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Abstract—Although bees provide essential ecosystem services, the contribution of 
native bee functional groups to avocado pollination remains poorly quantified. We 
aimed to (1) evaluate the effect of distance from semi-natural vegetation on native 
bee visitation rates and (2) compare pollen transfer potential and fruit production 
among native bee functional groups. We surveyed bee visitation along a 6–72 m 
gradient from semi-natural vegetation in two commercial Hass avocado (Persea 
americana Mill.) orchards in central Chile (20 trees each; 2018). We conducted 
pollinator exclusion experiments in one orchard during 2018 and 2019. Visitation 
frequencies, pollen load, and exclusion data were combined to quantify pollen 
transfer potential (Ept), fruit production, and Pollination Service Index (PSI). 
Generalized additive models showed no significant effect of distance on visitation 
frequency or pollen transfer potential, suggesting the gradient lies within typical 
foraging distances. However, functional groups differed. Medium- and small-sized 
bees showed higher pollen transfer potential than large bees, driven mainly by 
greater per-capita pollen load rather than visitation. Self-pollination and medium-
sized bees sustained fruit number closest to open control (highest PSI) but showed 
no advantage in fruit weight, whereas small bees produced the heaviest fruit 
despite the largest reduction in fruit number, though this pattern varied between 
seasons. No single treatment excelled across all metrics, revealing a partial 
decoupling between pollen transfer potential and fruit development highlighting 
the multidimensional nature of pollination services. A functionally diverse 
pollinator assemblage serves best to sustain both fruit quantity and quality. 
Conserving semi-natural habitats and native pollinator diversity may help sustain 
pollination services and avocado productivity. 

Keywords—Functional groups, fruit set, pollen transfer potential, pollination 
service, bee size, visitation rate. 

INTRODUCTION 

Pollination is a critical ecosystem service due to 

its essential role in sustaining food production. 

More than three-quarters of global fruit, vegetable, 

and seed production depend, to some extent, on 

pollinators, particularly bees (Klein et al. 2007; 

Bartomeus et al. 2014; Eilers et al. 2011). Bees 

contribute to increased crop yields by efficiently 

transferring large quantities of pollen and by being 

highly abundant in natural and agricultural 

landscapes (Khalifa et al. 202; Robinson et al. 2023). 

Their positive effect on fruit and seed sets has been 

widely recognized across diverse crop systems 

(Layek et al. 2021; Zhang et al. 2025). In recent 

decades, growing concern has emerged regarding 

the global decline of pollinators due to habitat loss 

and climate change (Dicks et al. 2021; Turley et al. 

2022), a trend that may compromise crop 

productivity, especially in pollination-dependent 

species. This trend is further exacerbated by the 

increasing gap between crop pollination demand 

and the supply of effective pollinators, including 

managed species (Aizen et al. 2019; Lavín et al. 

2023). 

However, not all bees contribute equally to 

pollination services. Species with different 

functional traits (i.e., traits that directly affect 
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fitness; Greenop et al.l 2023) vary in their 

efficiency. According to previous works, body size 

is a key determinant of pollination performance, 

making it an appropriate trait for grouping bees by 

functionality (Hoehn et al 2008; Földesi et al. 2020). 

Larger bees, for instance, often deposit more pollen 

on the stigmas of plants with small flowers due to 

better contact with reproductive structures. They 

also tend to forage over longer distances, which 

promotes cross-pollination (Jaboor et al. 2022). 

Researchers commonly estimate pollination 

efficiency (i.e., the contribution of a pollinator to 

successful pollen transfer) using proxies such as 

fruit set, pollen deposition, or composite indices 

like the Pollination Service Index (PSI; Ne’eman et 

al. 2010; Bartomeus et al. 2016). Additionally, 

recent research has shown that wild pollinators 

may provide more stable pollination services than 

managed species, especially in complex 

landscapes (Garibaldi et al. 2013; Requier et al. 

2022). 

Semi-natural vegetation edges can support 

native bee functional groups and enhance their 

contribution to crop pollination (Devkota et al. 

2021). Studies show that the spatial structure of the 

landscape (e.g., connectivity and proximity to 

natural habitat) influences pollinator diversity and 

activity (Kennedy et al. 2013; Capera-Aragones et 

al. 2024). These effects are especially relevant in 

agroecosystems where fruit crops dominate, 

where forest remnants serve as pollinator sources 

(Fahrig et al. 2011; Lázaro & Alomar 2019). 

Pollination deficits may be enhanced by reduced 

habitat complexity and limited presence of 

effective wild pollinators in agroecosystems, 

where local floral resources and biophysical 

habitat heterogeneity structure native bee 

communities (Garibaldi et al. 2013; Rodríguez et al. 

2021; Requier et al. 2022). Understanding how bee 

traits interact with landscape features is essential 

for designing sustainable strategies to secure 

pollination services under changing agricultural 

conditions (Liu et al. 2020) and for promoting 

efficient native pollinator communities that 

improve productivity. 

In this study, we aimed to (1) evaluate the effect 

of distance from natural vegetation on the 

visitation rate of native bees in avocado crops, and 

(2) compare differences in pollen transfer potential 

and fruit production associated with different 

native bee functional groups. To address these 

objectives, we used avocado (Persea americana 

Mill.) as a model crop to assess the contribution of 

native bee functional groups to pollen transfer and 

fruit production. Recent studies have reported 

active visitation by native bees in avocado 

orchards, but few have quantified the pollination 

performance of functional groups (Sagwe et al. 

2022; Monzón et al. 2020). 

MATERIALS AND METHODS 

STUDY SITE AND PERIODS  

We conducted experiments in Melipilla, 

Metropolitan Region, Chile, during the avocado 

flowering season (October-November) between 

2018 and 2019. We divided them into two parts: 1) 

quantification of pollination efficiency by counting 

pollen load and recording the rate of visits to 

avocado flowers, and 2) assessment of pollination 

services provided by native and managed bees 

using a pollinator exclusion. We conducted the 

first experiment in 2018 in two commercial 

avocado orchards, Mallarauco 2 (71°00'33"W, 

33°33'51"S) and Cuncumen (71°20'32"W, 

33°43'44"S). We developed the second experiment 

only in the Cuncumen orchard, during the 2018 

and 2019 seasons. We carried out all experiments 

throughout the avocado flowering period, on 

sunny days with low wind and temperatures 

around 18°C, to ensure comparability of data 

across weather conditions. We chose the study 

sites because of their different and heterogeneous 

landscape structures. For a more detailed 

description of the study sites, please refer to 

Rodríguez et al. (2021). 

QUANTIFICATION OF NATIVE BEE VISITATION FREQUENCY  

In each orchard, we selected 20 avocado trees 

(var. Hass) based on a gradient of distance from 

semi-natural vegetation to the interior of the 

orchards. For each tree, we recorded all floral visits 

by bees for five minutes per exposed face of the 

tree, during two periods per day (AM and PM). We 

sampled between 9:00 A.M and 6:00 P.M. We 

specifically recorded the number and species of 

floral visitors, the number of flowers visited, and 

the number of open flowers per avocado tree 

during the observation periods. We calculated the 

visit rate by the total number of recorded bees 

visiting flowers on each tree during the sampling 

period, divided by the number of open flowers 
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observed, and multiplied by the total observation 

time, totalling a sampling effort of 100 minutes per 

tree.  

Sample sizes for these measurements differ 

among functional groups because small-bodied 

native bees were captured less frequently than 

medium- and large-bodied bees during sampling, 

not because of any difference in sampling effort 

applied across groups. 

POTENTIAL POLLEN TRANSFER CAPACITY QUANTIFICATION BY 

COUNTING THE POLLEN LOAD OF NATIVE BEES  

We collected native bees from the flowers of 

pollinated avocado trees (var. Edranol). We 

transported bees to the laboratory and extracted 

the pollen adhering to their bodies following the 

glycerinated method (Ospina-Torres et al. 2015). 

We mounted the extracted pollen and counted 

with a Neubauer chamber and a Nikon microscope 

at 40X magnification. We used body pollen load as 

an indicator of the relative potential pollen transfer 

capacity of different bee species and functional 

groups, reflecting the amount of pollen available 

for transfer during floral visits, rather than a direct 

measure of pollination efficiency or reproductive 

success. 

POLLINATOR FUNCTIONAL GROUP EFFECTS ON FRUIT 

PRODUCTION ASSESSED USING NETTED TREES  

We conducted a pollinator exclusion 

experiment using netted avocado trees (Fig. 1) to 

assess how different bee functional groups 

contributed to realize reproductive output. The 

experiment comprised six treatments: three native 

bee functional groups defined by body size (small, 

medium, and large), Apis mellifera, self-pollination, 

and an open control. For each netted treatment, we 

placed a cage around a pair of trees. Cages 

assigned to a native functional group or to Apis 

mellifera were stocked with 10 individuals, 

comprising multiple bee species for the native 

groups. Cages remained closed throughout the 

flowering period to prevent entry of external 

insects. Each week, we inspected the cages and 

introduced new individuals to maintain a constant 

number of bees per cage. This weekly replacement 

was necessary because bees survive and forage less 

effectively in field cages than within an intact 

colony, given the absence of a queen and normal 

colony structure (Lattorf 2022). The self-pollination 

treatment consisted of complete pollinator- 

exclusion cages without the introduction of bees, 

in which incidental insect visitors were removed 

and treated with insecticide during weekly 

inspections (see Appendix I for full details). The 

control treatment consisted of a pair of unnetted 

trees exposed to ambient pollinators. In total, the 

experiment included 12 trees (six treatments, two 

trees each; see Appendix I). After one year, we 

harvested and counted all fruits produced by each 

tree. We weighed each fruit to quantify realized 

reproductive output and fruit quality in each 

treatment. The experiment ran over two 

consecutive years (treatments applied in 2018 and 

2019, with fruit harvested and measured in 2019 

and 2020, respectively). Between years, treatments 

were reassigned across cages (i.e., which 

functional group or A. mellifera was introduced to 

a given pair of caged trees) to prevent any single 

tree pair from being permanently confounded 

with one treatment; self-pollination cages were 

   

Figure 1. Photographic overview of the experimental design. (A) Cage-based pollinator exclusion setup. (B) Spatial distribution 
of experimental treatments within the orchard. 
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kept fixed across both years by design. Each year, 

after harvest, we counted and weighed all fruits 

produced by each tree. Sample sizes for fruit 

weight therefore differ among treatment-year 

combinations because some cages did not produce 

any fruit that year (i.e., zero fruit set) and 

consequently contributed no fruit-weight data for 

that cage-year, most notably in 2020 (see Results 

and Appendix). This approach allowed us to link 

functional group-specific pollinator assemblages 

to realized reproductive output at the tree level 

and complements observational and single-visit 

approaches commonly used to assess pollination 

services could be valuable in scaling up the 

management of pollination services based on other 

experimental designs (Fründ et al. 2013; Liu et al. 

2020). 

STATISTICS 

To evaluate how pollinator activity and pollen 

transfer potential varied with distance from semi-

natural vegetation, we fitted generalized additive 

models (GAMs). Native bee visitation frequency 

and pollen transfer potential (Ept) were used as 

response variables, while distance to semi-natural 

vegetation was included as a smooth predictor. 

Visitation frequency was log-transformed prior to 

analysis to improve model assumptions. Smooth 

functions were fitted using thin plate regression 

splines with a basis dimension of 𝑘=4 to allow 

flexible but parsimonious nonlinear relationships. 

Pollen transfer potential (Ept) was estimated by 

quantifying the pollen load carried on the bodies 

of native bees during floral visits. All analyses 

were conducted in R v4.5.1 (R Core Team, 2025) 

using the mgcv package (Wood, 2017). 

We conducted a set of complementary 

statistical analyses to evaluate pollinator 

contributions at multiple ecological levels, 

integrating pollen transfer potential, pollinator 

behaviour, and realized fruit production. 

The Pollination Service Index (PSI) calculation 

following the general framework of pollinator 

dependence ratios used in exclusion experiments 

(e.g., Ryan et al. 2023), in which fruit production 

under a given pollination treatment is expressed 

relative to fruit production under full, unrestricted 

(open) pollination Fruit production was assessed 

as the number of fruits harvested per tree pair, 

rather than total fruit weight; fruit weight was 

analysed separately as an independent response 

variable (see below). We defined PSI as: 

𝑃𝑆𝐼 =
𝑌𝑐

𝑌𝑜
 

where Yo represents fruit production in open 

control trees (i.e., without nets) and Yc represents 

fruit production in netted trees (i.e., enclosed 

treatments restricting pollinator access to a single 

functional group). Under this formulation, PSI 

increases with the effectiveness of a given 

treatment at sustaining fruit production relative to 

full, unrestricted pollination: values close to 1 

indicate that a treatment alone achieved fruit 

numbers comparable to the open control, whereas 

values close to 0 indicate a large reduction in fruit 

number relative to the open control. PSI is a 

relative index of pollination service based on fruit 

production under pollinator exclusion, rather than 

as a measure of pollination efficiency or fruit 

quality. To explore variation in Pollination Service 

Index (PSI) among pollinator functional groups 

and years, we fitted a linear model including 

functional group and year as fixed effects. Because 

PSI values were available for a limited number of 

observations per treatment-year combination, this 

analysis was considered exploratory and 

interpreted cautiously. 

To further characterize pollinator contributions 

at the functional group level, we quantified a 

functional group–specific pollen transfer potential 

index by integrating body pollen load, visitation 

rate, and local abundance, following the general 

approach proposed by Liu et al. (2020). We 

calculated pollen transfer potential (Ept) as: 

Ept = p*vi*N 

where p represents the number of compatible 

pollen grains transported per functional group, vi 

is the number of flowers visited per unit of time, 

and N is the number of individuals collected per 

tree. This index reflects the potential contribution 

of pollinator functional groups to pollen transfer at 

the tree level and does not represent pollination 

efficiency per visit or realized reproductive 

success. 

We also fitted a linear mixed-effects model 

(LMM) between pollen transfer potential (Ept) and 

pollinator functional groups. We had to log-

transform Ept prior to analysis to improve 
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normality and homoscedasticity. We incorporated 

(i) functional group as a fixed effect, and (ii) tree ID 

as a random intercept to account for hierarchical 

structure and repeated observations within trees. 

RESULTS 

EFFECTS OF DISTANCE TO SEMI-NATURAL VEGETATION ON 

POLLINATOR ACTIVITY AND POLLEN TRANSFER POTENTIAL   

We recorded a total of 2,980 avocado flowers 

(Persea americana) during the observation period, 

visited exclusively by native bees. We identified 

five species from three families (Colletidae, 

Halictidae, and Apidae): Cadeguala occidentalis, 

Caupolicana gayi, Ruizantheda mutabilis, Colletes 

seminitidus, and Manuelia gayi. Our results indicate 

no detectable relationship between distance from 

semi-natural vegetation and visitation rate (Fig. 

2A). Likewise, pollen transfer potential (Ept) did 

not significantly associate with distance (Fig. 2B; 

see Appendix). These findings suggest that, within 

the sampled spatial range (6–72 m), proximity to 

semi-natural vegetation did not produce 

measurable changes in visitation frequency or 

pollen transfer potential.  

 

POTENTIAL POLLEN TRANSFER CAPACITY QUANTIFICATION BY 

COUNTING THE POLLEN LOAD OF NATIVE BEES  

We found that pollen transfer potential (Ept) 

varied significantly among pollinator functional 

groups. Medium- and small-sized bees exhibited 

significantly higher Ept values than large bees, 

whereas we detected no significant difference 

between medium and small groups. Linear mixed-

effects models supported this pattern, with Ept 

increasing significantly in medium (β = 0.89 ± 0.17 

SE, t = 5.12) and small bees (β = 0.88 ± 0.27 SE, t = 

3.24) relative to large bees, while medium and 

small groups did not differ significantly (Fig. 3; see 

Appendix). Estimated marginal means confirmed 

that large bees had the lowest Ept, whereas 

medium and small bees exhibited similarly 

elevated values. 

To identify the source of this pattern, we 

examined the individual components of the Ept 

index (pollen load, visitation frequency, and 

abundance). Visitation frequency did not differ 

appreciably between large and medium bees 

(mean = 0.00085 vs. 0.00090 visits per flower per 

unit time) and was, in fact, lowest in small bees 

despite their higher Ept, indicating that visitation 

rate alone does not explain the observed pattern. 

Instead, the difference appears to be driven 

primarily by per-capita pollen load, which 

increased consistently from large (mean = 3.3 

grains) to medium (6.0 grains) to small bees (8.3 

grains). The relative abundance of individuals 

sampled per functional group (9, 27, and 5 for 

large, medium, and small bees, respectively) likely 

also contributed to the elevated Ept of medium 

 

Figure 2. Effects of distance to natural vegetation on pollinator activity and pollen transfer potential in avocado orchards. (A) 
Native bee visitation frequency measured on individual trees. (B) Pollen transfers potential as a function of distance to natural 
vegetation. Solid curves represent fitted generalized additive model (GAM) smooths (k = 4), and grey bands indicate 95% 
confidence intervals. 
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Figure 3. Pollen transfer potential (Ept) across pollinator 
functional groups in avocado orchards. Each point 
represents an individual bee for which pollen load was 
measured; note that multiple individuals were sometimes 
sampled from the same tree, so points do not correspond 
one-to-one with trees. Sample sizes differ among 
functional groups (large: N = 9 individuals from 6 trees; 
medium: N = 27 individuals from 19 trees; small: N = 5 
individuals from 3 trees) because small-bodied native 
bees, represented here by a single species (Manuelia gayi), 
were captured considerably less often than medium-sized 
species (Colletes sp. and Ruizantheda sp.) during field 
sampling. Boxplots represent medians and interquartile 
ranges. Different letters indicate significant differences 
among functional groups estimated using linear mixed 
models (LMMs) on log-transformed Ept. 

bees despite their intermediate pollen load per 

individual. These results suggest that the lower 

pollen transfer potential of large bees reflects 

reduced pollen carriage per individual rather than 

lower visitation activity. 

Together, these results indicate that pollen 

transfer potential varied significantly with 

pollinator functional group identity, with smaller-

bodied bees contributing disproportionately to 

pollen transfer at the tree level. 

POLLINATOR FUNCTIONAL GROUP EFFECTS ON FRUIT 

PRODUCTION USING NETTED TREES 

The Pollination Service Index (PSI) and fruit 

weight were obtained from the pollinator 

exclusion experiment, in which a fixed number of 

individuals (10 bees per cage, replenished weekly) 

was introduced for each treatment, independent of 

natural abundance in the orchard. 

The Pollination Service Index (PSI, Fig. 4A), 

based on the number of fruits harvested, did not 

differ significantly among functional groups (F₄,₁ = 

1.72. P = 0.20) or between yers (F₄,₁₄ = 2.37, P = 0.15) 

in the exploratory model, and values varied 

considerably within groups across years. 

Descriptively, self-pollination and medium-sized 

bees showed the highest average PSI (mean = 0.56 

and 0.52, respectively), followed by large bees 

(mean = 0.44), indicating that fruit set under these 

treatments was, on average, closest to that of the 

open control. In contrast, A. mellifera (mean = 0.14) 

and small bees (mean = 0.10) showed the lowest 

average PSI, indicating a comparatively large 

reduction in fruit number relative to the open 

control when these groups pollinated alone. 

Fruit weight (Fig 4.B), measured for each 

individual harvested fruit rather than as a total per 

tree, varied according to a significant treatment × 

year interaction (F4,13.66 = 5.89, P = 0.006); we 

therefore report treatment effects by year rather 

than as an average, which would obscure the 

pattern in either season. In 2019, small-bee 

treatments produced significantly heavier fruits 

than medium-bee treatments (213 g vs. 134 g; 

Tukey-adjusted P < 0.05), with A. mellifera, large-

bee, and self-pollination treatments intermediate 

and not significantly different from either extreme. 

In 2020, fruit set was lower overall and more 

variable across cages (171 fruits from seven cage-

years, some represented by a single cage), resulting 

in wider confidence intervals around the treatment 

estimates and no significant differences among 

treatments that year. Fruit weight was also higher 

overall in 2020 than in 2019 across all treatments 

(F1,892.84 = 60.34, p < 0.001), underscoring how 

markedly the two seasons differed. Given its more 

balanced replication and narrower confidence 

intervals, 2019 provides the clearer basis for 

interpreting how pollinator functional group 

affects fruit weight 
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Figure 4. Pollination quantity across treatments in avocado orchards. Treatments in avocado orchards. Treatments are ordered 
consistently across panels (small, medium, and large native bee functional groups, self-pollination, and A. mellifera). (A) 
Pollination Service Index (PSI) across treatments by year (solid line: 2018; dashed line:2019); PSI increases with the effectiveness 
of a treatment at sustaining fruit number relative to the open control (PSI = Yc/Yo). Year was not a significant factor for PSI (see 
Results), and both years are shown for descriptive completeness. (B) Fruit weight (g) across treatments, shown separately by 
year given a significant treatment x year interaction (see Results). Boxplots show medians and interquartile range; points 
represent individual fruits. Different letters denote significant differences among treatments in 2019, based on linear mixed 
models with tree identity as a random effect and Tukey-adjusted pairwise comparisons (Kenward-Roger degrees of freedom). 

 

DISCUSSION 

Our study demonstrates that native bee 

functional groups, rather than proximity to semi-

natural vegetation, structures multiple 

components of pollination services in 

Mediterranean avocado (Persea americana) 

orchards. While visitation rate and pollen transfer 

potential (Ept) did not vary significantly with 

distance to semi-natural vegetation, our findings 

reveal that pollinator functional groups mediated 

Ept and realized fruit production. Medium- and 

small-sized bees exhibited higher pollen transfer 

potential than large bees, whereas individual fruit 

weight varied according to a treatment x year 

interaction, with small-bee treatments producing 
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significantly heavier fruits than medium-bee 

treatments in the better-replicated season. 

Although this partially contrasts with the 

expectation that greater pollen transfer directly 

translates into higher reproductive output 

(Delaplane et al. 2013; Ne’eman et al. 2010), our 

results highlight: i) the multidimensional nature of 

pollination effectiveness, in which intermediate 

and final reproductive metrics may not respond 

congruently (King et al. 2013: Page et al. 2021), and 

ii) the importance of functional trait difference 

among pollinators in shaping distinct stages of 

pollination process (Greenleaf et al. 2007: Földesi 

et al. 2020). Taken together, our findings show that 

visitation rates or landscape proximity alone do 

not determine pollination services in 

agroecosystems but are structured by trait-

mediated functional differences among pollinator 

groups. 

The absence of detectable effects of distance on 

visitation frequency and pollen transfer potential 

suggests that, within the sampled spatial range (6–

72 m), short-range gradients in semi-natural 

vegetation did not constrain native pollinator 

activity. This contrasts with studies reporting 

strong distance-decay effects on pollination 

services in fragmented landscapes (Ricketts et al. 

2008; Garibaldi et al. 2011), but aligns with 

evidence that pollinator mobility, local nesting 

availability, and mass-flowering crop dynamics 

can buffer fine-scale spatial heterogeneity in 

agroecosystems (Kennedy et al. 2013; Kleijn et al. 

2015; Dainese et al. 2019). According to Greenleaf 

et al. (2007) body size influences foraging range 

and dispersal capacity, yet our results indicate that 

functional differences among size classes did not 

translate into spatially structured variation in 

visitation or pollen transfer across the orchard. 

One possible explanation is that abundant and 

spatially continuous floral resources within the 

orchard may reduce the influence of short-distance 

landscape gradients by promoting extensive 

pollinator movement across the crop. 

Alternatively, the spatial scale of pollinator 

movement may exceed the spatial extent of our 

sampling design. Together, these mechanisms 

suggest that local floral resource distribution and 

orchard configuration may override short-distance 

landscape effects, reinforcing the idea that 

landscape–pollination relationships are strongly 

scale-dependent and highly context dependent 

(Tscharntke et al. 2012; Grab et al. 2017). 

In contrast to the spatial neutrality observed 

along the distance gradient, pollen transfer 

potential varied significantly among functional 

groups. Medium- and small-sized bees exhibited 

higher Ept values than large bees, reflecting a 

greater overall contribution to pollen transfer at 

the tree level, since Ept is a composite index that 

incorporates visitation frequency and pollen load 

(see Methods). . As shown in our component-level 

analysis, this pattern was driven primarily by per-

capita pollen load, which was highest in small bees 

and lowest in large bees, rather than by differences 

in visitation frequency, which did not follow the 

same gradient across groups. These differences are 

consistent with trait-based mechanisms linking 

body size to stigma contact probability, grooming 

behaviour, and pollen placement precision 

(Harder and Barrett 1996; King et al. 2013; Junker 

et al. 2013). Although stigma contact, grooming 

behaviour, and pollen placement precision were 

not directly measured in this study, these 

mechanisms are proposed as plausible 

explanations for our findings drawn from the 

broader literature. In avocado specifically, smaller-

bodied bees may handle the small, 

morphologically constrained flowers more 

efficiently than larger bees; for instance, A. mellifera 

foragers have been observed to take longer to land 

and position themselves on avocado flowers, likely 

because their larger body size makes it more 

difficult to grasp the flower, compared with 

smaller native bee species (Can-Alonzo et al. 2005). 

Such findings support the growing recognition 

that pollinator effectiveness depends not only on 

pollen quantity but also on deposition quality and 

compatibility dynamics (Ne’eman et al. 2010; Page 

et al. 2021). Our results therefore reinforce the need 

to distinguish overall pollen transfer potential and 

single-visit pollination effectiveness when 

assessing pollinator performance. More broadly, 

these findings highlight the importance of 

functional diversity within pollinator 

communities, as different functional groups may 

contribute unequally to pollination effectiveness 

while collectively maintaining pollination services. 

This pattern suggests that functional 

complementarity among pollinators may help 

sustain pollination processes even when 
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individual groups differ in their efficiency or 

behavioural traits. 

However, realized fruit production followed a 

pattern that diverged from PSI and varied between 

years. In 2019, small-bee treatments produced 

significantly heavier fruits than medium-bee 

treatments; in 2020, fruit set was lower and more 

variable across cages, and no significant 

differences among treatments were detected that 

year (see Results). This divergence indicates that 

PSI, based on the number of fruits harvested, and 

fruit weight, measured per individual fruit rather 

than as total harvest mass, capture different 

aspects of pollination performance (Ne'eman et al. 

2010; King et al. 2013). Because 2019 had more 

balanced replication than 2020, we consider that 

season’s results the clearer basis for characterizing 

how pollinator functional groups affect fruit 

weight. 

Directly testing for a trade-off between fruit 

number (as captured by PSI) and fruit size, using 

data from 2019 only (the more reliably replicated 

year for both metrics), revealed a negative but non-

significant association across the five functional 

groups (Pearson r = -0.594, P = 0.291, N = 5 groups): 

treatments achieving a higher PSI tended to 

produce individually lighter fruit that year 

consistent with the hypothesis that treatments 

sustaining fewer fruits relative to the open control 

allows more resources per fruit. This pattern was 

clearest for the small-bee and medium-bee 

treatments, which occupied opposite ends of both 

the PSI and fruit-weight distributions; the self 

pollination treatment did not follow it, combining 

a comparatively high PSI with intermediate rather 

than light fruit weight. This partial and statistically 

limited association suggests that successful 

fertilization and subsequent fruit development 

may depend on additional processes beyond initial 

pollen deposition, such as pollen tube growth, 

resource allocation, or post-pollination 

physiological constraints (Stephenson 1981; 

Ashman et al. 2004), though the small number of 

functional groups (N = 5) limits the power to 

confirm this relationship directly. Similar 

discrepancies between intermediate pollination 

metrics and final reproductive output have been 

reported in other crop systems (Klatt et al. 2014; 

Garibaldi et al. 2013), suggesting that pollination 

effectiveness is best understood as a multi-stage 

process shaped by both pollinator traits and plant 

reproductive biology. The relatively high PSI 

observed for the self-pollination treatment is best 

understood in light of the multidimensional 

pattern that emerges across our results, rather than 

in isolation. Self-pollination and medium-sized 

bees achieved the highest PSI, indicating that fruit 

set under these treatments was closest to that of the 

open control; however, neither treatment 

produced correspondingly heavy fruit, and small 

bees, which showed the largest reduction in fruit 

number relative to the open control, produced the 

heaviest individual fruit. No single treatment, 

including self-pollination, performed well across 

both dimensions of yield that we measured. We 

interpret this as evidence that a functionally 

diverse pollinator assemblage is more likely to 

reliably sustain both fruit quantity and fruit 

quality than any single pollination strategy on its 

own, including autogamous self-pollination 

consistent with broader evidence that functional 

complementarity among pollinators underpins 

reliable crop pollination (Blüthgen & Klein 2011; 

Garibaldi et al. 2013; Dainese et al. 2019; Requier et 

al. 2022).  

This interpretation is consistent with a growing 

body of evidence that avocado fruit set and quality 

depend on both self- and cross pollination in ways 

that that vary across cultivars, sites, and seasons 

(Alcaraz & Hormaza 2011; Trueman et al. 2024; 

Reese et al. 2025). Self- pollination can account for 

the majority of fruit set in some cultivars and 

orchard conditions (Alcaraz & Hormaza 2011), yet 

cross-fertilized Hass fruit have been shown to be 

selectively retained during fruit drop and to 

mature 6% heavier and 2% larger in diameter than 

self-fertilized fruit (Hapuarachchi et al. 2024), and 

yield can become pollen-limited where cross-

pollen availability is low, even when self-

pollination continues to occur (Reese et al. 2025). 

Cross-pollination has also been associated with 

benefits beyond the fruit-count and fruit-weight 

metrics we measured here, including reduced 

dependence on a single pollen source for 

inconsistent yield across years (Alcaraz & 

Hormaza 2011). 

It is also worth noting that, because Hass 

displays heterodichogamy, with a wide temporal 

separation between the female and male phases of 

its flowers, true within-flower autogamy is 
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thought to be uncommon in this cultivar (Trueman 

et al. 2024); the fruit set we observed under self-

pollination more likely reflects close pollination 

among different flowers of the same tree or variety, 

for which wind has been directly implicated as the 

primary vector in caged-branch experiments that 

excluded insects with mesh bags and insecticide, 

methodologically similar to our own exclusion 

cages (Davenport 1992). This is consistent with 

reports that, in the absence of a different pollinizer 

cultivar nearby, the proportion of self-pollinated 

fruit increases with distance from across-pollen 

source or a complementary pollinizer cultivar 

(Trueman et al. 2024; Kämper et al. 2021), and that 

self-pollination becomes the dominant route to 

fruit set when a complementary cultivar is not 

closely interplanted (Davenport 2019). Our self-

pollination cages, which enclosed two Hass trees 

of the same variety with no external pollinizer 

available, reproduce precisely this condition; it is 

therefore expected (rather than an artifact of 

caging) that this design favoured a higher 

probability of self-pollination between trees of the 

same variety. This supports the conclusion that the 

treatment reliably isolated and quantified genuine 

self-pollination, and that the resulting PSI can be 

interpreted as a reliable estimate of Hass's capacity 

for autogamous fruit set, rather than as an 

experimental artifact. That said, our self-

pollination treatment used two trees of the same 

variety (Hass), whereas most other treatments 

paired a Hass tree with a pollenizer variety 

(Edranol); we discuss the potential consequences 

of this varietal asymmetry below.  

An additional consideration concerns the 

varietal composition of the reference treatment 

used to calculate PSI. In every treatment, only fruit 

from the Hass tree was counted and weighed; 

where a cage paired a Hass tree with an Edranol 

pollenizer tree (the native functional group and A. 

mellifera treatments), Edranol served exclusively as 

a pollen source, and its own fruit production was 

not included in any Yc or Yo value. Consequently, 

Edranol's baseline yield potential, whether higher 

or lower than that of Hass, does not directly enter 

into our comparisons, since every reported value 

in this study reflects Hass fruit production 

specifically. Both the self-pollination and open 

control treatments used two Hass trees, but the 

structural difference between them, rather than 

variety per se, is what matters for interpreting Yo: 

the two self-pollination trees were enclosed 

together within a single cage, so that pollen 

exchange was restricted exclusively between them, 

whereas the two open control trees were each 

individual, unnetted replicates exposed separately 

to whatever ambient pollinators and pollen 

sources were present in the orchard. Because 

commercial Hass orchards typically interplant a 

proportion of pollenizer trees such as Edranol, 

fruit set in these open controls plausibly reflects a 

mixture of self- and cross-pollination rather than 

either pollination mode in isolation. This contrasts 

with our self-pollination treatment, in which two 

Hass trees were enclosed together in a cage, 

completely excluding cross-pollen from any other 

variety, and with the native functional group and 

A. mellifera treatments, in which a Hass tree was 

deliberately paired with an Edranol pollenizer tree 

within the cage to enable cross-pollination by the 

introduced bees. Consequently, self-pollination 

was the only treatment in which fruit set could be 

attributed unambiguously to a single pollination 

mode (autogamous or close pollination within 

Hass), while Yo (the open-control denominator 

used for all PSI values) likely already includes 

some contribution from cross-pollination. If this is 

the case, the comparatively high PSI we observed 

for self-pollination is, if anything, a conservative 

estimate of how well Hass alone can sustain a fruit 

set relative to a baseline that may itself benefit from 

cross-pollen availability. A more limited concern 

that remains is a possible xenia effect, i.e., whether 

pollen arriving from Edranol itself alters the size or 

quality of the Hass fruit that develops, 

independent of pollinator identity (Kämper et al. 

2021). We did not track individual pollen-donor 

identity and cannot test this directly, though xenia 

effects on fruit size and nutritional quality have 

been reported to be minor for Hass avocado in at 

least one comparable system (Kämper et al. 2021); 

however, any such effect would be shared equally 

by the native functional group and A. mellifera 

treatments, which all drew on the same paired 

Edranol source, and would not explain differences 

among those treatments. It remains a relevant 

distinction between those treatments and self-

pollination, where no Edranol pollen was 

available. 

Taken together, our findings highlight that 

functional trait diversity structures pollination 

services in Mediterranean agroecosystems rather 
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than by simple spatial proximity to semi-natural 

habitats. While landscape context remains an 

important driver of pollinator communities at 

broader scales (Kennedy et al. 2013; Tscharntke et 

al. 2012), our results indicate that, at fine spatial 

scales within orchards, functional identity governs 

the pathway through which pollinators influence 

reproductive success, consistent with trait-based 

frameworks of plant–pollinator interactions 

(Junker et al. 2013). These findings underscore the 

importance of maintaining functional diversity 

within pollinator assemblages, as different bee size 

classes contribute to distinct stages of the 

pollination process. Rather than a linear chain 

linking visitation to pollen transfer to fruit 

production, our study reveals a trait-mediated 

structuring of pollination services in which 

intermediate and final outcomes are differentially 

influenced by pollinator identity (Ne’eman et al. 

2010; King et al. 2013). Such multidimensionality 

should be explicitly considered when designing 

management strategies aimed at sustaining crop 

pollination under increasing environmental 

variability. 

Our study introduces a novel exclusion-based 

field approach to quantify pollen transfer and fruit 

production outcomes under realistic conditions. 

This method integrates exclusion treatments with 

pollen load quantification and visitation behaviour 

and provides a replicable framework for scaling up 

assessment of ecosystem services in other 

pollination-dependent systems (Delaplane et al. 

2013). It could be promising in ecological contexts 

to isolate pollinator effects and improve 

comparability among taxa (King et al. 2013; Rader 

et al. 2016). The possibility to evaluate the 

landscape heterogeneity and proximity of crops to 

semi-natural vegetation may enhance the 

understanding about the ecological stability and 

resilience of pollination services, ultimately 

contributing to more sustainable crop yields. Such 

strategies are consistent with calls for integrated 

management approaches that consider both 

species diversity and habitat context to optimize 

pollination outcomes (Garibaldi et al. 2017; 

Martins et al. 2015). 

CONCLUSIONS 

Our results highlight the important 

contribution of native bees to pollination processes 

and yield outcomes in avocado crops. Pollen 

transfer potential (Ept) differed among functional 

groups, with medium- and small-sized bees 

showing higher Ept than large bees; this pattern 

was driven primarily by higher per-capita pollen 

load rather than by differences in visitation 

frequency, indicating a greater overall 

contribution to pollen transfer at the tree level 

rather than greater efficiency on a per-visit basis. 

In contrast, individual fruit weight showed a 

treatment × year interaction rather than a 

consistent pattern across years, suggesting that 

different pollinator groups may shape distinct 

dimensions of reproductive output. These results 

reveal a partial, though statistically limited, 

decoupling between pollen transfer potential and 

fruit development outcomes, emphasizing that 

multiple functional components may shape 

pollination services. In particular, high pollen 

transfer potential in both small and medium bees 

was not consistently associated with a fixed fruit-

weight outcome, since fruit weight itself varied by 

year, suggesting that pollen transfer potential 

alone does not determine fruit outcomes. Self-

pollination and medium-sized bees achieved the 

highest Pollination Service Index (PSI), sustaining 

fruit numbers closest to the open control, yet 

neither showed a corresponding advantage in fruit 

weight, whereas small bees produced the heaviest 

individual fruit despite the largest reduction in 

fruit number relative to the open control. No single 

treatment excelled across all metrics we measured, 

reinforcing our conclusion that a functionally 

diverse pollinator assemblage, rather than any 

single pollination strategy, is best positioned to 

reliably sustain both fruit quantity and fruit 

quality. Our findings therefore highlight the 

importance of maintaining functionally diverse 

pollinator communities. Functional diversity 

among bees may promote complementary roles in 

the pollination process, potentially increasing the 

reliability of crop pollination under environmental 

variability, though larger studies with greater 

replication across functional groups (particularly 

for less commonly captured groups such as small-

bodied native bees) would help confirm the 

generality of these patterns.  

Overall, these results suggest that supporting a 

diverse assemblage of native pollinators may 

provide greater benefits for crop productivity and 

long-term agroecosystem sustainability than 

relying on a single dominant pollinator group. 
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Such insights support conservation and 

management strategies that promote native 

pollinators as key providers of pollination services 

in fruit crop systems such as avocado. 
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