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ARTICLE INFO ABSTRACT

Keywords: Bees provide valuable pollination services by increasing crop yields. However, pollination services to crop
Agroecology quality — which often determines nutritional and financial value — have been less studied, particularly in tropical
Biodiversity

commodities such as coffee. Understanding how pollination affects coffee quality is critical because high-quality
coffee on the specialty market fetches higher prices, which can potentially benefit farmers more than just
focusing on yield alone. This study aimed to test the effects of bee pollination on coffee yield and quality and to
evaluate possible trade-offs within them. We conducted bee-exclusion experiments on 30 coffee plants in the
Tarrazi region of Costa Rica, controlling for several factors associated with coffee quality. At the end of the
growing season, we harvested the berries and compared yield (that is, fruit set and weight) and quality (that is,
the cup profiles of certified coffee tasters) among treatments. Our results indicate that bee pollination can lead to
trade-offs in coffee production. Bee pollination significantly increased final fruit set by 9 % and the desired aroma
scores by 2 %. However, these fruits weighed 7 % less than self-pollinated berries and displayed more body but
less balance in their cup profiles. This is one of the first experimental studies to evaluate pollination services for
coffee, considering not just yield but also its cup profile. We provide early evidence suggesting bee pollination
improves coffee aroma, a critical quality attribute in specialty coffee. Our research emphasizes the importance of
protecting or restoring bee habitats in coffee farms, which can not only improve income for coffee producers but
also conserve biodiversity. Integrating these ecological insights into initiatives like ’bee-friendly’ coffee pro-
duction presents an innovative approach for stakeholders in the coffee supply chain and can serve as a strategic
nexus of agricultural, economic, and ecological interests.

Coffea arabica

Crop quality

Cup profile
Ecosystem services
Nature contributions

1. Introduction These pollination services also safeguard wild plant communities and

contribute to cultural values, farm-based livelihoods, and food security

Human food systems depend on pollinators. Animal pollination, the
process of transferring pollen grains between flowers within and among
individuals of the same species, enables reproduction in the vast ma-
jority of wild and managed plants (Klein et al., 2007; Ollerton, 2017).
About 75 % of crops worldwide benefit from cross pollination by ani-
mals (i.e. bees, flies, bats, moths, wasps, birds, and other insects and
mammals) (Potts et al., 2016), and bee pollination is beneficial to more
than half of the leading global crops (Klein et al., 2007; Roubik, 1995).

(Potts et al., 2016).

Most research on crop pollination has focused on how it affects
productivity metrics, such as fruit set, seed size, and yield. Fewer studies
have evaluated pollination impacts on quality attributes (i.e., aroma,
flavor, form, chemical composition), but growing evidence shows that
pollination by bees can influence crop nutritional and commercial value
(Bartomeus et al., 2014; Georg et al., 2012; Klatt et al., 2014). For
instance, in strawberry crops, pollination by bees can reduce
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malformations, improve commercial grade, and increase shelf life
(Georg et al., 2012; Klatt et al., 2014). Pollination by bees and other
insects has been shown to improve physical (i.e. shape, firmness) and
chemical properties (i.e. acidity, moisture) in apple, macadamia, oil
seed rape, buckwheat, and tomato crops (Atmowidi et al., 2022; Bar-
tomeus et al., 2014; Bashir et al., 2018; Garratt et al., 2014; Kamper
et al., 2021; Samnegard et al., 2019). Additionally, pollination by wild
bees can also increase the uniformity of blueberry and coffee, another
aspect of crop quality (Martinez-Salinas et al., 2022; Nicholson and
Ricketts, 2019).

The mechanisms linking pollination and fruit quality are poorly
understood, but several pathways are plausible. Adequate pollination,
the amount and quality of pollen grains, can affect a plant’s reproduc-
tion processes and outcomes (Stavert et al., 2020). Pollination studies in
apples show that reducing pollinator diversity and visits decreases pol-
len tube growth, which negatively affects not only yield but also the
desired shape (Grab et al., 2019; Stavert et al., 2020). Also, recent gas
chromatography studies reveal that roasted coffee beans release
different volatile compounds associated with sensory attributes such as
aroma and flavor depending on the presence or absence of bee polli-
nators (Meireles et al., 2022).

Trade-offs between crop yield and quality have been documented for
some crops (Culp and Harrell, 1975; Cusser and Jha, 2021). A study
found that cotton plants producing more fiber had lower quality (Culp
and Harrell, 1975), and apple orchards with higher crop loads had more
incidences of bitter pit (Ferguson and Watkins, 2019). In coffee, studies
to date have found mixed results. In Costa Rica, no trade-offs were found
between coffee yield and quality at varying distances from the forest
(Ricketts et al., 2004) or fertilizer applications (Castro-Tanzi et al.,
2012). However, one study in Ethiopia found that coffee under the forest
canopy produced better quality of roasted beans, although these less
intensive practices tend to yield less (Geeraert et al., 2019). Because crop
yield and quality outcomes depend on a variety of factors, it is critical to
understand the role pollination plays in potential trade-offs between
crop yield and quality.

Coffee is one of the most valued and studied crops, making it an ideal
system for investigating the relationships between pollination, yield,
and quality. In the two most commercialized coffee varieties, self-
compatible Coffea arabica and self-incompatible Coffea canephora,
pollination by managed honeybees and wild bees are well known to
increase yield (Chain-Guadarrama et al., 2019). In shaded coffee sys-
tems, diverse bee communities have reported an increase in yield of up
to 95 % in C. canephora (Klein et al., 2003). Even in large and conven-
tionally managed farms, forest-based wild bees have been shown to
enhance C. arabica yields by 11 % and up to 20 % (Gonzalez-Chaves
et al., 2020; Martinez-Salinas et al., 2022; Ricketts et al., 2004). How-
ever, none of these studies has tested whether these yield benefits from
bee pollination come with a trade-off in the quality of the coffee beans.

Differentiating between the specialty and commodity markets, coffee
quality can profoundly influence farmers’ incomes, potentially more so
than yields. For instance, in the commodity market, the average price for
conventional C. arabica in 2021 was $4.51 per kg (World Bank, 2021).
Conversely, in the specialty coffee market, coffee sold at the prestigious
international auction, Cup of Excellence, fetches up to 20 times the price
of the commodity-an average of $61.7 per kg and peaking at $1102.3
per kg (Fischer, 2021). Moreover, coffee prices are projected to increase
by 19 % with each additional point in the cup profile score (Traore et al.,
2018). The cup profile refers to the comprehensive sensory evaluation of
coffee, including ten attributes such as cup balance, flavor, and aroma,
which are assessed by expert tasters using standardized protocols. These
attributes are crucial determinants of coffee quality and play a major
role in consumer preferences and market prices (Gumecindo-Alejo et al.,
2021). Therefore, when farmers can tap into these specialty markets, the
emphasis on improving and maintaining coffee quality could be more
beneficial to their income than focusing solely on yield
(Gumecindo-Alejo et al., 2021, ICAFE, 2022).
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To our knowledge, only one study has investigated the effects of
pollination on coffee quality, providing preliminary evidence that
pollination improved berry size and cup profile scores (Karanja et al.,
2013; Torrez et al., 2023). Other studies have found higher coffee
quality is associated with altitude, slope exposure, local shade, and
management (Avelino et al., 2005; Castro-Tanzi et al., 2012; Decazy
et al., 2003; Muschler R.G., 2001; Tolessa et al., 2017; Torrez et al.,
2023). Since coffee is a crop that provides livelihood to an estimated
1.68 million farmers in Latin America and many millions worldwide
(Harvey et al., 2021; Jha et al., 2011), it is critical to better understand
the effects of pollination services by bees on coffee quality.

In this study, we examine the relationship between bee pollination
services and coffee by evaluating fruit set, fruit weight, and the quality
attributes of roasted coffee beans, including flavor and aroma. Using
standard quality evaluations and controlling for other factors, we con-
ducted the first rigorous and well-replicated field experiments to
quantify the effects of bee pollination on coffee’s cup profile and assess
potential trade-offs in quality attributes and traditional yield measures.
We test three hypotheses: 1) Bee pollination does not affect coffee pro-
duction. 2) Bee pollination improves coffee yield and quality. 3) Bee
pollination improves coffee yield but not quality.

2. Materials and methods
2.1. Study site

The study was carried out in Tarraz{, Costa Rica, a region known for
its gourmet high-altitude coffee (Fig. 1). The average annual precipita-
tion in the region ranges from 1953 to 2048 mm, and the average
temperature is between 17.5 and 20 ° C. Unlike other coffee growing
regions in Latin America, Tarrazi is prospering due to its high quantity
and quality of production (ICAFE, 2022) and where coffee is mostly
exported or sold in the specialty market. For example, in the last five
years, several Tarrazi farms have placed first at the national Cup of
Excellence. In 2018, a farm in this region auctioned a kilogram of its
coffee for $662.3, setting a new national record (Daily Coffee News.
Brown, Nick., 2018).

We established our field experiments on a 90-ha farm that belongs to
CoopeTarrazi, Costa Rica’s largest coffee cooperative, located 1400 m
above sea level (9°39°46.4 "N, 84°02°02.4 "W). CoopeTarrazt, and its
nearly 5000 associated farmers throughout the region, generate 15 % of
the coffee produced in the country. CoopeTarrazt’s farm grows different
coffee varieties under similar shade types in about 50 % of its area. Our
experimental plot, known as El Tirrq, is a 2.5 ha area dedicated solely to
the growth of C. arabica, specifically the Catuaf rojo variety, managed
under common practices for the region (Fig. S1). These practices include
maintaining a simple shade made up of flowering plants from the Musa
genus and Erythrina poeppigiana, also known as pord. Furthermore,
management includes an annual treatment against root pests, three
treatments per year for fungal diseases, and one application of calcitic
lime.

By conducting these experiments on a single experimental farm, we
were able to isolate pollination effects by controlling most other factors
that may influence the quality, including coffee variety, cropping
management, plant age, landscape factors, and elevation (Ahmed et al.,
2021; Avelino et al., 2005; Castro-Tanzi et al., 2012; Decazy et al., 2003;
Muschler R.G., 2001; Nicholson et al., 2017; Tolessa et al., 2017).

2.2. Pollination experiments

Before the 2021 flowering season, we selected 30 neighboring coffee
plants in the middle of the El Tirra plot, arranging them as replicates in
six rows with five plants spaced every 5-10 m (Fig. 1). Each of these
plants, aged about 15 years, exhibited similar health conditions. On
every plant, we identified four comparable branches positioned 1.5 m
above the ground and randomly assigned two of these branches as
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Fig. 1. Study site in Tarrazd, Costa Rica and experimental design involving 30 plants, two treatments, open or bagged, and two branches per treatment.

control and the remaining two as the exclusion treatment (Fig. 1). We
counted the flowers on each branch before the onset of the main coffee
bloom, which typically occurs between March and April depending on
the elevation in the region.

During the peak bloom period in the experimental plot, March
19-22, 2021, the control branches, hereafter referred to as ‘open’, were
exposed to ambient pollination. In contrast, we used fine gauze bags
with a 1 mm mesh to prevent bee pollination on the exclusion branches,
hereafter referred to as ’bagged’, following the methodology of Marti-
nez-Salinas et al. (2022).

The gauze bags remained in place for one week while vital flowers
were blooming. To assess whether our gauze bags deteriorated branch
health, we counted the total number of leaves in all experimental
branches before setting the gauze bags and a month after removing them
(Fig. S2).

2.3. Measuring coffee productivity

To evaluate differences in productivity between pollination treat-
ments, we harvested, counted, and weighed berries from all experi-
mental branches between December 2021 and January 2022 when the
berries reached peak ripeness. We calculated the final fruit set for each
branch by dividing the number of fruits harvested by the initial number
of flowers counted. Within 24 hours post-harvest, we combined all the
berries from a single branch, weighed them as a collective group, and
calculated the average fresh weight per berry for that branch.

2.4. Evaluating coffee quality

After measuring fruit set and fruit weight, we pooled the coffee
berries from the 30 plants at the treatment level and manually peeled
and sun-dried the berries, following a honey process (drying them with
the pulp) (Poltronieri and Rossi, 2016). We monitored the berries daily
and when the berries reached 10-12 % humidity, we divided them into
the minimum roasting weight requirement at CoopeTarrazi’s facilities
(120 g), resulting in a total of four samples per treatment. We coded the
experimental label of the samples and submitted them for blind quality

evaluations by two CoopeTarrazi coffee cuppers certified by the Spe-
cialty Coffee Association of America (SCAA), who roasted, ground, and
brewed all eight samples separately under identical conditions and
scored quality attributes.

The SCAA coffee evaluations protocol involves a detailed sensory
assessment where each cupper evaluates the coffee using a set scale to
measure ten quality attributes. Specifically, for our study, each of the
two certified cuppers evaluated four samples from each treatment.
Consistent with the SCAA standards, they assessed each sample across
five cups to ensure reliability and uniformity of results. The quality at-
tributes are a combined score for dry fragrance and wet aroma (here-
after, aroma), flavor, aftertaste, acidity, body, balance, overall,
uniformity, clean cup, and sweetness—contributing to an additive final
score out of 100 (hereafter, final score) (SCAA, 2015). Higher scores for
each attribute, and thus the final score, are more desired. Both cuppers
evaluated the same samples independently to compare assessments
across individuals and determine consistency in scoring. To avoid any
bias in the tasting process, the arrangement of bee-pollinated and
self-pollinated coffee samples was coded (blind evaluations) and ran-
domized among the cuppers. This approach allowed each sample to be
assessed twice, providing four independent replicates for each treat-
ment. Additionally, the cuppers evaluated qualitative descriptor notes
from the coffee taster’s flavor wheel that contains 85 notes (e.g., choc-
olate, herbal). For our analyses (details next), we used seven of the
sensory attributes, the final score, and qualitative descriptors to
compare the quality of the coffee between treatments.

2.5. Data analysis

We compared productivity measures between treatments by per-
forming generalized linear mixed models using the 'lme4’ package R
version 1.1-27.1 (Bates et al., 2015). We modeled the effect of polli-
nation on the final fruit set using a binomial distribution with the ‘glmer’
function and on the average fruit weight using a Gaussian distribution
with the ‘Imer’ function. In both models, we used treatment as the only
fixed effect and “plant ID” as a random effect to control for treatment
replicates (n = 30). For the models explaining quality traits, we also used
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treatment as the only fixed effect and “plant ID” as a random effect to
control for treatment replicates (n = 8). We tested incorporating "cupper
ID" as a second random effect, but these models yielded consistent re-
sults without it. Consequently, we retained the most parsimonious
model that only included “plant ID” as a random effect. To assess dif-
ferences between the cuppers, we conducted an analysis of variance
using the "aov’ function from the ’stats’ package in R (version 4.0.3). No
significant differences were detected between the cuppers for any
variable.

To analyze quantitative quality metrics, we performed an analysis of
variance with the ‘aov’ function of the ’stats’ package R (version 4.0.3).
Additionally, we used a Multiple Factor Analysis (MFA) with the Fac-
toMineR R package (version 2.7) to understand and visualize the dif-
ferences between pollination groups (Le et al., 2008). The seven quality
scores included in the MFA were aroma, flavor, aftertaste, acidity, body,
balance, overall, and final score.

Next, we transformed qualitative descriptors (eg, “caramel” or
“chocolate” notes) into count data based on the frequency that each term
was used during cupping. We used an MFA to test for differences in this
count data between groups. The descriptors included in the MFA were
"caramelo," "chocolate," "dulce," "citrico," "herbal," "miel," "semillas,"
"cacao," "almendras," "hojas verdes," and "tapa dulce."

non

3. Results
3.1. Final fruit set and fruit weight

Bee pollination significantly increased the final fruit set from 0.39 to
0.43 (representing an increase of 8.5 %, P < 0.001) (Fig. 2a) and
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Fig. 2. Differences between treatments (open vs bagged) (n = 30) in (a) final
fruit set — the proportion of initial flowers that became harvestable berries (P <
0.001) and (b) average fresh weight per branch (P = 0.04). The means are
represented by black dots, and the standard errors are represented by bars.
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decreased the average fruit weight from 1.60 g to 1.49 g (representing a
decrease of 7.4 %, P = 0.04) (Fig. 2b).

3.2. Quality metrics

All eight samples tested for quality yielded a final cup profile score
ranging from 80 to 82, which the SCAA classifies as ’very good — spe-
cialty coffee’. The analysis of variance highlighted quantitative differ-
ences in the aroma and balance scores (P = 0.04, Fig. 3a-b). We found
that bee pollination enhanced coffee aroma by 2 % (P = 0.04, Fig. 3a)
and reduced the cup’s balance by 2 % (P = 0.04, Fig. 3b). However, all
other quality attributes showed no differences between the groups
(Fig. 4c-h).

In addition, the Multiple Factor Analysis (MFA) showed that bee
pollination was significantly and positively correlated with aroma and
body (P = 0.02), while negatively correlated with balance (P = 0.02,
Fig. 4a-b). The MFA explained 64 % of the quantitative quality data;
Dim1 (44 %) was correlated with the final score (P < 0.001), aftertaste
(P < 0.001), and the aroma (P < 0.001, Fig. 4c), and Dim2 (20 %) was
correlated with the balance (P < 0.001), aroma (P < 0.05), and the
body (P < 0.01, Fig. 4d) of the cup profiles.

For the qualitative descriptors, the MFA did not show any significant
groupings (Fig. S3). The frequency of descriptive words was comparable
between treatments. Words associated with positive notes such as
chocolate and caramel were the most common for both groups. How-
ever, bee pollinated samples had one-third the number of low-quality
descriptors like "herbal’ and ’green leaves’ (Fig. S4).

4. Discussion

For the first time in a replicated field experiment, our results
demonstrate that bee pollination significantly impacts both the pro-
duction and quality of roasted coffee. Specifically, we observed trade-
offs both among yield metrics and among quality profile attributes.
Bee-pollinated coffee plants produced more fruits with higher quality
scores for aroma and body, but they weighed less and scored lower on
balance.

Coffee quality, as assessed by certified cuppers, exhibited compara-
ble scores across bee pollinated and self-pollinated coffee, except for
aroma, body, and balance. Our experiments suggest that bee pollination
may play a role in shaping aroma—a desired coffee quality attribute. Bee
pollinated coffee exhibited a 2 % enhancement in the aroma of roasted
beans but showed a 2 % decline in balance within the cup profile. These
subtle shifts in aroma and balance have significant implications for
producers in the specialty market, potentially increasing prices by up to
6.5 % for desired aromas and decreasing them by 3 % for imbalanced
profiles (Traore et al., 2018; Wilson and Wilson, 2014).

As shown by our findings and prior studies (Karanja et al., 2013;
Meireles et al., 2022a), the presence of bees significantly enhances
specific coffee quality attributes, such as aroma and balance. This
finding aligns with a study in Ethiopia wherein coffee cultivated under
forest canopy exhibited higher quality attributes such as flavor, body,
and final score, among others (Geeraert et al., 2019). Forests foster more
diverse bee habitats near coffee farms, which in turn support diverse bee
communities (Geeraert et al., 2019b) and lead to higher coffee yields
(Gonzalez-Chaves et al., 2022). While these studies focus on pollination,
it is important to recognize factors that influence coffee production and
quality beyond bee pollination such as local environmental conditions
and agricultural practices could also play influential roles (Avelino et al.,
2005; Castro-Tanzi et al., 2012; Decazy et al., 2003; Muschler R.G.,
2001; Tolessa et al., 2017; Torrez et al., 2023).

A critical component of assessing coffee quality beyond quantitative
scores is identifying the symbolic attributes that characterize the cof-
fee’s geographic origins (Traore et al., 2018). According to Coope-
Tarrazi’s cuppers, the symbolic attributes of a Tarrazi-origin coffee are
high acidity, medium body, and well-balanced flavors of caramel and
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chocolate. In our study, all samples were characterized with these flavor
descriptors, but bee-pollinated samples had three times fewer de-
scriptors associated with lower quality coffee. Specific qualitative aroma
and flavor descriptors can influence auction prices and buyers’ prefer-
ences more than other attributes of the cup profile attributes like
aftertaste (Traore et al., 2018). For instance, fruity and floral notes in-
crease prices by 40 % and 6.78 %, respectively (Traore et al., 2018).
Understanding the effects of bee pollination on qualitative descriptors
could provide new opportunities for farmers in these premium markets.

The ecological mechanisms linking pollination to crop quality
remain relatively unknown (see (Geeraert et al., 2019; Meireles et al.,
2022). Research on plums has revealed that physiological (that is, pollen
tube growth) and molecular (that is, gene expression and metabolic
pathways) mechanisms affect fruit set and fruit quality characteristics
(Deng et al., 2022). In macadamia orchards, pollen genotype has been
shown to be more important than pollen quantity in improving nutri-
tional quality (Kamper et al., 2021). In coffee, research has typically
focused on the quality impacts of post-harvest factors such as roasting
techniques and storage conditions (Farah and Donangelo, 2006; Waters
etal., 2017). However, a recent study that used gas chromatography and
mass spectrometry showed that bee pollination increases the number of
desired volatile compounds in roasted coffee, specifically compounds
perceived by the sense of smell like pyrazines, pyrroles, pyridines, al-
cohols and phenols, and sulfur (Meireles et al., 2022). These results are
consistent with our findings of improved aroma with bee pollination. If
pollination affects the volatile compounds of a plant and is perceived in
the aroma of roasted coffee (Meireles et al., 2022), maintaining

pollinator habitat can improve the quality of coffee and benefit farmers
beyond the known increases in yield.

Our research highlights potential trade-offs within different yield
and quality metrics from bee pollination in coffee. While bee pollinated
coffee showed higher fruit set along with enhanced aroma and body,
coffee berries weighed less and its cups scored lower in balance. Previ-
ous research on the effects of crop pollination on quantity and quality
trade-offs is scarce (but see Bartomeus et al., 2014). However, another
study exploring bee pollination’s impact on coffee reported slightly
different findings, suggesting bee pollinated coffee produced heavier
berries in addition to better cup quality scores (Karanja et al., 2013).
These contrasting results could indicate that depending on the degree of
pollination or management, coffee plants may produce more berries
with less balanced cup profiles or smaller berries with better aroma.

Although our findings indicate a significantly higher fruit set in bee-
pollinated C. arabica plants, similar studies typically report fruit set in-
crements between 9 % and 50 % (Gonzalez-Chaves et al., 2020; Marti-
nez-Salinas et al., 2022; Ricketts et al., 2004). Partly contrasting with
our study, a previous experiment on Costa Rican coffee farms found that
bee pollination increases not only fruit set but also fruit weight by 4.2 %
(Martinez-Salinas et al., 2022). However, this study was conducted on
less intensively managed farms. In our study, CoopeTarrazi’s plot re-
ceives an abundance of four fertilizer applications a year, and perhaps
these compensate for physiological, chemical, or molecular processes
that would be otherwise catalyzed by bee pollination. According to the
resource availability hypothesis for plant defense and reproduction
(Gianoli and Salgado-Luarte, 2017; Tuller et al., 2018), a surplus of
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resources through frequent fertilization could mean that the effects of
bee pollination on the fruit set would be masked or diluted.

Our study reveals previously unknown benefits of bee pollination for
coffee quality, presenting a valuable angle for nature conservation. Bee
pollination not only increases earnings for coffee farmers tapping into
specialty markets but also elevates coffee quality for consumers and
enhances nature conservation through bee habitat maintenance or
restoration in and near coffee farms. Certifications like organic or fair-
trade labels, which often lead to premium prices (Richards et al.,
2016), may not significantly improve the economic conditions of
smallholder farmers (Dietz et al., 2019). However, they are valued by
consumers who are willing to pay up to 15 % more for certified coffee
(Traore et al., 2018), indicating that environmental and social standards
can potentially offset the costs associated with yield reductions or
habitat restoration efforts. Unlike other certifications, a *bee-friendly’
label could further emphasize these values, enhancing consumer appeal.
Continued research in this area is crucial, as promoting pollinator hab-
itats could become a sustainable strategy for coffee stakeholders,
balancing ecological benefits with economic gains. It remains essential
to analyze the economic trade-offs between the benefits provided by bee
pollination and the costs of achieving these standards to determine if the
premiums can adequately compensate for any yield losses.

Future studies can build on our work in several ways to better define
the effect of bee pollination on coffee quality. First, additional studies on
C. canephora, which depends on cross-pollination by bees, are likely to
show even stronger effects. Second, replicating these experiments on
plots under different management types would help to clarify to what
extent fertilizers could mask the effect of pollination on the development
and quality characteristics of berries. Third, a promising avenue for
further enhancing the robustness of our findings is to include more
cuppers in the tasting panels. By incorporating a larger number of
cuppers in a single cupping trial, we can achieve even more nuanced
statistical differentiation between treatments. Moreover, although honey
processes are preferred by buyers (Traore et al., 2018), CoopeTarrazd’s
coffee tasters suggested that a washed process could allow for clearer
differentiation of quality. Therefore, conducting experiments with
various processes might yield further insights. Additionally, future
research should include an analysis of the economic impact of how
yield-quality trade-offs might offset any potential yield reductions from
sustainable practices, which would be essential to scale up the impact of
certification schemes and help guide policy and farm management de-
cisions (Verburg et al., 2019). Finally, a better understanding of the
chemical signaling and other potential mechanisms linking pollination
with fruit reproduction was beyond the scope of this study but an
important next step.

Our results underscore the vital need to explore further the rela-
tionship between bee pollination and coffee production, moving beyond
just yield metrics. It is essential to pay special attention to quality at-
tributes with the potential to have a disproportionate effect on coffee
prices such as aroma and flavor. Improving cup profile scores can enable
coffee farmers to enter premium markets, thus boosting their profits.
Therefore, more research is needed to understand the mechanisms
involved in pollination efficiency and the biotic interactions influencing
coffee yield and quality. These studies could continue to explore how
bee pollination benefits coffee farm livelihoods and bee conservation,
identifying pathways to achieve true integration of agricultural pro-
duction and conservation goals.
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