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Abstract
Insect pollination increases the yield and quality of many crops and therefore, under-
standing the role of insect pollinators in crop production is necessary to sustainably 
increase yields. Avocado Persea americana benefits from insect pollination, however, 
a better understanding of the role of pollinators and their contribution to the pro-
duction of this globally important crop is needed. In this study, we carried out a sys-
tematic literature review and meta-analysis of studies investigating the pollination 
ecology of avocado to answer the following questions: (a) Are there any research 
gaps in terms of geographic location or scientific focus? (b) What is the effect of in-
sect pollinators on avocado pollination and production? (c) Which pollinators are the 
most abundant and effective and how does this vary across location? (d) How can in-
sect pollination be improved for higher yields? (e) What are the current evidence gaps 
and what should be the focus of future research? Research from many regions of the 
globe has been published, however, results showed that there is limited information 
from key avocado producing countries such as Mexico and the Dominican Republic. 
In most studies, insects were shown to contribute greatly to pollination, fruit set 
and yield. Honeybees Apis mellifera were important pollinators in many regions due 
to their efficiency and high abundance, however, many wild pollinators also visited 
avocado flowers and were the most frequent visitors in over 50% of studies. This 
study also highlighted the effectiveness of stingless bees (Meliponini) and blow flies 
(Calliphoridae) as avocado pollinators although, for the majority of flower visitors, 
there is a lack of data on pollinator efficiency. For optimal yields, growers should en-
sure a sufficient abundance of pollinators in their orchards either through increasing 
honeybee hive density or, for a more sustainable approach, by managing wild pollina-
tors through practices that protect or promote natural habitat.

K E Y W O R D S

avocado, honeybees, insect pollination, managed pollinators, Persea americana, wild 
pollinators

www.wileyonlinelibrary.com/journal/jen
mailto:﻿
https://orcid.org/0000-0003-3659-4405
https://orcid.org/0000-0001-6356-264X
https://orcid.org/0000-0002-2045-980X
https://orcid.org/0000-0002-0694-135X
https://orcid.org/0000-0003-4306-1084
https://orcid.org/0000-0002-0196-6013
http://creativecommons.org/licenses/by/4.0/
mailto:k.dymond@pgr.reading.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjen.12869&domain=pdf&date_stamp=2021-02-09


370  |     DYMOND et al.

1  | INTRODUC TION

Avocado is one of at least 105 crops that receive yield benefits 
from animal pollination (Rader et  al.,  2020), and together, these 
crops represent approximately 35% of total agricultural production 
(Klein et al., 2007). Insects are the most important animal pollinator 
and therefore, to sustainably increase food production and feed a 
growing population, we need to better understand the role of insect 
pollinators and how they can be managed effectively in important 
animal-pollinated crops such as avocado.

Insect pollinators are thought to facilitate avocado pollination 
and thus increase production, and there is evidence of opportunities 
to improve yield through improved pollination service. For exam-
ple, under normal pollination conditions, fruit set percentage at the 
tree level is less than 1% whereas, with the addition of hand polli-
nation, fruit set rates have reached 5% at the branch level (Alcaraz 
& Hormaza,  2009; Evans et  al.,  2010; Garner & Lovatt,  2008). 
Furthermore, like many insect-pollinated crops, avocado yields may 
be adversely affected by widespread pollinator declines (Biesmeijer 
et al., 2006; Potts et al., 2016).

Optimizing avocado yields is increasingly important as demand 
for this product is rising with 32.6  million tonnes produced from 
1999 to 2008 and 50.4 million tonnes from 2009 to 2018 globally 
(FAO,  2020). Today, avocados are not only a nutritious staple but 
also an important export crop for many countries (USD 6.84 billion 
globally for 2018) (FAO,  2020). However, in some avocado grow-
ing regions, expansion is having adverse environmental impacts 
such as, biodiversity loss and water resource depletion (Magrach & 
Sanz, 2020) and thus improving sustainable production is crucial.

Avocados have a synchronous, dichogamous flowering pattern. 
Flowers are hermaphroditic (have both male and female parts) but 
open as female and male separately at different times and this dif-
fers between cultivars. In ‘A-type’ cultivars, flowers commonly open 
as functionally female in the morning of the first day and function-
ally male in the afternoon of the second day, whereas, in ‘B-type’ 
cultivars, flowers are commonly female in the afternoon of the 
first day and male in the morning of the second day (Nirody, 1922; 
Stout,  1932). This process encourages outcrossing, however, avo-
cados are self-fertile and pollination from within the same cultivar 
or tree (close pollination) can occur during the daily overlap of male 
and female flowers (Nirody,  1922; Stout,  1932). Daily overlapping 
is a common occurrence, but weather conditions play an important 
role in flowering synchronization and, under cooler temperatures, 
the length of time for male and female flowers to overlap can signifi-
cantly increase (Ish-Am & Eisikowitch, 1990; Pattemore et al., 2018). 
In theory, self-pollination is possible during the male opening, as stig-
mas can still be receptive (Davenport et al., 1994), however, success-
ful fertilization during this phase is extremely rare (Sedgley, 1977; 
Sedgley & Grant, 1983).

The dichogamous flowering pattern and other aspects of the av-
ocado flower morphology (e.g. heavy and large pollen grains, the re-
lease of a low number of pollen grains, the production of nectar, and 
the small stigma size), indicate a probable important role for insect 

pollinators in avocado pollination (Dafni, 1992; Gazit & Degani, 2002; 
Sedgley & Griffin, 1989; Stout, 1932; Vithanage, 1990). Additionally, 
several studies have explored the effect of insect pollinators on av-
ocado pollination. Controlled pollination experiments carried out by 
Davenport et al. (1994) and Davenport (2019) showed no significant 
difference in pollination rates between open-pollinated treatments 
with high honeybee hive density compared with closed pollination 
treatments with no access to insect pollinators; therefore, it is ar-
gued that wind pollination is the dominant pollination mechanism in 
these systems. However, most other studies have shown that with-
out insect pollinators; pollination (Cabezas & Cuevas,  2007), fruit 
set (Can-Alonzo et al., 2005; Malerbo-Souza et al., 2000) and yields 
(Mulwa, Kahuthia-Gathu, et al., 2019; Petersen, 1955; Robbertse & 
Johannsmeier,  1997) are significantly reduced in comparison with 
open-pollinated treatments. A better understanding of the role of 
insect pollinators in avocado production and what factors result in 
this variation is needed.

Additionally, across the globe, there is growing evidence of 
the contribution from wild pollinators and natural habitats to 
pollination services (Dainese et al., 2019; Martin  et  al.,  2019; 
Garibaldi et al., 2011, 2013). It is therefore important to determine 
which pollinators are pollinating different crops, including avocado, 
and identify effective ways to improve and protect this ecosystem 
service. A review of avocado pollination ecology is necessary to in-
form sustainable management of this important ecosystem services 
as well as to help target future research.

We build on previous reviews on avocado pollination and repro-
ductive biology by Wysoki et al. (2002), Gazit and Degani (2002) and 
Ish-Am  (2005) by providing an updated and systematic analysis of 
published literature on avocado pollination. The aims of this paper 
were as follow: (a) to consider the geographic variation and research 
focus of existing research on avocado pollination, (b) assess the ef-
fect of insect pollinators on avocado pollination and production, (c) 
identify which insect pollinators are the most abundant and effec-
tive, and how this varies by geographic location, (d) highlight poten-
tial ways to improve insect pollination for higher yields, exploring 
both wild and managed pollinators and (e) identify evidence gaps and 
direct future research.

2  | METHODOLOGY

2.1 | Literature review

Literature was sourced through a systematic review using the fol-
lowing search terms; (avocado* OR ‘Persea americana*’) AND (pol-
lination* OR pollinators*); ‘insect pollination*’ AND (avocado* OR 
‘Persea americana*’); ‘insect pollination*’ AND (avocado* OR ‘Persea 
americana*’) AND Management; Honeybees* AND (avocado* OR 
‘Persea americana*’); ‘Pollination services*’ AND (avocado* OR 
‘Persea americana*’); (avocado* OR ‘Persea americana*’) AND ‘im-
prove pollination*’. These terms were used in two scientific data-
bases; web of knowledge and Google scholar. In web of knowledge, 
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all the returned searches were assessed for suitability, whereas in 
Google scholar, due to the high volume of searches returned, the 
first 500 most relevant papers were assessed. Google scholar re-
turned a range of sources (e.g. ebooks and grey literature); however, 
it is possible, that this search methodology missed some wider lit-
erature. These searches provided a total of 4,043 papers in which 
the title and, or abstracts were assessed for suitability. Papers were 
selected if they had carried out original research which contrib-
uted to this review's key aims. This resulted in 35 unique papers 
and therefore, to increase the sample size and the range of sources, 
previous avocado pollination reviews were utilized to source addi-
tional relevant papers, from which a further five were found. Paper 
searches took place from April to June 2020. Searches were carried 
out in English, and if this returned a paper in another language, it 
was translated online and assessed for suitability. In total, the search 
methods produced 40 papers that were included in this review (see 
Table S1).

2.2 | Data analysis

2.2.1 | The contribution of insect pollinators to 
pollination and production

A meta-analysis was carried out to assess the difference in avocado 
pollination between open and closed pollinated treatments for pol-
lination and production metrics including; the percentage of flowers 
pollinated, fruit set (data collected between one and three months' 
post-flowering and either per branch, inflorescence or panicle), final 
fruit count per tree and fruit weight per avocado. The mean, standard 
deviation (SD) and sample size (N) were extracted directly from three 
papers (seven experiments); however, in many studies, this informa-
tion was not provided. Therefore, studies were either excluded from 
the analysis or, if possible, SD and N were calculated. In one study, SD 
and N were calculated at the replicate level, however, other studies 
provided only information for different years or different orchards 
of differing cultivars. In these cases, year and cultivar were consid-
ered replicates, and the mean and SD were calculated accordingly 
(see Table S2). A random effects model was run using this dataset. 
The results showed high heterogeneity (I2 = 95%) and therefore, an 
influence analysis was used to identify outliers and consequently 
two studies (three experiments) were removed (see Table S3 for final 
dataset used in meta-analysis). This resulted in reduced, but still high 
heterogeneity (I2 = 79%) and therefore, to further investigate this, 
the data were sub-categorized based on plausible causes for vari-
ance including response variable (fruit set, fruit weight, pollination 
and yield), climate (humid or dry), cultivar (Hass or other) and experi-
mental scale (branch, tree, site and year). To check for interdepend-
ency associated with experiments coming from the same studies, 
a reduced model was run with data that only included one experi-
ment per study (see Table S4). This was used to assess if interde-
pendency was affecting the overall result and to determine whether 
the full or reduced model should be used to interpret the results. All 

meta-analyses models were carried out in R version 3.6.1 (R Core 
Team, 2019) using the ‘meta’ package (Balduzzi et al., 2019).

In addition to the meta-analysis, to allow the inclusion of stud-
ies that had not provided all required data (N, SD, mean), a further 
qualitative analysis was carried out where the means of open and 
closed pollination treatments for each variable were summarized 
graphically. Data were categorized based on the response metric 
(fruit set per branch, per cent of flowers pollinated and fruit weight), 
and violin plots were created. Data which had been excluded from 
the meta-analysis due to extreme outliers (as identified in the in-
fluence analysis) were also excluded from these summaries. A 
vote count was also implemented for controlled pollination exper-
iments. Studies that had reported statistical significance between 
pollination treatments were categorized into either Open > Closed, 
Open < Closed or Non-Significant and tallied. If studies had multiple 
but conflicting results, either from measuring different variables or 
applying different treatments (e.g. climate or cultivar) then an overall 
category was assigned based on which result was most prevalent 
across the different variables and treatments.

2.2.2 | Abundance and efficiency of insect 
pollinators

A qualitative assessment was also carried out to compare the rela-
tive abundance of different pollinators between studies and regions. 
Eighteen studies provided data on pollinator abundances and data 
were taken either directly from the paper or calculated from data 
on total observations per species. Species were categorized into 
broad taxonomic groups (honeybee, stingless bee, wild bees, wasp, 
ant, blow flies, hover flies, other diptera, coleoptera, lepidopitera, 
other) for comparison. Studies were then grouped by country and 
total abundances across all studies per country were used to cal-
culate average country abundance. To explore pollinator efficiency, 
data were taken either directly from the paper or supplementary 
sources (see Table S5–S7). Three studies compared pollen deposi-
tion per visit, five studies explored the amount of pollen carried by 
pollinators, and three studies looked at the visitation rate between 
different groups of pollinations. A mean was calculated from the raw 
data and represented in box and whisker plots. All graphical summa-
ries were produced in R version 3.6.1 (R Core Team, 2019), using the 
package ‘ggplot2’ (Wickham, 2016).

3  | RESULTS

3.1 | Research focus and geographical spread

The majority of the studies identified by the literature search con-
sidered the abundance and efficiency of different pollinator species 
(33%) or the contribution of insect pollinators to pollination and pro-
duction (30%) (Figure 1a). Most of the studies were carried out in the 
USA (14%) and Israel (14%), however, these countries count for only 
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6.6% of global production (data for 1999–2018) (FAO, 2020). There 
were less than five studies carried out per country for all remain-
ing countries, and for three out of the top six avocado producing 
countries, no studies at all were identified by the search (Dominican 
Republic, Peru and Indonesia) (Figure 1b).

3.2 | Contribution of insect pollinators to 
pollination and production

Overall for the meta-analysis, eight studies (13 data points) were in-
cluded in the dataset following the removal of outliers. The result 
showed that over all, there was a significant increase (standardized 
mean difference [SMD] of 2.46 and 95% CI 0.75–4.16) in pollination, 
fruit set and yield in open pollination conditions compared to when 
insect pollinators are excluded, however, heterogeneity was high 
(I2 = 79%) and significant (Figure 2). Following subcategorization by 
response variable, climate, cultivar and experimental scale, the SMD 
remained higher for open-pollinated treatments compared to closed 
for all metrics considered, but heterogeneity remained high and sig-
nificant for all categories indicating that variability between studies 
was considerable (see Figure S1). The reduced model to account for 
interdependency (one data point from each study) showed a similar 
SMD in comparison with the full model (2.7 and 2.46, respectively) 
and the general trend for the confidence interval was in the same 
direction, although this was larger in the reduced model given the 

fewer data points (95% CI of −0.09 to 5.49) (see Figure S2). This sug-
gested that interdependency did not strongly affect the overall re-
sults and as such, the full model was used to interpret the results 
as this provided the greatest statistical power. These trends seen in 
the meta-analysis were additionally supported by the outputs from 
the mean summaries. Nearly all key indicators showed higher val-
ues in open treatments compared with closed, and the majority of 
closed treatments showed close to zero pollination (Figure  3b) or 
fruit set (Figure 3a). There was often considerable variation in the 
results for the open treatments. Similarly, the findings from the vote 
count showed that most studies had a significantly higher value for 
pollination and yield in open treatments (Figure 4). Fruit weight was 
the only pollination variable where the majority of studies did not 
show a significant positive or negative effect of insect pollination 
(Figure 4) and the mean summaries and meta-analysis showed only a 
very small difference (Figure 3c and Figure S1).

3.3 | Abundance and efficiency of insect pollinators

Managed honeybees were the most frequent pollinators overall and 
were observed in all studies and countries (Figure 5a,b). In 13 out 
of 18 cases, they showed the greatest relative abundance of any 
single pollinator species, but this did vary considerably between 
10% and 92% depending on the study. Hoverflies (Syrphidae) were 
also common pollinators with an overall relative abundance of 12% 

F I G U R E  1   Number of studies grouped by (a) research theme and (b) country. Forty studies were used for this analysis but, multiple 
studies contributed to several different themes and two studies were based in two countries. (a) Research theme code: Impact on pollinators 
(impacts on pollinators of land management or landscape), Honeybee Density (effect of manipulating honeybee density), Effectiveness 
of Honeybee (effectiveness of honeybees as avocado pollinators), Improving pollination (ways to improve pollination services), Cross-
pollination (cross-pollination contributions to pollination), Abundance and Efficiency (abundance and efficiency of avocado pollinators) and 
Insect Contribution (insect contribution to avocado pollination)

F I G U R E  2   Forest plot following a random effects model meta-analysis to compare pollination and production under insect pollination 
(Experimental) and no insect pollination (Control) treatments in avocado across multiple studies [Colour figure can be viewed at 
wileyonlinelibrary.com]
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(Figure 6c). Stingless bees generally had high abundance in locations 
where they were found, but they were only observed in four studies 
while conversely, wild bees were seen in nine studies but had lower 
abundances (Figure  6a,b). Nine studies measured some aspect of 
pollinator efficiency but different metrics and taxa were measured 
and therefore, cross-study comparisons and broader generalizations 
cannot be obtained from this data. However, the general trend in-
dicates that honeybees, stingless bees, and blow flies carried and 
deposited the greatest amount of pollen (Figure 7a,b) and, honey-
bees are potentially more effective than blow flies due to the higher 
number of flower visits per minute (Figure 7c).

3.4 | Improving insect pollination

Studies on improving insect pollination have generally focused on 
three areas; optimizing the contribution of honeybees (n = 4), utiliz-
ing other managed species (n = 4) and ways to improve pollination by 
wild pollinators (n = 2) (Table 1). The results showed that increasing 

honeybee density leads to significantly higher rates of pollination 
and production. Other managed pollinators assessed were, the New 
World Carniolan honeybee Apis mellifera carnica Pollman 1879 (n = 2), 
the buff-tailed bumblebee Bombus terrestris Linnaeus 1758 (n  =  1), 
and the western bumblebee Bombus occidentalis Greene 1858 (n = 1). 
The results suggested that buff-tailed bumblebees could be effective 
pollinators, especially in the Etinger variety, as buff-tailed bumblebee 
treatment plots showed higher rates of pollination and yield in compar-
ison with honeybee treatment plots (Ish-Am et al., 1998). The western 
bumblebee was shown to forage in avocado orchards and the results 
suggest that the introduction of bumblebee hives may increase yields; 
however, this study did not record bee activity on the crop (McNeil & 
Pidduck, 2003). Trials on the New World Carniolan honeybee explored 
whether this subspecies had a higher preference for avocado pollen 
and higher visitation rate on avocado flowers in comparison with the 
Apis mellifera ligustica Spinola 1806, however, the results showed no 
significant difference in visitation rate between the two subspecies 
(Afik et al., 2007; Fetscher et al., 2000). Two studies looked at wild 
pollinators and methods to increase their abundance. These studies 

F I G U R E  3   Summary means for pollination and production variables between insect pollination (Open) and no insect pollination (Closed) 
collected from multiple studies. (a) Average number of fruits set per branch, N = 5 (b) Per cent of flowers pollinated, N = 3 and (c) Average 
weight per fruit, N = 4
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showed that intensive management practices such as spraying pesti-
cides and the removal of forested areas and weeds lead to a reduction 
in pollinator diversity (Villamil et al., 2017) and that spraying pesticides 
reduces wild pollinator abundance and avocado yield (Castañeda-
Vildózola et al., 1999).

4  | DISCUSSION

Our review highlights the new knowledge obtained through re-
search on avocado pollination since the last significant literature 
reviews were conducted more than 15 years previously. It has built 
on these reviews by including the analysis of 24 new studies and 
current topics such as the impacts of land management on wild pol-
linators. Additionally, we carried out a meta-analysis on the contri-
bution from insect pollinators to pollination and summarized global 
pollinator abundance and pollination efficiency of key species, thus 
providing a more nuanced understanding of these issues.

4.1 | Research focus and geographical spread

The majority of studies were located in the USA and Israel. Only 
five studies were implemented in Mexico despite being the origin 
of avocados and the worlds' largest producer (30% of world pro-
duction, average 1961–2018), and no studies were observed in the 
second-largest producer, the Dominican Republic (7% of world pro-
duction, average 1961–2018) (FAO, 2020). Further work relevant to 
these countries is needed as factors including local pollinator com-
munities, climate and cultivar are likely to be unique to each region 

and currently, the biggest producers are not well represented. 
Additionally, the contribution from wild pollinators is likely higher in 
central American countries due to the coevolution of avocados and 
pollinators in this region (Brown & Cunningham, 2019; Castañeda-
Vildózola et al., 1999; Ish-Am et al., 1999). The conclusions drawn 
in this review and data from other studies support this hypothesis. 
Studies carried out in Mexico showed that native species (e.g. sting-
less bees and flies) are as effective as the honeybee at avocado pol-
lination (Can-Alonzo et al., 2005; Castañeda-Vildózola et al., 1999; 
Ish-Am et al., 1999; Perez-Balam et al., 2012) and furthermore, our 
results showed that in Mexico and Cuba, the relative abundance of 
wild pollinators is higher (average 63%) in comparison with other 
countries (average 47%). These results suggest that native pol-
linators in these regions may play and important role in avocado 
pollination and as such, the opportunity to better utilize wild pol-
linators for more sustainable production may be increased (Albrecht 
et al., 2012; Garibaldi et al., 2015; Woodcock et al., 2019). The ma-
jority of studies focused on the contribution of insects to pollination 
and production (16 papers) and pollinator abundance and efficiency 
(18 papers); however, the quality of these studies was variable. In 
some controlled pollination experiments, there was little or no repli-
cation and only nine of the studies on pollinator efficiency provided 
quantitative data.

4.2 | Contribution of insect pollinators to 
pollination and production

Our findings suggest that, in most circumstances, insect pollina-
tors make an important contribution to pollination and avocado 

F I G U R E  4   Summary of significant 
positive or non-significant (NS) results 
following a vote count comparison across 
multiple studies comparing insect-
pollinated (Open) and pollinator exclusion 
treatments (Closed) for the variables fruit 
set, fruit weight, pollination and yield
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F I G U R E  5   Relative abundance of pollinators visiting avocado flowers across (a) individual study and (b) grouped by country [Colour figure 
can be viewed at wileyonlinelibrary.com]
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production. The meta-analysis and the mean summaries highlighted 
that there was generally a higher percentage of fruit set and flow-
ers pollinated in open-pollinated treatments in comparison with 
closed. The vote count concurred with this and similar conclusions 
have been drawn from other studies (excluded from this analy-
sis due to the lack of statistical inference) (Bergh,  1967; Lesley & 
Bringhurst,  1951; Papademetriou,  1976) and previous avocado 
pollination reviews (Gazit & Degani,  2002; Ish-Am,  2005; Wysoki 
et al., 2002). These findings are also supported by avocado flower 
morphology which strongly suggests that insects are required 
as pollen vectors (Dafni,  1992; Gazit & Degani,  2002; Sedgley & 
Griffin, 1989; Stout, 1932; Vithanage, 1990).

The results also showed a wide variation in the contribution of 
insect pollinators. The meta-analysis had high and significant het-
erogeneity (I2  =  79%) and, in the mean summaries, the range for 
open-pollinated treatments was broad and overlapped with closed 
pollination treatments. A possible explanation for this variation could 
be that, in some circumstances, pollinators are thought to contrib-
ute little to the pollination process (Clark, 1923; Davenport, 2019; 

Davenport et al., 1994; Ying et al., 2009). It is hypothesized that self-
pollination is possible if stigmas remain receptive in phase 2 and this is 
thought to be feasible with specific cultivars (Davenport et al., 1994) 
and in humid climates (Gazit & Degani, 2002). Additionally, in a re-
cent study, Davenport (2019) argues that regardless of other ex-
ternal factors, self-pollination makes up a major part of avocado 
pollination. However, this study only measures pollen tube growth 
in the style and wider evidence suggests that during phase 2, pollen 
tubes are unable to reach the ovule and thus successful fertilization 
is not possible (Sedgley & Grant, 1983). Davenport (2019) also sug-
gests that wind pollination is more prominent than insect pollination 
and shows that there is no difference in the per cent of pollinated 
stigmas between open and closed treatments. This contrasts with 
our findings and several other studies and thus indicates there are 
likely some varietal or management factors affecting the role of in-
sect pollinators.

Variation in pollination services and resource availability be-
tween locations are probable explanations for the yield disparities 
in the open-pollinated treatments. Pollinator abundance and, or 

F I G U R E  6   Insect groups visiting avocado flowers from 18 studies including (a) the number of studies in which each insect group was 
observed, (b) the total abundance of each insect group and (c) the overall relative abundance of insect groups across all studies
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efficiency, were seldom reported in controlled pollination studies 
and this is likely to vary significantly due to differences in; managed 
beehive densities, proximity to natural areas and wild pollinators, 
and the availability of native avocado pollinators. Variation in re-
source availability is also likely to be high and this has been shown to 
impact fruit set. Alcaraz et al. (2013) show that the amount of starch 
content in the style has a high correlation with the number of flow-
ers that successfully develop into avocado fruits. Additionally, the 
scale at which pollination is assessed can also affect the level of con-
tribution to pollination (Howlett et al., 2019; Webber et al., 2020) 
and, this may explain the significant variation between studies which 
had measured insect contribution at different scales (inflorescence, 
branch, tree).

Variation in resource availability might also explain why our 
results showed only limited differences in fruit weight between 
open and closed pollination treatments as agronomic factors that 
influence general tree health (e.g. irrigation), and resource avail-
ability are known to have a greater influence on fruit size (Kremer-
Köhne & Köhne,  1995). However, alternatively, this result could 

be an indication of pollination deficits in avocado orchards. Open-
pollinated treatments have a higher fruit set in comparison with 
closed pollination treatments and yet, fruit weight per avocado is 
similar across the two treatments. This suggests that sufficient 
resources are available as the tree is able to produce a good fruit 
weight regardless of the number of fruit set and thus, could indicate 
that yield deficits are the result of low pollination and reduced fruit 
set.

4.3 | Abundance and efficiency of insect pollinators

Overall, managed honeybees appear to be contributing most to avo-
cado pollination in many regions due to their general efficiency and 
high abundance (average overall abundance was >50%). This find-
ing was noted in the majority of studies and has been highlighted in 
previous reviews (Ish-Am, 2005; Wysoki et al., 2002). However, it is 
well known that honeybees can be sensitive to wind, rain and low 
temperatures (Bushuru,  2015; Can-Alonzo et  al.,  2005) and often 

F I G U R E  7   Pollination efficiency of different insect groups including (a) the amount of pollen carried per insect group, (b) the amount of 
pollen deposition per visit per insect group and (c) the average number of flowers visited per minute per insect group
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prefer other nectar sources (Ish-Am & Eisikowitch, 1998). Therefore, 
under poor weather conditions or where other flowers are in bloom 
at the same time, their contribution to avocado pollination could 
be reduced, and diverse pollinator communities including both wild 
and managed pollinators may provide more consistent pollination 
(Woodcock et al., 2019).

Wild pollinators were also shown to play an important role. In 
11 of the 18 studies and six of the 11 countries, they were more 
abundant than managed honeybees and although the contribution 
to pollination services is unknown for many wild pollinators, there 
is some evidence that certain wild species are efficient avocado 
pollinators. Stingless bees were shown to carry a comparably high 
amount of pollen (around 500 grains) and qualitative comments 
suggest they can effectively transfer pollen as their body size suits 
the shape of avocado flowers (Ish-Am et al., 1999). Blow flies were 
also shown to be important pollinators as they deposited a high 
amount of pollen per visit, which may be attributed to the open 
structure of the avocado flower making it well suited to fly pollina-
tion (Vithanage,  1990). However, in comparison with honeybees, 
their flower visitation rate was low, thus reducing their potential 
effectiveness. The overall contribution to pollination from individ-
ual wild species is reduced due their low abundances in comparison 

with honeybees (e.g. the relative abundance was 28% stingless 
bees, 19%, for blow flies and 46% for honeybees). As such, active 
management to increase the abundance of certain wild pollinators 
may be an effective strategy to increase pollination; however, more 
research is required to quantify the effectiveness of wild pollinators 
in specific regions.

Previous studies have highlighted other potentially import-
ant pollinators. In certain locations, wasps are efficient pollinators 
(Ish-Am et al., 1999; Papademetriou, 1976; Perez-Balam et al., 2012) 
and a study by Ish-Am et al. (1998) shows that managed buff-tailed 
bumblebees can increase pollination. These pollinator groups were 
not covered in this analysis due to a lack of quantitative efficiency 
data and thus, this should be a target for future research. In temper-
ate regions, it is also necessary to consider the potential of nocturnal 
pollinators, particularly from the diptera and lepidoptera order, as 
lower night temperatures can result in both male and female flowers 
opening during the night. Pattemore et al. (2018) showed that polli-
nating insects such as wood gnats, crane flies, scarab beetles, capsid 
bugs, forest moths and brown lacewings did visit avocado flowers 
during the night and were carrying avocado pollen. However, no 
other studies have explored this topic and therefore further investi-
gations in this area are also needed.

TA B L E  1   Summary of papers identified during the literature search which considered approaches to improve insect pollination and yield 
in avocado

Study Main theme Key points on improving insect pollination

Vithanage (1990) Honeybee management The introduction of honeybee hives during flowering led to significantly 
higher fruit set. Fruit size increased with beehive densities

Ish-Am and Eisikowitch (1998) Honeybee management Optimal fruit set required at least five honeybees per tree per day 
during female flowering. Fruit set was lower when this density was not 
reached

Ish-Am et al. (1998) Other managed pollinators Pollination rates were higher in treatments using buff-tailed bumblebees 
in comparison with honeybees. In Etinger avocados, buff-tailed 
bumblebees significantly increased yields whereas in Hass avocados, 
there was no significant difference between yields

Castañeda-Vildózola 
et al. (1999)

Wild species Many native species contributed to pollination. Spraying pesticides 
reduced the abundance of native pollinators and led to lower avocado 
yields

Fetscher et al.,(2000) Other managed pollinators Results showed no statistically significant difference in visitation rates 
between the New World Carniolan honeybees in comparison to Italian 
honeybees

McNeil and Pidduck (2003) Other managed pollinators Western bumblebees were shown to forage in avocado orchards and 
yields increased in rows closest to bumble hives

Afik et al. (2007) Other managed pollinators Trials with the New World Carniolan honeybee showed mixed results. 
In some locations, this subspecies had a higher avocado visitation rate 
than the Italian honeybee but in other locations the visitation rate was 
lower

Ish-Am and Lahav (2011) Honeybee management There was a strong positive correlation between honeybee density and 
rates of pollination

Villamil et al. (2017) Wild species Increased forest areas, reduced spraying of pesticides and an increase 
of weeds in the orchard were positively associated with pollinator 
biodiversity

Peña and Carabalí (2018) Honeybee management High honeybee hive density (4 and 6 hives per hectare) resulted in 
higher bee density per tree and significantly higher fruit set and yield in 
comparison with controls (no hive)
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4.4 | Improving insect pollination

Tools to better manage pollination in avocado are required given the 
increasing production of avocados globally (FAO, 2020), the need for 
more sustainable production systems that make better use of inputs 
such as insect pollination (Garibaldi et al., 2019), and that pollination 
deficits in avocado are already in evidence (Alcaraz & Hormaza, 2009; 
Evans et al., 2010). This study highlighted three key themes to improve 
pollination: increasing honeybee density, utilising other managed pol-
linators, and exploring the potential from wild pollinators.

The results from three studies showed that increasing honey-
bee density led to an increase in visitation rate and an increase in 
pollination and production (Ish-Am & Eisikowitch, 1998; Ish-Am & 
Lahav, 2011; Peña & Carabalí, 2018). Similar findings were concluded 
in a meta-analysis by Rollin and Garibaldi (2019) who showed that, 
for a range of insect-pollinated crops, production does increase with 
honeybee density, up to a saturation point. However, for avocado 
production, we still lack evidence for optimal stocking densities and 
spatial arrangements of hives, particularly for some of the significant 
global producers.

Four studies focused on utilizing other managed pollinators. 
Trials on the New World Carniolan honeybee showed no signifi-
cant difference in visitation rates between this race and the Italian 
honeybee (Afik et  al.,  2007; Fetscher et  al.,  2000). Conversely, a 
study by Ish-Am et  al.  (1998) showed that buff-tailed bumblebees 
were efficient pollinators, but it is thought that their high cost is 
currently prohibitive for wide-scale use (Fetscher et  al.,  2000; 
Gazit & Degani, 2002) and there are risks associated with introduc-
ing managed bumblebees into countries where they are not native 
(Goulson, 2010; Ings et al., 2005). Stingless bees may also have the 
potential to be used for avocado pollination, as they are efficient pol-
linators and can be successfully managed (Can-Alonzo et al., 2005; 
Ish-Am et al., 1999; Quezada-Euán et al., 2001; Ramírez et al., 2018). 
However, breeding on a large scale is difficult (Slaa et al., 2006) and 
therefore may be unfeasible for commercial systems, at least at 
the present time. In many countries, it may not be viable to utilize 
these managed pollinators and identifying and exploiting alternative 
pollinators may be promising. In South Africa, Eardley and Mansell 
(1996) suggest that increasing the abundance of carpenter bees may 
increase avocado pollination and research done on other crops has 
highlighted the contribution to pollination services from drone flies 
Eristalis tenax Linnaeus 1758 (Howlett & Gee, 2019) and blow flies 
(Cook et  al.,  2020). These studies suggest the potential for man-
aging a range of different pollinators, but more research is needed 
to understand which wild pollinators may be beneficial in different 
locations.

Wild insect species were the most abundant avocado pollinators 
in many regions and developing approaches that make the most of 
their contribution may be the most appropriate. This was specifi-
cally explored in avocado by two studies identified in the review. 
Castañeda-Vildózola et  al.  (1999) showed that pesticide applica-
tion reduced the abundance of native pollinators and consequently 
reduced avocado yields and Villamil et  al.  (2017) showed that a 

reduction in intensive orchard management led to an increase in 
pollinator biodiversity. Similar findings have been observed in many 
other pollinator reliant crops, and several papers have shown that a 
reduction in natural habitats or an increase in intensive production 
leads to a reduction in the abundance and diversity of wild pollina-
tors with negative impacts on yield (Dainese et al., 2019; Garibaldi 
et al., 2011, 2013; Martin et al., 2019; Reilly et al., 2020). A better 
understanding of the role of wild pollinators and how management 
practices can be best adapted to support avocado production is 
required.

4.5 | Study limitations

The low number of available studies presented a major limitation. 
For the meta-analysis, it was necessary to include papers testing a 
wide range of variables (fruit set, yield, pollination) and as such, the 
data were very heterogeneous. Furthermore, some of these studies 
provided limited information on the methods used, and often, N and 
SD were not provided and therefore had to be calculated from the 
information available. The restricted data availability also meant that 
statistical analysis was not feasible for the majority of the research 
questions and therefore, the strength and scope of the conclusions 
made is limited. However, despite these challenges, some general 
findings, research gaps and recommendations have been identified.

5  | CONCLUSIONS

5.1 | Key findings and research gaps

•	 Dominican Republic and Mexico are responsible for 37% of global 
avocado production but only 13% of studies originated from 
these countries and therefore, further research in these countries 
is required.

•	 In 19 out of 23 studies, insect pollinators contributed significantly 
to pollination, fruit set and yield.

•	 Managed honeybees were identified as the most important pol-
linators due to their frequency and efficiency. However, further 
information is needed to optimize local field beehive placement 
and density.

•	 The abundance of wild pollinators ranged from 90% to 8% across 
locations and further research is required to understand their ef-
ficiency and contribution to avocado pollination.

•	 Land management practices affected the abundance and diver-
sity of wild pollinators and this can have negative implications for 
yield.

5.2 | Recommendations for growers

•	 In most situations, growers will benefit from an increased density 
of pollinators.
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•	 Increasing honeybee hive density will likely increase production 
but may not be cost-effective in all contexts.

•	 The utilization of alternative managed pollinators (e.g. stingless 
bees) or active management of wild pollinators may also be appli-
cable in some circumstances.
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