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Abstract

One of the UN’s 17 Sustainable Development Goals is a world free from hunger,
with sustainable food production and resilient agricultural practices (SDG 2). However, as
we approach the 2030 deadline, global food security, a multidimensional challenge,
remains unsolved. With a growing human population, food demand will likely increase,
leading to more intensive agricultural practices that put bees and their pollination services
at risk. Conserving bees is, thus, crucial to ensuring our food security. A promising solution
is cultivating floral plantings alongside crops, which can enhance ecosystem services such
as pollination. However, floral plantings may also compete with crops for bees. To optimize
their benefits, we need to understand when floral plantings facilitate bee spillover to crops,
supporting both bee conservation and agricultural productivity. To address this, we
synthesized existing knowledge using a research weaving approach, which combines
bibliometric and systematic mapping. Our synthesis suggests that the effects of floral
plantings result from a complex interplay of factors, including crop type, bee species, floral
planting composition, and environmental conditions. To clarify this interplay, we propose
an integrative hypothesis to guide future studies. Finally, our results highlight the need for
stronger collaboration among researchers to better understand the role of floral plantings

in ecological intensification.

Keywords: conservation, ecological intensification, ecosystem services, flower strip,

pollination, research weaving, species interactions
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1. Introduction

The United Nations (UN) proposed 17 Sustainable Development Goals (SDGs) in
2015, aiming to solve major global problems. Therefore, investing in actions that help us
achieve the SDGs is vital to, among other goals, achieving food security, improving
nutrition, and promoting sustainable agriculture (SDG 2: Zero Hunger) (United Nations,
2015). That being said, in the coming decades, the human population will continue to
grow, increasing our demand for food (Godfray et al., 2010). This increase will potentially
intensify even more our agricultural practices (Tscharntke et al., 2012). The dilemma is
that agricultural intensification threatens pollinators (Deguines et al., 2014; Freitas et al.,
2009). By threatening pollinators, our own food security is put at risk, as our crops largely

depend on the service delivered by those animals (Feuerbacher, 2025; IPBES, 2016).

Globally, 74% of animal-pollinated crops are highly dependent on pollinators, and
more than 40% of their production is associated with animal pollination, mainly bees
(Klein et al., 2007; Siopa et al., 2024). However, pollinators are facing threats worldwide
due to several factors, including climate change, pesticides, pathogens, and changes in
land use, such as agricultural intensification (IPBES, 2016). Given that intensive crops
have expanded rapidly over the past five decades (Aizen and Harder, 2009), reducing
vital food and nesting resources for bees, and that bee decline has been reported
worldwide (Imperatriz-Fonseca et al., 2012; Zattara and Aizen, 2021), investing in actions
to conserve bees and their pollination service in intensive agricultural landscapes has
become crucial for ensuring our food and nutrition security through a sustainable food

production.

Among these mitigation actions is the use of hedgerows and flower strips adjacent to
crops, hereafter named “floral plantings” (von Konigslow et al., 2022). This mitigation

action is widely adopted in Europe and North America, where floral plantings are part of
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transdisciplinary strategies for the conservation of biodiversity in intensively used
agricultural landscapes, including bees (Elmiger et al., 2023; Haaland et al., 2011). Thus,
the use of floral plantings is highly promising. Hopes are high because floral plantings
represent a viable compromise between intensive farming and agroecological systems,
providing food, shelter, and nesting sites in resource-scarce agricultural
landscapes(Feltham et al., 2015; Haussler et al., 2017). Floral plantings attract bees and
can locally enhance their richness, abundance, and diversity, helping to conserve them in

agricultural landscapes (Pywell et al., 2011; Venturini et al., 2017).

However, the use of floral plantings adjacent to crops to enhance the pollination
service may be tricky. On the one hand, floral plantings can enhance crop pollination as
they facilitate the spillover of bees to the crops (hereafter, exporter hypothesis) (Blitzer et
al., 2012; Kremen et al., 2019). On the other hand, this spillover may not always occur
(Nicholson et al., 2019), as floral plantings can concentrate bees for themselves
(hereafter, concentrator hypothesis), competing with the crops (Bartomeus and Winfree,
2011; Kremen et al., 2019). That is why we need to unveil under which conditions floral
plantings can facilitate the spillover of bees to the crops, boosting agricultural productivity

in a sustainable way.

Unfortunately, studies on the mechanisms that influence bee dispersal from floral
plantings to crops, as well as their drivers and boundary conditions, are still incipient and
limited to those two aforementioned competing hypotheses: concentrator and exporter
(Albrecht et al., 2020). Therefore, identifying key factors and integrating those hypotheses
into better targeted and logically nested cognitive models (also known as general
hypotheses or meta-hypotheses), is an excellent way to deduce finer testable predictions
and optimize applied studies. This would not only allow us to fill existing knowledge gaps

but also deepen our understanding of the effectiveness of floral plantings in boosting crop
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83 pollination. But first, we need to synthesize the knowledge available. One efficient way to
84 do this is through ecological synthesis (sensu (Ford and Ishii, 2001)). Syntheses not only
85 allow us to evaluate the state-of-the-art in a field of interest but also produce new
86 knowledge from data and ideas already available, in the form of integrative hypotheses
87 and theories. Therefore, through synthesis, we can more effectively advance knowledge,
88 increasing the return of public investment in science (Kita et al., 2022).
89 Given the limited knowledge of the effects of floral plantings on crop pollination by
90 bees, and a worrying global scenario of food and nutrition insecurity, our main objective
91 was to help understand and propose directions for optimizing floral plantings to enhance
92 the crop pollination services provided by bees, to indirectly contribute to solving the
93 hunger problem (UN’s SDG 2). While we recognize that hunger is a complex,
94 multidimensional, and transdisciplinary problem, our focus lies specifically on exploring
95 how ecological strategies, particularly improving crop pollination through floral plantings,
96 can contribute to broader efforts to achieve food security within the framework of
97 sustainable agriculture. To fulfill this objective, our goals were to (i) identify, classify, and
98 quantify the evidence available and the main knowledge gaps about the effects of floral
99 plantings on crop pollination by bees, as well as the key mechanisms and factors that
100 influence bee movement from floral plantings to crops; and (ii) assess the development of
101 the field, infer its trends, and identify the key players producing knowledge on the topic,
102 as well as where those studies are being conducted, by mapping co-authorship and
103 institutional networks.
104 2. Methods
105 To achieve our goals, we used a research weaving approach (Nakagawa et al.,
106 2019). In other words, we conducted a systematic review and, from the articles retrieved,
107 we extracted data to elaborate systematic and bibliometric maps. Thus, we synthesized
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108 what has been studied and published to visualize the evidence available and the key

109 players in the field.

110 2.1. Literature search

111 We searched for peer-reviewed articles on the databases Web of Science

112 (https://www.webofscience.com), Scopus (http://www.scopus.com), and Scielo

113 (https://scielo.org/) including all years up to February 2024. We conducted advanced
114 searches based on title, abstract, and keywords. In these searches, we combined terms
115 related to bees, floral plantings, and agricultural pollination. We searched for terms in
116 English, Portuguese, and Spanish to amplify the literature coverage. Our combination of
117 keywords was: (bee* NOT beetle* OR "wild bee*" OR "native bee*" OR "bee pollinator*"
118 OR "abelha*" OR "abelha* nativa™ OR "abelha* silvestre™ OR "abeja*" OR "abeja*

119 silvestre*) AND (hedge* OR hedgerow* OR "flower strip*" OR "floral margin*" OR "floral
120 enhancement™ OR "wildflower strip* OR "field margin*" OR "flower planting*™ OR

121 "flowering plant strip*" OR "field edge*" OR "canteiro* de flor*" OR "cerca-viva*" OR

122 "seto™ OR "franja* de flor*™" OR "plantacién de flor*™) AND ("pollination" OR "crop

123 pollination" OR "pollination service" OR "fruit-set" OR "fruit production" OR "seed™ OR
124 "seed number" OR "seed production” OR "seed-set" OR "polinizacao" OR "polinizagéo
125 agricola" OR "servigo de polinizagdo" OR "formacao de fruto*™ OR "producgéo de fruto*"
126 OR "semente*"OR "producao de semente*" OR "numero de semente*" OR "conjunto de
127 sementes" OR "polinizacion” OR "polinizacién agricola" OR "servicio de polinizacién" OR
128 "semilla*"OR "numero de semilla*" OR "conjunto de semillas" OR "produccion de

129 semilla*" OR "formacién de fruto*" OR "produccién de fruto*").
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130  2.2. Screening

131 On the selected databases, we identified 1,535 articles. Initially, we imported the
132 complete list into a data frame written in R language (R Core Team, 2024). Using the
133 litsearchr package (Grames et al., 2019), we removed duplicates (N = 408). Then, we
134 manually inspected the resulting list (N = 1,070).

135 Following the screening stages proposed by the Preferred Reporting Items for

136 Systematic Reviews and Meta-Analyses statement (Page et al., 2021) (PRISMA:

137 http://www.prisma-statement.org/), we divided the screening into two stages and pre-
138 established inclusion criteria for each of them. All articles that did not meet those criteria
139 were excluded.

140 In the first stage, we read the title and abstract of the 1,070 remaining articles.
141 Then, only the articles that met the following criteria were included in the second stage:
142 1. The study must have been conducted in an agricultural landscape;

143 2. The study must be related to crop pollination;

144 3. The study must have investigated the effect of floral plantings adjacent to crops on
145 pollinators or pollination;

146 4. If the pollinator is identified, it must be a bee;

147 5. The study must be empirical and conducted under agricultural conditions.

148
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After applying these first inclusion criteria, 200 articles remained in our data set.

Besides those articles, during the first stage, we also identified four reviews related to the

effect of floral plantings on the bee community. Then, we manually checked the list of

articles presented in them (N = 343) and removed duplicates (N = 232). The remaining

111 articles were incorporated into our data set with 200 articles and duplicates were

removed again (N = 42). After that, 269 articles were included in the second stage.

In the second stage, we read their methods and results sections. At this stage, only

the articles that met the following criteria were included in our review:

1.

The study must be empirical and conducted under field conditions;

The methodological design must be clearly explained;

The study must have reported information that allows us to compare the mean
structural metrics of bee communities (e.g., richness and abundance) of a control
group with those of a treatment group (e.g., crop with flower strip and crop without

flower strip);

The crop must have been identified;

The crop must depend, to some extent, on bee pollination;

The study must have investigated the effect of floral plantings on bee communities

within the crops;

The bee communities must be local (e.g., nests must not have been introduced into

the crop).
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169 After those steps, 25 articles remained in our dataset and were considered suitable
170 for our review (Fig. 1). The full list of articles included in our systematic review is
171 available in Supplementary Material: Articles included in the review.
( of studies via ] [ Identification of studies via other methods ]
‘g |Records identified from
v R — —Recoms removed before screening: e e _Recoms removed before screening:
, B (i 549) Duplrule(:\e:zrg;removed Other meta-analyses (n=343) Dup!rmlta(;e:z;r::)removeﬂ
; Scielo (n= 33)
=3 1
Records screened . Records excluded (n = 870):
=1070) Not conducted in an agricultural

Not related to crop pollination
The effect of floral plantings on
poliinators or pollination was not
reported

Pollinators were not bees

Not primary research

8 | Reports sought for retrieval || Reports not retrieved Reports sought for retrieval — Reports not retrieved
> 44 (n=200) (n=1) (n=69) (n=0)
Reports excluded (n = 243):
Reports assessed for eligibility Reports assessed for eligibility | Not primary research
(n=199) (n = 268)
Not conducted under field
conditions

Methodological design not clear
Statistics not reported or available
Crop type not identified

Crop not dependent on bee
pollination

Pollinators were not bees

Studies included in review bees was not reported within the
(n=25) crops

-
—
i The effect of floral plantings on

The bee community were not local

172 Fig. 1. PRISMA flow. Screening flow of our systematic review based on PRISMA.

173 3. Data extraction

174 Data were manually extracted from article texts and tables. Data extraction was

175 divided into two categories: (i) systematic data and (ii) bibliometric data. In the systematic
176 data extraction, we focused on the content of each publication (e.g., what crops were
177 studied) to construct a content map. In the bibliometric extraction, we focused on the

178 content of the publication itself (i.e., bibliographic and scientometric data) to construct an
179 influence map.
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180  3.1. Systematic data extraction

181 First, we focused on identifying the crops where the studies were conducted, the

182 floral planting composition, and the bee community. We extracted the following data: crop
183 identity, plant species cultivated in the floral plantings (i.e., floral planting composition),
184 and the most abundant bee species collected. We extracted only the most abundant bees
185 because the whole list of bee species collected in each crop was rarely reported whereas
186 the most abundant bee was commonly reported.

187 Second, we focused on classifying the effects of floral plantings on crop pollination.
188 To do it, we used the number of bees (i.e., abundance), bee species (i.e., richness), and
189 bee visits (i.e., visitation rate) to classify the effects of floral plantings into three

190 categories: (i) exporter, (ii) concentrator, or (iii) neutral. By assessing bee abundance,
191 richness, and visitation rates, we can gain valuable insight into how floral planting and
192 crops may compete with one another for bees, in addition to inferring how bees move
193 between them. This knowledge can shed light on the factors and mechanisms driving bee
194 movement from floral plantings to crops, which might, in turn, influence crop pollination.
195 Thus, we compared the number of bees, bee species, and bee visitation rate of a control
196 group with those of a treatment group. The crop without floral plantings was considered
197 the control, and the crop with floral plantings was considered the treatment. For instance,
198 if the mean number of bees collected within a crop with floral plantings (treatment) was
199 lower than in a crop without floral plantings (control), we classified the effect of the floral
200 plantings as concentrator, meaning that bees moved from the crop to the floral plantings
201 (Fig. 2a).

202 In other words, we assumed that the floral planting attracted bees from the crop and
203 surroundings, competing for bees with the crop. However, if the mean number of bees
204 collected within a crop with floral plantings was higher than within a crop without floral

10
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205 plantings, we classified the effect as exporter, meaning that most bees moved from the
206 floral plantings to the crop (Fig. 2b). In other words, we assumed that the floral plantings
207 attracted bees from the surroundings, which then moved to the crop (bee spillover).

208 Finally, if there was no difference in bee abundance between treatment and control, we
209 classified the effect as neutral, meaning bees were equally attracted by floral plantings
210 and crops (Fig. 2c).

STUDY DESIGN: INTERIOR-INTERIOR

CONTROL GROUPS TREATMENT GROUPS

a)
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8
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<)
g
&
3
2
z
211 Fig. 2. Interior-interior study design. The expected effects of floral plantings on crop pollination,
212 using the number of bees collected in the crop as a proxy for bee movement between floral

11
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213 planting and crop, and considering studies with an interior-interior design. The green area

214 represents the crop. The pink area represents the floral planting. The bees represent the number
215 of bees collected in each area. The control group is the crop without a floral planting. The

216 treatment is the crop with a floral planting. If the number of bees collected in the crop of the

217 treatment was lower than in the crop of the control, we classified the effect as concentrator (a). If
218 the number of bees collected in the crop of the treatment was higher than in the crop of the control,
219 we classified the effect as exporter (b). Finally, if there was no difference in the number of bees
220 collected between the crops of the treatment and control, we classified the effect as neutral (c).
221 We classified the study design of studies that compared a control group with a

222 treatment group of as interior-interior, because the authors compared the number of bees,
223 bee species, and bee visitation rate between two crop interiors. We also considered

224 studies that directly compared the number of bees, bee species, and bee visitation rate
225 between the floral planting and the adjacent crop. We classified this type of study design
226 as edge-interior. We also considered this study design because it was possible to infer
227 bee movement between floral plantings and crops.

228 For example, if the number of bees collected was higher in the floral planting than in
229 the adjacent crop, we classified the effect as concentrator, meaning that the floral planting
230 attracted bees from the crop and surroundings, but bees preferred to stay in the floral

231 planting (Fig. 3a). However, if the number of bees was higher in the crop than in the floral
232 planting, we classified the effect as exporter, meaning that the floral planting attracted
233 bees from the surroundings, but most bees moved to the crop (bee spillover) (Fig. 3b).
234 Finally, if there was no difference between the floral planting and the crop, we classified
235 the effect as neutral, meaning that the bees did not show any preference for the floral

236 planting or the crop (Fig. 3c). Therefore, we extracted the mean number of bees collected
237 (i.e., abundance), number of bee species collected (i.e., richness), and number of bee
238 visits to the crop (i.e., visitation rate) of the treatment and control groups.

12
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STUDY DESIGN: EDGE-INTERIOR

]
—

CONCENTRATOR EFFECT

o
-

EXPORTER EFFECT

a)
—

NEUTRAL EFFECT

Fig. 3. Edge-interior study design. The expected effects of floral plantings on crop pollination using
the number of bees collected as a proxy of bee movement between floral planting and crop, and
considering studies with an edge-interior design. The green area represents the crop. The pink area
represents the floral planting. The bees represent the number of bees collected in each area. If the
number of bees collected in the floral planting was higher than in the crop, we classified the effect as

concentrator (a). If the number of bees collected in the floral planting was lower than in the crop, we

13
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246 classified the effect as exporter (b). Finally, if there was no difference in the number of bees collected

247 between the floral planting and the crop, we classified the effect as neutral (c).

248

249 With this information in hand, we classified the resulting effect. We noticed that bees
250 were commonly classified into three main groups: honeybees, wild bees, and

251 bumblebees. As those groups differ from one another in foraging behavior, social

252 structure (sociality), and nutritional preferences (Barraud et al., 2022), we also classified
253 the floral planting effect by bee groups. We expected to detect relationships between crop
254 identity, bee species, and floral planting composition with the effect of floral planting

255 observed.

256 Finally, we focused on identifying, qualifying, and quantifying other factors related to
257 crop management and features, and landscape configuration and composition of each
258 study site. To do this, we extracted the following data: pesticide use, crop area,

259 percentage of vegetation surrounding the crops, and study sites (i.e., country, state, or
260 crop site in the same state). With this information in hand, we expected to identify

261 relationships between these factors other and the effect of floral planting observed.

262  3.2. Bibliometric map extraction

263 First, we focused on visualizing the development of the field to identify its trends. We
264 manually extracted the following data: journal of publication, year of publication, and the
265 keywords listed in the studies. To extract the number of citations each study received, we
266 used the Crossref website (https://www.crossref.org).

14
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267 Second, we mapped co-authorship and institutions to identify the main researchers
268 producing knowledge on the effect of floral plantings as well as their affiliations. We

269 extracted the following data: names of all authors of each study and respective affiliations.
270 With this information, we expected to identify some biases and collaborations among
271 authors interested in the same topic. All systematic and bibliometric data extracted are
272 available in Supplementary Material: Processed data.

273 4. Data analysis

274 We made the figures using a combination of R packages to visually analyze the data
275 extracted. Both the systematic and bibliometric maps were drawn by combining plots built
276 separately. All processed data and code, as well as tutorials for facilitating reproducibility,
277 are available in Supplementary Material: Files.

278  4.1. Systematic map

279 For crop type and floral planting composition, we used the packages ggplot2

280 (Wickham, 2016) and dplyr (Wickham et al., 2014) to build bar and donut plots. For bee
281 species, we used not only 3'*2the same two packages but also vdc (Meyer et al., 2024) to
282 build a pie chart. Finally, for the effects of floral plantings, we combined data related to
283 study site, crop type, floral planting type, and bee group to build a diagram in Canva

284 (https://www.canva.com/).

285 4.2. Bibliometric map

286 For journal and year of publication, we used ggplot2 (Wickham, 2016) and dplyr
287 (Wickham et al., 2014) to build bar and line chart plots, respectively. For author affiliation,
288 we built a lollipop plot using the same packages. To visualize keywords, we built a word

15
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289 cloud using the packages dplyr (Wickham et al., 2014), reader (Cooper, 2013), wordcloud
290 (Fellows, 2011), and RcolorBrewer (Neuwirth, 2022). Finally, for co-authorship, we built a
291 network using the names of authors as nodes and their collaborations as links, using the
292 packages igraph (Csardi et al., 2024), ggraph (Pedersen, 2024a), ggplot2 (Wickham,

293 2016), tibble (Miller and Wickham, 2023), dplyr (Wickham et al., 2014), ggforce

294 (Pedersen, 2024b), randomcolorR (Ammar, 2016), and ggrepel (Slowikowski et al., 2024).
295 5. Results

296  5.1. Systematic mapping

297 5.1.1. Crops, bees, and floral plantings

298 In the 25 studies included in our review, we identified 15 crop types: almond, apple,
299 avocado, blueberry, cherry, courgette, field mustard, mango, melon, oilseed rape, red
300 clover, strawberry, sunflower, tomato, and watermelon. The most frequent was blueberry,
301 representing 20% of all studies (Fig. 4a).

302 The bee species collected varied between crop types and study sites. Overall, the
303 most abundant bee species was the managed honeybee Apis mellifera (Fig. 4b). This
304 species was the most abundant in almond, apple, avocado, blueberry, courgette, field
305 mustard, melon, oilseed rape, strawberry, and tomato crops. Among wild bees, all of them
306 were solitary bees, except for bumblebees. Out of the 25 studies, four reported only the
307 bee genus of the most abundant species collected (Bombus spp. and Lasioglossum

308 spp.), and 11 did not report the most abundant bee species.

309 Floral plantings varied in type (i.e., hedgerow or flower strip). Five studies assessed
310 hedgerows and 18 assessed flower strips (Fig. 4c¢). Only three studies did not identify the
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type of floral planting assessed; they reported the presence of vegetation strip, but did not
provide further details. Floral planting composition varied both between crop types and
within the same crop. Overall, we identified 204 plant species. Eight plants were not
identified to the species (Brassica sp., Ceanothus sp., Fumaria sp., Hyacinthoides sp.,
Lamium sp., Malus sp., Medicago sp., and Papaver sp.). The three most common plant
species cultivated in floral plantings were: common vetch (Vicia sativa, Fabaceae), alfalfa
(Medicago sativa, Fabaceae), and cilantro (Coriandrum sativium, Apiaceae) (Fig. 4d).
These species were cultivated with other plants in floral plantings adjacent to the following
crops: apple, avocado, melon, strawberry, and sunflower. Out of 25 studies, three did not

report the plant species cultivated in the floral plantings.

a)

@

Bee species

M Andrena haemorhoa

W Apis florea

W Apis meliifera
Bombus terrestiis

I Lasioglossum leucozonium
Lasioglossum zonulum

B Megachile apicalis
Megachile montivaga

Top 10 flower species
Andropogon gerardii

Number of studies
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s |
o
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Borago officinalis
Calendula arvensis
Corniandrum sativum

Medicago sativa
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& Nigella damascena
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Number of studies.

flower strip hedgerow NA
Fioral planting type

Fig. 4. Systematic map. Data extracted from the 25 articles retrieved in our systematic review of the
effects of floral plantings on crop pollination by bees. Blueberry was the most frequently studied crop
(N = 5) (a); the honeybee (Apis mellifera) was the most abundant bee species collected in the crops
(b); the most common floral planting type was flower strip (N = 18) (c); and common vetch (Vicia

sativa) was cultivated in seven of the floral plantings (d).
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327 5.1.2. The effects of floral plantings on crop pollination

328 The effects of floral plantings on crop pollination varied both across and within

329 studies. We found that 13 studies identified multiple effects within the same study (e.g.,
330 combinations of concentrator, exporter, and neutral effects), while the remaining 12

331 studies reported only a single effect (either concentrator, exporter, or neutral).

332 We noticed that depending on the bee group analyzed, the effects of floral plantings
333 differed, which suggests that their effects depend not only on the resources available in
334 the floral planting or crop but also on bee group preference and behavior. However, bee
335 group preference might not be the only factor that influences floral planting effects. We
336 observed that for studies conducted in consecutive years (N = 3), the effect of floral

337 plantings varied. In these studies, the crop type, bee group, and floral planting

338 composition did not change between years. This inconsistency suggests that other factors
339 such as environmental conditions may also play a role.

340 We did not find a consistent pattern of effects that could be explained by a single
341 factor alone (crop type, floral planting composition, or bee group). Instead, the observed
342 effects appear to result from an interplay of factors (crop type, floral planting composition,
343 and bee group) (Fig. 5).
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Crop type

k.

Bee group
Floral planting
composition

Environmental
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effectsata
local scale

Effect of floral plantings on crop pollination:
concentrator vs. exporter

Fig. 5. The interplay of factors. Main factors that seem to determine the effects of floral plantings (i.e.,

concentrator or exporter), as observed in our review.

5.1.3. Other factors and knowledge gaps.

The effect of floral plantings did not vary with pesticide use, crop area or proportion of
vegetation cover surrounding the crop. However, the number of studies that reported this
kind of information was small, so we cannot rule out their potential influence. Below, we

highlight the main knowledge gaps detected.

Regarding pesticide use, only 12 studies reported this information. The mean crop
areas reported ranged from 0.03 to 11.2 ha, but only 14 studies reported this information.
Information on the proportion of natural vegetation surrounding the crops was also

scarce. Only four studies reported quantitative information on the proportion of natural or
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357 semi-natural vegetation, which ranged from 1 to 40%. Two of these studies mentioned
358 different proportions of semi-natural vegetation surrounding the control and treatment
359 crops, in apple and blueberry crops. Four studies reported information on other crops

360 surrounding the target crop but only described the landscape as a mosaic of large-scale
361 plantations. The other studies did not report any information about landscape features.
362 Besides the missing information on landscape features, we also identified knowledge
363 gaps related to the countries where the studies were conducted. Overall, the studies were
364 conducted in 12 countries. Most studies were conducted in the U.S.A. (N =8) and in

365 Spain (N = 5), which shows a bias towards North America and Europe. In the U.S.A., the
366 most common study site was Michigan. In Spain, the most common study sites were

367 Burgos and Cuenca. The other countries reported were Canada, Chile, Ireland, Kenya,
368 Morocco, Netherlands, Sweden, Switzerland, Thailand, and United Kingdom

369 (Supplementary Material: Supplementary text - Fig. 1). Thus, there is a lack of information
370 about the effects of floral plantings in most of the world, mainly South America, Africa,
371 and Asia, which highlights the need for more studies in these continents.

372 5.2. Bibliometric mapping

373 The most frequent journal where the studies were published was Agriculture,

374 Ecosystem and Environment (N = 4) (Supplementary Material: Supplementary text — Fig.
375 2). Interestingly, the studies published in this journal support the concentrator hypothesis.
376 The years of publication ranged from 2011 to 2023 (Fig. 6a).

377 The number of citations ranged from 1 to 430. The most cited study was Blaauw &
378 Isaacs (2014) with 430 citations, followed by Morandin & Kremen (2013) with 270

379 citations. Both studies corroborate the exporter hypothesis for wild bees. Thus, there may
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380 be a bias in the literature towards citing a positive effect of floral plantings on crop

381 pollination by bees, in other words, the exporter effect.

382 In total, 110 different keywords were used. Contradictorily, the words "flower strip"
383 and "hedgerow" were not the most frequently used. Words related to the concentrator and
384 exporter hypotheses such as "facilitation", "spillover", "competition", "concentration", and
385 "bee movement" were not identified. The only word related to these hypotheses was

386 "facilitation" which was used only in one study. The most common keywords used were
387 "ecosystem service" (N = 11), "wild bees" (N = 8), and "pollination" (N = 6) (Fig. 6b).

388 The author collaboration network was highly disconnected, with many isolated
389 components and a few modules. It means that the key players producing knowledge about
390 floral plantings are not yet intensively collaborating with one another (Fig. 6¢). Regarding
391 the affiliated institutions, most authors work in Europe and North America. Institutions from
392 South America, Africa, and Asia were missing, except for two institutions in Chile, two in
393 Kenya, one in Morocco, and two in Thailand (Fig. 6d).
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394 Fig. 6. Bibliometric map. Data extracted from the 25 articles retrieved in our systematic review
395 about the effects of floral plantings on crop pollination by bees. The number of studies published per
396 year (a). Keywords listed in the articles retrieved: keyword size represents the frequency of use (b).
397 Co-authorship network: nodes represent authors and links represent collaboration (c). Countries
398 where author’s institutions are located (d).

399

400 6. Discussion

401 We synthesized knowledge about the effects of floral plantings on crop pollination by
402 bees, aiming to contribute to solving the hunger problem (UN’s SDG 2), a

403 multidimensional puzzle that also requires ecological pieces. Using a research weaving
404 approach, we made systematic and bibliometric maps to help guide future basic and

405 applied studies. Our findings point to promising research avenues.

406 First, our systematic map suggests that the effects of floral plantings emerge from a
407 complex interplay of factors, mainly crop type, floral planting composition, bee group, and
408 environmental conditions. It should be noted that environmental conditions seem to play a
409 crucial role in regulating the effects of floral plantings at a local scale, but further studies
410 are needed to clarify their influence. Second, our bibliometric map revealed a highly

411 disconnected co-authorship network, which evidences the urgent need for improving

412 collaboration and communication in the field.

413 Problems in communication are worrisome not only among data producers but also
414 between them and data users, as the lack of standardization in the information reported
415 seriously restrained the scope of our assessment and will probably also hinder other

416 attempts at synthesis (Kita et al., 2022). Therefore, data reporting needs improvement to
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417 enhance knowledge exchange and integration between producers, users, and

418 stakeholders (see Kita et al. (2022) (Kita et al., 2022) for guidelines). This way, we can
419 improve our understanding and direct our efforts towards optimizing the use of floral

420 plantings to ecologically intensify agriculture and contribute to achieving SDG 2. However,
421 even with the few data available, we can point to knowledge gaps and research avenues.
422 (1) Floral plantings vs. crops

423 We observed that the effects of floral plantings on bees vary between study sites. For
424 example, two studies focused on melon crops, one in Morocco and the other in Spain,
425 corroborated the exporter and concentrator hypotheses, respectively. Both studies

426 assessed the effects of floral plantings adjacent to melon crops on wild bee abundance,
427 with the main difference between them being the plant species used in the floral

428 plantings. Probably, the key to this difference is the resources provided by different plants
429 to bees in floral plantings compared to crops. Considering that bees optimize the balance
430 between the energy acquired and expended during foraging (Seeley, 1994), both crops
431 and floral plantings offer resources to bees (Bansch et al., 2020; Rutschmann et al.,

432 2023), and bee foraging behavior is influenced by nectar and pollen quantity and quality
433 (Vaudo et al., 2015), the effect of floral plantings most likely depends on where resource
434 reward is energetically higher: crops or floral plantings. If it is true, in Morocco, the

435 resource reward offered by the melon crops should be higher than by floral plantings

436 (exporter effect). It might be the other way around in Spain (concentrator effect). Thus,
437 future studies could focus on understanding how resources available in floral plantings
438 and crops can influence bee movement between these areas, for example, by quantifying
439 the resource ratio between them.
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440 (2) The bee group

441 Another factor that could strongly influence the effect of floral plantings is bee

442 behavior. We observed that different studies showed different effects of floral plantings
443 depending on the bee group analyzed (i.e., honeybees, wild bees, and bumblebees). It
444 suggests that the effect of floral plantings may depend not only on where the resources
445 (e.g., pollen and nectar) are more rewarding (crops or floral planting) but also on bee
446 foraging behavior. For example, results obtained for courgette crops in the same site in
447 the U.K., with the same floral planting composition, point out that the effect of floral

448 plantings varies with bee group. For honeybees and bumblebees that exhibit recruitment
449 behavior (Alves et al., 2023), the study corroborated the exporter hypothesis, while for
450 wild bees (only solitary species) the study corroborated the concentrator hypothesis. The
451 same difference between bee groups was observed for strawberry crops in Switzerland,
452 field mustard crops in the United States, and oilseed rape crops in Ireland. Thus,

453 considering that different bee groups have different sociality, which affects foraging

454 behavior (Brunet et al., 2023; Griter and Hayes, 2022), and resource preference

455 (Leonhardt and Blithgen, 2012), the effects of floral plantings may also depend on the
456 match between the resources available and bee group.

457 Morphological traits of bees, such as body size, could also influence the effect of
458 floral plantings. Considering that different bee species differ in body size (Chole et al.,
459 2019), body size limits bee foraging distance (Greenleaf et al., 2007), and the distance
460 between floral plantings and crops can vary as well as the area of each crop, the effect of
461 floral plantings may also depend on the bee species present in the local bee community.
462 Thus, future studies could investigate how different bee species could be strategically
463 used to enhance crop productivity, by considering the interplay between floral planting
464 and crop areas and bee foraging behaviors.
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465 (3) Environmental conditions

466 Different floral planting effects could also result from differences in environmental
467 conditions between sites, such as landscape configuration and composition (e.g., other
468 crop types available in the surroundings) (Bottero et al., 2023), which may influence bee
469 movement between crops and floral plantings. Thus, studies conducted in the same crop
470 type with the same floral planting composition, but located in different sites, could

471 corroborate different hypotheses. Therefore, future studies should consider the landscape
472 surrounding the crops and floral plantings. To make matters even more complicated,

473 though, the interplay of factors seems to be a little more complex.

474 In two studies conducted in blueberry crops in two different sites of Michigan, U.S.A,,
475 with the same floral planting composition, the floral planting effect was neutral. However,
476 in another study, also in a blueberry crop, in another site in Michigan, but with different
477 floral planting composition, the effect was exporter. These results lead to raising three
478 hypotheses. First, the environmental conditions of the two studies that supported the

479 neutral effect may be similar to one another, whereas the environmental conditions of the
480 study that supported the exporter effect could be significantly different. Second, at the
481 level of species interactions on a small spatial scale, the variation in the effects may stem
482 mainly from differences in floral planting composition. Third, both environmental

483 conditions and floral planting composition may synergistically influence the observed

484 effect. Thus, future studies could use these hypotheses as a framework to clarify the

485 influence of environmental conditions combined with floral planting composition.

486 (4) Knowledge gaps

487 Unfortunately, limitations in data variety and quantity reported in the literature hinder
488 further assessments. Those limitations show that information reporting about data
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489 collection methods, raw data, processed data, and model results must be improved as it
490 is key to advance knowledge not only on the effects of floral plantings but also different
491 types of species interactions (Kita et al., 2022). For example, information on landscape
492 features such as landscape configuration and composition could help assess how

493 environmental conditions can influence the effects of floral plantings since landscape
494 features (patterns) can influence ecosystem services such as crop pollination (Viana et
495 al., 2012). Thus, reporting information, for instance, crop and floral planting areas,

496 percentage of natural vegetation surrounding the crops, types of crops in the vicinity of
497 the assessed crop, and information on land management (e.g., pesticide use), is of

498 paramount importance to understanding the factors behind the effects of floral plantings.
499 Information from other continents besides Europe and North America is also crucial
500 to fill knowledge gaps, as floral plantings might also represent a viable solution for many
501 other countries, particularly in the tropics, given that most studies in our review were
502 conducted in the Temperate Zone. Tropical studies are crucial for both bee conservation
503 and global economic growth, as the region supports a vast diversity of bee species,

504 especially the Neotropics (Freitas et al., 2009), and is a major producer of key

505 commodities such as coffee and cocoa (FAO, 2025).

506 Conducting experiments in different periods is also important, as the same

507 experiment, focused on the same bee group, under the same environmental conditions,
508 but in different years (N = 3), can lead to observing different effects. We observed that, in
509 a study conducted in sunflower crops, in the first year, neither the concentrator nor the
510 exporter hypotheses were corroborated. However, in the second year, the same study
511 conducted under the same conditions corroborated the exporter hypothesis. The same
512 incongruence between consecutive years was also observed for melon and red clover
513 crops. Thus, future studies are needed to clarify these conflicting results.
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514 (5) A new perspective

515 Considering that (i) the empirical evidence synthesized here seems to corroborate
516 both the exporter and concentrator hypotheses; (ii) bee movement (dispersal or

517 commuting) from floral plantings to crops is what differentiates them; (iii) and intensive
518 crops are generally hostile to bees due to their low resource diversity (Kremen et al.,
519 2002), while floral plantings attract them (Vaudo et al., 2015), we propose that these
520 hypotheses may not be mutually exclusive. Instead, they could represent sequential

521 stages of bee movement across the agricultural landscape. Thus, the concentrator

522 hypothesis would represent the stage of bee arrival at floral plantings (concentrator

523 stage), while the exporter hypothesis would represent the stage of bee movement from
524 floral plantings to crops (exporter stage). In other words, the concentrator and exporter
525 effects might be stages of the same phenomenon. Thus, the concentrator hypothesis
526 would represent the stage of bee arrival at floral plantings (concentrator stage), while the
527 exporter hypothesis would represent the stage of bee movement from floral plantings to
528 crops (exporter stage). In other words, the concentrator and exporter effects might be
529 stages of the same phenomenon. Furthermore, we must consider that crops often

530 represent a temporary resource source during flowering. Floral plantings, on the other
531 hand, can sustain bees for a long time. Consequently, there is probably a modular

532 structure in the pollination network formed in farms, which involves crops, floral plantings,
533 natural habitat remnants, and other environments available in the landscape.

534 In addition, considering that (i) the effect of floral plantings seems to emerge from a
535 complex interplay of factors; (ii) the transition from the concentrator to the exporter stage
536 seems to represent an emergent phenomenon (Johnson, 2002) as observed in other
537 complex systems (Dakos et al., 2023); and (iii) thresholds or tipping points are commonly
538 observed in phenomena involving emergence (Dakos et al., 2023; Scheffer et al., 2009),
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we propose a new perspective. We hypothesize that, for each factor, there must be a
threshold at which bees migrate from floral plantings to crops, taking the system from the
concentrator to the exporter stage. This threshold is probably related to resource
dissimilarity between habitats and seems to be key to understanding the spatially-explicit
modularity that potentially occurs in pollination networks at farms, so it might be better
understood within the framework provided by the Integrative Hypothesis of Specialization
(Mello and Dormann, 2025; Pinheiro et al., 2019). Maybe, in the end, we need to take a

step back to see the bigger picture.

7. Conclusion

The effects of floral plantings on crop pollination seem to result from a complex
interplay between key factors, mainly crop type, plant species composition of the floral
planting, bee community composition, and environmental conditions. However, much
more information is needed to assess those factors and the mechanism that articulates
them. First, we need future studies to report information in a more standardized way to
facilitate synthesis. Second, we need not only further experimental studies on the
phenomenon but also studies that conceptually integrate the exporter and concentrator
hypotheses. After all, for the sake of our own food security, we need to work hard on the
ecological intensification of agriculture to find viable compromises between production

and conservation.

Acknowledgments

We are deeply grateful to the authors of all primary studies included in our systematic
review, whose empirical work made our synthesis possible. Special thanks go to Astrid
Kleinert and Renata Muylaert for their invaluable insight and advice, which helped us see the

bigger picture and put CAK’s Ph.D. project in perspective. We also thank Tereza Giannini,

28


https://doi.org/10.1101/2025.09.01.673359

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.01.673359; this version posted September 3, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

563  Paula Prist, and Silvana Buzato for their insightful suggestions during CAK’s Qualifying
564 Exam. Last but not least, we thank the Stack Overflow community

565 (https://stackoverflow.com/), where we solve most of our coding dilemmas.

566 Declaration of interest statement

567  We collectively declare no conflicts of interest.

568 Funding

569 CAK thanks the Coordination for the Improvement of Higher Education Personnel

570 (CAPES, 8888.802356/2023-00), Graduate School in Ecology of the University of Sdo Paulo
571 (PPGE/IB-USP), and Sao Paulo Research Foundation (FAPESP, 2023/17728-9) for the

572  Ph.D. scholarships. MARM was supported by grants, fellowships, and scholarships given to
573  him and his team by the Alexander von Humboldt Foundation (AvH, 1134644), Sao Paulo
574  Research Foundation (FAPESP, 2023/03083-6, 2023/02881-6, and 2023/17728-9), National
575  Council for Scientific and Technological Development (CNPq, 305204/2024-6), and

576 Consulate General of France in Sao Paulo.

577  Supplementary Material

578 All supplements mentioned in the text, as well as data and code to reproduce all

579 graphical and numerical analyses, are available on GitHub:

580 https://github.com/CKita/BeeFlow.git. The data and code to reproduce the systematic and
581 bibliometric maps are organized into separate folders. The supplementary text and

582 processed data are available as standalone files.

29


https://stackoverflow.com/
https://github.com/CKita/BeeFlow.git
https://doi.org/10.1101/2025.09.01.673359

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.01.673359; this version posted September 3, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

583 References

584 Aizen, M.A., Harder, L.D., 2009. The Global Stock of Domesticated Honey Bees Is

585 Growing Slower Than Agricultural Demand for Pollination. Current Biology 19, 915—
586 918. https://doi.org/10.1016/j.cub.2009.03.071

587 Albrecht, M., Kleijn, D., Williams, N.M., Tschumi, M., Blaauw, B.R., Bommarco, R.,

588 Campbell, A.J., Dainese, M., Drummond, F.A., Entling, M.H., Ganser, D., Arjen de
589 Groot, G., Goulson, D., Grab, H., Hamilton, H., Herzog, F., Isaacs, R., Jacot, K.,
590 Jeanneret, P., Jonsson, M., Knop, E., Kremen, C., Landis, D.A., Loeb, G.M., Marini,
591 L., McKerchar, M., Morandin, L., Pfister, S.C., Potts, S.G., Rundl6f, M., Sardifias, H.,
592 Sciligo, A., Thies, C., Tscharntke, T., Venturini, E., Veromann, E., Vollhardt, . M.G.,
593 Wackers, F., Ward, K., Wilby, A., Woltz, M., Wratten, S., Sutter, L., 2020. The

594 effectiveness of flower strips and hedgerows on pest control, pollination services and
595 crop yield: a quantitative synthesis. Ecol Lett 23, 1488-1498.

596 https://doi.org/10.1111/ele.13576

597 Alves, D.A., George, E.A., Kaur, R., Brockmann, A., Hrncir, M., Griter, C., 2023. Diverse
598 communication strategies in bees as a window into adaptations to an unpredictable
599 world. Proc Natl Acad Sci U S A 120, €2219031120.

600 https://doi.org/10.1073/pnas.2219031120

601 Ammar, R., 2016. randomcoloR: Generate Attractive Random Colors. CRAN: Contributed
602 Packages. https://doi.org/10.32614/CRAN.package.randomcoloR

603 Bansch, S., Tscharntke, T., Ratnieks, F.L.W., Hartel, S., Westphal, C., 2020. Foraging of
604 honey bees in agricultural landscapes with changing patterns of flower resources.
605 Agric Ecosyst Environ 291, 106792. https://doi.org/10.1016/j.agee.2019.106792

30


https://doi.org/10.1101/2025.09.01.673359

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.01.673359; this version posted September 3, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

606 Barraud, A., Barascou, L., Lefebvre, V., Sene, D., Le Conte, Y., Alaux, C., Grillenzoni,
607 F.V., Corvucci, F., Serra, G., Costa, C., Vanderplanck, M., Michez, D., 2022.

608 Variations in Nutritional Requirements Across Bee Species. Front Sustain Food Syst
609 6, 824750. https://doi.org/10.3389/fsufs.2022.824750

610 Bartomeus, I., Winfree, R., 2011. The circe principle: Are pollinators waylaid by attractive
611 habitats? Current Biology 21, R652—-R654. https://doi.org/10.1016/j.cub.2011.07.010
612 Blitzer, E.J., Dormann, C.F., Holzschuh, A., Klein, A.M., Rand, T.A., Tscharntke, T., 2012.
613 Spillover of functionally important organisms between managed and natural habitats.
614 Agric Ecosyst Environ 146, 34—43. https://doi.org/10.1016/j.agee.2011.09.005

615 Bottero, I., Dominik, C., Schweiger, O., Albrecht, M., Attridge, E., Brown, M.J.F., Cini, E.,
616 Costa, C., De la Rua, P., de Miranda, J.R., Di Prisco, G., Dzul Uuh, D., Hodge, S.,
617 Ivarsson, K., Knauer, A.C., Klein, A.M., Mand, M., Martinez-L6pez, V., Medrzycki, P.,
618 Pereira-Peixoto, H., Potts, S., Raimets, R., Rundlof, M., Schwarz, J.M., Senapathi,
619 D., Tamburini, G., Talavan, E.T., Stout, J.C., 2023. Impact of landscape

620 configuration and composition on pollinator communities across different European
621 biogeographic regions. Front Ecol Evol 11, 1128228.

622 https://doi.org/10.3389/fevo.2023.1128228

623 Brunet, J., Jiang, Q., Zhao, Y., Thairu, M.W., Clayton, M.K., 2023. Bee species perform
624 distinct foraging behaviors that are best described by different movement models.
625 Scientific Reports 2023 13:1 13, 1-11. https://doi.org/10.1038/s41598-022-26858-9
626 Chole, H., Woodard, S.H., Bloch, G., 2019. Body size variation in bees: regulation,

627 mechanisms, and relationship to social organization. Curr Opin Insect Sci 35, 77-87.
628 https://doi.org/10.1016/j.cois.2019.07.006

31


https://doi.org/10.1101/2025.09.01.673359

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.01.673359; this version posted September 3, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

629 Cooper, N., 2013. reader: Suite of Functions to Flexibly Read Data from Files. CRAN:
630 Contributed Packages. https://doi.org/10.32614/CRAN.package.reader

631 Csardi, G., Nepusz, T., Traag, V., Horvat, S., Zanini, F., Noom, D., Mdller, K., 2024.

632 igraph: Network Analysis and Visualization. CRAN: Contributed Packages.

633 https://doi.org/10.32614/CRAN.package.igraph

634 Dakos, V., Boulton, C.A., Buxton, J.E., Abrams, J.F., Armstrong McKay, D.I., Bathiany,
635 S., Blaschke, L., Boers, N., Dylewsky, D., Lopez-Martinez, C., Parry, |, Ritchie, P.,
636 van der Bolt, B., van der Laan, L., Weinans, E., Kéfi, S., 2023. Tipping Point

637 Detection and Early-Warnings in climate, ecological, and human systems 15, 1117—
638 1135. https://doi.org/10.5194/egusphere-2023-1773

639 Deguines, N., Jono, C., Baude, M., Henry, M., Julliard, R., Fontaine, C., 2014. Large-
640 scale trade-off between agricultural intensification and crop pollination services.

641 Front Ecol Environ 12, 212—-217. https://doi.org/10.1890/130054

642 Elmiger, B.N., Finger, R., Ghazoul, J., Schaub, S., 2023. Biodiversity indicators for result-
643 based agri-environmental schemes — Current state and future prospects. Agric Syst
644 204, 103538. https://doi.org/10.1016/j.agsy.2022.103538

645 FAO, 2025. FAOSTAT: Agricultural production statistics. Food and Agriculture

646 Organization of the United Nations. [WWW Document]. URL

647 https://www.fao.org/faostat (accessed 3.26.25).

648 Fellows, I., 2011. wordcloud: Word Clouds. CRAN: Contributed Packages.

649 https://doi.org/10.32614/CRAN.package.wordcloud

32


https://doi.org/10.1101/2025.09.01.673359

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.01.673359; this version posted September 3, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

650 Feltham, H., Park, K., Minderman, J., Goulson, D., 2015. Experimental evidence that
651 wildflower strips increase pollinator visits to crops. Ecol Evol 5, 3523-3530.

652 https://doi.org/10.1002/ece3.1444

653 Feuerbacher, A., 2025. Pollinator declines, international trade and global food security:
654 Reassessing the global economic and nutritional impacts. Ecological Economics
655 232, 108565. https://doi.org/10.1016/j.ecolecon.2025.108565

656 Ford, E.D., Ishii, H., 2001. The method of synthesis in ecology. Oikos 93, 153-160.

657 https://doi.org/10.1034/j.1600-0706.2001.930117 .x

658 Freitas, B.M., Imperatriz-Fonseca, V.L., Medina, L.M., Kleinert, A.D.M.P., Galetto, L.,
659 Nates-Parra, G., Javier, J., 2009. Diversity, threats and conservation of native bees
660 in the Neotropics. Apidologie 40, 332—-346. https://doi.org/10.1051/apido/2009012
661 Godfray, H.C.J., Beddington, J.R., Crute, |.R., Haddad, L., Lawrence, D., Muir, J.F.,

662 Pretty, J., Robinson, S., Thomas, S.M., Toulmin, C., 2010. Food security: The

663 challenge of feeding 9 billion people. Science (1979) 327, 812—818.

664 https://doi.org/10.1126/science.1185383

665 Grames, E.M., Stillman, A.N., Tingley, M.W., Elphick, C.S., 2019. An automated approach
666 to identifying search terms for systematic reviews using keyword co-occurrence
667 networks. Methods Ecol Evol 10, 1645-1654. https://doi.org/10.1111/2041-

668 210X.13268

669 Greenleaf, S.S., Williams, N.M., Winfree, R., Kremen, C., 2007. Bee foraging ranges and
670 their relationship to body size. Oecologia 153, 589-596.

671 https://doi.org/10.1007/s00442-007-0752-9

33


https://doi.org/10.1101/2025.09.01.673359

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.01.673359; this version posted September 3, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

672 Griter, C., Hayes, L., 2022. Sociality is a key driver of foraging ranges in bees. Current
673 Biology 32, 5390-5397. https://doi.org/10.1016/j.cub.2022.10.064

674 Haaland, C., Naisbit, R.E., Bersier, L.F., 2011. Sown wildflower strips for insect

675 conservation: a review. Insect Conserv Divers 4, 60-80.

676 https://doi.org/10.1111/j.1752-4598.2010.00098.x

677 Haussler, J., Sahlin, U., Baey, C., Smith, H.G., Clough, Y., 2017. Pollinator population
678 size and pollination ecosystem service responses to enhancing floral and nesting
679 resources. Ecol Evol 7, 1898—1908. https://doi.org/10.1002/ece3.2765

680 Imperatriz-Fonseca, V.L., Canhos, D.A.L., Alves, D. de A., Saraiva, A.M., 2012.

681 Polinizadores no Brasil: Contribuicdo e Perspectivas para a Biodiversidade, Uso
682 Sustentavel, Conservagao e Servicos Ambientais, Edusp.

683 IPBES, 2016. The assessment report of the Intergovernmental Science-Policy Platform
684 on Biodiversity and Ecosystem Services on pollinators, pollination and food

685 production. S.G. Potts, V. L. Imperatriz-Fonseca, and H. T. Ngo, Secretariat of the
686 Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services.
687 Johnson, S., 2002. Emergence: The Connected Lives of Ants, Brains, Cities, and

688 Software, Penguin Books.

689 Kita, C.A., Florez-Montero, G., Montoya-Bustamante, S., Muylaert, R.L., Zapata-Mesa,
690 N., Mello, M.A.R., 2022. Ten simple rules for reporting information on species

691 interactions. PLoS Comput Biol 18, e1010362.

692 https://doi.org/10.1371/journal.pcbi.1010362

34


https://doi.org/10.1101/2025.09.01.673359

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.01.673359; this version posted September 3, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

693 Klein, A.M., Vaissiére, B.E., Cane, J.H., Steffan-Dewenter, I., Cunningham, S.A., Kremen,
694 C., Tscharntke, T., 2007. Importance of pollinators in changing landscapes for world
695 crops. Proceedings of the Royal Society B: Biological Sciences 274, 303—-313.

696 https://doi.org/10.1098/rspb.2006.3721

697 Kremen, C., Albrecht, M., Ponisio, L., 2019. Restoring pollinator communities and

698 pollination services in hedgerows in intensively managed agricultural landscapes, in:
699 The Ecology of Hedgerows and Field Margins. pp. 163—-185.

700 https://doi.org/10.4324/9781315121413-9

701 Kremen, C., Williams, N.M., Thorp, R.W., 2002. Crop pollination from native bees at risk
702 from agricultural intensification. Proc Natl Acad Sci U S A 99, 16812-16816.

703 https://doi.org/10.1073/pnas.2624 13599

704 Leonhardt, S.D., Bluthgen, N., 2012. The same, but different: Pollen foraging in honeybee
705 and bumblebee colonies. Apidologie 43, 449-464. https://doi.org/10.1007/s13592-
706 011-0112-y

707 Mello, M.A.R., Dormann, C.F., 2025. We need to talk about the topology of interaction
708 networks. Oecologia Australis 1-3.

709 Meyer, D., Zeileis, A., Hornik, K., Friendly, M., 2024. vcd: Visualizing Categorical Data.
710 CRAN: Contributed Packages. https://doi.org/10.32614/CRAN.package.vcd

711 Muller, K., Wickham, H., 2023. tibble: Simple Data Frames. CRAN: Contributed

712 Packages. https://doi.org/10.32614/CRAN.package.tibble

35


https://doi.org/10.1101/2025.09.01.673359

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.01.673359; this version posted September 3, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

713 Nakagawa, S., Samarasinghe, G., Haddaway, N.R., Westgate, M.J., O'Dea, R.E., Noble,
714 D.W.A,, Lagisz, M., 2019. Research Weaving: Visualizing the Future of Research
715 Synthesis. Trends Ecol Evol 34, 224—-238. https://doi.org/10.1016/j.tree.2018.11.007
716 Neuwirth, E., 2022. RColorBrewer: ColorBrewer Palettes. CRAN: Contributed Packages.
717 https://doi.org/10.32614/CRAN.package.RColorBrewer

718 Nicholson, C.C., Ricketts, T.H., Koh, I., Smith, H.G., Lonsdorf, E. V., Olsson, O., 2019.
719 Flowering resources distract pollinators from crops: Model predictions from

720 landscape simulations. Journal of Applied Ecology 56, 618—628.

721 https://doi.org/10.1111/1365-2664.13333

722 Page, M.J., McKenzie, J.E., Bossuyt, P.M., Boutron, |., Hoffmann, T.C., Mulrow, C.D.,
723 Shamseer, L., Tetzlaff, J.M., Akl, E.A., Brennan, S.E., Chou, R., Glanville, J.,

724 Grimshaw, J.M., Hrébjartsson, A., Lalu, M.M., Li, T., Loder, E.W., Mayo-Wilson, E.,
725 McDonald, S., McGuinness, L.A., Stewart, L.A., Thomas, J., Tricco, A.C., Welch,
726 V.A., Whiting, P., Moher, D., 2021. The PRISMA 2020 statement: An updated

727 guideline for reporting systematic reviews. The BMJ 372.

728 https://doi.org/10.1136/bmj.n71

729 Pedersen, T.L., 2024a. ggraph: An Implementation of Grammar of Graphics for Graphs
730 and Networks. CRAN: Contributed Packages.

731 https://doi.org/10.32614/CRAN.package.ggraph

732 Pedersen, T.L., 2024b. ggforce: Accelerating “ggplot2.” CRAN: Contributed Packages.
733 https://doi.org/10.32614/CRAN.package.ggforce

36


https://doi.org/10.1101/2025.09.01.673359

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.01.673359; this version posted September 3, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

734 Pinheiro, R.B.P., Felix, G.M.F., Dormann, C.F., Mello, M.A.R., 2019. A new model

735 explaining the origin of different topologies in interaction networks. Ecology 100,
736 e€02796. https://doi.org/10.1002/ecy.2796

737 Pywell, R.F., Meek, W.R., Hulmes, L., Hulmes, S., James, K.L., Nowakowski, M., Carvell,
738 C., 2011. Management to enhance pollen and nectar resources for bumblebees and
739 butterflies within intensively farmed landscapes. J Insect Conserv 15, 853—-864.

740 https://doi.org/10.1007/s10841-011-9383-x

741 R Core Team, 2024. R: The R Project for Statistical Computing [WWW Document]. URL
742 https://www.r-project.org/ (accessed 11.4.24).

743 Rutschmann, B., Kohl, P.L., Steffan-Dewenter, I., 2023. Foraging distances, habitat

744 preferences and seasonal colony performance of honeybees in Central European
745 forest landscapes. Journal of Applied Ecology 60, 1056—1066.

746 https://doi.org/10.1111/1365-2664.14389

747 Scheffer, M., Bascompte, J., Brock, W.A., Brovkin, V., Carpenter, S.R., Dakos, V., Held,
748 H., Van Nes, E.H., Rietkerk, M., Sugihara, G., 2009. Early-warning signals for critical
749 transitions. Nature 2009 461:7260 461, 53-59. https://doi.org/10.1038/nature08227
750 Seeley, T.D., 1994. Honey bee foragers as sensory units of their colonies. Behav Ecol
751 Sociobiol 34, 51-62. https://doi.org/10.1007/BF00175458

752 Siopa, C., Carvalheiro, L.G., Castro, H., Loureiro, J., Castro, S., 2024. Animal-pollinated
753 crops and cultivars—A quantitative assessment of pollinator dependence values and
754 evaluation of methodological approaches. Journal of Applied Ecology 61, 1279—
755 1288. https://doi.org/10.1111/1365-2664.14634

37


https://doi.org/10.1101/2025.09.01.673359

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.01.673359; this version posted September 3, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

756 Slowikowski, K., Schep, A., Hughes, S., Dang, T.K,, Lukauskas, S., Irisson, J.-O.,

757 Kamvar, Z.N., Ryan, T., Christophe, D., Hiroaki, Y., Gramme, P., Masoud, A.,

758 Barrett, M., Cannoodt, R., Krassowski, M., Chirico, M., Aphalo, P., Barton, F., 2024.
759 ggrepel: Automatically Position Non-Overlapping Text Labels with “ggplot2.” CRAN:
760 Contributed Packages. https://doi.org/10.32614/CRAN.package.ggrepel

761 Tscharntke, T., Clough, Y., Wanger, T.C., Jackson, L., Motzke, I., Perfecto, I.,

762 Vandermeer, J., Whitbread, A., 2012. Global food security, biodiversity conservation
763 and the future of agricultural intensification. Biol Conserv 151, 53-59.

764 https://doi.org/10.1016/j.biocon.2012.01.068

765 United Nations, 2015. Transforming our world: The 2030 Agenda for Sustainable

766 Development.

767 Vaudo, A.D., Tooker, J.F., Grozinger, C.M., Patch, H.M., 2015. Bee nutrition and floral
768 resource restoration. Curr Opin Insect Sci 10, 133—141.

769 https://doi.org/10.1016/j.cois.2015.05.008

770 Venturini, E.M., Drummond, F.A., Hoshide, A.K., Dibble, A.C., Stack, L.B., 2017.

771 Pollination reservoirs for wild bee habitat enhancement in cropping systems: a

772 review. Agroecology and Sustainable Food Systems 41, 101-142.

773 https://doi.org/10.1080/21683565.2016.1258377

774 Viana, B.F., Boscolo, D., Neto, E.M., Lopes, L., Lopes, A., Fereira, P., Pigozzo, C.M.,
775 Primo, L., 2012. How well do we understand landscape effects on pollinators and
776 pollination services? J Pollinat Ecol 7, 31-41. https://doi.org/10.26786/1920-

777 7603(2012)2

38


https://doi.org/10.1101/2025.09.01.673359

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.01.673359; this version posted September 3, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

778 von Konigsléw, V., Fornoff, F., Klein, A.M., 2022. Wild bee communities benefit from
779 temporal complementarity of hedges and flower strips in apple orchards. Journal of
780 Applied Ecology 59, 2814—2824. https://doi.org/10.1111/1365-2664.14277

781 Wickham, H., 2016. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New
782 York.

783 Wickham, H., Francgois, R., Henry, L., Mdller, K., Vaughan, D., 2014. dplyr: A Grammar of
784 Data Manipulation. CRAN: Contributed Packages.

785 https://doi.org/10.32614/CRAN.package.dplyr

786 Zattara, E.E., Aizen, M.A., 2021. Worldwide occurrence records suggest a global decline
787 in bee species richness. One Earth 4, 114—123.

788 https://doi.org/10.1016/j.oneear.2020.12.005

789

39


https://doi.org/10.1101/2025.09.01.673359

