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A B S T R A C T   

Global food security is heavily reliant on crop pollination. However, evidence on pollinator decline has been 
reported in all continents. Globally affordable conservation strategies need to be developed, as high-cost mea
sures like European agri-environment schemes are not scalable in all countries. Here, we test, if a low-cost 
conservation approach named “Farming with Alternative Pollinators” (FAP) can benefit wild pollinator abun
dance and richness in agro-ecosystems and in crops, through establishment of marketable habitat enhancement 
plants (MHEP). The study was carried out in four Moroccan agro-climatic regions, during two years, using 6 main 
crops (pumpkin, zucchini, faba bean, tomato, eggplant and apple) and 201 sites. Additionally, we investigated 
how crop type, crop-MHEP composition (i.e. phylogenetic distances among crop and MHEP) and local climate 
can drive the success of the approach in comparison to monocultural fields. Based on 7097 recorded specimens, 
our results show that the wild pollinators of the entire FAP fields (i.e. 75% main crop and 25% MHEP) were 
significantly more abundant and species-rich than those of control fields (i.e. 100% main crop). Considering the 
main crop wild pollinators, FAP did not display any significant effect either on wild pollinator abundance or on 
pollinator richness. The mean phylogenetic distance between the main crop and MHEP, and climatic variables 
were not correlated with increase in wild pollinator abundance and richness in FAP fields. The crop type was 
found to influence the effect of the FAP approach. Our study provides strong evidence that FAP constitutes a 
relevant method for wild pollinator conservation in agro-ecosystems. Further research on additional environ
mental factors is necessary to outline the circumstances under which the FAP approach can positively affect wild 
pollinator communities.   

1. Introduction 

The global human population is rapidly growing and meeting the 
increasing food demand has raised concerns (Prosekov and Ivanova, 
2018). Moreover, the area for global production of pollinator dependent 
crops has substantially increased (Potts et al., 2016). This trend can be 
attributed to the high average market values of pollinator-dependent 
crops and the low yield growth of most pollinator-dependent crops 
that requires higher expansion rates to meet the growing demands 
(Aizen et al., 2019). 75% of the leading food crops rely on animals for 

pollination (Klein et al., 2007). Clear evidence for severe negative 
population trends and/or mortality increase in domesticated and wild 
pollinators has been reported in all continents (Dicks et al., 2021; Zat
tara et al., 2021). Pollinator decline has been attributed to many 
potentially interacting anthropogenic drivers (e.g. crop intensification, 
pesticides, habitat loss, invasive species and climate change) (Nieto 
et al., 2014; Sánchez-Bayo and Wyckhuys, 2019; Duchenne et al., 2020). 
Thus, managers have to tackle the double challenge of maintaining high 
crop production and protecting pollinators. 

Several mitigation strategies have been implemented in agro- 
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ecosystems to conserve, support and/or restore pollinator communities. 
The strategies include pesticide regulation and restriction (Gary et al., 
2014; Tyrell, 2015), organic farming, management of road side vege
tation (Phillips et al., 2020, 2019), set up of bee hotels (Warzecha et al., 
2018), raising famers’ awareness and plantation of mass flowering crops 
(Holzschuh et al., 2013). Within the framework of Agri-Environmental 
Schemes (AES), European farmland managers are financially compen
sated for dedicating parts of their agricultural lands to seed wildflower 
strips to support pollinators (Batáry et al., 2015). Nevertheless, the 
generalization, the effectiveness and the cost of wildflower strips have 
been broadly questioned in their efficiency in supporting pollinators 
(Kleijn and Sutherland, 2003; Christmann et al., 2017, 2021a, 2021b). 

In this context, the Farming with Alternative Pollinators (FAP) 
approach was developed in 2012 to serve pollinator conservation and 
farmers in particular in low- and middle-income countries, which cannot 
afford AES (Christmann and Aw-Hassan, 2012; Christmann, 2020; 
Christmann et al., 2017, 2021a, 2021b). The main crop in FAP small
holder fields covers 75% of the field area and 25% is occupied by 
pollinator-attractive crops called Marketable Habitat Enhancement 
Plants (MHEP). MHEP offer highly attractive floral resources to diverse 
pollinator species, and may therefore induce a spillover of pollinators to 
the main crop, and thus increase pollination service (Christmann et al., 
2017, 2021a, 2021b; Sentil et al., 2022a, 2022b; Bencharki et al., 2022). 
Contrary to wildflower strips that reduce the field area for crop pro
duction, the FAP approach uses the entire area for production. Previous 
publications on FAP showed higher pollinator diversity and abundance 
in FAP fields (Christmann et al., 2017, 2021a, 2021b; Sentil et al., 
2022a, 2022b; Bencharki et al., 2022). Nevertheless, several questions 
remain to be addressed, like the impact of the approach on the main crop 
pollinators using a large experimental set-up and the investigation of the 
factors governing the success or the failure of the approach in supporting 
pollinators. 

Here we aim to evaluate the FAP approach as a conservation tool for 
wild pollinators and contributor to pollination delivery in 6 leading food 
entomophilous crops (i.e. eggplant, faba bean, pumpkin, zucchini, apple 
and tomato) in four different agro-climatic regions of Morocco. Using an 
experimental set of 201 fields, we compared the abundance and the 
richness of wild pollinators between control fields (100% main crop) 
and FAP fields (75% main crop + 25% MHEP). Moreover, we tested the 
potential impact of two factors that may govern the efficiency of FAP: 
the FAP field composition (i.e. the selected main crop and the MHEP 
mixture) and the climate. As shown in previous studies, the response of 
pollinators and pollination service to conservation measures has been 
demonstrated to rely on the main crop and the habitat enhancement 
plant (e.g. MHEP or wildflower strips) composition (Albrecht et al., 
2020). The selection of habitat enhancement plants has been broadly 
considered to explain the success or the failure of habitat plants in 
supporting pollinators. Indeed, some research has shown that certain 
habitat enhancement plant mixtures (e.g., wildflower strips) benefit 
only a limited range of pollinator species, particularly the common ones 
(Wood et al., 2015; Venturini et al., 2017; Albrecht et al., 2020). Thus, if 
a wider range of pollinator species is to be sustained, the habitat 
enhancement plant mixtures should be thoroughly assessed, in order to 
select the mixture that satisfy long-term pollinator conservation goals. 
However, to date no research testing the impact of selection of MHEP on 
pollinator communities in FAP trials has been published. Climatic var
iables, temperature and rainfall are known to strongly affect pollinator 
communities (Rasmont et al., 2015; Arena et al., 2018; Martinet et al., 
2021a, 2021b). Giving the fact that our study was carried out in four 
different Moroccan eco-climatic regions, we analyzed the climatic im
pacts on the FAP approach. 

Specifically, in this study we aim to address the following questions: 
1. Does the FAP approach increase wild pollinator abundance and 
richness in FAP fields? 2. Does the FAP approach promote spillover of 
wild pollinators from MHEP to the main crops? 3. Do climatic variables, 
MHEP composition and crop type explain the variation in the effect of 

the FAP approach on wild pollinator abundance and richness? We hy
pothesize that: 1. The FAP approach will increase wild pollinator 
abundance and richness in the fields; 2. The FAP approach will induce a 
spillover of wild pollinators from MHEP into the main crops, 3. The type 
of crop, MHEP composition and climate will give more insight about the 
variation of the effect of the FAP approach on wild pollinator 
communities. 

2. Materials and methods 

2.1. Study area 

The study was carried out in four different regions in Morocco 
(Settat, Kenitra, Sefrou and Errachidia) (Fig. 1.a). The regions cover 
different aridity levels (semi-arid: Settat, humid: Kenitra, mountainous: 
Sefrou and arid: Errachidia) and present a high agricultural importance. 
The regions were distant of at least 200 km from each other. Errachidia 
province (latitude: 32.3876◦ to 32.2146◦, longitude: − 4.5020◦ to 
− 4.7609◦) belongs to Draa-Tafilalet region located at the South-Eastern 
Morocco. The climate in Errachidia is arid and the landscape includes 
oasis, Sahara and Atlas Mountains. Sefrou province (latitude: 33.9033◦

to 33.6191◦, longitude: − 4.6488◦ to − 4.9016◦) is a mountainous region 
in the North center of Morocco, exhibiting a continental climate with 
forest covering a large area. Kenitra province (latitude: 34.1508◦ to 
34.0608◦, longitude: − 6.5352307 to − 6.6258◦) is situated in the North- 
West of Morocco and is surrounded by large bark oak (Quercus suber) 
forest remnants. The climate in this region is Mediterranean, with warm, 
dry summers and mild winters. Settat province (latitude: 32.9757◦ to 
32.7744◦, longitude: − 7.4906◦ to − 7.6835◦) is located in the North- 
West of Morocco, its climate is semi-arid and the landscape is charac
terized by cultivated lands of cereals. 

2.2. Selection of crops and marketable habitat enhancement plants 

Among the main crops selected in collaboration with the regional 
departments of Ministry for Agriculture, we chose six pollinator 
dependent main crops: Faba bean (Vicia faba, Fabaceae), zucchini 
(Cucurbita pepo, Cucurbitaceae), pumpkin (Cucurbita maxima, Cucurbi
taceae), eggplant (Solanum melongena, Solanaceae), apple (Malus 
domestica, Rosaceae) and tomato (Solanum lycopersicum, Solanaceae). 
These crops are staple crops in Morocco (Ministry of Agriculture, Fish
eries, Rural Development, Water, and Forests, 2020). The six main crops 
were selected based on their good adaptation to the local climatic con
ditions and their high or moderate reliance to pollinators for pollination 
(Klein et al., 2007). Faba bean, pumpkin and zucchini were planted in 
the four regions, eggplant in Settat and Kenitra, tomato in Kenitra and 
apple in Sefrou (Table 1). The study was conducted during two 
consecutive years (2018 and 2019). The crops were planted in 2018 and 
replicated in 2019, except pumpkin, zucchini and faba bean in Erra
chidia, faba bean in Settat and pumpkin in Kenitra (Table 1), which 
resulted in 27 crop trials (Table 1). 

For each single crop trial, 4–8 MHEP were chosen among the 
following plant families (Appendix A): Fabaceae (faba bean Vicia faba, 
cultivated and wild lupins Lupinus albus and L. luteus, grass pea Lathyrus 
sativus, alfalfa Medicago sativa, clover Trifolium repens and vetch Vicia 
sativa), Brassicaceae (canola Brassica napus var. oleifera and arugula 
Eruca sativa), Apiaceae (anise Pimpinella anisum, dill Anethum graveolens, 
celery Apium graveolens, coriander Coriandrum sativum and cumin 
Cuminum cyminum), Solanaceae (green pepper Capsicum annuum, 
eggplant Solanum melongena and tomato Solanum lycopersicum), Cucur
bitaceae (cucumber Cucumis sativus, armenian cucumber Cucumis melo 
var. flexuosus, watermelon Citrullus lanatus, melon Cucumis melo, 
pumpkin Cucurbita maxima and zucchini Cucurbita pepo), Lamiaceae 
(chia Salvia hispanica) and Asteraceae (sunflower Helianthus annuus). To 
attract diverse wild pollinators and provide floral resources throughout 
the blooming season of the main crop, we selected MHEP based on their 
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adaptation to the local climatic conditions, their attractiveness to pol
linators (Williams, 1987; Delaplane and Mayer, 2000; Vaz Patto et al., 
2011; Meena et al., 2015; Vastola, 2015; Thom et al., 2018; Shakeel 
et al., 2019; Sharma and Meena, 2019), their phenology (Appendix B), 
floral traits and the preferences of participating farmers. The mixture of 
MHEP when possible should prolong the flowering time of the entire 
field before and after the flowering of the main crop and it has to cover 
the following traits: deep and short corolla, diverse colors (white, yellow 
and purple), showy and hardly accessible flowers (i.e., flowers that 
display morphological barriers, such as curved corolla). The selected 
MHEP were the only plants meeting these criteria, which explains the 
small number of MHEP in some crop trials (i.e., less than 8 MHEP). 

2.3. Experimental set up 

Eight fields of 300 m2 (30 m*10 m) were selected each year in each 
region (i.e. 5 FAP fields and 3 control fields) for each of the trials of faba 
bean (i.e. 6 trials), zucchini (i.e. 7 trials), pumpkin (i.e. 6 trials), tomato 
(i.e. 2 trials) and (eggplant i.e. 4 trials) (Table 1), while the experiments 
of the two apple trials took place in four orchards per trial (i.e. two FAP 
orchards and two control orchards). This resulted in 208 fields for all the 
crop trials conducted (i.e. 25 crop trials*8 fields + 2 crop trials*4 
orchards= 208 fields). Seven fields (3 control fields and 4 FAP fields) 
were excluded from the analyses because of their low maintenance (i.e., 
insufficient water and nutrients, as well as damage caused by pests) 
(Appendix C.1), which resulted in a total of 201 fields (Appendices A and 
C.2). FAP and control fields within each crop trial were distant of min
imum 500 m and maximum 20.3 km, which usually exceeds the average 
foraging distance of most main wild pollinator groups, which include 
bees, hoverflies and bumble bees (Wratten et al., 2003; Elliott, 2009; 
Bommarco et al., 2012) and insures independence of wild pollinator 
communities between fields. Though the landscape differed widely be
tween the four regions, we assumed that the local landscape and the 
potential regional wild pollinator communities were largely similar 
within each region. 

In FAP fields, the main crop was planted in 75% of the field area and 
MHEP were planted in the remaining area (i.e. 25% surrounding zone) 
(Fig. 1.b), whilst in control fields the main crop was planted in 100% of 
the field area (Fig. 1.c). The MHEP strips were all 1 m wide and their 
lengths varied between 5 and 30 m depending on the number of MHEP 
selected for each crop trial (Fig. 1.b) (details of the MHEP selected for 
each crop trial and field configuration in Appendices A, D.1, D.2, D.3 
and D.4). 

In apple trials, for each FAP and control orchard, two plots (i.e. two 
consecutive apple rows) were selected, with each plot comprising seven 
consecutive trees within the same row. In FAP orchards, MHEP strips 
were planted on the sides of the orchards. Control orchards were used 
without habitat enhancement. The trees of apple trials were of similar 
cultivar, age, size and farming practices. 

2.4. Data collection 

2.4.1. Record of pollinator communities 
For each crop trial, four insect samplings were conducted (T1-T4), 

one before the blooming of the main crop (T1, in MHEP), two during the 
flowering of the main crop (T2 and T3, in the main crop and MHEP) and 
one after the blooming of the main crop (T4, in MHEP). When the 
flowering of the MHEP and the main crop occurred at the same time, the 
sampling number was restricted to three (two insect samplings during 
the blooming of the main crop and one after the flowering of the main 
crop). In order to provide reliable visitation data we employed direct 
observation methods (transect and observation) using sweep nets and 
vacuums (Popic et al., 2013). In each sampling, two areas of the field 
were evaluated, the center (the 75% zone) and the surrounding (the 25% 
zone). First, the main crop pollinators (pollinators of the 75% zone in 
control and FAP fields) were recorded by walking along two 28 m 
transects. Each transect was 4 m wide and pollinators were recorded by 
walking in the middle of the transect during 5 min. Second, the polli
nators within the 25% surrounding area (i.e. main crop in control fields 
and MHEP strips in FAP fields) were assessed along an 80 m transect 
(1 m wide * 80 m long) for 10 min. The insect survey in orchards (i.e. 
apple) consisted of walking alongside trees of the two plots during 
10 min and visits in MHEP were assessed within a 10 min transect. 

With the exception of Bombus terrestris and Xylocopa pubescens that 
were identified visually, all insects that visited the flowers of the main 
crops and the MHEP were collected when possible or recorded to the 
lowest taxonomic level possible on the wing. Bees were identified in the 
laboratory to the genus level (Michez et al., 2019), then they were sent 
with hoverflies to expert taxonomists for identification to species level. 
The other non-bee pollinators, representing 28% of the collected wild 
pollinators, were identified to the lowest possible taxonomic level in the 
laboratory using entomological publications (Borror and White, 1991). 

2.4.2. MHEP composition 
The impact of species composition of MHEP was evaluated based on 

the mean phylogenetic distance between the main crop and MHEP. 

Fig. 1. (a) Map of Morocco showing the four administrative regions where the study was conducted: Casablanca-Settat (purple), Draa-Tafilalet (yellow), Fes-Meknes 
(green) and Rabat-Sale-Kenitra (blue). The dots represent the locations of the four studied regions: Settat located in Casablanca-Settat, Errachidia in Draa-Tafilalet, 
Sefrou in Fes-Meknes and Kenitra in Rabat-Sale-Kenitra (b) Experimental design of FAP (Farming with Alternative Pollinators) field (the main crop in 75% of the field 
surrounded by marketable habitat enhancement plant species) and (c) Experimental design of control field (pumpkin only). The main crops used in this study are: 
faba bean, zucchini, pumpkin, eggplant, tomato and apple. For each crop trial, the main crop in FAP fields was surrounded by4–8 marketable habitat enhancement 
plant species, among the following species: faba bean, cultivated and wild lupins, grass pea, alfalfa, clover, vetch, canola, arugula, anise, dill, celery, coriander, 
cumin, green pepper, eggplant, tomato, cucumber, armenian cucumber, watermelon, melon, pumpkin, zucchini, chia and sunflower. The three black arrows in each 
experimental design correspond to the three transect walks. Two 28 m transect walks in the 75% zone (i.e., in the main crop in FAP and control fields) and one 80 m 
transect walk in the 25% zone (i.e., in MHEP in FAP fields and in the main crop in control fields). 

Table 1 
The crop trials carried out in 2018 and 2019 in the four regions. Each crop trial represents one crop in one year and one region (e.g. faba bean in 2018 in Settat). 
Number one indicates the occurrence of the crop trial (27 crop trials overall) and the hyphen indicates that the crop trial was not carried out. Four fields were selected 
for each of the two apple trials, while 8 fields were selected for each of the remaining crop trials (i.e. 25 trials). This resulted in 201 fields, after the exclusion of seven 
fields due to their low maintenance (2*4 + 8*25 – 7= 201 fields).   

Zucchini Pumpkin Faba bean Apple Eggplant Tomato  

2018 2019 2018 2019 2018 2019 2018 2019 2018 2019 2018 2019 

Settat  1 1 1  1 1 - - - 1 1 - - 
Kenitra  1 1 -  1 1 1 - - 1 1 1 1 
Sefrou  1 1 1  1 1 1 1 1 - - - - 
Errachidia  1 - -  1 - 1 - - - - - -  
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Phylogenetic analyses have proved to be a potential instrument in un
derstanding variation in species composition (Pistón et al., 2015; Ribeiro 
et al., 2016). Generally, related plant species tend to share and interact 
with largely overlapping ecological assemblages of animals (Zheng 
et al., 2018) including pollinators (Cirtwill et al., 2020). Thereby, we 
emphasize that phylogenetic distance among the main crop and MHEP 
could be a powerful factor influencing the community of wild pollinators 
recorded in FAP fields. 

For each crop trial, we measured the phylogenetic distance between 
the main crop and MHEP. Since we have to compute the distance be
tween one main crop and several MHEP, we measured the Mean 
Phylogenetic Distance (MPD), which is a value that describes the general 
structure of the phylogenetic community by analyzing all combinations 
of species pairs (de Sousa Costa et al., 2018). Phylogenetic distances 
between the main crop and MHEP (measured as millions of years of 
divergence) were obtained from TimeTree database (Hedges et al., 
2006). 

2.4.3. Climatic variables 
We considered four climatic parameters to assess the influence of 

climate on the effectiveness of the FAP approach: monthly mean tem
perature, monthly maximum and minimum temperature and monthly 
precipitation (Classen et al., 2015; Lawson and Rands, 2019)(Appendix 
E). Since the blooming of each crop occurred in a specific period ranging 
from 2 to 6 weeks, we computed the climatic parameters for each month 
and we attributed to each crop trial the variable value of the peak bloom. 
For each region, we collected the climatic data covering the period from 
2015 to 2019 to capture a representative climatic information, then we 
calculated the mean of monthly: mean temperature; maximum tem
perature; minimum temperature; and precipitation, for the four-year 
period. We obtained the climatic variables from Worldclim (Fick and 
Hijmans, 2017) with 1 km spatial resolution. 

2.5. Statistical analyses 

The honey bee (Apis mellifera) records were excluded from all ana
lyses because their abundance could be biased by the presence of hives 
even in some kilometers distance (Kennedy et al., 2013). Though we 
tried to avoid any honey bee hives in and close to farmers’ fields. We 
used the visitation data of all insect samplings (i.e. 3 or 4 insect sam
plings) when assessing the impact of FAP on wild pollinators in the 
whole field area, and we used the data of two insect samplings (T2 and 
T3) when testing the effect of the approach on the main crop wild pol
linators. Statistical analyses were conducted with R statistical software 
(version 3.6.3; R Core Team, 2020). 

2.5.1. Impact of the FAP approach on wild pollinator communities 
We assessed the impact of the FAP approach on wild pollinators by 

comparing wild pollinator abundance and richness between FAP and 
control fields. As 28% of the wild pollinator individuals were not iden
tified to the species level, we used the lowest taxonomic level available 
for these pollinators to compute the pollinator richness (i.e. genus or 
family for unidentified Hymenoptera, order for all Lepidoptera speci
mens and Diptera for unidentified flies). 

Though the flowering area in FAP and control fields differed across 
time, due to the varying phenology of MHEP, we did not extrapolate 
pollinator abundance and richness in FAP fields. In fact, the MHEP were 
selected not to bloom simultaneously, but to bloom over prolonged 
period. Thus, the extrapolation of the pollinator abundance and richness 
depending on the flowering area, will display unrealistic results, as the 
FAP approach intentionally avoids simultaneous blooming of all plants. 

Firstly, we tested the impact of the FAP approach on wild pollinator 
conservation in agro-ecosystems by comparing wild pollinator abun
dance and richness in the whole fields (i.e. addition of the 3 transects 
from the 75% central zone and the 25% zone) between FAP and control 
fields. We did not solely consider the 25% zone to address this question, 

as both zones provision pollinators with floral resources, and thus 
contribute to pollinator conservation. Secondly, since insect visits to 
flowers are a reliable predictor of pollination service (Garibaldi et al., 
2013), and considering the higher productivity of the main crop in FAP 
fields described in (Christmann, Bencharki, et al., 2021), we assessed the 
impact of FAP on pollination service by comparing wild pollinator 
richness and abundance between FAP and control fields in the main 
crops (i.e. the 75% zone). The replicates of wild pollinator abundance 
and richness represent the number of wild pollinator individuals and 
taxa, respectively per crop trial, field and sampling. 

The differences in wild pollinator richness and abundance between 
FAP and control fields were analyzed using Generalized Linear Mixed 
Models (GLMM). First, wild pollinator abundance and richness were 
compared between treatments (i.e. FAP and control) using the entire 
data with region and crop as random effects and field as a nested effect 
within region. Then, the response variables were compared for each 
region separately with crop and field as random effects. We did not 
include the year as a random effect, but as a fixed factor, due to insuf
ficient factor levels (Bolker et al., 2022). GLMM were fitted with a 
negative binomial distribution using the function glmmTMB from the 
glmmTMB package. Residuals of the models were inspected for ho
mogenous variance and distributions with the function simulateR
esiduals from the package DHARMa (Hartig et al., 2019). 

2.5.2. Effect of crop, MHEP composition and climate on wild pollinator 
communities 

To underline the effect of the type of crop on the success of the FAP 
approach in increasing wild pollinator abundance and richness in the 
main crop and in the whole field area, we compared separately wild 
pollinator abundance and richness between FAP and control fields for 
each crop using GLMM. Treatment (i.e. FAP or control) and year were 
included as fixed explanatory factors. Region was incorporated as a 
random factor and field as a nested effect within region. 

To assess whether MHEP composition (i.e., mean phylogenetic dis
tance main crop-MHEP) and climatic variables influenced the effec
tiveness of the FAP approach, we employed linear mixed models. Four 
response variables were used in the lineal mixed models: (i) distance 1: 
indicates the difference in wild pollinator abundance between FAP and 
control in the whole field, (ii) distance 2: difference in wild pollinator 
abundance between FAP and control in the 75% zone, (iii) distance 3: 
difference in wild pollinator richness in the whole field and (iv) distance 
4: difference in wild pollinator richness in the 75% zone. The differences 
between FAP and control fields were simply calculated for each crop 
trial by subtracting the value of wild pollinator abundance or richness 
recorded in FAP fields from the corresponding value in control fields. 
This procedure was performed for all combinations of pairs of FAP and 
control fields for each crop trial. To account for any possible variation in 
farming practices, field margin vegetation and surrounding habitats 
within each crop trial, distances were standardized to z-scores (Garibaldi 
et al., 2013). To calculate the z-scores we used field as a replicate instead 
of sampling, due to the problem of null z-score values in some samplings. 
Mean phylogenetic distance, climatic variables (i.e., mean of monthly: 
mean temperature; maximum temperature; minimum temperature; and 
precipitation) and year were used as fixed effects (i.e., predictors). Crop 
and region were entered as random effects. We ran separate models for 
each response variable (the four distances) to avoid collinearity between 
wild pollinator abundance and richness. Models were generated using 
lmer function from the lme4 R package (Bates et al., 2020). 

To prevent redundancy between predictor variables, we assessed the 
multicollinearity using the variance inflation factor (VIF) with the 
function vif within the package car (Fox et al., 2020), a threshold of 4 
was set as an indicator of high collinearity (Zuur et al., 2010). Based on 
this threshold, mean phylogenetic distance, mean monthly temperature 
and monthly precipitation were included in the models, whereas 
monthly minimum and maximum temperature were removed from the 
models. As the distribution of the data did not fit any of the common 
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distributions, it was transformed to a Gaussian distribution with the 
function orderNorm within the package bestNormalize to achieve a 
normal distribution (Beasley et al., 2009). P values of the model residues 
were interpreted using Satterthwaite’s approximations to determine 
denominator degrees of freedom within the package lmerTest (Alexan
dra et al., 2020). 

3. Results 

3.1. Wild pollinator communities 

The overall abundance of wild pollinators from the 27 crop trials 
pooled a total of 7097 specimens of 257 identified wild pollinator spe
cies (Sentil et al., 2023). Of these, 2043 specimens were observed 
visiting the six main crops. The proportions of the wild pollinators 
collected in the six main crops represented: 33% in faba bean, 28% in 
pumpkin, 21% in zucchini, 11% in eggplant, 6% in tomato and 2% in 
apple. Most of the main crop wild pollinators were wild bees (61%), 
followed by wasps (20%), butterflies (12%), syrphids (6.7%) and other 
flies (0.3%). The wild pollinator community differed between the main 
crops (Fig. 2.a). For instance, wild bees were the main wild pollinators of 
faba bean (60%), pumpkin (66%) and zucchini (81%). Surprisingly, 
butterflies were frequent visitors of tomato (58%) and eggplant (38%), 
followed by wild bees (23% in tomato and 31% in eggplant). Apple was 
equally visited by syrphids (35%) and butterflies (38%), followed by 
wild bees (26%). Bee species from six families (i.e., Halictidae, Mega
chilidae, Apidae, Andrenidae, Colletidae and Melittidae) were observed 
foraging in the main crops. However, their abundance differed between 
the main crop species (Fig. 2.b). Apidae species, excluding honey bees 
were by far the most abundant visitors recorded in faba bean, eggplant 
and tomato, while Halictidae were the most abundant wild bees recor
ded in zucchini and pumpkin. Andrenidae, Apidae and Halictidae were 
equally abundant visitors of apple. 

3.2. Impact of the FAP approach on wild pollinator communities 

Using the compiled data from 201 fields, distributed in four regions, 
we found that the FAP approach significantly increased the overall 
abundance of wild pollinators in the whole field (GLMM with negative 
binomial distribution, p-value=0.213*10− 14; Fig. 3.a). Considering the 
effect of the FAP approach on wild pollinators at regional level, the re
sults showed that wild pollinator abundance was significantly higher in 
FAP fields in comparison to control fields in all regions (Fig. 4.a; 
Table 2). Regarding the effect of the FAP approach on the wild 

pollinators visiting the main crop (i.e., the 75% zone), wild pollinator 
abundance did not show a significant difference between FAP and 
control fields (GLMM with negative binomial distribution, p-val
ue=0.285; Fig. 3.b). When assessing the regions separately, none of the 
four regions displayed a significant increase in wild pollinator abun
dance in the main crop in response to the FAP approach (Fig. 4.b; 
Table 2). 

Regarding wild pollinator richness, the FAP approach clearly 
increased the overall wild pollinator richness in the whole field (GLMM 
with negative binomial distribution, p-value=0.002*10− 14; Fig. 3.c). 
When splitting the dataset between regions, the positive contribution of 
FAP on wild pollinator richness remained significant in all regions 
(Fig. 4.c; Table 2). We did not record a significant difference in the main 
crop wild pollinator richness between FAP and control fields (GLMM 
with negative binomial distribution, p-value=0.224; Fig. 3.d). Consid
ering the regions separately, the FAP approach did not promote wild 
pollinator richness in the main crop in the four regions (Fig. 4.d; 
Table 2). 

3.3. Impact of crop, MHEP composition and climate 

Our results demonstrated that wild pollinator abundance and rich
ness were significantly higher in the whole FAP fields compared to 
control fields for all crops (Table 2; Figs. 5a, 5c), except in apple where 
the approach did not display a significant increase either on wild 
pollinator abundance or on wild pollinator richness (GLMM with 
negative binomial distribution, p-value=0.592; GLMM with negative 
binomial distribution, p-value=0.311; Fig. 5.a and 5.c, respectively). 
Regarding the effect of the FAP approach on wild pollinator abundance 
and richness in the main crop, none of the crops displayed a significant 
positive difference in wild pollinator abundance and richness (Table 2; 
Fig. 5.b, 5d), except on pumpkin wild pollinator abundance (GLMM with 
negative binomial distribution, p-value=0.044; Fig.b). Surprisingly, 
wild pollinator abundance and richness in tomato in the 75% zone were 
significantly higher in control fields than in FAP fields (GLMM with 
negative binomial distribution, p-value=0.126×10− 4; GLMM with 
negative binomial distribution, p-value=0.020; Fig. 5.b and 5.d, 
respectively), whilst no differences between FAP and control fields were 
observed on wild pollinator abundance and richness in the remaining 
crops (Table 2). 

Considering the impact of the climate and MHEP composition in 
driving the effect of the FAP approach, the linear models showed that 
the four distances (i.e. D1: difference in wild pollinator abundance be
tween FAP and control in the whole field; D2: difference in wild 

Fig. 2. The relative abundance of wild pollinator groups in each main crop and (b) the relative abundance of wild bee families in each main crop. The abundance of 
pollinator groups is presented as "%". 
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pollinator abundance between FAP and control in the 75% zone; D3: 
difference in wild pollinator richness in the whole field; D4: difference in 
wild pollinator richness distance in the 75% zone) were not affected by 
either the mean phylogenetic distance between MHEP and the main 
crop, the monthly mean temperature or the monthly precipitation 
(Table 3). 

4. Discussion 

4.1. Effect of the FAP approach on wild pollinator communities 

In line with previous research (Christmann et al., 2017, 2021a, 
2021b; Sentil et al., 2022a, 2022b; Bencharki et al., 2022), we confirmed 
that FAP fields show a significant increase in wild pollinator abundance 
and richness at the entire field level (i.e. 75% main crop + 25% MHEP) 
compared to control fields (i.e. 100% main crop). Our result adds to the 
growing literature a key finding. Small-scale flower plantings (i.e. FAP 
fields) can be effective tools to promote wild pollinators. The increase in 
wild pollinator diversity and abundance is associated with the high plant 
diversity provided by FAP fields. Indeed, control fields show one plant 
species (i.e. the main crop) while FAP fields offer from 5 to 9 plant 
species. Plant diversity is a key factor shaping positively wild pollinator 
community structure (Nicholls and Altieri, 2013; Fornoff et al., 2017; 
Isbell et al., 2017; Garibaldi et al., 2019; Christmann et al., 2017, 2021a, 
2021b). Diverse plant communities offer various nesting materials 
(Campbell et al., 2017a; Ganser et al., 2021) and floral rewards (Roger 
et al., 2017; Ganser et al., 2021) at different times (Bartomeus et al., 
2013). They can also boost pollinator health (Vaudo et al., 2015), 
development (Moerman et al., 2017) and reproduction (Klatt et al., 

2020). 
Regarding the impact of FAP on the main crop wild pollinators (i.e. 

the 75% zone), we did not record a significant effect of the FAP 
approach. This result supports the findings of previous studies using 
either MHEP, hedgerows or wildflower strips (Morandin and Kremen, 
2013; Albrecht et al., 2020; Zamorano et al., 2020; von Königslöw et al., 
2022). Yet, this finding does not align with other studies (Blaauw and 
Isaacs, 2014b, 2014a; Campbell et al., 2017; Eckerter et al., 2022; 
Fountain, 2022). To date, two hypotheses have been proposed to explain 
what drives the failure or the success of floral planting habitats in pro
moting the diversity of the main crop wild pollinators: the “exporter” 
hypothesis and the “concentrator” hypothesis (Morandin and Kremen, 
2013; Nicholson et al., 2019). The “exporter” hypothesis (Morandin and 
Kremen, 2013; M’Gonigle et al., 2015) predicts an increase in pollina
tion service due to spillover of pollinators from habitat plants to adjacent 
crops. The second is the “concentrator” hypothesis or “the circle prin
ciple” (Lander et al., 2011), in which habitat enhancement plants act as 
concentrators of pollinator populations and negatively affect insect 
visitation to the main crop (Nicholson et al., 2019). Our result supports 
the second hypothesis, suggesting that MHEP might concentrate wild 
pollinators away from the main crops. However, the economic assess
ments conducted in Morocco (Christmann et al., 2021a, 2021b) and in 
Uzbekistan (Christmann et al., 2017) demonstrated an increase in the 
main crops’ productivity due to enhanced crop pollination service, thus 
indirectly implying an increase of pollinators in the main crop. A 
possible explanation to these contrasting results (i.e. increase in the 
main crop yield in Christmann, Bencharki, et al. (2021) and neutral 
effect on crop wild pollinator abundance and richness in the present 
study) might be the limited sampling effort. Indeed, to acquire a general 

Fig. 3. Box plots comparing the overall wild pollinator abundance and richness between FAP (Farming with Alternative Pollinators) and control fields using the 
entire wild pollinator data. (a) Wild pollinator abundance in the whole FAP and control fields, (b) Wild pollinator abundance in the 75% zone in FAP and Control 
fields, (c) wild pollinator richness in the whole FAP and control fields and (d) wild pollinator richness in the 75% zone in FAP and control fields. Box plots show the 
median and 25–75% percentiles. Whiskers show all data excluding outliers. Outliers (circles) are values being more than 1.5 times box length from upper and lower 
edge of respective box. Asterisks indicate significant differences in pollinator abundance and richness between FAP and control fields (Generalized linear mixed 
models with negative binomial distribution; *P < 0.05, ** P < 0.01, *** P < 0.001). 
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picture that can be better extrapolated to other regions and climates, we 
opted for sampling more sites less intensely, rather than sampling less 
sites more intensely. Importantly, the sampling effort was consistent 
between the two treatments (i.e., FAP and control), thus preventing 
biases. The neutral effect of the approach on the main crop wild polli
nators could also be related to the time of establishment of MHEP. 
Indeed, this factor was found to influence greatly the success of the 
flowering strips in promoting the wild pollinators of the main crop 
(Albrecht et al., 2020). As habitat plants need time to develop and wild 
pollinators take time to colonize newly established habitats (Williams 
et al., 2001), the build-up and the restoration of the local crop pollinator 

populations may require time (Morandin and Kremen, 2013; Albrecht 
et al., 2020), and thus the timescale of the study was probably not long 
enough to detect an effect. Future studies with extended sampling 
duration and long term experiments are warranted to gain more insight 
about effect of FAP on crop wild pollinators. 

The effect of the FAP approach on wild pollinator abundance and 
richness was significantly higher in the whole field area in the four re
gions. Several studies showed that the effectiveness of flower plantings 
in supporting pollinators depends on the landscape context (Tscharntke 
et al., 2005; Venturini et al., 2017; Rundlöf et al., 2018). Specifically, in 
highly simplified landscapes, source of forage and nesting sites are 

Fig. 4. Boxplots comparing wild pollinator abundance and richness between FAP (Farming with Alternative Pollinators) and control fields per region. (a) Wild 
pollinator abundance in the whole FAP and control fields, (b) wild pollinator abundance in the 75% zone in FAP and Control fields, (c) wild pollinator richness in the 
whole FAP and control fields and (d) wild pollinator richness in the 75% zone in FAP and control fields. Box plots show the median and 25–75% percentiles. Whiskers 
show all data excluding outliers. Outliers (circles) are values being more than 1.5 times box length from upper and lower edge of respective box. Asterisks indicate 
significant differences in pollinator abundance and richness between FAP and control fields for each region (Generalized linear mixed models with negative binomial 
distributions; *P < 0.05, ** P < 0.01, *** P < 0.001). 

Table 2 
p-value of comparison of wild pollinator abundance and richness between FAP and control fields in the whole field area and in the main crop (the 75% zone), analyzed 
with Generalized Linear Mixed Models (GLMM) with negative binomial distribution. Asterisks indicate significant differences in wild pollinator abundance and 
richness between FAP and control fields (*P < 0.05, ** P < 0.01, *** P < 0.001). The analyses were conducted at three levels: using the entire wild pollinator data, at 
the regional level and at the crop level.    

p-value of mean comparison of wild pollinator abundance p-value of mean comparison of wild pollinator richness   

Entire field 75% zone Entire field 75% zone 

Full dataset  0.213×10–14 *** 0.285 0.2×10–17 *** 0.224 
Region Settat 0.221×10–5*** 0.860 0.213×10–6 *** 0.111 

Kenitra 0.583×10–9 *** 0.489 0.186×10–10 *** 0.718 
Errachidia 0.102×10–6 *** 0.089 0.265×10–6*** 0.170 
Sefrou 0.022* 0.599 0.598×10–4 *** 0.674 

Main crop Pumpkin 0.334×10–10 *** 0.044* 0.101×10–7*** 0.095 
Zucchini 0.014 * 0.478 0.266×10–4** 0.727 
Faba bean 0.756×10–6*** 0.245 0.384×10–6*** 0.413 
Tomato 0.048* 0.126×10–4** 0.35×10–4** 0.020 * 
Eggplant 0.316×10–8 *** 0.547 0.907×10–9 *** 0.295 
Apple 0.592 0.628 0.311 0.622  
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scarce, consequently few pollinator communities are present to colonize 
the established habitat plants, whilst in complex landscapes, flower 
plantings may fail to create sufficient contrast to significantly foster 
pollinator diversity (Scheper et al., 2015, 2013). In our study, the 
landscape composition and configuration of the four regions were not 
assessed to provide conclusive interpretations. Yet, considering the in
crease in wild pollinator abundance and richness in FAP fields compared 
to control fields in the four regions, we presume that the landscape in 
these regions was probably intermediate. Further studies are certainly 
required to determine whether the landscape context modulates the 
effect of the FAP approach on wild pollinator communities. 

Similarly, the FAP approach did not show an effect on the main crop 
wild pollinators in any of the four regions, which may be explained by 
the fact that wild pollinator abundance and richness visiting the main 
crop were consistently low across treatments (Fig. 5). 

4.2. Factors driving the effectiveness of the FAP approach concerning wild 
pollinators 

4.2.1. Main crop type 
Given the diverse MHEP provided in all the crop trials, we hypoth

esized that the FAP approach would influence positively wild pollinator 
abundance and richness at least in the whole field area for all crops. 
However, contrary to our expectations we found that the crop type 
modulates the impact of the FAP approach on wild pollinator abundance 
and richness in the whole field area and in the 75% zone. The neutral 
effect of the FAP approach on wild pollinator abundance and richness 
observed in the whole field area in apple crops can be explained by two 
potential causes: first, the flowering season of apple occurs in early 
spring when the overall abundance of wild pollinators is lower than later 

Fig. 5. Boxplots comparing wild pollinator abundance and richness between FAP (Farming with Alternative Pollinators) and control fields per crop. (a) Wild 
pollinator abundance in the whole FAP and control fields, (b) wild pollinator abundance in the 75% zone in FAP and control fields, (c) Wild pollinator richness in the 
whole FAP and control fields and (d) wild pollinator richness in the 75% zone in FAP and control fields. Box plots show the median and 25–75% percentiles. Whiskers 
show all data excluding outliers. Outliers (circles) are values being more than 1.5 times box length from upper and lower edge of respective box. Asterisks indicate 
significant differences in pollinator abundance and richness between FAP and control fields for each crop (Generalized linear mixed models with negative binomial; 
*P < 0.05, ** P < 0.01, *** P < 0.001). 

Table 3 
Relationships between wild pollinator distances (i.e. difference in wild polli
nator richness and abundance between FAP and control fields) and mean 
phylogenetic distance, and climatic variables (i.e. monthly precipitation and 
mean monthly temperature), analyzed by Linear Mixed Models (LMM). MPD =
Mean phylogenetic distance, MMT = Monthly Mean Temperature and MP=
Monthly Precipitation.  

Response 
variable 

Explanatory 
variables 

Estimate Se P- 
value 

Distance 1: 
difference in 
wild pollinator 
abundance in 
the whole field 

MPD -0.343×10− 05 0.423×10− 04  -0.081 
MMT 0.623×10− 04 0.2078×10− 03  0.300 
MP 0.914×10− 05 0.389×10− 04  0.235 

Distance 2: 
difference in 
wild pollinator 
abundance in 
the 75% zone 

MPD -0.133×10− 04 0.423×10− 04  0.753 
MMT 0.493×10− 04 0.207×10− 03  0.812 
MP 0.101×10− 04 0.389×10− 04  0.795 

Distance 3: 
difference in 
wild pollinator 
richness in the 
whole field 

MPD 0.111×10− 05 0.423×10− 04  0.979 
MMT 0.323×10− 04 0.207×10− 03  0.876 
MP 0.664×10− 05 0.389×10− 03  0.864 

Distance 4: 
difference in 
wild pollinator 
richness in the 
75% zone 

MPD 0.163×10− 05 0.423×10− 04  0.969 
MMT 0.516×10− 04 0.207×10− 03  0.804 
MP 0.992×10− 05 0.388×10− 04  0.799  
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in the season (Weekers et al., 2022); second, our fields were immersed 
within large areas of mass flowering apple orchards. At such large scale 
of flowering apple, wild pollinator abundance and richness might be 
spatially diluted (Holzschuh et al., 2016). Apart from the neutral effect 
of the FAP approach in apple, the approach influenced positively wild 
pollinator abundance and richness at the FAP field level in all the 
remaining crop species (see discussion above for possible mechanisms). 
These results corroborate the findings of previous studies on the positive 
effect of hedgerows, wildflower strips and MHEP in a range of crops 
(Morandin and Kremen, 2013; Sardiñas and Kremen, 2015; Morandin 
et al., 2016; Sardiñas et al., 2016; Christmann et al., 2017, 2021a, 
2021b). 

Regarding the impact of the crop factor in the 75% zone (i.e. the 
main crop), none of the studied crops displayed a significant effect in the 
main crop wild pollinator abundance and richness in response to the FAP 
approach, except pumpkin (positive effect in pollinator abundance) and 
tomato (negative effect in abundance and richness). The unexpected 
negative effect of the FAP approach on tomato wild pollinator abun
dance and richness could be associated to the morphological constraints 
displayed by tomato flower. In fact, the pollen of tomato flower is 
trapped inside the anthers, and few pollinator species are capable to 
extract it (Cooley and Vallejo-Marín, 2021; Franceschinelli et al., 2013). 
In FAP field, wild pollinators have diverse foraging options, so they can 
readily switch to the accessible floral rewards provided by MHEP when 
the main crop flower rewards are unfavorable or hardly accessible. In 
contrast, wild pollinators in tomato control fields are supplied with a 
single foraging option, and thus though the pollen of the crop is hardly 
accessible, wild pollinators become less choosy and fed on the available 
flowering crop. Though eggplant and tomato have similar flower type, 
we did not observe a negative effect in eggplant. However, we did not 
also report a significant positive effect in this crop either. The significant 
positive effect of the FAP approach on pumpkin wild pollinator abun
dance and the negative effect on tomato wild pollinator abundance re
ported in this study may show that the response is crop-dependent. 
Future studies should focus on understanding the causes underlying the 
variation of effect of the FAP approach across crop species to be able to 
develop more tailored protocols. 

4.2.2. Mean phylogenetic distance 
Previous studies reported a higher insect diversity with increasing 

phylogenetic distance between plant species (Fontaine and Thébault, 
2015; Hutchinson et al., 2017; Cirtwill et al., 2020). Closely related 
animals tend to interact with identical or congeneric plants (Janz and 
Nylin, 1998; Vamosi et al., 2014), due to the maintenance of ancestral 
ecological characteristics (Fontaine and Thébault, 2015). However, our 
results showed that the differences in wild pollinator abundance and 
richness between FAP and control fields (i.e. proxy of impact of FAP 
approach on wild pollinator community) were neither significantly 
increased by the mean phylogenetic distance between crop and MHEP at 
the whole field level nor in the main crop. 

The MHEP in our study were mainly selected together with the 
farmers based on the suitability, their high specific diversity (i.e. 
different plant species) and their similar phenologies (i.e. the timing of 
blooming). However, communities that are species rich may not 
necessarily have equally high levels of phylogenetic diversity (Rissler 
et al., 2006; Forest et al., 2007; Devictor et al., 2010), whereas plant 
species sharing similar phenologies are more phylogenetically related 
(Kang and Jang, 2004; Losos, 2008; Davis et al., 2010). For instance, in 
faba bean trials, we selected diverse MHEP species. Yet, due to the 
limited number of plants flowering already in March, the majority was 
from the family Fabaceae that includes closely related species with 
similar phylogenetic traits (i.e. wild lupinus, cultivated lupinus, alfalfa, 
clover, grasspea and vetch). Therefore, the absence of the effect of the 
mean phylogenetic distance on the FAP approach could result from the 
low phylogenetic distance that was probably not high enough to exhibit 
a significant effect on wild pollinator abundance and richness in FAP 

fields despite the diverse MHEP species provided. 
Future studies should deepen on the understanding of the effect of 

plant composition on wild pollinator communities visiting FAP fields. 

4.2.3. Climate 
None of the climatic variables were significant predictors of the four 

wild pollinator distances (i.e., distance 1: difference in wild pollinator 
abundance between FAP and control in the whole field, distance 2: 
difference in wild pollinator abundance between FAP and control in the 
75% zone, (iii) distance 3: difference in wild pollinator richness in the 
whole field and (iv) distance 4: difference in wild pollinator richness in 
the 75% zone). Temperature and precipitation are known to affect 
pollinator richness at regional level (Classen et al., 2015) and conti
nental level (Patiny et al., 2009), but we did not find an effect of the 
climate on the richness and abundance of pollinators between regions. 
The neutral effect of the climatic variables on wild pollinator distances 
may indicate that temperature and precipitation ranges used in our 
study were within the optimal climatic conditions of the wild pollinators 
recorded in the course of these experiments. Hence, a significant positive 
or negative effect of climatic variables on the effectiveness of the FAP 
approach might have occurred if temperature and precipitation excee
ded the optimal conditions of pollinating insects. 

5. Conclusion 

Our study demonstrates that the FAP approach is an effective tool for 
promoting wild pollinators in agroecosystems, with significant impli
cations for pollinator conservation and sustainable agricultural prac
tices. The impact of the FAP approach on the abundance and the richness 
of wild pollinators on the whole field area was positive considering the 
global dataset, the four regions and most crops; in contrast to the general 
lack of differences in wild pollinator abundance and richness visiting the 
main crop. The mean phylogenetic distance between MHEP and the 
main crop and the climatic variables were not shown to affect the 
effectiveness of the FAP approach, whereas the crop factor appears to 
modulate its effectiveness. It would be interesting to conduct further 
research on additional factors that either promote or hinder spill-over of 
wild pollinators from MHEP to main crops, such as the landscape context 
and the time since establishment of MHEP. Our analysis demonstrated 
that FAP is a tool capable to support pollinators in low- and middle- 
income countries. 
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Reverté Saiz: Writing – review & editing, Formal analysis. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper 

Data availability 

The data supporting this research will be openly accessible after the 
publication of this research 

Acknowledgement 

We would like to thank all specialists who contributed to the tax
onomical expertise required for this work: Holger Dathe (Humboldt 
Universität zu Berlin, Gerrmany) for the genus Hylaeus, Achik Dorchin 
(Tel Aviv University, Israel and UMons, Belgium) for Eucerini, Max 
Kasparek (Heidelberg, Germany) for Anthidiini, Andreas Müller (ETH 
Zürich, Switzerland) for Osmiini, Sébastien Patiny (Syngenta, Belgium) 
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Arena, M.V.N., Destéfani, F.C., da Silva, T.N., Mascotti, J.C., da, S., da Silva-Zacarin, E.C. 
M., Toppa, R.H., 2018. Challenges to the conservation of stingless bees in Atlantic 
Forest patches: old approaches, new applications. J. Insect Conserv. 22, 627–633. 
https://doi.org/10.1007/s10841-018-0090-8. 

Bartomeus, I., Ascher, J.S., Gibbs, J., Danforth, B.N., Wagner, D.L., Hedtke, S.M., 
Winfree, R., 2013. Historical changes in northeastern US bee pollinators related to 
shared ecological traits. Proc. Natl. Acad. Sci. U. S. A. 110, 4656–4660. https://doi. 
org/10.1073/pnas.1218503110. 
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Rundlöf, M., Lundin, O., Bommarco, R., 2018. Annual flower strips support pollinators 
and potentially enhance red clover seed yield. Ecol. Evol. 8, 7974–7985. https://doi. 
org/10.1002/ece3.4330. 

Sánchez-Bayo, F., Wyckhuys, K.A.G., 2019. Worldwide decline of the entomofauna: A 
review of its drivers. Biol. Conserv. 232, 8–27. https://doi.org/10.1016/j. 
biocon.2019.01.020. 
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