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Insect pollination is known to increase avocado yields, with wild pollinators likely 
playing an important role. In central Chile, the rapid expansion of avocado orchards 
has resulted in highly diverse natural habitats being replaced by plantations, potentially 
negatively impacting wild pollinators and thus avocado production. This study 
aimed to understand the role of natural habitats and wild pollinators in avocado 
production by (1) exploring the relationship between flower visitor abundance and 
diversity, and proximity to natural habitat, (2) quantifying the pollination effectiveness 
of different insect taxa, and (3) measuring the contribution to avocado production 
of insect pollinators and exploring how this varies with proximity to natural habitats. 
We conducted flower visitor observations and controlled pollination trials at different 
distances to natural habitat in three orchards in central Chile, across three years. 
The results showed that flower visitor abundance, visitation, richness, and diversity 
were significantly higher closer to natural habitats. However, this relationship varied 
across distances, with wild insect abundance and visitation rates approximately 
2.55 times higher, richness around 1.6 times higher, and diversity 1.5 times higher at 
the natural habitat edge compared to further inside the orchard. Insect pollinators 
contributed significantly to avocado production, with almost no fruit set when 
pollinators were excluded. Hoverflies and other flies were identified as potentially 
important avocado pollinators. This study demonstrates the importance of natural 
habitats and wild insect pollination services in crop production. We recommend 
that growers implement land management practices that protect and restore 
natural areas in and around their orchards to support wild pollinators.
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1 Introduction

Pollinators play a crucial role in increasing the quantity and quality of many globally 
important (Klein et al., 2007) as well as nutritionally valuable crops (Chaplin-Kramer et al., 
2014; Eilers et al., 2011). To support production, farmers often introduce managed honeybees 
(Apis mellifera) into their fields and orchards. However, relying exclusively on a single managed 
species for pollination carries risks, especially considering the combined threats facing 
honeybees such as disease and pesticides (Kremen et al., 2002; Potts et al., 2010; Stokstad, 2007; 
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VanEngelsdorp et al., 2008). In addition, the escalating global demand 
for insect-pollinated crops is expected to surpass the supply of 
managed honeybees (Mashilingi et al., 2022), stressing the need to 
develop alternatives to secure pollination and food production. Wild 
insects, such as wild bees (Klein et al., 2007), flies, beetles, ants, wasps, 
moths, and butterflies (Rader et  al., 2020), also pollinate many 
important agricultural crops. Moreover, wild pollinators often provide 
additional benefits. Multiple studies show that an increase in the 
abundance and diversity of wild pollinators can provide a more 
efficient and stable pollination service compared to managed 
honeybees (Blüthgen and Klein, 2011; Garibaldi et al., 2013; Hoehn 
et al., 2008; Klein et al., 2009; Senapathi et al., 2021). Consequently, 
there has been a growing recognition in recent years of the importance 
of wild pollinators and protecting or increasing their role in facilitating 
the transition toward sustainable agriculture (Garibaldi et al., 2014).

To survive and reproduce, many wild pollinators need resources 
such as nesting sites (e.g., areas of bare ground or suitable vegetation), 
and diverse food sources (e.g., a variety of floral resources). These 
resources are often lacking in managed landscapes (Winfree et al., 
2009) but are present in natural or semi natural areas such as native 
herbaceous habitats (Bartual et al., 2019). Several studies have shown 
that the proximity of agricultural land to natural areas correlates with 
increased pollinator diversity and abundance, attributed to spillover 
effects (Gonzalez-Chaves et al., 2020; Hipólito et al., 2018; Hipólito 
et al., 2019; Klein et al., 2003; Ricketts, 2004; Sritongchuay et al., 
2019), which in turn is often linked to increased yields (Dainese et al., 
2019; Martin et al., 2019). However, across the world, natural areas 
are being diminished and fragmented, primarily due to agricultural 
expansion. For example, in South America, the cover of various 
terrestrial natural habitat biomes, including grasslands, forests, and 
the Mediterranean-climate biomes, have decreased by more than 50% 
(IPBES, 2018). This reduction poses a potential threat to pollination 
services and, thus, food production (Campbell et al., 2017; IPBES, 
2016; Vanbergen et al., 2020). To protect wild pollinators, practices 
such as conserving or restoring natural and semi natural areas and 
implementing hedgerows and flowers strips in agricultural landscapes 
are known to be  effective (Garibaldi et  al., 2014). However, to 
encourage the widescale implementation of such measures, more 
evidence of the contribution from wild pollinators and natural 
habitats to agricultural production is needed from understudied 
crops and regions.

Avocado, Persea americana L. (1753), is a globally important crop 
grown in many countries. In recent years, avocados have gained 
recognition for their high nutritional value (Weschenfelder et  al., 
2015) leading to an increase in economic value and global demand 
(e.g., global production was around 4.2 million tonnes in 2011 and 
approximately 8.8 million tonnes in 2023) (FAO, 2023). Insect 
pollination is important for optimal avocado production, as the 
flowering process limits self-pollination and strongly promotes cross-
pollination (Sedgley, 1977). Avocado exhibits a flowering pattern 
known as protogynous dichogamy in which the hermaphrodite 
flowers will first function as female, then later transition to male, with 
different cultivars opening at different times throughout the day 
(Nirody, 1922; Stout, 1932). For example, A-Type cultivars are female 
in the morning of the first day and male in the afternoon of the second 
day, while B-Type cultivars are female in the afternoon of the first day 
and male in the morning of the second day (Nirody, 1922). Several 
studies have demonstrated avocado’s reliance on insect vectors and 

have shown that when pollinators are excluded from avocado flowers, 
fruit set or yield is close to zero (Dymond et al., 2021).

Due to the importance of insect pollinators, many growers employ 
managed honeybees in their avocado orchards. However, it is also 
known that wild pollinators contribute to avocado pollination, with 
several studies showing a diverse array of wild insects visiting avocado 
flowers (Bushuru, 2015; Carabalí-Banguero et al., 2018; Castañeda-
Vildózola et al., 1999; Celis-Diez et al., 2023; De la Cuadra-Infante, 
2007; Estévez and Martínez, 2020; McNeil and Pidduck, 2003; 
Monzón et al., 2020; Read et al., 2017; Willcox et al., 2019). Certain 
species are also known to be  effective avocado pollinators. For 
instance, various wild bees have been shown to visit a similar number 
of flowers and deposit a comparable amount of pollen compared to 
honeybees (Bushuru, 2015; Can-Alonzo et  al., 2005; Perez-Balam 
et al., 2012; Vithanage, 1990; Willcox et al., 2019).

Chile is a globally significant producer of avocados and currently 
has the third-largest production area (FAO, 2023). Avocado orchards 
are primarily located in the Mediterranean region of central Chile. 
Within this region, native sclerophyllous forests stand as a biodiversity 
hotspot due to the high level of endemism among the fauna and flora 
(Myers et al., 2000). However, over the past two decades, the expansion 
of avocado production has replaced much of this native sclerophyllous 
forest and other natural habitats (Armesto et al., 2010; Magrach and 
Sanz, 2020). Numerous studies have evidenced that natural habitats 
host an increased abundance and diversity of wild pollinators, 
resulting in a comprehensive and effective pollination service, thereby 
enhancing crop production in areas adjacent to natural habitats 
(Dainese et al., 2019; Garibaldi et al., 2011; Martin et al., 2019; Ricketts 
et al., 2008). As such, it is likely that the expansion of avocado orchards 
and the increasing isolation from natural habitats has negatively 
impacted avocado yield in this region, however, direct evidence 
is needed.

Using data from field experiments in avocado orchards; this study 
aims to understand the contribution of natural habitats and wild 
insect visitors to avocado pollination and production in Chile. 
Specifically, the objectives of this study are to (1) identify the flower 
visitors present in avocado orchards and explore the relationship 
between flower visitor abundance, visits, richness, and diversity, and 
proximity to natural habitat, (2) understand the pollination 
effectiveness of different insect taxa by quantifying their flower 
visitation rate, and (3) measure the contribution of insect pollinators 
to avocado production and investigate whether this contribution 
varies with proximity to natural habitats. The findings of this study 
provide valuable insights for avocado growers regarding land 
management strategies for enhancing pollination management and 
achieving sustainable production.

2 Materials and methods

2.1 Study design

This study was conducted in three avocado orchards located in the 
Mediterranean region of central Chile (Figure 1). Data collection took 
place from October to December in the years 2020, 2021, and 2022. 
The orchards primarily cultivated the A-type Hass variety, with 
intermittent planting of B-type cultivars such as ‘Edranol’ to serve as 
a pollenizer. On two farms, other crops such as almonds and oranges 
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were cultivated but, in all cases, avocado was the prominent crop. To 
identify the farms, an initial list of commercial avocado orchards was 
provided by industry partners and other collaborators. Farm selection 
involved choosing orchards with a native habitat more than 1 km long 
surrounding the orchard, ensuring the farms were more than 30 km 
apart, and verifying a similar topography, such as hillside plantations. 
At all sites, managed honeybees (Apis mellifera) were located 
throughout the orchard during the flowering period (around seven to 
ten hives per hectare).

Three transects at least 1 km apart were established on each farm. 
Two transects were run from the native vegetation, serving as natural 
habitat borders, and one transect was run from a non-natural habitat 
border, such as another agricultural crop (e.g., almond crop) or farm 
infrastructure (e.g., reservoir), which served as a control (Figure 1). 
Each transect was 300 m long extending from the border (natural 
habitat or control) into the centre of the orchard. This distance was 
chosen as typically, the flight range of wild bees is approximately 
100-200 m from their nesting site, usually located in natural habitats 
(Zurbuchen et al., 2010).

2.2 Flower visitor surveys

To collect data on flower visitor abundance and diversity, 
observational surveys were conducted along the transects at 
distances of 0 m, 50 m, 100 m, 200 m, and 300 m from the orchard 
edge into the centre. Two trees were randomly selected at each 
distance, and each tree was observed for 5 min. Observations were 
conducted on four different days each year, however, in 2020, two 
sites were only visited on three days due to logistical challenges. 
Data collection spanned 34 days over three years; with each site 
visited 11 or 12 times, observing two trees at each transect point 11 
or 12 times (e.g., each transect point had a total observation time 
110 or 120 min). Surveys were carried out during the flowering 

season which occurred from October to November, depending on 
the year. The observations took place between 10 a.m. and 3 p.m. 
to coincide with the warmest part of the day when the avocado 
flowers were open. Observations only took place on warm days 
with little wind when more than 10% of the flowers on the trees 
were open. Before the observation started, a branch at eye level and 
roughly 1 m square was selected as the observation area, as this was 
perceived to be a feasible area to observed accurately. Data were 
recorded on species observed visiting avocado flowers and the 
number of times that they visited an open flower. If an insect could 
not be identified to the species level in the field, then the insect was 
captured in a net and deposited in a collection jar, where it was 
later taken to taxonomist for identification. In cases where it was 
not possible to capture the insect or its capture would have 
distracted from the observations, the insect was either, 
photographed, or a written description was taken and identified at 
a later stage. In cases where identification was still not possible, a 
broad taxonomic group (e.g., honeybee, wild bee, fly, hoverfly, 
wasp, beetle) was assigned instead (Supplementary Appendix A1). 
Data were also recorded on the number of open flowers in the 
observed area.

Species abundance was the number of wild visitors recorded, 
species richness was the number of different wild species observed, 
and visitation rate was the total number of times wild visitors visited 
an open flower. Species diversity was calculated using the Shannon 
index. For each year and each observation point, we combined the 
data for all observation days. Although sampling effort was uneven 
between natural habitat and control transects, for species diversity 
analysis, we retained data from both transects because rarefaction 
analysis indicated that species diversity estimates were stable, and 
sampling completeness curves showed that sampling effort reach 
100% in each transect type (Supplementary Appendix A2). This 
suggests that additional sampling would likely yield few new species, 
thereby validating the comparability of the datasets.

FIGURE 1

Details of the avocado study sites in central Chile. The red circles represent the location of the study orchards. The red lines show the location of 
natural habitat, and the control transects for one of the study orchards. For this farm, the natural habitat border runs alongside the right-hand side of 
the avocado orchard and the control border starts next to the reservoir which is located between the avocado orchard and an almond orchard.
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2.3 Flower visitation rate

We assessed flower visitation rate for different taxa as this is a 
proxy for pollen deposition and thus an important component of 
pollinator performance (Ne'eman et al., 2010). In all years, GoPro 
video (model hero 8) cameras were set up in the avocado orchards to 
record flower visitation rates. The cameras were located in an area 
close to the natural habitat, as it was hypothesized that these locations 
would have a greater diversity of wild insects. Two or three video 
cameras were used every day that flower visitor surveys were taking 
place (e.g. 34 days). Video cameras were focused on a flowering 
branch and recorded data from around 11 a.m. to 2 p.m. Each camera 
recorded for around one to two hours, depending on the battery 
quality and daily temperature (on days with extreme temperature the 
batteries did not last as long). In 2020 and 2021, most recorded 
observations were of honeybees with limited replication for other taxa. 
Therefore, to supplement the data set, in 2022, visitation rate data was 
also collected through Dictaphone voice recordings as this method 
allowed for more targeted recordings of less frequently observed taxa 
such as flies, wasps, and wild bees. To achieve this, the observer 
actively searched for an insect taxon of interest, and once identified, 
the recording began. The observer recorded when the insect arrived 
on a flower, when it left the flower, and when it landed on a new 
flower. The observation was continued for five minutes or until the 
insect went out of sight.

After the end of each season, the video and Dictaphone recordings 
were reviewed. The video recordings were watched using a VLC media 
player as at times it was necessary to use the interactive zoom function 
available on this software to focus closer on the target branch. After 
selecting the best view, the videos were watched, and if a flower 
visiting insect was observed, the taxon, and if possible, the species 
were identified. However, species identification was not always 
possible due to the quality of the image. The BORIS software was used 
to extract observations from the video and Dictaphone recordings 
(Friard and Gamba, 2016). Data were recorded on when the insect 
landed on a flower, when it left the flower, when it was moving 
between flowers, when it landed on a new flower, and when it left the 
observation area. Using these data, we calculated the average time 
spent on a flower and the average time moving between flowers for 
each insect observed in the video and Dictaphone recordings. We then 
applied the following formula to calculate individual flower visitation 
rate: 60/ [average time on flower (seconds) + average time moving 
between flowers (seconds)].

2.4 Controlled pollination trials

To understand pollinator contribution to fruit set, controlled 
pollination trials were conducted along the same transects used for the 
flower visitor surveys. In 2022, treatments were established at distances 
of 0 m, 100 m, and 300 m, and at each distance, five trees were selected 
(45 trees at each distance across all transects and orchards). On each 
tree, two panicles on separate branches were selected and labeled as 
either ‘open’ or ‘exclusion’ treatment (Figure 2). Panicles were chosen 
as a suitable scale for measuring pollination contribution, due to 
execution challenges associated with whole tree or branch 
measurements (Webber et al., 2020). It was ensured that the panicles 
on the same tree had a similar number of primary branches and 

pre-flowering buds, were at a comparable height, and had similar 
access to light. Panicles that received the ‘exclusion’ treatment had a 
mesh bag placed securely over the panicle to exclude all pollinators. 
The bags were placed on the panicles in September before the flowers 
had opened and remained on the panicles until the end of the 
experiment in late December. Open pollination treatments served as 
the control; allowing insect pollinators to access the flowers naturally. 
To calculate the percentage of fruit set, an estimation of the number 
of flowers per treatment panicle was conducted in the middle of the 
flowering season. An exact count of the flowers was not possible as 
new flowers open daily and it was not feasible to be present at every 
site on every day during the flowering season. The estimation involved 
counting the number of flowers on 100 primary branches from 100 
panicles (from different trees and sites). This data was used to calculate 
the average number of flowers per primary branch. The number of 
primary branches per treatment panicle was also counted. To save 
time in the field, a photo of the treatment panicle was taken, and then 
counting was done later, on a computer screen. The average number 
of flowers per primary branch (17) was then multiplied by the number 
of primary branches on each panicle to provide an estimated number 
of flowers on that treatment panicle. Six weeks after the end of the 
flowering season, the number of initial fruit set per treatment panicle 
was recorded.

2.5 Statistical analysis

2.5.1 Flower visitor surveys
Given the multiple observations per transects and distances, a 

mixed-effect model was necessary. We applied a generalized linear 

FIGURE 2

Example photograph of one tree in the controlled pollination trials in 
avocado orchards in Chile. The panicle with the white bag is the 
“exclusion” treatment and the panicle with the red tape is the “open” 
pollinated treatment.
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mixed model to the dependent variables of wild insect visitor 
abundance, honeybee abundance, wild insect visitation rate, species 
richness, and species diversity. All models were run using the 
independent variables of; distance from the edge (categorical 
variable, 0, 50, 100, 200, 300), habitat type (categorical variable, 
natural habitat, control), year (categorical variable, 2020, 2021, 
2022), the number of open flowers (log-transformed) and all 
two-way interactions. We  chose to include only two-way 
interactions to focus on the main effects, while simplifying the 
model and minimizing the risk of overfitting. For most of the 
models, the random effects were transect nested within site and 
observation day. However, for species diversity, since the data for 
observation day were combined, only transect nested in site was 
used as a random effect. Model fit assessment showed that random 
effects explained a notable proportion of the variance in all models 
(wild visitor abundance: Conditional R2  = 0.365, Marginal 
R2  = 0.169, wild visitor visits: Conditional R2  = 0.416, Marginal 
R2  = 0.189, species richness: Conditional R2  = 0.801, Marginal 
R2  = 0.025, species diversity Conditional R2  = 0.41, Marginal 
R2  = 0.374, and honeybee abundance: Conditional R2  = 0.460, 
Marginal R2  = 0.234), justifying their inclusion 
(Supplementary Appendix A3). We used a negative binomial family 
for wild visitor abundance, honeybee abundance, and visitation rate 
as the data was highly over-dispersed relative to the expectation of 
the Poisson distribution. For species richness, we used a generalized 
Poisson distribution with a log link because the data exhibited 
under-dispersion, meaning the variance was smaller than the mean, 
which is inconsistent with the assumption of the standard Poisson 
distribution. For species diversity, we used a Gamma distribution 
with a log link. All models were checked for overdispersion, and 
their assumptions were verified by plotting residuals against fitted 
values and the covariate ‘number of open flowers’. The models were 
selected for ‘best fit’ using backwards stepwise deletion based on 
AIC (Akaike Information Criterion) comparisons and, where 
necessary, independent variables were dropped from the model 
(Supplementary Appendix A4). Variables were removed if the 
difference in AIC between the full model and the reduced model 
was less than 2, to prevent overfitting. To assess significant 
differences between all distances at each habitat type, we  ran 
another GLMM model for each dependent variable. The model 
syntax was the same as before, however, a new independent variable 
was added to combine all possible distances and habitats (e.g., 
Natural Habitat0, Natural Habitat 50, etc.). An ANOVA and post hoc 
Tukey’s test were conducted on this model to identify significant 
differences for each distance and habitat combination.

2.5.2 Flower visitation rate
Since it was not possible in the video recording to identify 

many insect species, the flower visitation rate data was analyzed 
at the taxa level (e.g., honeybees, flies, hoverflies, wild bees, 
beetles, and wasps). As the data was not normally distributed, 
we performed a Kruskal-Wallis test and post hoc Dunn test, to 
compare differences between flower visitation rate. The data for 
all years and all observation methods (video and Dictaphone) 
were combined, as the results from one-way ANOVAs conducted 
for individual taxon and year, and individual taxa and observation 
method were non-significant, indicating no effect of year or 
observation method.

2.5.3 Controlled pollination trials
To assess the contribution of proximity to natural habitats to fruit 

set, we applied a generalized linear mixed model with a binomial 
distribution and logit link to the dependent variable of ‘proportion of 
fruit set’. The independent variables included pollination treatment 
(open and exclusion), habitat type (natural habitat and control), 
distance from the edge (0 m, 100 m, and 300 m), and all two-way 
interactions. The random effects were tree nested in transect and 
transect nested in site, however, transect nested in site was later 
removed as these effects had no explanatory power on the model and 
consequently, the model would not converge. This model showed a 
strong over all fit (conditional R2 = 0.993), with fixed effects accounting 
for 52.5% of the explained variance (marginal R2 = 0.525).

Additionally, we explored the relationship between the abundance 
of individual insect taxa and fruit set in the open pollination 
treatments. For each site, transect, and distance we calculated the 
average abundance of each insect taxon using the flower visitor survey 
data, as well as the average fruit set at each distance. For this analysis, 
only data from 2022 was used given that fruit set data was only 
collected in this year. We then applied a generalized linear mixed 
model (binomial family, logit link), using the proportion of fruit set as 
the dependent variable, the abundance of each insect taxon as the 
independent variable, and transect nested within site as the random 
effect. Models followed the same process of model checking and fitting 
as before.

Data for all the above analyses were carried out in R version 4.2.3 
using the R Core Team (2023). The package glmmTMB (Brooks et al., 
2017) was used to carry out the GLMM analysis, and base R and the 
multcomp package (Hothorn et al., 2008) was used to implement the 
ANOVA, Kruskal-Wallis, and post hoc tests.

3 Results

3.1 Flower visitor surveys

Across the three years of surveys and in the three study orchards, 
a total of 5,340 flower-visiting insects were observed, representing 75 
different species across five orders (Coleoptera, Diptera, Lepidoptera, 
Hymenoptera, and Hemiptera) (Supplementary Appendix A1). 
Honeybees accounted for 54% of the observations (n = 2,883), and it 
is assumed that all these observations were from managed hives, as 
local knowledge indicates that wild honeybees are not present in the 
area. Wild insects accounted for 46% of the observations with 29.3% 
(n = 1,569) beetles, 7.4% (n = 396) hoverflies, 5.8% (n = 311) flies, 
1.7% (n = 89) wild bees, 1.6% (n = 85) wasps, 0.2% (n = 11) butterflies, 
and 0.09% true bugs (n = 5).

For the metrics of wild visitor abundance, visits, richness, and 
diversity, all independent variables were retained in the model, except 
for the interaction between distance and year and, in the case of wild 
insect visitor abundance and wild insect visits, the interaction 
between habitat and year was also dropped 
(Supplementary Appendix A4). For all wild insect models, the 
interaction between distance and habitat type was significant and the 
results showed no relationship between wild insect variables 
(abundance, visits, richness, and diversity) and distance to edge in 
control transects, while a negative relationship was observed in 
natural habitat transects (Table  1, Figure  3, and 
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Supplementary Appendix A5). Furthermore, the results obtained 
from the ANOVA and Tukey’s test demonstrated significantly higher 
wild insect visitor abundance, richness, diversity, and visitation rates 
at 0 m in natural habitat transects in comparison to nearly all other 
distances (Supplementary Appendices A6, A7). For instance, wild 
insect visitor abundance and visitation rates were approximately 2.55 
times higher, species richness around 1.6 times higher and species 
diversity around 1.5 times higher at the natural habitat edge compared 
to nearly all other distances. For honeybee abundance, the number of 
open flowers and distance from the edge, were retained in the model, 
however, only the number of open flowers was significant. (Table 2 
and Supplementary Appendix A5).

3.2 Flower visitation rate

The analysis of the flower visitation rate revealed that honeybees 
and flies visited the highest number of flowers per minute, averaging 
8.5 and 7.9, respectively. This was significantly higher than hoverflies, 
which visited an average of 4.2 flowers per minute (comparison 
between honeybee: hoverfly p-value <0.0001 and z-value 6.8, 
comparison between fly: hoverfly p-value 0.001 and z-value 3.9) 
(Supplementary Appendix A8). Beetles had the lowest visitation rate, 
with an average of 1.3 visits per minute (Figure 4), visiting significantly 
fewer flowers per minute compared to all other taxa (p-value <0.05 for 
all taxa) (Supplementary Appendix A8).

TABLE 1 Results of the GLMM models of wild visitor abundance, wild visitor visits, species richness, and species diversity in avocado orchards in Chile. 
Z-values and p-values are shown for all independent variables and two-way interactions retained in the model. Intercept represents the control 
transect at 0 m in the year 2020.

Response 
variable

Effect 
(Z,p)

Intercept Number 
of open 
flowers

Year 
2021

Year 
2022

Natural 
habitat: 
distance 

50

Natural 
habitat: 
distance 

100

Natural 
habitat: 
distance 

200

Natural 
habitat: 
distance 

300

Natural 
habitat: 

year 
2021

Natural 
habitat: 

year 
2022

Wild 

abundance

Z value 1.531 5.505 −2.948 −0.089 −2.48 −3.558 −4.510 −3.554 - -

p value 0.126 <0.00001 0.004 0.929 0.028 <0.00037 <0.00001 <0.00001 - -

Wild visits Z value 3.094 6.535 −3.267 −0.838 −1.889 −3.074 −3.628 −2.751 - -

P value 0.002 <0.00001 0.001 0.402 0.059 0.002 <0.001 0.006 - -

Richness Z value 5.076 7.796 - - −1.752 −3.561 −3.066 −2.642 2.529 2.919

P value <0.00001 <0.00001 - - 0.019 <0.001 0.002 0.008 0.011 0.004

Diversity Z value 1.045 −0.531 - - −2.108 −3.125 −2.407 −2.491 2.03 1.037

P value 0.295 0.595 - - 0.035 0.002 0.016 0.013 0.042 0.191

Bold values indicate statistical significance at p < 0.05.

FIGURE 3

Effects of distance from natural habitat edge and control (non-natural habitat) edge in avocado orchards, across years on (a) wild visitor abundance, (b) 
total wild visitor visits, (c) species richness and (d) species diversity. Point denotes the predicted mean for each distance and the bars represent the 
standard error.
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3.3 Controlled pollination trials

In the fruit set model, the interaction between distance and 
habitat, the interaction between pollination treatment and habitat, and 
habitat were dropped (Supplementary Appendix A4), and the results 
showed a significant interaction between pollination treatment and 
distance. Specifically, distance from the edge for open pollinated 
treatments showed a negative linear trend, while no relationship was 
observed for exclusion treatments (Table  3, Figure  5, and 
Supplementary Appendix A9). All open pollinated treatments had 
significantly higher fruit set than exclusion treatments, except for 
300 m open and 100 m exclusion (Supplementary Appendix A10) 
and, on average, fruit set per panicle was approximately 3.2 fruits in 
open pollinated treatments compared to 0.6 fruits in 
exclusion treatments.

The analysis of the relationship between insect taxa and fruit set 
indicated a positive correlation between hoverflies and fruit set 
(β = 1.37, SE = 0.46, p-value 0.003). Although the remaining taxa did 
not yield statistically significant results, the data suggests a potential 
positive relationship between fruit set and abundance of flies and 
wasps, while no such relationship was observed for honeybees and 
beetles (Figure 6).

4 Discussion

Our study revealed that the abundance, diversity, visitation rate, 
and richness of avocado flower visitors were all higher closest to 
natural habitats. Additionally, the significant contribution of insect 
pollinators to avocado production was evident as pollinator exclusion 
trials yielded almost no fruit set. The findings also suggested the 
importance of wild insects (especially hoverflies and other flies) as 
potential avocado pollinators, with flies displaying a higher flower 
visitation rate and, avocado fruit set being positively correlated with 
the abundance of hoverflies. However, further research to confirm the 
individual contribution of different taxa is needed. Overall, this study 
contributes to our understanding of the effects of pollination and 
natural habitats on agricultural practices in Mediterranean central 
Chile, where robust data, collected over multiple seasons, is limited 
(Medel et al., 2018).

4.1 Flower visitor surveys

The abundance, diversity, richness, and visitation rate of 
flower visitors decreased with increasing distances from natural 
habitats, aligning with findings from other studies and reviews 

(Bartual et  al., 2019; Garibaldi et  al., 2011; Klein et  al., 2012; 
Ricketts et al., 2008). This relationship can be attributed to the 
provision of various resources for wild insects, such as nesting 
sites and additional food sources, within natural habitats. 
Consequently, these habitats tend to support higher species 
abundance and diversity, which spills over into bordering 
agricultural areas (Potts et al., 2005; Öckinger and Smith, 2007; 
Evans et al., 2018). In the Mediterranean region of Chile, such 
resources have been shown to be present in natural habitats, such 
as remnants of sclerophyllous forest, and host higher diversity and 
abundance of native bees compared to managed areas (Rodríguez 
et al., 2021).

Our study highlighted that areas immediately adjacent to natural 
habitats had higher flower visitor abundance, diversity, and richness. 
However, beyond a distance of 50 meters into the orchard, there were 
no further declines. While a sharp decline in abundance was expected 
for certain taxa, such as solitary wild bees that typically nest in 
natural habitats and have a limited foraging distance (Ricketts et al., 
2008; Woodcock et  al., 2016), our observations indicated that 
hoverflies and flies were much more prevalent compared to wild bees. 
These taxa often do not exhibit a strong negative relationship with 
distance from natural habitat edge, as they are generally not central 
place foragers and can therefore travel further from natural habitat 
areas (Rader et  al., 2020). One possible explanation for this 
observation is that when feeding resources are abundant in close 
proximity to the natural habitat, these taxa are less likely to travel long 
distances in order to conserve energy (Chacoff and Aizen, 2006).

The results showed no significant effect of distance from natural 
habitat on honeybee abundance. This finding is consistent with 
previous studies, as the abundance of managed honeybees is often 
influenced by the positioning of the hives in the agricultural 
landscape rather than natural habitats (Steffan-Dewenter and 
Kuhn, 2003).

4.2 Flower visitation rate

Data on flower visitation rates were collected to explore the 
potential effectiveness of different insect taxa on avocado 
pollination. Although several factors determine pollinator 
effectiveness, pollination visitation rate is a key indicator (Ne'eman 
et  al., 2010), and, for crops like avocado, which rely on pollen 
transfer from polliniser trees during the male flowering stage, a 
high visitation rate is important as it increases the probability that 
a male flower has been visited and, consequently, that the insect 
may deposit pollen. Our analyses showed that honeybees and flies 
had a higher flower visitation rate per minute compared to other 
insect taxa, supporting existing research suggesting that flies are 

TABLE 2 Results of the GLMM model of honeybee abundance in avocado orchards in Chile. Z values and p- values are show for all independent 
variables and two-way interactions retained in the model. Intercept represents the control transect at 0 m in the year 2020.

Response 
variable

Effect 
(Z,p)

Intercept Number of 
open 

flowers

Distance 50 Distance 100 Distance 200 Distance 300

Honeybee 

abundance

Z value 7.261 16.264 1.610 1.805 0.503 1.052

P value <0.0001 <0.0001 0.1071 0.071 0.615 0.293

Bold values indicate statistical significance at p < 0.05.
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important avocado pollinators (Cook et al., 2020; Dymond et al., 
2021; Perez-Balam et al., 2012; Vithanage, 1985). However, to gain 
a more comprehensive understanding of pollinator effectiveness 
for avocados, future studies should focus on collecting additional 
metrics, such as single-visit pollen deposition and flower handling 
behavior by different species (Ne'eman et al., 2010).

4.3 Controlled pollination trials

Our results showed that insect pollinators play a vital role in 
avocado pollination, as we observed close to zero fruit set following 
pollinator exclusion. To our knowledge, there are only two studies that 
have shown significant avocado pollination in pollinator exclusion 
trials (Davenport, 2019; Davenport et al., 1994) and this anomaly is 
generally attributed to thrip pollination within the exclusion bags or 
humid climatic conditions causing overlapping transitions from the 
male to female stage on the same flower. Thus, our findings contribute 
to the existing literature highlighting the significance of pollinators in 
avocado production (Dymond et  al., 2021) and additionally 

underscore the importance of pollinators for avocado production in 
Chile, for which there is currently limited data.

Our results showed higher fruit set close to the orchard edges, but 
no effect of habitat type despite the greater abundance and diversity 
of wild insects at orchard margins near natural habitat. One possible 
explanation for this is that abiotic factors present exclusively at the 
orchard edge significantly contribute to fruit set. For example, in our 
study sites, there were approximately four to five metres of space 
between the orchard and the edge of the natural habitat or other 
non-natural habitat areas, thereby increasing the availability of 
resources. For example, light is a key factor in flowering intensity and 
duration (Coutanceau, 1964), and flowering and fruiting are 
significantly reduced in shaded conditions (Meyer Myers, 1960), 
therefore a greater light exposure near the border may enhance fruit 
set in these areas. However, another explanation could be that certain 
pollinator taxa, which are less reliant on natural habitats, contribute 
more to avocado pollination. Previous studies have shown that 
hoverflies and other flies are effective avocado pollinators 
(Can-Alonzo et al., 2005; Castañeda-Vildózola et al., 1999; Ish-Am 
et al., 1999; Perez-Balam et al., 2012; Sagwe et al., 2022; Vithanage, 

FIGURE 4

The number of avocado flowers visited per minute for: honeybee (n = 128 observations), beetles (n = 23 observations), hoverflies (n = 77 observations), 
flies (n = 60 observations), wasps (n = 14 observations), and wild bees (n = 7 observations). Dots show the visitation rate per individual, the bars 
represent the standard errors and the letters denote significant difference. Beetles had a significantly lower visitation rate compared to all other taxa 
(p-value <0.05) and honeybees and flies had a higher visitation rate than hoverflies (hoverflies: flies p-value 0.001 and honeybee: flies p-value 0.0001).

TABLE 3 Results of the GLMM model of proportion fruit set in avocado orchards in Chile. Z-values and p-value are shown for all independent variables 
and two-way interactions retained in the model. Intercept represents the control transect at 0 m and the open pollination treatment.

Effect (Z,p) Intercept Pollination exclusion Pollination exclusion: 
distance 100 m

Pollination exclusion: 
distance 300 m

Z value −28.729 −9.702 4.536 2.333

P value <0.0001 <0.0001 <0.0001 0.019

Bold values indicate statistical significance at p < 0.05.
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FIGURE 5

The proportion of fruit set per avocado panicle at increasing distances from the edge for open treatments (pollinators could freely access the panicles) 
and exclusion treatments (mesh bags were placed on panicles to exclude pollinators). Dots denote the mean and bars represent the standard errors.

FIGURE 6

The relationship between proportion of fruit set per panicle and the abundance of beetles, flies, honeybees, hoverflies, wasps, and wild bees. Hoverfly 
showed a significant relationship (p-value 0.003). Points denote the average abundance of each taxon per experimental point and the grey shaded 
areas indicate confidence intervals.
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1990), and our results support this hypothesis as hoverfly abundance 
was positively correlated with fruit set and flies had a comparatively 
high flower visitation rate in comparison to other wild taxa. To 
investigate this finding further, we attempted to analyze the effect of 
distance and habitat type on individual flower visiting taxa but the 
sample size for these less observed taxa was too small to provide 
robust results. Nonetheless, previous research suggests that hoverflies 
and other flies, often considered generalists species, may not be as 
strongly associated with natural habitats compared to other 
pollinators (Jauker et al., 2009; Jauker and Wolters, 2008; Rader et al., 
2020; Schirmel et  al., 2018; Speight, 2014). Consequently, the 
abundances of these taxa in natural and non-natural edges may 
be more evenly distributed. This could, in part, help explain why 
we observed similar levels of fruit set in areas close to both habitat 
types. Additionally, since our study measured only initial fruit set and 
was implemented for one-year, further research is needed. Future 
studies should measure final fruit set or yield, as these metrics more 
accurately reflect production (Webber et al., 2020) and conducting 
studies over multiple years is necessary to account for annual 
fluctuations in production.

In line with other avocado pollination studies in Chile (Celis-
Diez et al., 2023), our results suggest that an increase in honeybee 
abundance does not have an impact on fruit set. This could 
be because even at low honeybee abundances, there are sufficient 
honeybee numbers to ensure adequate pollination. However, the 
average fruit set in this study was around 1% whereas other studies 
have shown that under optimal pollination (manual pollination), 
fruit set can reach up to 5% (Alcaraz and Hormaza, 2009; Evans 
et  al., 2010; Garner and Lovatt, 2008). Therefore, this could 
indicate a pollination deficit in our orchards, suggesting that fruit 
set rates could be increased with improved pollination services. 
An alternative hypothesis is that honeybees are not efficient 
avocado pollinators, however, this is unlikely as several other 
studies have shown a positive correlation between honeybee 
abundance and avocado pollination, as well as their effective 
pollen deposition in avocado flowers (Bushuru, 2015; Castañeda-
Vildózola et al., 1999; Perez-Balam et al., 2012; Peña and Carabalí, 
2018; Sagwe et al., 2022; Vithanage, 1990; Willcox et al., 2019). 
Therefore, the results likely indicate that pollinator diversity and 
richness are beneficial for avocado pollination even when 
honeybee abundance is high. This has been demonstrated in 
several other crops (Garibaldi et al., 2013) and is likely due to the 
complementary pollination services provided by a variety of 
pollinators (Blüthgen and Klein, 2011; Hoehn et al., 2008) as well 
as functional facilitation, which occurs when honeybee displace 
wild pollinators, promoting outcrossing and improved pollination 
(Greenleaf and Kremen, 2006).

4.4 Management implications

Our study highlights the crucial role of insects in avocado 
pollination and underscores the importance of crop proximity to 
natural habitats in ensuring wild visitor abundance, diversity, and 
richness. As such, it is recommended that avocado growers protect 
and enhance natural habitats throughout the agricultural landscape 
and ensure that crops are located close (ideally <100 m) to natural 
habitat edges. Additionally, our results, along with previous 
research, indicate the likely importance of hoverflies and other flies 

as key avocado pollinators. These taxa often have a broader foraging 
range and are not solely reliant on specific plant species that might 
only be found in natural habitats. Therefore, they can benefit from 
alternative habitat interventions, such as managed floral plantings 
within the crop. Several studies have shown that floral strips can 
improve crop pollination services, and they are often considered a 
cost-effective and relatively easy pollination management strategy 
(Albrecht et  al., 2020; Blaauw and Isaacs, 2014; Krimmer et  al., 
2019; Lowe et al., 2021; Muñoz et al., 2021; Rundlöf et al., 2018). 
Additionally, such habitat interventions can reduce pests due to 
enhanced pest regulations services, leading to further yield 
improvements (Albrecht et al., 2020; Martin et al., 2019). However, 
recent reviews have highlighted that the implementation of floral 
strips can be  ineffective without sufficient natural habitat in the 
landscape (Albrecht et al., 2020; Dainese et al., 2019) and therefore, 
we recommend that a combination of both management strategies 
are employed by growers. The implementation of these practices 
should enhance local biodiversity, providing a robust approach to 
sustainable avocado production.
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