthly recorded insect-flower interac-
tions along two consecutive walks (100 m, 10—-15 min) at least 10 min apart, in the same
way, along each transect. We recorded only insects visiting an open flower unit. We con-
ducted observations from 9:00 to 6:00 pm on sunny and warm days (Willmer and Stone
2004; Baldock et al. 2015). Order and time of observation varied among sampling runs
to avoid confounding of time and transects. We performed a total of 11 field sessions
(two walks each time) per strip.

We focused on insects considered to be effective pollinators, i.e. bees (Hymenoptera),
butterflies (Lepidoptera), and hoverflies (Syrphidae, Diptera) (Biesmeijer et al. 2006; Potts
et al. 2010). When practicable, we identified insects to species level in the field (i.e. Apis
mellifera, Eristalis tenax, etc.). Due to morphological similarities, we identified bumble-
bees in the field up to their Operational Taxonomic Unit (OTU, Terzo & Rasmont 2007).
To estimate the within-Bombus OTU diversity we collected one of every 30 bumblebees
for lab identification. We individually caught other insects for lab identification. Bombus
(Terzo and Rasmont 2010), Coleoptera (Auber 1960; Unwin 1984), Lepidoptera (Skin-
ner and Wilson 2009; Tolman and Lewington 2009), and Syrphidae flies (Verlinden 1994;
Stubbs and Falk 2002; Speight and Sarthou 2016) were identified up to the species by the
authors. The non-Apidae wild bees were identified by a taxonomist of the Royal Institute
of Natural Sciences of Brussels. The non-Syrphidae Diptera were identified to family level
(Stubbs and Falk 2002; Oosterbroek 2006), and the number of morphotypes was recorded.
For the current paper, we grouped parasitoid Hymenoptera and non-Syrphidae Diptera all
together (one type of insects each) as they are considered poor efficient pollinators. For the
other insects, a ‘type’ corresponds to a single species or an OTU for Bombus.

To appreciate the attractiveness of flower species according to the flower unit den-
sity, we calculated flower unit visitation rates as the total number of visits on a given
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species divided by the total number of available flower units of this species in the sam-
pled transects.

Pollen load observations

To identify which flower species were visited by insects for pollen collection, and to assess
the proportion of pollen collected from outside the managed strips, pollen loads were sam-
pled all along the sampling walks. We focused pollen load observations on bumblebees as
other bees were infrequent.

We removed (with a toothpick) one corbicular pollen load on every Bombus individual
observed with pollen loads during the insect observations in 2014 and 2015. We analysed
a total of 49 pollen loads, from Bombus lapidarius OTU (34), Bombus terrestris OTU (8),
and Bombus pascuorum OTU (7). Pollen loads were acetolysed (Erdtman 1954, 1960;
Hesse and Waha 1989) for identification under light microscopy (Leitz Wetzlar). Approxi-
mately 500 pollen grains per pollen load were identified using the lab collection of refer-
ence pollen slides and Reille’s published pollen collections (Reille 1992, 1995). Species
making up less than 2.0% of a pollen load content were not included in the quantitative
analyses and were classified as ‘Undetermined’ since they could have arisen from contami-
nation (Free 1970; Westrich and Schmidt 1986).

Statistical analyses

We performed all statistical analyses using the software R (version 3.2.4 GUI 1.67).
Insect-flower interaction networks were visualised with the ‘bipartite’ R-package. We con-
sidered insect species as higher trophic level and plant species as lower trophic level.

To compare the correlation among insect diversity and density, flower resources quan-
tities and flower unit densities, we calculated Pearson (when no ‘na’ values) or Spear-
man (when some ‘na’ value) correlation factors using the ‘rcorr’ function of the ‘Hmisc’
R-package.

To visualise distribution of insect—flower interactions and flower-resources through
the season, we generated grey-coloured heat maps using the ‘heatmap.2’ function of the
‘gplot’” R- package.

Results
Flowers

We identified 54 flower species and counted a total of 227,081 flower units. The observed
flowers were distributed among ten sown, and 44 spontaneous species belonging to 18 dif-
ferent families (Fig. 1). The sown species were all observed in both years. All the spon-
taneous species were observed in 2015, but only 25 were recorded in 2014. The mean
flower diversity (the number of flowering species per strip) reached 28.8 + 9.5 species per
strip over the two field seasons. Sown species represented 68.4% of the flower units. The
Fabaceae provided the highest number of flower units (60.4%) with ten species, followed
by Apiaceae (17.2%) with two species and Asteraceae (16.6%) with 18 species (Figs. 1, 2).

Four species, Lotus corniculatus, Silene x hampeana, Centaurea jacea, and Trifolium
repens had the best continuity in flower resources provision as they flowered during
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Fig. 1 Flower unit density, flower unit visits numbers and flower resources densities across seasons in the
four pollinator flowered strips in both 2014 and 2015. Species are named according to the APG III classi-
fication (Tison and de Foucault 2014). a Mean number of flower units observed per m?. b Total number of
flower unit visited per species (n = 3097, observed area = 1200 m2). ¢ Nectar sugar production per species,
mg per m? per 24 h. d Pollen production per species, L per m2 per 24 h. * indicates species that flowered
in 2015 only

eight to nine months over the 11 months of observation. Spontaneous species were the
only blooming species in April (Fig. 1, Table 2). The main flowering peaks occurred
from June to August: 27.5% of the total flower units were observed in June, 23.2% in
July and 27.5% in August (Figs. 1, 2).

The global flower unit density over the two years was 81.6 + 130.7 flower units/m?.
Most flower species (57%) showed a very low flower unit density (< 1 flower unit/m?)
(Fig. 1). However, the highest floral densities were reached during summer months with
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Fig. 2 Global interaction network among flowers and insects over the four pollinator flowered strips stud-
ied in 2014 and 2015 (n = 3097). Size of boxes are proportional to ‘n’ the number of insect visits. ‘“Total

flower units’ refers to the total number of flower units observed
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Table 2 Monthly pollen and nectar production per m? per 24 h and contribution of sown species in the observed pollinator flowered strips in both 2014 and 2015.

April May June July August September Total

Sown species

Number of flowering species 0 6 9 10 10 9 10

Mean flower unit density (/m?) 0.00+0.00 13.76 +30.77  34.81 +42.07 110.76 +£192.03  103.12+59.96  27.66 + 5531  48.35 +93.63
Spontaneous species

Number of flowering species 4 9 17 26 26 18 43

Mean flower unit density (/m?) 0.00 +£0.03  2.34+1.99 100.31 +£201.19  23.57 +43.01 12.36 +25.26 2.00 +3.16 23.43 + 87.61
Total flower unit visited 0 15 836 1106 805 121 3097
Contribution of sown species (%) - 0 87 84 90 100 86
Pollen

pL/m*/day 0.40 8.64 400.77 203.68 70.45 20.33

global % 0.06 1.23 56.90 28.92 10.00 2.89 100.00

Monthly contribution of sown species (%)  0.00 39.53 93.33 84.92 38.82 92.32 84.70
Nectar

mg sugar/m?/day 0.30 2.81 50.74 90.74 29.22 9.63

Global % 0.16 1.53 27.66 49.47 15.93 5.25 100.00

Monthly contribution of sown species (%)  0.00 35.37 63.31 23.36 35.00 84.39 39.62

Flower unit density are mean + SD, resources values are calculation over the four strips altogether
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Trifolium repens up to 192 flower units/m? in June, Achillea millefolium up to 187 flower
units/m? in July and Lotus corniculatus up to 162 flower units/m? in August.

Flower resources

Flower resources were mainly available during June and July with 401 and 204 pL/day/m?
of pollen and 51 and 91 mg/day/m? of nectar sugar. The sown species provided 84.7% of
the pollen and 39.6% of the nectar resources (Table 2). Four families provided most of the
pollen resources: Asteraceae (82.0%), Malvaceae (7.1%), Fabaceae (5.5%), and Papaver-
aceae (3.2%). Asteraceae flowers were the major nectar resources, providing 38.3% of all
the nectar sugar in the strips, followed by Convolvulaceae (36.3%), Fabaceae (13.5%), and
Malvaceae (4.4%) (Table 3). Leucanthemum vulgare and Papaver rhoeas were the primary
pollen producers, supplying 15.9 and 13.3 uL of pollen per flower unit per day. Cirsium
vulgare and Taraxacum agg. produced the most nectar, providing 2.6 and 2.4 mg of sugars
per flower unit per day.

Insect visitors

We identified a total of 3097 visitors, distributed among more than 110 morphotypes
belonging to 5 orders and grouped into 64 visitor types (Figs. 4-5). More than a third
(37.7%) of the observed species were recorded only once. Hymenoptera represented 61.7%
of all the insect visitors, followed by Diptera (30.0% including Syrphidae, 10.7%) and Lep-
idoptera (7.5%) (Figs. 2, 3). Visits of Coleoptera, Hemiptera, and Neuroptera were neg-
ligible (< 0.9% altogether). Apis mellifera and the Bombus OTUs were the major Hyme-
noptera visitors, representing 28.5% and 69.4% of the interactions. The most commonly
observed bumblebee OTU was Bombus lapidarius, constituting 74.8% of all Bombus visi-
tors. Among the collected Bombus individuals, we identified eight species (Bombus hyp-
norum, Bombus lapidarius, Bombus pascuorum, Bombus pratorum, Bombus ruderarius,
Bombus ruderatus, Bombus rupestris, Bombus terrestris) belonging to six OTUs. The 35
non-Apidae bee visitors caught belonged to four genera (Andrena, Halictus and Lasioglos-
sum) and six species (Andrena flavipes, Halictus rubicundus, Halictus (Seladonia) tumu-
lorum, Lasioglossum calceatum, Lasioglossum leucozonium, and Lasioglossum pauxil-
lum Figs. 2, 3) and represented 1.1% of total recorded interactions. The common Eristalis
tenax (Diptera) was the most recorded Syrphidae visitor species (67.6% of all Syrphidae
observed).

Flower visitors were mainly observed during summer months: 29.6% in June, 37.1% in
July and 28.5% in August. Visitors first appeared in May (0.6% of all the visitors), while
the first bee (Hymenoptera) visitors were recorded in June and the last ones in September
(Fig. 3). The global flower visit abundances were 0.0 in April, 0.4 visits/100 m?/25 min
in May, 23.4 visits/100 m%25 min in June, 54.9 visits/100 m%*25 min in July, 33.5 vis-
its/100 m?/25 min in August and 5.0 visits/100 m*/25 min in September.

Insect—flower interactions

Insects visited 28 of the 54 flowering species, primarily Asteraceae (65.1% of the total num-
ber of interactions), Fabaceae (18.4%) and Apiaceae (14.4%, Table 3). The sown species
represented 86.6% of the insect visits (Table 2). Medicago lupulina was the unique sown
species with no recorded visits (Table 3). The main visited species were among the most
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Table 3 Plant species contribution (%) to global flower unit number, insect visits, flower resources (pollen and nectar) production and for each species, the number of visits
observed for 100 flower units, over both 2014 and 2015 and the four studied strips. Plants are named according to the APG III classification (Tison and de Foucault 2014). The
total number of insect types observed was 64. ‘na’ indicates the absence of flower resource production data

Family Species Flowerunits % Visits % (n =3097) Contribution to pol- Contribution to nec- Number of insect Number of visits for
(n =227,081) len production (%) tar production (%) types hosted 100 flower units
Apiaceae Daucus carota 16.71 11.59 0.60 4.19 19 0.19
Achillea millefolium 8.33 1.03 0.90 2.17 9 0.03
Asteraceae Centaurea jacea 4.60 53.02 61.71 54.39 39 3.14
Leucanthemun 1.62 3.16 17.36 4.30 16 0.53
vulgare
Caryophyllaceae Silene x hampeana 0.61 0.10 0.99 0.37 3 0.04
Lotus corniculatus 11.67 12.53 3.20 7.17 15 0.29
Medicago lupulina 4.59 0.00 na 0.08 0 0.00
Fabaceae Medicago sativa 11.36 2.58 1.44 4.79 14 0.06
Trifolium pratense 7.26 1.26 0.27 3.18 7 0.05
Malvaceae Malva moschata 0.73 1.10 7.18 5.58 0.41
Antriscus sylvestris 0.82 0.00 na 0.08 0 0.00
Apiaceae Dipsacus sativus 0.09 0.10 na na 1 0.31
Heracleum sphon- 0.73 2.71 na 0.75 13 1.02
dylium
Bellis perennis <0.01 0.00 0.00 0.00 0 0.00
Carduus sp. <0.01 0.00 na na 0 0.00
Cirsium arvense < 0.01 0.16 0.00 0.10 3 10.66
Cirsium vulgare <0.01 0.61 na 0.19 4 182.20
Crepis biennis 0.07 1.55 na na 7 6.48
Cyanus segetum 0.23 297 1.62 3.34 6 3.59
Glebionus segetum 0.02 1.81 0.17 0.15 8 27.54
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Table 3 (continued)

Family Species Flowerunits % Visits % (n =3097) Contribution to pol- Contribution to nec- Number of insect Number of visits for
(n =227,081) len production (%) tar production (%)  types hosted 100 flower units
Asteraceae Jacobaea vulgaris 0.03 0.03 0.05 0.28 1 0.31
Lapsana communis 0.03 0.00 0.02 0.03 0 0.00
Matricaria discoidea  0.68 0.42 0.55 0.00 3 0.17
Sonchus asper <0.01 0.00 0.00 0.00 0 0.00
Taraxacum agg. 0.10 0.26 0.60 2.19 3 0.69
Tripleurospermum 0.14 0.06 0.78 1.78 2 0.13
inodorum
Brassicaceae Sinapis alba <0.01 0.00 0.00 na 0 0.00
Cerastium fontanum 0.05 0.00 0.00 0.01 0 0.00
Caryophyllaceae Stellaria media <0.01 0.00 0.00 0.00 0 0.00
Convolvulaceae Convolvulus sepium 0.01 0.06 na 1.10 2 1.60
Ervilia hirsuta 0.38 0.03 na 0.09 1 0.02
Trifolium dubium 0.08 0.00 na 0.00 0 0.00
Fabaceae Trifolium hybridum 0.35 0.03 0.04 0.00 1 0.02
Trifolium repens 24.46 1.97 1.31 2.68 5 0.02
Trigonella officinalis < 0.01 0.00 na 0.00 0 0.00
Vicia sativa 0.02 0.00 na 0.05 0 0.00
Geranium molle 0.01 0.00 0.00 0.00 0 0.00
Geraniaceae Geraniumrober- < 0.01 0.00 na 0.00 0 0.00
tianum
Galeopsis tetrahit <0.01 0.00 0.00 na 0 0.00
Lamiaceae Lamium purpureum 0.75 0.13 0.03 0.72 3 0.05
Papaveraceae Fumaria officinalis 0.43 0.03 0.01 0.09 1 0.02
Papaver rhoeas 0.02 0.00 0.48 0.00 0 0.00
Plantago lanceolata 0.22 0.00 0.00 na 0 0.00
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Table 3 (continued)

Family Species Flowerunits % Visits % (n =3097) Contribution to pol- Contribution to nec- Number of insect Number of visits for
(n =227,081) len production (%) tar production (%)  types hosted 100 flower units

Plantaginaceae Veronica persica 0.07 0.00 0.00 0.00 0 0.00

Fallopia convolvulus ~ 0.07 0.00 na na 6 0.11

Persicaria lapathi- 1.17 0.45 na na 0 0.00

folia

Polygonaceae Persicaria maculosa 0.06 0.00 0.00 0.02 0 0.00

Polygonum aviculare 1.09 0.00 0.01 0.03 0 0.00
Primulaceae Lysimachia arvensis 0.02 0.00 na na 0 0.00
Ranunculaceae Ranunculus acris 0.15 0.23 0.65 0.05 3 0.40
Rubiaceae Asperul cynanchica < 0.01 0.00 na na 0 0.00

Galium mollugo 0.02 0.00 na na 0 0.00
Solanaceae Solanum nigrum 0.12 0.00 na na 0 0.00
Violaceae Viola tricolor 0.05 0.00 na na 0 0.00
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abundant sown flowering species: Centaurea jacea (53.3 + 18.8% of total visits), Daucus
carota (12.4 + 16.5%), and Lotus corniculatus (10.7 + 21.1%, Table 3). These three species
combined represented 33% of all flower units, 65% of the pollen, 66% of the nectar sugar pro-
duction and hosted 80% of all insect visits (Table 3). All together, the three most-visited spon-
taneous species (Cyanus segetum, Crepis biennis, and Glebionis segetum) received 6.3% of all
insect visits (Table 3). Pearson correlation factor between the number of insect visits and the
number of open flower units per species was r = 0.28, p = 0.0419. Combining pollen or nectar
quantities per flower unit and the flower unit density, we obtain the flower resource densities.
These values had high Spearman correlation factor with insect visits for both pollen (r = 0.93,
p < 0001) and nectar sugar (r = 0.98, p < 0001).

Six Asteraceae species had a high number of insect visits per flower unit: Cirsium vulgare
(1.58 visits per flower unit), Glebionis segetum (0.29), Cirsium arvense (0.11), Crepis biennis
(0.07), Centaurea jacea (0.03), and Cyanus segetum (0.03).

We recorded a total of 3097 insect-flower interactions, summarised by a global bipartite
network (Fig. 2). Of the 64 observed insect types, 60 were observed on sown species and
29 on spontaneous plant species. The sown Centaurea jacea attracted the largest diversity of
insects (60.9% of observed insect diversity). Three other sown species were visited by a large
proportion of the observed insect diversity: Daucus carota (27.5% of insect diversity), Leu-
canthemum vulgare (24.6%) and Lotus corniculatus (21.7%, Table 3).

We recorded a total of 65.7% of non-Apidae wild bees on spontaneous species: 5.7% on
Cyanus segetum, 51.4% on Glebionis segetum, 2.9% on Lamium purpureum and 5.7% on Per-
sicaria lapathifolia. Non-Apidae wild bee species visited four sown species: Achillea mille-
Solium (2.9% of the non-Apidae wild bee visits), Centaurea jacea (25.7%), Daucus carota
(2.9%) and Malva moschata (2.9%) (Fig. 2). Oppositely, we observed 88.2% of the Apidae
(Apis mellifera and Bombus) on sown species.

We observed the non-Syrphidae Diptera (41 morphotypes), in 60.7% of visited plant spe-
cies, Bombus lapidarius OTU in 57.1% of visited plant species and Eristalis tenax in 46.4%.
We observed Apis mellifera, Bombus terrestris OTU, and Sphaerophoria scripta each in
35.7% of visited plant species (Fig. 2).

Insect fidelity

We identified a total of 18 plant species from the 49 collected pollen loads. The plant spe-
cies present in the strips accounted for 97.5% of the collected pollen with 53.8% for the sown
species. Most of the collected pollen loads contained a spontaneous species, Trifolium repens
(80%), and two sown species, Centaurea jacea (59%) and Lotus corniculatus (55%, Table 4).
The Fabaceae family was the predominant pollen supplier representing 77.1% of collected
pollen grains, especially Trifolium repens (39.3%). The Asteraceae family was the second-
most-common pollen supplier with 18.2% of collected pollen grains.

On average, each pollen load included pollen from 3.5 different plant species (e.g. 3.1 + 1.1
for Bombus lapidarius OTU, 4.6 + 1.0 for Bombus pascuorum OTU and 4.1 + 1.9 for Bombus
terrestris OTU). Two pollen loads coming from Bombus lapidarius OTU individuals caught
on Lotus corniculatus contained only pollen of this plant species.
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Fig. 3 Insect visitor diversity and abundance across seasons over the four pollinator flower-strips in 2014 »
and 2015. (total number of observed insect—flower interactions (N=3097)). Within each order, species are
in alphabetical order

Discussion

During our two years of observations, we mostly recorded Bombus (41% of the vis-
its) and Diptera (30%) visitors in (Belgian) flower-strips, dominated by Centaurea jacea
(53% of the visited flower units). The spontaneous plant species, despite their contribu-
tion to the nectar sugar production (60%) were poorly visited (14% of the visits) and by
only 50% of the observed insect types. We observed six non-Apidae wild bee species in
very few number (1.1% of the visits). In the collected Bombus pollen loads, Trifolium
repens (spontaneous) was the most collected species, even if sown species provided
more than 50% of the Bombus pollen diet.

Asteraceae provided most of the flower resources

Asteraceae were the most visited family with 65% of visits. Notably, Centaurea jacea
was the most-visited species for nectar collection, as also recorded in a previous study
on flower-strips in Sweden and Switzerland (Haaland and Gyllin 2010; Hennig and
Ghazoul 2011; Sutter et al. 2017). This species attracted the largest insect diversity in
the present study. Asteraceae pollen represented 82% of the available pollen in the pol-
linator flower-strips whereas it constituted 18% of the Bombus pollen diet (loads). Spe-
cies of the Asteraceae family are known to be good nectar suppliers, both in quality and
quantity (Pywell et al. 2004, 2011; Hicks et al. 2016). However, this family provides
poor-quality and low-attractive pollen, that does not provide all the requisite essential
amino acids, leading to poor larvae development for numerous insect species (Goulson
et al. 2005; Hanley et al. 2008; Forcone et al. 2011; Nicolson and Human 2013; Somme
et al. 2015; Spear et al. 2016; Vanderplanck et al. 2016).

The majority of the pollen collected by the Bombus visitors came from species pre-
sent on the strips (97.5%), mainly sown species (53.8%). The other collected plant spe-
cies could be used to improve the seed mixes. Fabaceae was the most abundant family,
i.e. the best pollen supplier, in the Bombus pollen loads (77% of pollen grains collected).
This family provides good quality pollen for insects (Forcone et al. 2011; Moerman
et al. 2017). Bumblebee individuals largely collected pollen of Trifolium repens. This
pollen has a high content of proteins and essential amino acids (Hanley et al. 2008),
with a high degree of digestibility by bees (Liolios et al. 2016). The sown plant mix does
not include this species, and its presence depends on the seed bank of each site or spon-
taneous seed dispersal. Despite the predominance of the Asteraceae flower resources,
we found only one Asteraceae species in Bombus pollen loads. Bombus essentially used
strips species (14 of the 18 species found in pollen loads). The spontaneous species
were of particular interest, representing 46% of the Bombus pollen diet. Thus, the vari-
ous flower species of the pollinator flower-strips provided opportunities for mixing dif-
ferent pollen sources, which is particularly interesting for nutrition and health of some
bee species (Di Pasquale et al. 2013). In summer, the pollinator flower-strips can pro-
vide sufficient pollen resources for insects. Nevertheless, to increase the quality of polli-
nator flower-strips, independently of the spontaneous species, we recommend including
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Eupeodes corollae Fabricius - Syrphidae
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Eupeodes nielseni busek & Laska - Syrphidae
Eupeodes nitens zetterstedt - Syrphidae
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Aglais urticae Linnaeus - Nymphalidae
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Pieris rapae Linnaeus - Pieridae
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Table 4 Pollen species presented in the pollen loads of the three-main bumblebee OTU observed on four pollinator flower-strips in 2014 and 2015

Bombus OTU Plant species Plant family Number of pollen loads con- % in pollen load % in OTU diet
taining the species

Bombus lapidarius n = 34 Brassicaceae sp. Brassicaceae 1 39.0 1.2
Centaurea jacea Asteraceae 21 35.2 + 41.8 19.9
Lotus corniculatus Fabaceae 20 54.4 + 45.7 32.8
Morus alba L.* Moraceae 1 8.7 0.2
Trifolium repens Fabaceae 25 59.3 +43.4 44.6

Bombus pascuor um n =7 Lotus corniculatus Fabaceae 6 45.2 + 36.3 38.6
Medicago lupulina Fabaceae 1 57.9 8.7
Medicago sativa Fabaceae 1 78.9 10.9
Trifolium hybridum Fabaceae 2 26.8 +17.9 75
Trifolium pratense Fabaceae 5 129 + 11.6 9.2
Trifolium repens Fabaceae 5 29.9 +27.6 21.7

Bombus terrestris n = 8 Centaurea jacea Asteraceae 3 73.0 + 10.3 26.8
Chenopodium quinoa Willd* Chenopodiaceae 1 91.8 15.7
Daucus carota Apiaceae 2 54+ 6.9 1.2
Medicago lupulina Fabaceae 3 157 + 19.1 6.2
Medicago sativa Fabaceae 1 6.2 1.1
Raphanus sativus L.* Brassicaceae 1 19.7 1.7
Tilia sp. * Tiliaceae 1 10.4 1.6
Trifolium dubium Fabaceae 1 6.5 0.8
Trifolium pratense Fabaceae 2 44.3 + 61.9 10.4
Trifolium repens Fabaceae 4 74.2 +49.1 334

Percentage in pollen load and in OTU diet refers to the pollen grain numbers. Only species representing more than 2% of pollen load composition were considered. Values are
mean + SD. Sown species are in bold

* Indicates species from outside of the flower-strips. N = 49

Even surprising for the area, Chenopodium quinoa (a 5 ha field) and Morus alba were identified in the vicinityof a strip
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Trifolium repens in the seed mix, even if this species has to be used at a low density to
preserve the plant mix balance (Warren 2000).

We found positive correlation among the number of insect interactions with a plant spe-
cies and the density of flower resources it provided. The quantity and the nutritional value
of the flower resources are first clues to assess the value of a plant species for insects.
Nevertheless, several other parameters like resources accessibility, colour, odours, and
flower shape (Giurfa et al. 1994; Dafni et al. 1997; Campbell et al. 2010) are known to
influence insect flower choices strongly. The plant spatial organisation of the strips could
explain the prevalence of visits to some species. The two most-visited species for nectar
collection, Centaurea jacea and Daucus carota, have long flowering periods and provided
densely grouped flowers (capitulum and umbels respectively) on the top of long rigid stems
(> 80 cm) that constituted the highest stratum of the strips. These species were locally the
most visible and accessible, present in the upper layer of the strip. To optimise the flower-
strip, plant mixes have to provide flowers visited by insects. Thus, the number of visits per
flower unit could help to select the sown species. Nevertheless, the most interesting species
regarding these criteria are weed pest (Cirsium species, Pauly and Coppée 2017) or corn-
field annuals (Cyanus segetum, Glebionis segetum) not adapted to perennial strip manage-
ment. The next species, Crepis biennis, Convolvulus sepium or Heracleum sphondylium
could nevertheless be interesting to be added or favoured in the plant mixes. In the same
way, the density of sown species with a low flower unit visit rate (e.g. Achillea millefo-
lium or Medicago lupulina) could be reduced in the seed mix. Nevertheless, more research
should be conducted to determine an optimal flower unit visit rate per plant species.

Floral visitor abundance and diversity

The observed visitor diversity, more than 110 insect morphotypes, was within the top range
of other observations in European farmland flowered areas as 34 to 131 pollinator species
in Germany (Friind et al. 2010; Ebeling et al. 2011) and 25 in England (Campbell et al.
2017). The wild bee diversity included six non-Bombus wild bee species and eight Bombus
species. These species, all polylectic, represent a small fraction of the Walloon Hymenop-
tera diversity of 300 non-Bombus wild bee species (Rasmont et al. 2005) and 30 Bombus
species (Pauly and Rasmont 2010). The number of Hymenoptera species observed was
similar to other studies on European sown strips (Carreck and Williams 2002; Carvell et al.
2004; Aviron et al. 2009; Ebeling et al. 2011; Wood et al. 2017) and in European fields
near semi-natural habitat (Le Féon et al. 2010). Nevertheless, this low wild bee diversity
observed on pollinator strip AES could reflect the lack of habitat elements on strips (lack
of floral resource diversity or nesting areas) or insufficient area at the landscape scale. A
more complex landscape, with a higher density of connected semi-natural elements, could
help filling this gap (Mitchell et al. 2013; Defra 2014; Carvell et al. 2016).

The visitor abundance we observed (29.2 visits/100 m%/25 min from June to Septem-
ber), was comparable to those in other pollinator favourable areas in summer. Blaauw and
Isaacs (2014) recorded 32.6 visits/100 m?25 min in sown wild-flowers plots (even if they
recorded only bees and Syrphidae) and Forup and Memmott (2005) observed 28.6 vis-
its/100 m%/25 min in meadows. Oppositely, the insect abundance we observed was higher
than in areas without specific pollinator-friendly management studied by Baldock et al.
(2015) in the UK (6.7, 11.1 and 13.0 visits/100 m*/25 min respectively in urban areas,
farmlands, and nature reserves).

The scarcity of non-Bombus wild bees (1.1% of the visits) was characteristic of inten-
sively cropped farmland area with a low proportion of semi-natural habitats (Holzschuh
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et al. 2008; Le Féon et al. 2010; Wood et al. 2017). But Apidae species, especially Bombus
species (41% of visits), chiefly Bombus lapidarius OTU, and Apis mellifera (17%), were
the foremost visitors on the pollinator flower-strips. Such predominance of polylectic bee
visitors may support pollination services at the landscape scale as demonstrated in other
studies (Kleijn et al. 2015; M’Gonigle et al. 2015; Wood et al. 2017). The presence of Apis
mellifera, despite the distance from apiaries (3 km), emphasises the attractiveness of the
pollinator flower-strips for insects on a landscape scale.

Syrphidae (Diptera) represented 11% of observed visitors on our studied strips with 25
different species. These species represent 8% of the 310 Walloon Syrphidae species (Spei-
ght et al. 2015). Syrphidae use several habitats during their life cycle and are highly mobile
among habitats (Sommaggio 1999), which could explain their higher diversity than bees
even in intensively managed landscape. Eristalis tenax was the most frequently observed
Syrphidae, as in previous studies in farmland areas (Rader et al. 2012). These Syrphidae
are complementary pollinators to Hymenoptera and improve overall pollination services
(Ssymank et al. 2008; Jauker et al. 2009; Rader et al. 2015). In addition to their importance
in pollination services, 50% of observed Syrphidae species have an aphidophagous larval
stage (Speight 2016). Therefore, they might offer additional pest management ecosystem
service for surrounding crops (Ssymank et al. 2008).

Differences of phenology between insects and flowers

All the observed bee species are early emerging, from March to April (Benton 2006; Falk
2015). But, nearly no flowers were available in April (0.03 flower units/m?) and only a few
in May (16.10 flower units/m?). This flower scarcity probably explained the absence of
Hymenoptera individuals during spring and the small number of Bombus species observed
(Scheper 2015). Also, as flower density and diversity decreased from August to Septem-
ber (from 115.48 to 29.65 flower units/m? and from 15.8 + 9.5 to 9.5 + 5.5 species per
strip), available resources for late insect individuals were also reduced. In the current study,
most of the observed Bombus species were early-nesting ones (March to April, (Benton
2006; Falk 2015). Nevertheless, we observed the first bumblebees in June. Spring flower
resources are critical for insect population growth (Osborne et al. 2008; O’Rourke et al.
2014; Moquet et al. 2015, 2017) and autumn resources are essential for their overwintering
success. Providing flower resources during summer months helps to support insects, while
continuity in resource provision is necessary to sustain populations (Roulston and Good-
ell 2011; Schellhorn et al. 2015; Scheper et al. 2015). Adding early- and late-blooming
flower resources could, therefore, bolster insect abundance and diversity (Haaland and Gyl-
lin 2010; Garbuzov and Ratnieks 2014; Schellhorn et al. 2015; Wood et al. 2017). We rec-
ommend introducing local spring or autumn blooming species, both attractive for insects
and producing abundant flower resources, like Lamium purpureum, Ranunculus acris or
Taraxacum agg. (Baude et al. 2016; Hicks et al. 2016), in strip seed mixes. As threes can
also provide valuable spring resources (Aupinel et al. 2001), we also recommend coupling
flower strips with semi-natural landscape elements as hedges or with other AES favouring
threes to increase the duration of flower resource availability.

Durability and diversity of flower-strips

On the observed pollinator flower-strips, all ten entomophilous sown species were still
dominant 8 years after sowing (70% of flower units). Most of the previously studied
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flower-strips of Europe contained more sown species (about 20 species) and up to 52 spon-
taneous species (Engels et al. 1994; Bokenstrand et al. 2004; Carvell et al. 2006; Haaland
et al. 2011; Hicks et al. 2016; Campbell et al. 2017). However, the diversity of sown spe-
cies was better conserved in our strips (100%) than in other studies after the same period
(Bokenstrand, Lagerlof and Torstensson, 2004; 69% of the sown species present after
10 years). Consequently, the current Walloon species mix and management are suitable for
a mid to long-term period of at least 8 years.

Conclusion

Our study revealed that the Walloon pollinator flower-strips provided flower resources
mainly during summer to insect species. Observed insects were mostly common polylec-
tic Hymenoptera (honeybees and bumblebees) and hoverflies which are good candidates
for supplying pollination services. But the support for insect diversity was moderate. The
sown plant species provided most of the nectar sugar, but only half of the pollen collected
by insects. The spring flower resources were scattered, and some sown species were not
or poorly used by insects. Thus flower-strips could be improved. The most visited and
highly accessible sown species Centaurea jacea, Daucus carota and Lotus corniculatus
have to be kept in the seed mix. Species like Trifolium repens, whose pollen is largely col-
lected by Bombus, Lamium purpureum, Ranunculus acris or Taraxacum agg. with early
and extended flowering period, could be sown instead of poorly visited sown species as
Achillea millefolium or Medicago lupulina. Moreover, we recommend combining this
AES, along with other measures as AES supporting hedgerows that provide complemen-
tary resources in the early and late seasons and increase landscape connections. Studying
the insect dispersal from the strips to the countryside could elucidate the potential for eco-
system services in the surrounding area and exchanges among habitats that could help to
set up strips in the best location according to landscape elements.
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