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Abstract
Changes in floral visitors’ diversity and community composition have been
reported to affect coffee production, which optimal growing conditions are cool
to warm tropical climates found in the coffee belt. However, few studies have
focused on understanding how insects’ foraging behaviour (e.g., contact with floral
reproductive organs) relates with coffee production. Thus, it is important to con-
sider floral visitors’ foraging behaviour, as this can influence the transfer of conspe-
cific pollen required for plant fertilisation, the efficiency of floral visitors and
improve the pollination service provided. Here, we assessed how foraging behav-
iour of honeybees and stingless bees affects coffee fruit set and fruit weight in
conventional and agroecological managed crops. We quantified local floral
resources and recorded diversity, abundance and behaviour of floral visitors at
eight pairs of sites with agroecological and conventional management systems to
assess how foraging behaviour of honeybees and stingless bees affects coffee fruit
set and fruit weight in both types of managed crops. We found that the managed
honeybee Apis mellifera and three wild bees Tetragonisca angustula, Scaptotrigona
mexicana and Partamona bilineata are the principal floral visitors of coffee crops in
Guatemala, whose total abundance but not richness was higher in agroecological
areas. Regarding their behaviours, we observed that the average number of
flowers visited by P. bilineata and its behaviour of touching the nectaries of coffee
flowers were positively related to fruit set, while only the percentage of A. mellifera
carrying pollen was positively related with fruit weight, suggesting that although
A. mellifera is found in large quantities, wild bees are also efficient pollinators of
coffee in the region. Our findings also suggest that in other tropical regions where
coffee is grown and honeybees have been observed as a primary pollinator, wild
bees may play an important role when considering their behaviour. In the same
way, coffee farms in Guatemala are a representation of the diversity of agroecosys-
tems found worldwide, and thus, the study of foraging behaviour of managed and
wild bees and the conservation of wild bee species in different coffee agroecosys-
tems should be emphasised to improve the production of coffee and other cash
crops.
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INTRODUCTION

Animal-mediated pollination is one of the essential ecosys-
tem services that plays an important role in crop pollination,
reproduction and outcrossing of wild and managed plant
species and supports global diversity and human well-being
(Klein et al. 2007; Mutavi-Katumo et al. 2022; Ollerton 2017).
Honeybee, Apis mellifera Linnaeus, 1758, is considered an
important crop pollinator worldwide (Hung et al. 2018;
Osterman, Landaverde-Gonz�alez, et al. 2021). However,
studies in different regions have reported how native polli-
nators’ diversity and visitation rate have a greater contribu-
tion to the increase of pollination and yield of different
crops than that of A. mellifera (Garibaldi et al. 2013;
Osterman, Aizen, et al. 2021; Rader et al. 2016).

Pollination effectiveness measures help to understand
the importance of different species of floral visitors on fruit
development and production. Yet their importance is also
a consequence of temporal and spatial change in abun-
dance, the change of landscape structures at different
scales and their foraging activity and behaviour (Mateos-
Fierro et al. 2022; Saturni et al. 2016). It is also generally
assumed that high flower visitation rate by bees is a strong
indicator of high pollination efficiency (Gagic et al. 2021).
However, given that some bee species may be inefficient
in pollen transfer and some plants have physiological
characteristics that require specialist pollinators, neither
the abundance of floral visitors nor the rate of visits is
equivalent to more successful pollination (Gagic et al.
2021). Foraging behaviour (e.g., flower visitation rate,
contact with the stigma and anther, and visiting time in
the flower) differs between non-apis bees and honeybees
that may be due to variability in interspecific foraging
behaviour. Specifically, some studies have shown that the
foraging behaviour of wild pollinators (e.g., visiting more
flowers per minute and high probability of stigma contact)
increases their efficiency as observed in Fabaceae plants in
Cameroon (Mazi et al. 2022), sweet cherry (Prunus avium L.)
in the United Kingdom (Mateos-Fierro et al. 2022) and
kiwifruit (Actinidia deliciosa (A. Chev.) C.F. Liang & A.R.
Ferguson) in Spain (Miñarro & Twizell 2015). Gagic et al.
(2021) also found that honeybees caused pollen limitation
in cauliflower (Brassica oleracea var. botrytis L.) due to their
preferences for hermaphrodite flowers and their high
nectar thievery. Similarly, Boff et al. (2018) reported that a
high visitation rate of oil bees increased the pollination effi-
ciency of Couepia uiti (Mart. & Zucc.) Benth. ex Hook.f. (Uiti
de Porco) in Pantanal wetland, Brazil. Together, these stud-
ies emphasise that to optimise crop pollination, it is neces-
sary to investigate the pollination contribution of different
floral visitor species and their foraging behaviour.

Further, the abundance, richness and density of flower
resources have been observed to be a positive driver of
pollinator diversity and visitation behaviour (e.g., increase
of visitation rate) in both tropical (Caudill et al. 2017;
Escobedo-Kenefic et al. 2020, 2022; Fisher et al. 2017;
Hip�olito et al. 2018; Landaverde-Gonz�alez et al. 2017;

Vergara & Badano 2009) and temperate regions
(Theodorou et al. 2017, 2020). However, some studies,
mainly in coffee crops, also suggest that other floral
resources and co-flowering crops may have no effect at
the field scale or may compete for pollinators with mass
flowering crops as coffee (Bänsch et al. 2021; Geeraert
et al. 2019; Peters et al. 2013; Ricketts et al. 2008; Veddeler
et al. 2006). It is also suggested that managed diversified
agroforestry coffee systems (in our study, agroecological
management), in contrast with conventional managed
crops, could improve climate resilience on coffee crops
and community of floral visitors (Chain-Guadarrama
et al. 2019), which become important in the light of the
high percentage (�34%–51%) of areas with coupled
decrease of coffee sustainability and bee richness
suggested for the region (Imbach et al. 2017). Therefore,
the relationship of coffee plantations with the manage-
ment of other flowering crops and floral resources around
the plantations should be also assessed. Floral visitors are
often affected by pesticides (Crenna et al. 2020) used in
crop management, via contact, through nectar feeding or
pollen feeding. Further, insecticides have negative effects
on bee diversity and worker foraging performance (Gill
et al. 2012), as well as having an impact on bees’ learning
and foraging behaviours as in Bombus species, honeybee
and Osmia bicornis (Linnaeus, 1758) (Boff et al. 2020, 2021;
Siviter et al. 2019). This suggests that agricultural
management (i.e., less use of pesticides or more ecological
approaches) is paramount and should be also considered
when analysing the service of pollination to crops.

Coffee, in particular Coffea arabica L. (Gentianales,
Rubiaceae) variety, is native to Eastern Africa; it is grown
in diverse tropical regions such as Oceania, the West
Indies, Asia, Africa, Central America and South America
(Xu 2003); and it was introduced in Central America due
to the neotropical climate and soil characteristics (Coffee
Research 2022). Coffee is one of the most cultivated cash
crops in Guatemala with a variety of agricultural practices,
ranging from large monoculture sun plantations with
conventional management (i.e., large amount of pesti-
cides and no shade) to less intensive agriculture, with
agroecological approaches in smaller coffee plots, which
is a representation of coffee cultivation worldwide where
79% are farms with less than 50 ha (reviewed in Siles
et al. 2022). Although coffee is a plant capable of autog-
amy and self-fertilisation, it has been reported that the
quantity and quality of fruit weight and fruit set are
improved when fertilisation is mediated by pollinators
(Classen et al. 2014; De Marco & Coelho 2004; Garibaldi
et al. 2013; Klein et al. 2007; Martínez-Salinas et al. 2022;
Moreaux et al. 2022; Ricketts 2004; Saturni et al. 2016).
Klein et al. (2003a) showed that coffee fruit set in
Indonesia increased by 12.3% with the contribution of
honeybees and wild bees. Roubik (2002) indicated that
Panamanian coffee fruit set had an increase of 50% pro-
vided by honeybee. Similarly, studies in Colombia (Bravo-
Monroy et al. 2015), Mexico (Vergara & Badano 2009) and
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Costa Rica (Ricketts 2004) show that higher bee diversity
is a major driver for increasing pollination services for cof-
fee crops. The species that primarily visit coffee flowers
are A. mellifera in Panama (Roubik 2002) and species of
the families Halictidae and Megachilidae in Indonesia
(Klein et al. 2003a) and Costa Rica (Ngo et al. 2011;
Ricketts 2004). Nevertheless, information on foraging
behaviour and pollination efficiency of coffee pollinators
in the tropics is scarce, and until now, the specific behav-
iour of pollinators visiting coffee flowers has been little
studied and how these behavioural variables benefit cof-
fee pollination remains an open question. Thus, it is nec-
essary to determine the importance of species visiting
coffee and also how their behaviours drive coffee pollina-
tion. In addition, the diversity of agricultural practices and
the increase in its production when it is visited by insects
make coffee crops ideal for studying the joint effect of
management, environment variables, diversity and behav-
iour of floral visitors on the production of coffee fruits.

In this study, we analyse the effect of floral visitor
diversity and behaviour on coffee pollination. We worked
in eight pairs of coffee plantations with two management
systems (agroecological and conventional) with the goal
of determining (a) whether the management system

affects the community composition, richness, abundance
of floral visitors and the foraging behaviour of A. mellifera
and the most abundant wild bee species visiting coffee
flowers and (b) how diversity and behaviour influence the
service of pollination to coffee in both management sys-
tems. We hypothesise that agroecological plantations will
support a higher diversity and abundance of floral visitors
than conventional plantations; additionally, floral visitors’
foraging behaviour, mainly from wild bees, related with
longer time spent and contact with nectaries and anthers
on the flowers will show a positive relationship with fruit
weight and fruit set.

MATERIALS AND METHODS

Area of study

We conducted the study in the departments of
Guatemala, Quetzaltenango, Sacatepéquez, Solol�a, Santa
Rosa, Jalapa, El Progreso and Suchitepéquez, at the foot-
hills of the Sierra Madre Mountain in Guatemala, ranging
from 765 to 1800 m. asl, where coffee crops are culti-
vated, as seen in Figure 1. C. arabica variety is the

F I G U R E 1 Location of all study sites. The map shows location of the study sites in the central and south-western regions of Guatemala, where
pollination experiments and pollinator observations were performed. Blue crosses represent conventional sites, and lilac crosses represent
agroecological sites.

84 ESCOBAR-GONZÁLEZ ET AL.
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principal coffee crop cultivated throughout the study site.
Approximately 125 000 families drive the total country
coffee production, of which 122 000 are smallholders
(ANACAF�E—Asociaci�on Nacional del Café 2023; Fischer &
Victor 2014). Guatemala has a diversity of ecosystems,
which creates eight regions for C. arabica with a tempera-
ture that varies from a minimum of 15�C in Cob�an to a
maximum of 25�C in the east region, which includes El
Progreso (Coffee Research 2022). In Guatemala, at least
98% of coffee cultivation is shade-grown mostly under
the canopy of native tree species such as Inga spp. and
the exotic tree Grevillea robusta A.Cunn. ex R.Br. Most of
the selected coffee farms belong to the Association of Pri-
vate Nature Reserves of Guatemala, in which crop cultiva-
tion and forest preservation are combined.

Experimental design

The experiments were conducted in eight pairs of sites, one
per department mentioned above. Each pair of sites con-
sisted of two coffee plantations with different management,
one agroecological and one conventional (see description
of management below), with a distance of at least 1 km.
We randomly chose 30 coffee plants in each coffee planta-
tion. In each coffee plant, we conducted an open and
bagged (exclusion) pollination experiment and recorded
the diversity of floral visitors and the foraging behaviour of
species that visited the coffee flowers. We did both pollina-
tion experiments and recording of floral visitor’s diversity
on the same day, because the attractiveness of coffee
flowers to pollinators only last 2 days (Camargo 1985), on
sunny days without rain or strong wind. Behavioural obser-
vations were done for 5 min in each of the 30 coffee
flowers from 8:00 AM to 2:00 PM, which varies for each coffee
plantation depending on environmental conditions. In addi-
tion, fieldwork was carried out only once in each plantation
during the flowering peak of coffee, in the following
periods: in Quetzaltenango, Suchitepéquez, Sacatepéquez
and Guatemala, from March to April 2018; in El Progreso, in
April 2019; and in Jalapa, Santa Rosa and Solol�a, from
March to April 2021. In Sacatepéquez, we only sampled the
conventional coffee site due to the eruption of the Fuego
volcano in June 2018, which made the area inaccessible
and destroyed all the crops. During the year 2020, the sam-
pling could not be carried out because of restrictions
imposed due to COVID-19 pandemic. Therefore, the data
analysis included 15 coffee plantations, of which eight plan-
tations corresponded to agroecological management and
seven to conventional management (see Table S1 for loca-
tion of each coffee plantation).

Management type in coffee plantations

To classify the type of management in the coffee planta-
tions of our study in Guatemala, we defined the status of

the following cultivation practices: (a) whether there was
a regimen of low use of agrochemicals per harvest season
(maximum one time a year); (b) that the richness of asso-
ciated cultivated species is greater than at the paired site;
(c) prioritisation of the use of organic compounds as ferti-
lisers; (d) the existence of international certification of
organic, ecological or sustainable or social production;
(e) prohibition of the use of highly toxic pesticides; (f)
presence of seminatural or natural vegetation surround-
ing the coffee plantation; and (g) density of high-level
shade trees (Haggar et al. 2015; Moguel & Toledo 1999;
see Table S2). We then compared the state of the seven
practices described previously of a given plantation
against its pair and scored them as follows. Whether if the
practice was prevalent in the plantation, we scored each
practice as one. In the opposite case, we scored each prac-
tice as zero. Based on this system, the coffee plantations
with the highest score compared to their pairs were classi-
fied as agroecological management, whereas the coffee
plantations with the lowest score compared to their pairs
were classified as conventional management (Table S2).

Open and exclusion (bagged) pollination
experiments

For each coffee plant, we selected and counted two clus-
ters of flower buds, one for open pollination (14.89 mean
of buds per cluster ± 6.08 SD) and the other for the exclu-
sion ‘bagged’ (13.97 mean of buds per cluster ± 4.12 SD)
experiments. Each cluster was marked with flagging tape
so we could find it at the end of the experiment. Open pol-
lination consisted in an experiment in which the buds
were covered with bags, and the moment the flowers
opened, the bags were removed and the visit of floral visi-
tors was allowed. Exclusion (bagged) experiment consisted
in an experiment in which flowers were let bagged during
all the experiment as in Landaverde-Gonz�alez et al. (2017).
To obtain the contribution provided by floral visitors, we
subtracted the values from the exclusion experiment from
open pollination values and consequently used the
resulted value for the following analyses. Subsequently, we
visited each plantation 4 months after, from July to August,
and harvested the mature fruits. We then measured the
weight of the fresh fruits and counted the total number of
fruits produced per cluster. The fruit set was measured as
the ratio between the total number of fruits produced and
the initial number of floral buds counted per cluster, for a
given plant. We calculated the average weight of the fruits
and fruit set of the 30 plants for each coffee plantation.
Lastly, because we performed the open pollination experi-
ments and observations in different plant branches, our
analysis is a general approximation of the pollination ser-
vices provided by the overall flower floral visitors and must
be taken with caution. We used a modification of the
methodology created by Vergara and Badano (2009) and
Landaverde-Gonz�alez et al. (2017).
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Floral visitors and their foraging behaviour

With the goal to assess how behaviour and abundance
of floral visitors affected fruit development, and whether
these effects differed between management types, we
selected a branch of flowers (57.65 mean ± 35.84 SD)
located in a different side from the open pollination
experiment and recorded which insect species visited
the flowers and their foraging behaviour. For each
coffee plantation, we measured the number of species
of floral visitors (richness) and the frequency of visits of
each floral visitor species to the same flower (abun-
dance). The following behaviour variables for each floral
visitor species were recorded: As the diverse species of
floral visitors were observed in different periods of time
(Figure S3) and temperature/time has been observed to
change community composition of floral visitors in crops
(Ludewig, Landaverde-Gonz�alez, et al. 2023), we used
the time of the day they foraged on the flowers (Time)
as a behavioural variable; pollen transported (PolTran) as
the percentage of bees of each species that carried pol-
len on their legs/bodies before reaching the observed
flowers (as these floral visitors were mainly observed
within coffee plantations, we assumed that the pollen
came from coffee flowers); pollen collected (PolCol) as
the percentage of bees of each species that collected
pollen from the observed coffee flowers; whether bees
touched the anthers (Anther) as the percentage of indi-
viduals of a bee species that touched the anthers of the
observed flowers; whether bees touched the nectary
(Nectary) as the percentage of individuals of a bee spe-
cies that touched the nectaries of the observed flowers;
average number of flowers (NumFlow) as the average
number of flowers visited by each floral visitor species
in a specific branch observed during the 5-min observa-
tion time; and average time in seconds (TimeSec) spent
by each individual of each species in the observed
branch of flowers.

To describe floral visitors’ diversity, we used total
abundance and Chao-1 species richness (Chao-Richness)
(Chao & Shen 2003). Additionally, we calculated the abun-
dance of each of the four most abundant species visiting
the coffee flowers (>10% from total visits): A. mellifera
Linnaeus, 1758, Tetragonisca angustula (Latreille, 1811),
Scaptotrigona mexicana (Guérin-Méneville, 1845) and
Partamona bilineata (Say, 1837). We also used the
mentioned behaviour variables from the most abundant
species for the following analysis.

We performed each observation for five continuous
minutes per plant in an area of 225 cm2. In that way, we
record visits of insects only on the selected cluster of
flowers and we track the foraging behaviour of species in
a reduced set of individuals at the same time. Floral visi-
tors that could not be easily identified in the fields were
sampled using a net and transferred into vials for further
identification in the laboratory.

Statistical analysis

Community composition, diversity of floral
visitors and the foraging behaviour

Community composition between conventional and agro-
ecological management was evaluated by a paired per-
mutational multivariate analysis of variance using the
adonis function, with 999 permutations implemented in
the R package vegan (Oksanen et al. 2018). The Euclidean
distance matrix of species composition was the response
variable, with management (conventional/agroecological)
as the independent variable. The strata (block) argument
was set to site so that randomisations were constrained to
occur within each sample site, type of management and
not across all sample sites. To determine whether man-
agement affected richness and abundance of floral visi-
tors and the abundance of the most frequent species, we
used paired F test.

Relationship between management type and
the foraging behaviour of floral visitor’s species

To evaluate whether the management type influences the
foraging behaviour of the most frequent species, we exe-
cuted generalised linear mixed models (GLMMs) with
Gaussian distribution error using ‘lme’ package Version
1.1-31 (Bates et al. 2015). We set site (n = 8) as a random
factor and designated the management type (agroecologi-
cal/conventional) as a fixed factor. Response variables were
defined as foraging behaviour of the most frequent species
A. mellifera, T. angustula and P. bilineata. We evaluated
whether foraging behaviour variables per species were cor-
related using Spearman correlation test with Bonferroni cor-
rection in the PAST software (Hammer et al. 2001). We
found that in A. mellifera, only the behaviour of collecting
pollen was correlated with the transport of pollen (p < 0.01;
Table S3). The abundance of T. angustula was correlated
with the number of flowers visited (p = 0.01), and the num-
ber of flowers visited by T. angustula was correlated with
the time in seconds spent on the flowers (p < 0.01). The
number of flowers visited by P. bilineata was correlated
with the visit to the nectary and the time spent on the
flowers (all under p < 0.03). The behaviours of visit to the
anther and visit to the nectary in P. bilineata were also cor-
related (p = 0.01; see more details in Table S3). Thus, we
ran the models for these correlated variables indepen-
dently. Model assumptions (non-overdispersion, linearity
and homogeneity of variances) were verified visually using
the ‘DHARMa’ package Version 0.4.6 (Hartig 2022). We did
not include the sampling year and elevation as a fixed fac-
tor effect in the model analysis, as the variation per year is
included in the variation for each site. Management type
remained a fixed factor in all the models. All models were
run in R Version 2.3-1 (R Development Core Team 2022).

86 ESCOBAR-GONZÁLEZ ET AL.
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Relationship between diversity and foraging
behaviour of floral visitor’s species and coffee
fruit weight and fruit set

To explore the relationship between the diversity and the
foraging behaviour of floral visitor’s species with coffee
fruit weight and fruit set after removing the value from
the exclusion experiments and considering management
type, we performed linear mixed models with Gaussian
distribution error and maximum likelihood adjustment,
using the ‘nlme’ package Version 3.1-160 (Pinheiro
et al. 2022). We set the site (n = 8) as a random effect
factor and designated the diversity and behavioural
variables of the most frequent species and management
type as fixed effect factors. The fruit weight and fruit set
were set as response variables. As fruit weight did not
follow a normal distribution (Shapiro–Wilk test p < 0.05),
we normalised the variable using the (1 + Log10) transfor-
mation. In order to avoid multicollinearity in our models
for P. bilineata behaviour variables, we run individual anal-
ysis, but for the rest, we run combined models’ analysis
for each species. Finally, model assumptions (normality,
linearity and homogeneity of variances) were verified
visually. All models were run in R Version 2.3-1
(R Development Core Team 2022).

RESULTS

Diversity of the floral visitors

We observed a total of 1170 individuals and identified 43
species. Overall, 1151 individuals were bees (98.50%), 12
individuals were flies (1.00%), and 7 individuals were
wasps, lepidoptera and ant (0.50%) (see Table S4 and
Figure S1 for more details). The most frequent species
recorded throughout the observations of floral visitors
were the non-native honeybee A. mellifera (31.02%), fol-
lowed by the stingless bees T. angustula (17.52%),
S. mexicana (15.04%) and P. bilineata (11.02%). These four
species represented 75% of the total observation’s floral
visitors (Table S4 and Figures S1 and S2). A. mellifera was
the only species present in all coffee plantations (Table S4),
probably due to the preference of farmers to provide them
for pollination assurance (Osterman, Landaverde-Gonz�alez,
et al. 2021).

Behaviour of the floral visitors

Apis mellifera was the most abundant bee species in all
coffee plantations, and it was the only species to be
observed and captured at 8:00 AM and the only bee to
be present at all observation times (from 8:00 AM to
4:00 PM) and to be present in all 15 sites (Figure S3). We
observed that the highest number of visits to coffee
flowers occurred by wild bees before noon, specifically

between 10:00 AM and 12:00 PM, after the flowers had
opened and before temperatures peaked at all the sites.

We recorded 363 visits for A. mellifera across all the
sites (24.2 ± 20.13 SD; Table S4); however, its abundance
of visits was significantly different only from that of
P. bilineata (Mann–Whitney p = 0.04; Table S5). Similarly,
A. mellifera was the species that was observed to touch
nectaries significantly more often (22.07 ± 20.14 SD;
Mann–Whitney p < 0.05; Tables S5 and S6), with the
higher percentage of bees carrying pollen on their legs/
bodies before reaching the observed flowers (19.2
± 21.38 SD; Mann–Whitney p > 0.03; Tables S5 and S6),
that touched the anthers the most (23.47 ± 20.34 SD;
Mann–Whitney p < 0.05; Table S5) and that was signifi-
cantly different only from S. mexicana (Mann–Whitney
p = 0.01; Table S6).

T. angustula, compared to the other three species, was
the bee with significantly longest average visiting time
per cluster (14.18 ± 6.89 SD seconds per visit; Mann–
Whitney p < 0.04; Table S5) and that most frequently
collected pollen (12.33 ± 10.24 SD; Tables S5 and S6);
however, it was not significantly different from the other
bees (Mann–Whitney p > 0.05; Tables S5 and S6).

Relationship between management type,
diversity and the foraging behaviour of floral
visitor’s species

We found that management type had no significant
effect on species community composition (Adonis test
F = 1.29, p = 0.31), Chao-1 corrected richness of floral vis-
itors (F = 2.53, p = 0.25) and the abundance of
T. angustula (F = 4.98, p = 0.06). Yet management type
did have a significant relationship to floral visitors’ abun-
dance (F = 8.86, p = 0.01; Figure 2 and Table 1),
A. mellifera abundance (F = 6.65, p = 0.02; Figure 2 and
Table 1) and P. bilineata abundance (F = 58.27, p < 0.01;
Figure 2 and Table 1). With respect to floral visitor behav-
iour, we found that management type was not significant
for any behaviour variable of A. mellifera or the two sting-
less bees (GLMM p > 0.05 for all).

Relationship of diversity and foraging behaviour
of floral visitor’s species with coffee fruit weight
and fruit set

We observed that Chao-1 corrected richness, total abun-
dance of floral visitors and the abundance of the most fre-
quent species A. mellifera, T. angustula, S. mexicana and
P. bilineata did not have a significant relationship with the
fruit weight (GLMM p > 0.05), and fruit set (GLMM
p > 0.05). In addition, we found that only the percentage
of A. mellifera that carried pollen on their bodies and legs
had a positive relationship with fruit weight (GLMM:
t = 3.18, p = 0.02; see Figure 3a and Table 2). For fruit
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set, we found that the percentage of P. bilineata observed
touching the nectary of the coffee flowers had a positive
relationship with the fruit set (GLMM: t = 3.35, p = 0.02;
see Figure 3b and Table 2). Lastly, the average number of
flowers visited by P. bilineata individuals (NumFlow) also
was found significantly related with the fruit set (GLMM:
t = 2.47, p = 0.04; Figure 3c and Table 2). Management
type did not influence the fruit weight (GLMM p > 0.05)
and fruit set (GLMM p > 0.05).

DISCUSSION

Regarding our first question, we observed that manage-
ment has an effect on abundance of floral visitors and
abundance of A. mellifera and P. bilineata. Conversely, we
found that management did not have a significant effect
on the behaviour of floral visitors. Assessing our second
goal, we observed that the percentage of A. mellifera indi-
viduals carrying pollen on body and legs had a positive
relationship with fruit weight. Additionally, fruit set was
positively related to the average number of flowers that
were visited by each individual of P. bilineata and the
behaviour of touching the nectary of the same bee. We
discuss in detail our results in the following paragraphs.

Community composition and diversity of
floral visitors on coffee

We found that the most frequent floral visitors to
coffee were A. mellifera and three stingless bees
T. angustula, S. mexicana and P. bilineata. Previous studies
have pointed out that stingless bees might be playing a
potential role as coffee pollinators in our region, as

F I G U R E 2 Distribution under conventional (blue) and agroecological (lilac) management of (a) abundance of floral visitors, (b) abundance of
A. mellifera and (c) abundance of P. bilineata. The differences between variables considering management were analysed with paired -F-test. *p < 0.05.

T A B L E 1 Relationship of management type (conventional and
agroecological) on the diversity of floral visitors (abundance and Chao-1)
and the most abundant floral visitors. Values in bold are those that were
found to be statistically significant.

Response variable F value df p value

Abundance 8.86 7 0.01*

Chao-1 2.53 7 0.25

Apis mellifera 6.65 7 0.02*

Partamona bilineata 58.27 7 <0.01**

Tetragonisca angustula 4.98 7 0.06

Scaptotrigona mexicana 1.92 7 0.41

*p < 0.05.
**p < 0.01.
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suggested by a review of 46 crops in Latin America
(review in Real-Luna et al. 2022). It has also been
observed that A. mellifera is an important pollinator on
coffee crops (Manrique & Thimann 2002; Raw & Free 1977;

Roubik 2002). Further, this pattern of floral visitors has
been described previously in other studies from neotropi-
cal coffee plantations, principally in Mexico (Vergara &
Badano 2009), Guatemala (Armas-Quiñonez et al. 2020),

F I G U R E 3 Relationship between the weight of fruits and (a) the percentage of Apis mellifera that carried pollen (PolTran) on their legs/bodies.
Relationship between fruit set and (b) nectary, the percentage of P. bilineata observed touching the nectary of the coffee flowers, and (c) the average
number of flowers visited by P. bilineata. Lilac colour is used for agroecological sites ‘a’, and blue is used for conventional sites ‘c’. Shaded lines
indicate 95% confidence interval.

T A B L E 2 Relationship of foraging behaviour of A. mellifera and P. bilineata with coffee fruit weight and fruit set.

Response variable Species Behaviour Estimate SE t value p value

Fruit weight Apis mellifera PolTran 0.0014 0.0043 3.18 0.02*

Fruit set Partamona bilineata Nectary <0.001 <0.001 3.35 0.02*

Partamona bilineata NumFlow 0.026 0.011 2.471 0.04*

Note: ‘PolTran’ indicates the percentage of bee’s species that carried pollen on their bodies and legs. ‘NumFlow’ indicates the average number of flowers visited by each
bee species in a specific branch observed. ‘Nectary’ indicates the percentage of bees observed touching the nectary of the coffee flowers.
*p < 0.05.
**p < 0.01.
***p < 0.001.
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Costa Rica (Banks et al. 2013; Brossi et al. 2007; Ngo
et al. 2013; Ricketts 2004), Colombia (Bravo-Monroy
et al. 2015) and Brazil (Hip�olito et al. 2020).

In addition, in our study, A. mellifera showed the high-
est values in most of the behavioural variables evaluated.
Similarly, it has been described that the activity of
A. mellifera on flowering crops began earlier (Can-Alonzo
et al. 2005; Chuttong et al. 2022), honeybees were also
the most prevalent and abundant floral visitors of diverse
crops (Thompson et al. 2020) and their visitation rate to
the butternut squash Cucurbita moschata Duchesne was
higher than that of the stingless bees S. mexicana, Trigona
fulviventris Guérin-Méneville, 1845 and Frieseomelitta nigra
Cresson, 1978 (Delgado-Carrillo et al. 2018). Observations
on Macadamia integrifolia Maiden & Betche of Heard
(1994) showed that A. mellifera individuals looked for the
nectary more often than the stingless bee Tetragonula
carbonaria (Smith, 1854). However, in our study, some for-
aging behaviours of A. mellifera did not differ from the
observed for wild bees, suggesting that A. mellifera,
P. bilineata and T. angustula may be important pollinators
of coffee in Guatemala; nevertheless, more investigation
is needed to test adequately this hypothesis. Similarly, in
other geographical areas where coffee is grown and
A. mellifera has been reported as the main pollinator, the
importance of wild bees could be emphasised by consid-
ering their behaviour and not just their abundance.
Therefore, it is recommended to extend the study of the
behaviour of floral visitors in coffee to other regions.

Relationship between management type,
diversity and the foraging behaviour of floral
visitor’s species

We observed that agroecological plantations supported a
greater abundance of floral visitors, although no differ-
ences were observed between management type for
floral visitor community composition, richness and abun-
dance of T. angustula and S. mexicana. In our sites, conven-
tional plantations applied agrochemicals more often than
those agroecological pairs; multiple applications of
pesticides per harvesting season may explain the lower
abundance of floral visitors in conventional plantations,
which may negatively affect the diversity of floral visitors
by reducing the efficiency of gathering pollen, the pollina-
tion efficiency and also the abundance of bee foragers
(De Oliveira et al. 2019; Gill et al. 2012). Contrary, the
reduced use of toxic pesticides in organic and agroecologi-
cal systems may have a positive effect on the
abundance of stingless bees and floral visitors in general
(Xiu-Ancona 2007). Similarly, other studies have already
shown that organic farms support a higher abundance of
bees and flowering plants, even when bee community
richness and composition did not differ (Austin et al. 2019;
Rundlöf et al. 2008). A possible explanation for the differ-
ence in abundance observed may be that the abundance

of floral visitors is driven by floral resource availability that
can be greater in agroecological areas at specific time of
the year during crop blooming (Austin et al. 2019).

Relationship of diversity and foraging
behaviour of floral visitor’s species with
coffee fruit weight and fruit set

We observed a positive significant relationship between a
greater percentage of A. mellifera observed carrying pollen
on body and legs and the weight of coffee fruits. Previous
studies already showed the positive effect of A. mellifera
presence and foraging behaviour on coffee fruit weight
and fruit set (Hip�olito et al. 2020; Jha & Dick 2010; Klein
et al. 2003a, 2007; Raw & Free 1977; Roubik 2002). How-
ever, we observed that fruit set was positively related with
the behaviour of P. bilineata of touching the nectary of
coffee flowers and a greater number of flowers visited by
the same bee, which suggests that despite P. bilineata was
found in smaller quantities than honeybee, both bees may
play an important role. In addition, we observed that the
relationship between behaviour variables and fruit
production presented the same trend for both agroeco-
logical and conventional management, which is in line
with the lack of effect of management on community
composition, richness and behavioural variable of floral
visitors observed in this study. Diverse studies had already
showed that species richness was positively related to fruit
production, where stingless bees were normally the
second most abundant species after A. mellifera (Armas-
Quiñonez et al. 2020; Garibaldi et al. 2013; Klein
et al. 2003b; Munyuli 2014; Vergara & Badano 2009;
Winfree et al. 2007), suggesting that wild bees are also
responsible for pollination. Similarly, other studies compar-
ing apis and non-apis behaviour showed that non-apis
bees presented behaviour that was more efficient, even in
the presence of large amounts of honeybees (Miñarro &
Twizell 2015) and that an increase of 80% in crop yield
was related to the density of non-managed, social floral-
visiting bees per coffee shrub (Veddeler et al. 2008) and to
their degree of sociability (Munyuli 2014). Species comple-
mentarity has been proposed as a hypothesis for greater
fruit production in the presence of a greater diversity of
floral visitors (Klein et al. 2003b; Saturni et al. 2016;
Vergara & Badano 2009). Similarly, other studies in Mexico
and Guatemala analysing relationship between pollen in
honey and tree heterogeneity have shown that even with
high abundance of coffee, A. mellifera tends to collect from
different sources when the landscape is heterogeneous
around coffee plantations (Zavala-Olalde et al. 2016). In
addition, low-impact management systems of coffee
plantations in central Veracruz, Mexico, showed higher
species richness and high fruit production compared to
high-impact management systems, where dominant spe-
cies were predominant (Vergara & Badano 2009). In a pos-
terior study in the same area, Badano and Vergara (2011)
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also observed a negative correlation with fruit production
and diversity of native pollinators when honeybees’
workers were in high abundance in coffee plantations.
This suggested that there may be competition between
honeybees and wild bees for the collection of floral
resources. At the same time, the presence of other floral
heterogeneous resources such as co-flowering crops can
cause competition and stress within coffee crops, more
strongly affecting the availability in coffee of social bees
such as honeybees and stingless bees (Bänsch et al. 2021;
Geeraert et al. 2019; Ludewig, Götz, et al. 2023; Peters
et al. 2013; Ricketts 2004; Veddeler et al. 2006). However,
these are hypotheses that are out of the scope of this
study and future studies that consider the effect of
floral heterogeneity at landscape and local scales
(Escobedo-Kenefic et al. 2022) and competition between
species in cash crops should be assessed.

Among the reasons that have been cited why
A. mellifera may not always have a positive relationship
with fruit production are as follows: (a) Honeybees are
mass-recruiters that harvest pollen during the main flower-
ing periods of coffee, causing the exclusion of other wild
pollinators that are responsible for the transfer of quality
pollen grains (Klein et al. 2003a; Roubik 2002) and limiting
reproduction of coffee (Hip�olito et al. 2020). In our study,
we observed that honeybees presented high visitation
time early in the morning, while T. angustula and
P. bilineata appeared later, when the conditions were opti-
mal for flower opening, which may cause honeybees to go
to other crops to avoid competition and therefore reduce
their relationship with fruit production. (b) Honeybees visit
more flowers at a time compared with other wild bees and
staying longer on branches with dense flowers, which may
increase the probability of pollen transfer from the same
coffee plant resulting in lower fruit set than the one from
cross-pollination (Klein et al. 2003a, 2003b).

Additionally, most of our study sites belong to the sys-
tem of private natural areas, a system that may favour the
availability of resources for nesting and feeding of wild
bees. Guatemalan farmers also manage distinct amounts
of seminatural vegetation cover around and within coffee
plantations even when they do not have sustainable certi-
fication (e.g., Rainforest Alliance and UTZ Certified Coffee),
which contribute to increase the variability observed
in coffee plantations (Coffee Research 2022; Haggar
et al. 2015; Popper et al. 1996). Thus, even the conven-
tional coffee plantation might have a large proportion of
natural areas nearby, which contributes to the greater
diversity of floral visitors in coffee. Several studies on
coffee have already observed the positive effect of the
proximity of natural areas on the diversity of floral visitors
(Bravo-Monroy et al. 2015; Ricketts 2004; Ricketts
et al. 2008). Other studies in coffee plantations have also
shown that wild bees, especially the social ones as sting-
less bees, were enhanced in the presence of high shade
coffee and tree diversity, as in our agroecological sites
(Gonz�alez-Chaves et al. 2020; Jha & Dick 2010; Jha &

Vandermeer 2009, 2010; Munyuli 2011) and floral
resource availability (Escobedo-Kenefic et al. 2020, 2022;
Landaverde-Gonz�alez et al. 2017). This proximity and
higher proportion of natural areas in our study sites could
have contributed to favoured pollination by wild bees.
Worldwide, it has been reported that 60% of coffee farms
are small producers with less than 5 ha and 19% of
medium-sized producers between 5 and 50 ha, who have
diversified their agroforestry systems in order to obtain a
sustainable income, thus making their farms more ecolog-
ically diverse (reviewed in Siles et al. 2022). This means
that the type of agroforestry systems used in Guatemala
is a representation of what is observed worldwide, and
therefore, the methods and findings can be extrapolated
to coffee farms in other regions of the world.

In conclusion, we found that the managed honeybee
A. mellifera and the wild bees T. angustula, S. mexicana
and P. bilineata are the principal floral visitors of coffee.
Further, abundance of floral visitors was positively related
with the agroecological management, suggesting that the
combination of availability of floral heterogeneous
resources and low use of chemical may be positive for flo-
ral visitors’ diversity. This underlines the importance of
maintaining natural and heterogeneous areas that
enhance a greater diversity of floral visitors that can pro-
vide pollination services. Even though foragers of
P. bilineata are not as frequent as A. mellifera, the foraging
activity of P. bilineata may be also efficient enough to pro-
mote cross-pollination in coffee plantations, which is only
evidenced when considered pollinator foraging behav-
iour. In this way, the importance of native floral visitors for
the pollination service in coffee is emphasised. Addition-
ally, it is highlighted that natural forest cover is vital in
tropical coffee plantations to maintain a richer assem-
blage of bee species and a high provision of pollination
services for diverse cash crops and wildflowers; which is
in line with the benefit that forested areas provide to
other coffee plantations around the world.
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 20521758, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/aen.12673 by Fak-M

artin L
uther U

niversitats, W
iley O

nline L
ibrary on [27/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0001-9636-3292
https://orcid.org/0000-0001-9636-3292
https://orcid.org/0000-0001-9636-3292
http://Anacafe.org
http://Anacafe.org
https://www.anacafe.org/caficultura/manuales/
https://doi.org/10.7717/peerj.9257
https://doi.org/10.1101/837625
https://doi.org/10.1111/j.1461-9563.2011.00527.x
https://doi.org/10.1111/j.1461-9563.2011.00527.x
https://doi.org/10.3956/2012-28.1
https://doi.org/10.1111/1365-2664.13777
https://doi.org/10.1111/1365-2664.13777
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1007/s13592-018-0598-7
https://doi.org/10.3390/insects11070417
https://doi.org/10.1016/j.ecoenv.2020.111869
https://doi.org/10.1016/j.agee.2015.06.007
https://doi.org/10.1890/06-0029
https://doi.org/10.1080/00218839.2005.11101138
https://doi.org/10.1080/00218839.2005.11101138
https://doi.org/10.1017/S1742170516000351
https://doi.org/10.1017/S1742170516000351
https://doi.org/10.1016/j.agee.2019.04.011
https://doi.org/10.1023/A:1026096204727
https://doi.org/10.5141/jee.22.012
https://doi.org/10.1098/rspb.2013.3148
http://www.coffeeresearch.org/coffee/guatemala.htm
http://www.coffeeresearch.org/coffee/guatemala.htm
https://doi.org/10.1016/j.envint.2020.105642
https://doi.org/10.1023/B:BIOC.0000019402.51193.e8
https://doi.org/10.1080/00218839.2018.1494441
https://doi.org/10.1002/ecs2.2506
https://doi.org/10.3389/fsufs.2022.974215
https://doi.org/10.3389/fsufs.2022.974215
https://doi.org/10.1007/s00442-020-04715-8
https://doi.org/10.1007/s00442-020-04715-8
https://doi.org/10.1353/lar.2014.0001
https://doi.org/10.1002/eap.1568
https://doi.org/10.1007/s13592-020-00800-2
https://doi.org/10.1007/s13592-020-00800-2


Science, 339(6127), 1608–1611. Available from: https://doi.org/10.
1126/science.1230200

Geeraert, L., Aerts, R., Jordaens, K., Dox, I., Wellens, S., Couri, M., et al.
(2019) Intensification of Ethiopian coffee agroforestry drives impov-
erishment of the Arabica coffee flower visiting bee and fly commu-
nities. Agroforestry Systems, 93(5), 1729–1739. Available from:
https://doi.org/10.1007/s10457-018-0280-0

Gill, R.J., Ramos-Rodriguez, O. & Raine, N.E. (2012) Combined pesticide
exposure severely affects individual- and colony-level traits in bees.
Nature, 491(7422), 105–108. Available from: https://doi.org/10.
1038/nature11585

Gonz�alez-Chaves, A., Jaffé, R., Metzger, J.P. & Kleinert, AdeM.P. (2020)
Forest proximity rather than local forest cover affects bee
diversity and coffee pollination services. Landscape Ecology, 35(8),
1841–1855. Available from: https://doi.org/10.1007/s10980-020-
01061-1

Haggar, J., Asigbaase, M., Bonilla, G., Pico, J. & Quilo, A. (2015) Tree diver-
sity on sustainably certified and conventional coffee farms in Cen-
tral America. Biodiversity and Conservation, 24(5), 1175–1194.
Available from: https://doi.org/10.1007/s10531-014-0851-y

Hammer, Ø., Harper, D.A.T. & Ryan, P.D. (2001) PAST: paleontological sta-
tistics software package for education and data analysis. Palaeonto-
logia Electronica, 4, 1–9.

Hartig, F. (2022) DHARMa—Residual Diagnostics for HierARchical Models.
R package version 0.4.6. http://florianhartig.github.io/DHARMa

Hip�olito, J., Boscolo, D. & Felipe-Viana, B. (2018) Landscape and crop
management strategies to conserve pollination services and
increase yields in tropical coffee farms. Agriculture, Ecosystems
and Environment, 256, 218–225. Available from: https://doi.org/10.
1016/j.agee.2017.09.038

Hip�olito, J., Nunes, D.O., Angel-Coca, C., Mahlmann, T., Galetto, L. &
Viana, B.F. (2020) Performance, effectiveness, and efficiency of hon-
eybees as pollinators of Coffea arabica (Gentianales, Rubiaceae).
Neotropical Entomology, 49(4), 501–510. Available from: https://doi.
org/10.1007/s13744-020-00785

Hung, K.-L.J., Kingston, J.M., Albrecht, M., Holway, D.A. & Kohn, J.R. (2018)
The worldwide importance of honey bees as pollinators in natural
habitats. Proceedings of the Royal Society B, 285(1870), 20172041.
Available from: https://doi.org/10.1098/rspb.2017.2140

Imbach, P., Fung, E., Hannah, L., Navarro-Racines, C.E., Roubik, D.W.,
Ricketts, T.H., et al. (2017) Coupling of pollination services and cof-
fee suitability under climate change. Proceedings of the National
Academy of Sciences, 114(39), 10438–10442. Available from: https://
doi.org/10.1073/pnas.1617940114

Jha, S. & Dick, C.W. (2010) Native bees mediate long-distance pollen dis-
persal in a shade coffee landscape mosaic. Proceedings of the
National Academy of Sciences, 107(31), 13760–13764. Available
from: https://doi.org/10.1073/pnas.1002490107

Jha, S. & Vandermeer, J.H. (2009) Contrasting foraging patterns for Afri-
canized honeybees, native bees and native wasps in a tropical
agroforestry landscape. Journal of Tropical Ecology, 25(1), 13–22.
Available from: https://doi.org/10.1017/S026646740800566X

Jha, S. & Vandermeer, J.H. (2010) Impacts of coffee agroforestry manage-
ment on tropical bee communities. Biological Conservation, 143(6),
1423–1431. Available from: https://doi.org/10.1016/j.biocon.2010.
03.017

Klein, A., Steffan-Dewenter, I. & Tscharntke, T. (2003a) Fruit set of high-
land coffee increases with the diversity of pollinating bees. Proceed-
ings of the Royal Society of London. Series B: Biological Sciences,
270(1518), 955–961. Available from: https://doi.org/10.1098/rspb.
2002.2306

Klein, A.M., Steffan-Dewenter, I. & Tscharntke, T. (2003b) Bee pollination
and fruit set of Coffea arabica and C. canephora (Rubiaceae). Ameri-
can Journal of Botany, 90(1), 153–157. Available from: https://doi.
org/10.3732/ajb.90.1.153

Klein, A.M., Vaissière, B.E., Cane, J.H., Steffan-Dewenter, I.,
Cunningham, S.A., Kremen, C., et al. (2007) Importance of pollina-
tors in changing landscapes for world crops. Proceedings of the

Royal Society B, 274(1608), 303–313. Available from: https://doi.org/
10.1098/rspb.2006.3721

Landaverde-Gonz�alez, P., Quezada-Eu�an, J.J.G., Theodorou, P.,
Murray, T.E., Husemann, M., Ayala, R., et al. (2017) Sweat bees on
hot chillies: provision of pollination services by native bees in tradi-
tional slash-and-burn agriculture in the Yucat�an Peninsula of tropi-
cal Mexico. Journal of Applied Ecology, 54(6), 1814–1824. Available
from: https://doi.org/10.1111/1365-2664.12860

Ludewig, M.J., Götz, K.P., Romero-Oliva, C.S., Landaverde, P. &
Chmielewski, F.M. (2023) Response of superoxide dismutase
(SOD) to homogeneous and heterogeneous food sources in
bumblebees (Bombus terrestris) and honeybees (Apis mellifera).
Physiologia, 3(2), 272–280. Available from: https://doi.org/10.3390/
physiologia3020019

Ludewig, M.J., Landaverde-Gonz�alez, P., Götz, K.P. & Chmielewski, F.M.
(2023) Initial assessment to understand the effect of air tempera-
ture on bees as floral visitors in urban orchards. Journal of Insect
Conservation, 27(6), 1013–1022. Available from: https://doi.org/10.
1007/s10841-023-00516-5

Manrique, A.J. & Thimann, R.E. (2002) Coffee (Coffea arabica) pollination
with Africanized honeybees in Venezuela. Interciencia, 27(8), 414–416.

Martínez-Salinas, A., Chain-Guadarrama, A., Aristiz�abal, N., Vilchez-
Mendoza, S., Cerda, R. & Ricketts, T.H. (2022) Interacting pest con-
trol and pollination services in coffee systems. PNAS, 119(15),
e2119959119. Available from: https://doi.org/10.1073/pnas.
2119959119

Mateos-Fierro, Z., Garratt, M.P.D., Fountain, M.T., Ashbrook, K. &
Westbury, D.B. (2022) Wild bees are less abundant but show better
pollination behaviour for sweet cherry than managed pollinators.
Journal of Applied Entomology, 146(4), 361–371. Available from:
https://doi.org/10.1111/jen.12984

Mazi, S., Paxton, R.J. & Osterman, J. (2022) A subset of wild bee species
boosts the pollination of pigeon pea (Cajanus cajan: Fabaceae), an
important crop plant of Cameroon. Journal of Apicultural Research,
62(3), 598–606. Available from: https://doi.org/10.1080/00218839.
2022.2118097

Miñarro, M. & Twizell, K.W. (2015) Pollination services provided by wild
insects to kiwifruit (Actinidia deliciosa). Apidologie, 46(3), 276–285.
Available from: https://doi.org/10.1007/s13592-014-0321-2

Moguel, P. & Toledo, V.M. (1999) Biodiversity conservation in traditional
coffee systems of México. Conservation Biology, 13(1), 11–21. Avail-
able from: https://doi.org/10.1046/j.1523-1739.1999.97153.x

Moreaux, C., Meireles, D.A.L., Sonne, J., Badano, E.I., Classen, A., Gonz�alez-
Chaves, A., et al. (2022) The value of biotic pollination and dense
forest for fruit set of Arabica coffee: a global assessment. Agricul-
ture, Ecosystems and Environment, 323, 107680. Available from:
https://doi.org/10.1016/j.agee.2021.107680

Munyuli, T. (2011) Factors governing flower visitation patterns and qual-
ity of pollination services delivered by social and solitary bee spe-
cies to coffee in central Uganda. African Journal of Ecology, 49(4),
501–509. Available from: https://doi.org/10.1111/j.1365-2028.2011.
01284.x

Munyuli, T. (2014) Influence of functional traits on foraging behaviour
and pollination efficiency of wild social and solitary bees visiting
coffee (Coffea canephora) flowers in Uganda. Grana, 53(1), 69–89.
Available from: https://doi.org/10.1080/00173134.2013.853831

Mutavi-Katumo, D., Liang, H., Ochola, A.C., Min, L., Wang, Q.F. & Yang, C.F.
(2022) Pollinator diversity benefits natural and agricultural ecosys-
tems, environmental health, and human welfare. Plant Diversity,
44(5), 429–435. Available from: https://doi.org/10.1016/j.pld.2022.
01.005

Ngo, H., Gibbs, J., Griswold, T. & Packer, L. (2013) Evaluating bee
(Hymenoptera: Apoidea) diversity using Malaise traps in coffee
landscapes of Costa Rica. Canadian Entomologist, 145(4), 435–453.
Available from: https://doi.org/10.4039/tce.2013.16

Ngo, H.T., Mojica, A.C. & Packer, L. (2011) Coffee plant–pollinator interac-
tions: a review. Canadian Journal of Zoology, 89(8), 647–660. Avail-
able from: https://doi.org/10.1139/z11-028

COFFEE PRODUCTION ENHANCED BY WILD BEES’ BEHAVIOUR 93

 20521758, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/aen.12673 by Fak-M

artin L
uther U

niversitats, W
iley O

nline L
ibrary on [27/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1126/science.1230200
https://doi.org/10.1126/science.1230200
https://doi.org/10.1007/s10457-018-0280-0
https://doi.org/10.1038/nature11585
https://doi.org/10.1038/nature11585
https://doi.org/10.1007/s10980-020-01061-1
https://doi.org/10.1007/s10980-020-01061-1
https://doi.org/10.1007/s10531-014-0851-y
http://florianhartig.github.io/DHARMa
https://doi.org/10.1016/j.agee.2017.09.038
https://doi.org/10.1016/j.agee.2017.09.038
https://doi.org/10.1007/s13744-020-00785
https://doi.org/10.1007/s13744-020-00785
https://doi.org/10.1098/rspb.2017.2140
https://doi.org/10.1073/pnas.1617940114
https://doi.org/10.1073/pnas.1617940114
https://doi.org/10.1073/pnas.1002490107
https://doi.org/10.1017/S026646740800566X
https://doi.org/10.1016/j.biocon.2010.03.017
https://doi.org/10.1016/j.biocon.2010.03.017
https://doi.org/10.1098/rspb.2002.2306
https://doi.org/10.1098/rspb.2002.2306
https://doi.org/10.3732/ajb.90.1.153
https://doi.org/10.3732/ajb.90.1.153
https://doi.org/10.1098/rspb.2006.3721
https://doi.org/10.1098/rspb.2006.3721
https://doi.org/10.1111/1365-2664.12860
https://doi.org/10.3390/physiologia3020019
https://doi.org/10.3390/physiologia3020019
https://doi.org/10.1007/s10841-023-00516-5
https://doi.org/10.1007/s10841-023-00516-5
https://doi.org/10.1073/pnas.2119959119
https://doi.org/10.1073/pnas.2119959119
https://doi.org/10.1111/jen.12984
https://doi.org/10.1080/00218839.2022.2118097
https://doi.org/10.1080/00218839.2022.2118097
https://doi.org/10.1007/s13592-014-0321-2
https://doi.org/10.1046/j.1523-1739.1999.97153.x
https://doi.org/10.1016/j.agee.2021.107680
https://doi.org/10.1111/j.1365-2028.2011.01284.x
https://doi.org/10.1111/j.1365-2028.2011.01284.x
https://doi.org/10.1080/00173134.2013.853831
https://doi.org/10.1016/j.pld.2022.01.005
https://doi.org/10.1016/j.pld.2022.01.005
https://doi.org/10.4039/tce.2013.16
https://doi.org/10.1139/z11-028


Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P.,
McGlinn, D., Minchin, P.R., O’Hara, R.B., Simpson, G.L., Solymos, P.,
Stevens, M.H.H., Szoecs, E. & Wagner, H. (2018) vegan: community
ecology package. R package (version 2.5-2).

Ollerton, J. (2017) Pollinator diversity: distribution, ecological function,
and conservation. Annual Review of Ecology, Evolution, and System-
atics, 48(1), 353–376. Available from: https://doi.org/10.1146/
annurev-ecolsys-110316-022919

Osterman, J., Aizen, M.A., Biesmeijer, J., Bosch, J., Howlett, B.G.,
Inouye, D.W., et al. (2021) Global trends in the number and diversity
of managed pollinator species. Agriculture, Ecosystems and Environ-
ment, 322, 107653. Available from: https://doi.org/10.1016/j.agee.
2021.107653

Osterman, J., Landaverde-Gonz�alez, P., Garratt, M.P.D., Gee, M.,
Mandelik, Y., Langowska, A., et al. (2021) On-farm experiences
shape farmer knowledge, perceptions of pollinators, and manage-
ment practices. Global Ecology and Conservation, 32, e01949. Avail-
able from: https://doi.org/10.1016/j.gecco.2021.e01949

Peters, V.E., Carroll, C.R., Cooper, R.J., Greenberg, R. & Solis, M. (2013) The
contribution of plant species with a steady-state flowering phenol-
ogy to native bee conservation and bee pollination services. Insect
Conservation and Diversity, 6(1), 45–56. Available from: https://doi.
org/10.1111/j.1752-4598.2012.00189.x

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D. & R Core Team. (2022) nlme:
linear and nonlinear mixed effects models. R package (version
3.1-153). https://CRAN.R-project.org/package=nlme

Popper, R., Andino, K., Bustamante, M., Hernandez, B. & Rodas, L. (1996)
Knowledge and beliefs regarding agricultural pesticides in rural
Guatemala. Environmental Management, 20(2), 241–248. Available
from: https://doi.org/10.1007/BF01204008

R Development Core Team. (2022) R: a language and environment for sta-
tistical computing. Vienna: R Foundation for Statistical Computing.

Rader, R., Bartomeus, I., Garibaldi, L.A., Garratt, M.P.D., Howlett, B.G.,
Winfree, R., et al. (2016) Non-bee insects are important contributors
to global crop pollination. PNAS, 113(1), 146–151. Available from:
https://doi.org/10.1073/pnas.1517092112

Raw, A. & Free, J. (1977) The pollination of coffee (Coffea arabica) by hon-
eybees. Tropical Agriculture, 54, 365–370.

Real-Luna, N., Rivera-Hern�andez, J.E., Alc�antara-Salinas, G., Rojas-
Malavasi, G., Morales-Vargas, A.P. & Pérez-Sato, J.A. (2022) Stingless
bees (Tribe Meliponini) in Latin American agroecosystems. Revista
Mexicana de Ciencias Agrícolas, 13(2), 331–344. Available from:
https://doi.org/10.29312/remexca.v13i2.2866

Ricketts, T.H. (2004) Tropical forest fragments enhance pollinator activity
in nearby coffee crops. Conservation Biology, 18, 1262–1271. Avail-
able from: https://doi.org/10.1111/j.1523-1739.2004.00227.x

Ricketts, T.H., Regetz, J., Steffan-Dewenter, I., Cunningham, S.A.,
Kremen, C., Bogdanski, A., et al. (2008) Landscape effects on crop
pollination services: are there general patterns? Ecology Letters,
11(5), 499–515. Available from: https://doi.org/10.1111/j.1461-0248.
2008.01157.x

Roubik, D.W. (2002) The value of bees to the coffee harvest. Nature,
417(6890), 708–708. Available from: https://doi.org/10.1038/
417708a

Rundlöf, M., Nilsson, H. & Smith, H.G. (2008) Interacting effects of farming
practice and landscape context on bumble bees. Biological Conser-
vation, 141(2), 417–426. Available from: https://doi.org/10.1016/j.
biocon.2007.10.011

Saturni, F.T., Jaffé, R. & Metzger, J.P. (2016) Landscape structure influ-
ences bee community and coffee pollination at different spatial
scales. Agriculture, Ecosystems and Environment, 235, 1–12. Available
from: https://doi.org/10.1016/j.agee.2016.10.008

Siles, P., Cerd�an, C.R. & Staver, C. (2022) Smallholder coffee in the global
economy—a framework to explore transformation alternatives of
traditional agroforestry for greater economic, ecological, and liveli-
hood viability. Frontiers in Sustainable Food Systems, 6, Available
from: https://doi.org/10.3389/fsufs.2022.808207

Siviter, H., Scott, A., Pasquier, G., Pull, C.D., Brown, M.J.B. & Leadbeater, E.
(2019) No evidence for negative impacts of acute sulfoxaflor expo-
sure on bee olfactory conditioning or working memory. PeerJ, 7,
e7208. Available from: https://doi.org/10.7717/peerj.7208
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