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1 | INTRODUCTION

Insect-mediated pollination is an important ecosystem service for food
security, agrobiodiversity, and ecosystem resilience (Garibaldi et al.,
2014). Pollinator conservation within agricultural regions is essential
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Abstract

1.

Pollination services from insects are important for higher yield and better fruit
quality in avocado (Persea americana Mill.). Measuring pollinator effectiveness is
significant for capturing the relative contributions of different insect taxa to pollina-
tion services and for identification of the most important pollinators of this globally

important crop.

. In the present study, we tested pollinator efficiency of avocado in Kenya based on

pollen deposition after single visits of flowers by different pollinator species and
visitation frequency. We monitored the pollination frequency during the flowering
period replicated across six farms. Three trees were selected per farm, each with

five flower panicles.

. Out of the 14 observed insect flower visitor species, pollen deposition efficiency

was highest in the Western honey bee (Apis mellifera L.), followed by the hover
fly species (Phytomia incisa W.). These two species had both the highest pollen

deposition and pollen grain loads on their bodies.

. Furthermore, A. mellifera was the most frequent avocado flower visitor followed by

Diptera except hoverflies.

. Our results imply that A. mellifera can be managed to achieve adequate pollination

services for avocado, particularly in areas lacking efficient wild pollinators.

KEYWORDS
crop pollination service, flower visitation, pollen deposition, pollination efficiency, pollinator
management

because crops require wild or managed pollinators, especially in inten-
sive agricultural regions, to attain maximum yields (Lye et al., 2011).
However, insect pollination is threatened by several environmental and
anthropogenic factors. Concerns have been raised over a looming pol-
linator crisis caused by loss of habitat, climate change and intrusion
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by alien species (Dicks et al., 2021; Potts et al., 2010). Therefore, the
understanding and conservation of the importance of pollinator diver-
sity is important to support the increasing demand for food (Burkle &
Alarcén, 2011). Most flowering crops are visited by a variety of insects
but their contribution to pollination remains unknown. A flower visi-
toris considered a pollinator when it transfers and deposits conspecific
pollen grains on the stigma (Fumero-Caban & Meléndez-Ackerman,
2007). Therefore, distinguishing pollinators from other flower vis-
itors is of utmost importance for management of the pollinator
species.

Several insects provide pollination services but the Western honey
bee (Apis mellifera L.) has been considered as the most important polli-
nator of many crops worldwide by increasing fruit set, seed production,
crop yield, and crop quality (Greenleaf & Kremen, 2006; Winfree et al.,
2007). Managed A. mellifera may partially offset non-managed pollina-
tion services and compensate for the loss of wild pollinators, although
A. mellifera is feral in West and East-Africa and some areas of the
world (Sagwe et al., 2021). However, it is important to know the actual
performance of individual pollinator species for possible selection as
candidates for the introduction of managed pollinators (Thapa, 2006).
Some studies have shown that wild insects can be effective pollinators
and cannot be completely substituted by managed pollinators (Jauker
et al,, 2012). For instance, in oilseed rape (Brassica napus), coffee (Cof-
fea arabica), onion (Allium cepa), almond (Prunus dulcis), tomato (Solanum
lycopersicum) and strawberry (Fragaria ananassa), wild pollinators have
been reported to be more effective than honey bees in terms of fruit
set (Garibaldi et al., 2013; Klein et al., 2003; Rader et al., 2016).

In our previous study, we assessed the dependence of avocado
fruit set on insect pollination. Our results demonstrated that avo-
cado depends on insects for pollination. There was a significantly
higher fruit set on insect-pollinated flowers (89.5%) than wind pollina-
tion and spontaneous selfing (17.4%) and autogamous self-pollination
(6.4%) as referenced to the control (hand pollination—100%) (Sagwe
et al., 2021). Collection time (time of visitation), visitation time, and
pollen deposition are key factors for measuring pollination efficiency
of insects in crops (Fishbein & Venable, 1996). Various methods have
been used to measure pollination efficiency, for instance, measuring
fruit or seed set after flower visitation, measuring pollen load on pol-
linators and their pollen deposition onto stigmas or measuring plant
reproductive success post-pollination (Ne’'eman et al., 2010). On the
other hand, the abundance of flower visitors has been used as a proxy
to estimate pollination services and crop yield (Dainese et al., 2019;
Zouetal.,2017). Therefore, understanding how managed bees and wild
pollinators differ in pollination efficiency is important for current and
future crop production.

In the present study, we used avocado (Persea americana Mill.) as
a model crop to quantify the pollination efficiency of different insect
species in Kenya. In Kenya, avocado is widely grown and has been a
major part of horticultural earnings (Amare et al., 2019), with 368,370
metric tonnes produced annually valued at 639 million USD (HCDA,
2017). Kenya is currently ranked sixth in avocado export volumes after
Peru, Chile, South Africa, Israel, and Mexico (HCDA, 2017). Avocado is

an exotic crop in Africa, originating from Southern Mexico. A study by

Ish-am et al. (1999) in Mexico identified stingless bees (Meliponini) and
the Mexican honey wasp (Brachygastra mellifica) as the primary avocado
pollinators, while in Southeast Spain and Israel, bumble bees (Bombus
terrestris) have been reported as an efficient avocado pollinator (Ish-
Am & Eisikowitch, 1993; Wysoki et al., 2002). However, in East Africa,
where smallholder farming systems are commonly practiced, there is a
lack of data on pollination efficiency for avocado. Measuring pollina-
tor efficiency of avocado flowers is thus important for capturing the
relative contributions of different insect taxa to pollination services to
maximize production.

Avocado has a unique flowering pattern known as a protogynous
dichogamy, whereby the flowers are hermaphroditic (have both male
and female parts) but open as female and male separately at differ-
ent times. Due to their flowering sequence, the avocado cultivars are
grouped into two categories: ‘A-type’ and ‘B-type’. In ‘A-type’ culti-
vars, flowers commonly open as functionally female in the morning of
the first day and as functionally 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
(Ish-Am & Lahav, 2011). This process is a mechanism that encourages
cross-pollination (Ish-Am & Eisikowitch, 1998). Therefore, a lack of pol-
linators (pollen vectors) can seriously limit fruit formation and reduce
crop yields (Alcaraz & Hormaza, 2009).

This study investigated the pollen deposition efficiency of different
avocado flower visitors. Specifically, we analysed the performance of
flower visitors by determining stigmatic pollen deposition per single
visit to assess their efficiency as pollen-transfer agents. In addition, we
evaluated the amount of pollen on the insect body, flower handling time
(visitation time) and visitation frequency as additional parameters for
pollination efficiency.

2 | MATERIALS AND METHODS

2.1 | Study site

The study was carried out in smallholder avocado farms in Murang’a
County, Kenya (S 0°43'0”, E 37°9’0”). Two avocado varieties were
grown in the orchards: Fuerte and Hass. The experiments were con-
ducted during August—October 2019, which encompasses the major
avocado blooming period in Kenya. Six smallholder avocado farms
(0.2—0.4 ha) were selected for the study. The farms had similar man-
agement practices with no application of pesticides; furthermore, the
farms were selected such that they were at a distance of at least
3.5 km from farms with bee hives based on the foraging distance for
bees (Visscher & Seeley, 1982) and with similar distances from the

natural forests.

2.2 | Visitation frequency

Visitation frequency is the number of pollinators visiting a flower per

unit time which is a variable used to assess insect pollination and its



SAGWE ET AL.

3of9

contribution to plant reproduction (Bergamo et al., 2016). On each
farm, three trees spaced 20 m apart were randomly selected for the
experiment. Selected trees were spaced a minimum of 10 m from the
edge of the farm to minimize edge effects. On each tree, three branches
with at least five flower panicles (clusters) were randomly selected.
The flowers surveyed were at a height between 0.5 and 2 m above
ground. Flower visitors were observed and recorded at 30 min inter-
vals between 8:00 AM and 5:00 PM and this was done per farm. A ‘visit’
was recorded if the insect contacted the reproductive structures, and
each individual insect was only counted once. Pollinator surveys were
conducted exclusively during sunny days without rain and minor wind.
We conducted farm-based flower visitor observations nine times with
each farm visited once a month for a period of 3 months. We used direct
observation in the field to group the avocado flower visiting insects
into the following taxa: Western honey bee (A. mellifera), hover flies
(Syrphidae), ‘other flies’ (Diptera, except for Syrphidae), wasps (Vesp-
idae), butterflies (Lepidoptera), wild bees (Apidae, except A. mellifera)

and beetles (Coleoptera).

2.3 | Quantifying pollination efficiency: Single-visit
pollen deposition

Single-visit deposition (SVD) data were collected for comparison to
measure pollinator efficiency (Ne’eman et al., 2010). Following the
method of Huda et al. (2015), in the afternoon before the data col-
lection day, 32 panicles per farm in three farms with flower buds
were randomly selected and bagged with fine woven bags that were
impermeable to wind and excluded pollinators. The bag was carefully
removed the following morning from each panicle when the flowers
had opened. Virgin stigmas were identified on flowers that had opened
overnight using a hand lens and were marked. Individual flowers were
observed until they received their first visitor after unbagging the pan-
icles. Pollinators were caught on their first visit as they exited the
flowers. The length of stay (flower handling time) was measured using a
stopwatch from the moment the insect started to forage on the flower
until the moment the insect left it. Insects were always allowed to
complete their visit before being captured using a sweep net. Flower
visitors were placed in individual vials for later morphological iden-
tification to species level. The survey continued each day until there
were no more bagged flowers left to sample or the visitation rate had
decreased to a low level (no visits recorded for 1 h) per farm. Once the
panicles were unbagged and the open flowers received visitors, they
were not re-bagged unless that panicle was not visited. Control stig-
mas were removed from newly uncovered virgin flowers before a visit
took place to account for pollen found on stigmas due to opening of the
flower and/or handling and bagging procedures. The stigmas of visited
flowers and control flowers were sampled, put in individual 0.5-ml vials
with 70% ethanol and stored in a cooler box at —18°C. Samples were
subsequently transported to the laboratory for pollen count analysis.
The study was conducted for a period of 9 days and 3 days of bagging

and preparation.

2.4 | Palynological analyses

The quantity of pollen carried on insects’ bodies was estimated using
the method described by Krause and Wilson (1981). In the laboratory,
0.5 ml of distilled water was added to the vials with captured insects
and vials were shaken vigorously until no more pollen could be seen on
their body after which centrifugation was done to remove the excess
water/supernatant. The insects were then transferred into vials con-
taining 0.5 ml of 70% ethanol for identification. Before washing off the
pollen from the insects, the bee corbiculae were removed to avoid sam-
pling of corbicula pollen since they are not available for pollination.
The pollen grains were stained using Fuchsin glycerine jelly and were
counted using a microscope at 100x magnification.

In the laboratory, the stigmas were crushed on a microscope
slide and stained with fuchsin-glycerine jelly as described by Beattie
(1971). All conspecific (avocado pollen grains) and heterospecific (non-
compatible with avocado pollen grains) pollen grains deposited were

counted under a light microscope.

2.5 | Statistical analysis

Differences in averages of visitation frequency among pollinators at
different times of the day were analysed using linear mixed-effects
models (LMM) using the R package Ime4 (Bates et al., 2015). The obser-
vational date and farm ID was used as a random factor to account
for the non-independence in visitation frequency data due to multi-
ple measurements per farm and observation day. Means separation
was performed using the Ismeans package (Lenth, 2016), and significant
differences were generated using the multcompview package (Graves
et al., 2019). Visitation frequency measures at different times across
the same day were considered as repeated measures, accounted for
by adding date as a random intercept term to mixed-effects models.
Visitation frequency was the response variable, while flower visitors
and time were the explanatory variables. SVD for different species was
quantified by counting the number of conspecific pollens on flowers of
avocado, which is a direct measurement of successful pollination per
individual visit. Heterospecific pollen was also counted and analysed
using LMM to determine the difference in heterospecific pollen carried
and deposited among the insect species; sampling date and farm ID was
used as a random factor. Pollen deposition efficiency was taken as the
number of compatible pollen grains deposited on the stigma after a sin-
gle visit. LMMs were used to determine the difference in SVD of pollen
among the insect species and the amount of compatible pollen on the
insect body. In this analysis, sampling date and farm ID was used as a
random factor. Likewise, the flower handling time data were subjected
to LMM to evaluate whether pollinator species differed in flower han-
dling time; observational date and farm ID wer used as arandom factor.
Pearson’s correlation analysis based on the means per species was
used to establish the linear relationship between pollen on the insect
body and pollen deposited on the stigma. Pearson’s correlation analy-

siswas also used to evaluate whether there was a relationship between
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TABLE 1 Therelative abundance and visitation frequency (visits/30 min/flower) of flower visitors (n = 605) across smallholder avocado farms

in Murang’a County, Kenya

Flower visitor

Western honey bee (Apis mellifera) 55
Diptera, except for Syrphidae (‘other flies’) 16
Hover flies (Syrphidae) 11
Wasps (Vespidae) 9
Wild bees (Apidae except A. mellifera) 3
Butterflies (Lepidoptera) 3
Beetles (Coleoptera) 3

Relative abundance (%)

Visitation frequency (visits/30 min)
2.18 +0.22¢

0.63 +0.10°

0.44 +0.07%

0.33+0.05%

0.11+0.03*

0.09 +0.032

0.12 +0.02?

Note: The values of visitation frequency are means + SE. Means with a different superscript letter within a column are significantly different (p < 0.05)

according to Tukey test.

flower handling time, pollen on the insect body and pollen deposited
on stigmas. Species that were encountered once were excluded from
the analysis. All analyses were performed using R statistical software
(v4.0.2, R Foundation for Statistical Computing, Vienna, Austria).

3 | RESULTS

3.1 |
time

Flower visitor’s frequency and their visitation

Four orders (Hymenoptera, Diptera, Lepidoptera, Coleoptera) of avo-
cado flower insect visitors were observed (n = 605), which were
grouped into the following seven taxa: Western honey bee (Apis mellif-
era), hover flies (Syrphidae), other flies (Diptera, except for Syrphidae),
wasps (Vespidae), butterflies (Lepidoptera), wild bees (Apidae except
A. mellifera) and beetles (Coleoptera) (Table 1). Western honey bees
were the most abundant visitors, followed by ‘other flies’, hover flies
and wasps, while beetles, butterflies and wild bees were the least abun-
dant (Table 1). The pollinator visitation frequency differed significantly
among the different insect groups (F¢ 14 = 55.34, p < 0.001). The high-
est visitation frequency per flower was found for A. mellifera, followed
by other flies. There was a significant difference observed between vis-
itation time among the different insect taxa (Fg 14 = 1.63, p < 0.001).
The visitation time for A. mellifera peaked during two time intervals,
namely 10:30 AM to 11:30 AM and 1:30 PM to 2:30 PM. Furthermore, A.
mellifera visitation was the highest throughout the observation period
(9:00 AM to 5:00 PM). Hover flies were observed to be active late in
the afternoon, while other flies were observed mainly at 10:30 AM to
11.30 AM (Figure S1).

3.2 | Pollen deposition efficiency

Different pollinator species showed significantly varying abilities to
carry pollen grains (F1371 = 6.55, p < 0.001). Apis mellifera (Figure 1e)
and Phytomia incisa W. (Figure 1b) carried relatively more conspecific
pollen grains of avocado flowers (Figure S2) on their body than other

species, while relatively lowest numbers were observed in Belonogaster
griseus Fab. (Figure 1g). There was a significant difference in pollen
deposition to the stigma, that is pollen deposition efficiency, among
the observed flower-visiting insect species (F13 71 = 4.54, p < 0.001),
with A. mellifera and P. incisa showing the highest number of pollen
depositions per single visit, while the lowest numbers were observed
in Chrysomya chloropyga, Polistes sp. and B. griseus (Table 2). There was
no significant difference of heterospecific pollen carried on the insect
body (F1371 = 0.31, p = 0.99) and those deposited in the stigma
(F13,71 = 0.82, p = 0.64) among taxa (Table S1). There was a strong
positive correlation between conspecific pollen on the insect body and
conspecific pollen deposited in the stigma (Figure 2a). We calculated a
ratio of 82:1 for conspecific and heterospecific pollen in stigma, while a
ratio of 150:1 was calculated for conspecific and heterospecific pollen
on the insect body.

3.3 | Flower handling time

Flower handling time varied significantly among the pollinator species
(F13,71 = 2.63,p =0.004; Table 2). The longest time spent on the flower
was observed for Braunsapis faveata (Figure 1f), A. mellifera (Figure 1e)
and P. incisa (Figure 1b) (Table 2). In addition, there was a positive cor-
relation between the amount of pollen on the insect body and flower
handling time and between the amount of pollen deposited and flower
handling time (Figure 2b,c). Three species were excluded from the anal-
ysis because their numbers were less than three: Sphecidae (Sceliphron
sp.), Muscidae (Stomoxys sp.) and Rhiniidae (Isomyia sp.).

4 | DISCUSSION

Pollination efficiency, which is the relative ability of an animal to pol-
linate flowers successfully, is used to rank the importance of different
species of flower visitors as pollinators (Ne’eman et al., 2010). After a
single flower visit, pollen deposition on the stigma and the number of
pollen grains on the insect body have been used previously to estimate
pollination efficiency (Ne’'eman et al., 2010). However, not all flower
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FIGURE 1
across smallholder avocado farms in Murang’a County, Kenya. (a) Syrphidae (Eristalinus quinquelineatus), (b) Syrphidae (Phytomia incisa),

(c) Syrphidae (Episerphus trisectus), (d) Calliphoridae (Chrysomya chloropyga), (€) Apidae (Apis mellifera), (f) Apidae (Braunsapis faveata), (g) Vespidae
(Belonogaster griseus), and (h) Vespidae (Polistinae sp.)

(d)

@ ()

Examples of the avocado flower-visiting species that were evaluated regarding their pollen deposition efficiency in this study

TABLE 2 The number of compatible pollen grains carried on the insect body, the number of compatible pollen grains deposited per single
visit/pollination efficiency on the stigma of avocado flowers, and per flower handling time (duration) observed across different species in Murang’a

county, Kenya

Number of pollens

Family Species (N) Number of pollens on insect deposited/pollination efficiency Flower handling time (s)
Apidae Apis mellifera (41) 282.1 +80.8¢ 30.9 +8.5¢ 9.2+0.8%
Syrphidae Phytomia incisa (4) 208.3 + 54.7< 34.5 + 12.1bc 8.0 +0.0%
Syrphidae Betasyrphus hirticeps (3) 88.3 + 40.22bcd 13.0 + 4.23bc 6.7 +1.2%
Apidae Braunsapis faveata (3) 85.3 + 9.0bd 16.3 + 1.92b¢ 18.0+ 9.5P
Syrphidae Eristalis tenax (4) 78.0 + 23.3bcd 6.1 + 2.0%b¢ 6.0 +0.7%
Syrphidae Eristalinus quinquelineatus (4) 72.3 + 24.03b<d 12.8 + 4.3%¢ 4.5+0.32
Syrphidae Eristalinus sp. (3) 39.7 + 10.22bcd 9.7 +0.72bc 6.3+0.3%
Syrphidae Episerphus trisectus (4) 32.3 + 7.12bcd 5.5 + 1.23bc 5.8 +0.5%
Syrphidae Allograpta sp. (5) 19.4 + 4. gabcd 3.6 + 1.0%b¢ 4.4 +0.42
Calliphoridae Chrysomya megacephala (4) 18.0 + 8.52b<d 7.8 + 5.23b¢ 3.6 +0.52
Calliphoridae Chrysomya chloropyga (7) 15.0 + 3.52b¢ 34+ 1.1% 5.6+ 1.3
Vespidae Polistes sp. (5) 7.6 +2.5% 1.6 +1.42 44 +1.1°
Vespidae Belonogaster juncea (3) 60+21% 4.0 + 3.5%c 3.3+0.3?
Vespidae Belonogaster griseus (3) 3.3+24° 1.0 +0.62 4.0+ 1.4%

Note: N = the total number of individuals of each species that was evaluated. The values are means + SE. Means with a different superscript letter within a

column are significantly different (p < 0.05) according to Tukey test.

visitors of a given plant species are efficient pollinators since some
could be nectar or pollen robbers and thieves or there could be a mis-
match of the morphological trait (body size) with flower size (Rivest &
Forrest, 2020). A recent global meta-analysis on avocado pollinators
by Dymond et al. (2021) indicated that pollination efficiency of differ-
ent avocado flower visitors has rarely been documented. Our study is

the first to report the pollination efficiency of avocado flower visitors
in sub-Saharan Africa.

In terms of frequency and abundance, the contribution of A. mellif-
era to pollination was much higher than other taxa in our study sites.
Our results concur with previous studies, that A. mellifera is an impor-
tant avocado pollinator due to its high flower visitation frequency and
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abundance (Ish-Am, 2005; Wysoki et al., 2002). The findings by Read
et al. (2017) in New Zealand reported that Western honey bees were
the dominant flower visitors (92.9%) in all avocado orchards surveyed.
Evans et al. (2011) studied the role of insect pollinators in avocado
in New Zealand and reported that 97.4% of all flower visitors were
honey bees, while in Australia, 37.9% were honey bees. In New Zealand
and Australia, A. mellifera is exclusively managed and this might explain
the high abundances. In our study, honey bees were the most active
flower visitors since they visited avocado flowers between 9:00 AM
and 5:00 pPM, with the peak time being 11:00 AM. The high numbers
recorded for this species could be due to their large social colonies and
efficient foraging behaviour that could outcompete solitary bees and
other insects (Balfour et al., 2015). In East Africa, the populations of
honey bees are essentially wild (Crane, 1999; Mbae, 1999; Mcmenamin
et al., 2017). Nevertheless, in Kenya, there are about 2 million hives
(Kiingwa et al., 2020), such that most visiting honeybees likely origi-
nate from managed colonies. However, previous studies revealed that
A. mellifera can abandon avocado flowers when there are alternative
blooms in the vicinity (Afik et al., 2006, 2014). Our result showed that
flies were also regular avocado flower visitors with an overall abun-
dance of 11% hover flies (Syrphidae) and 16% of ‘other flies’. Similar
findings of relative abundance of 12% hover flies have been reported
in avocado by Dymond et al. (2021), a global review. Also, a study con-
ducted by Evans et al. (2011) reported that 49.7% of the visitors were
hover flies, and 12.4% of the visits were from other insects (flies other
than hover flies and native bees) for Australia. The result of the present
study also shows that the contribution of wasps, especially Polistes sp.,
was low because of their lower numbers.

Wild and managed pollinators can be essential to supplement honey
bees when other flowers are in bloom at the same time in order
to reach substantial pollination services. Previous studies highlighted
the importance of conserving wild pollinators at the landscape scale
(Requier et al., 2019). Therefore, maintaining heterogeneous natural
habitats can be an excellent strategy to conserve the abundance of
wild pollinators around the orchards (Klein et al., 2012; Potts et al.,

2016; Woodcock et al., 2019), which can contribute to avocado pro-

duction. In addition, other factors such as low genetic variability within
an orchard, resource limitations and agronomic practices such as soil
properties, fertilization regimes, irrigation, pruning and weeding that
might influence the final yield outcomes (Samnegard et al., 2019) have
been shown to affect avocado quality and yield.

Our results suggest that A. mellifera and P. incisa are efficient polli-
nators of avocado after a single visit. This was evident because they
showed many pollen grains on their body and had higher pollen deposi-
tion onto the stigma compared to other species. The higher the number
of pollen grains deposited onto the stigma, the higher the chance of
pollination success (Alcaraz & Hormaza, 2021). A study conducted by
Ish-Am (2005) in three different avocado varieties (Hass, Ettinger and
Reed) in Israel indicated that 20 or more pollen grains are required
to reach the stigma for adequate fertilization to take place. It has
been shown that pollen deposited during a single visit is a more direct
and practical method in assessing pollination efficiency compared to
other parameters such as visitor abundance, number of stigma con-
tacts, feeding type or visit duration (King et al., 2013). This study agrees
with previous findings by Vithanage (1990) in New South Wales, which
indicated that A. mellifera played a leading role in pollen transfer for
avocado. Similar findings have also been reported by Wysoki et al.
(2002) and Pefa (2003) where they found A. mellifera as the primary
avocado pollinator, even though Bombus terrestris L. has been reported
as an efficient avocado pollinator in Southeast Spain and Israel (Ish-Am
& Eisikowitch, 1993; Wysoki et al., 2002). Therefore, A. mellifera and P.
incisa can achieve adequate fertilization with an SVD; hence, they are
supposed to be efficient avocado flower pollinators.

The high efficiency of A. mellifera and P. incisa in pollination might
be explained by the hairiness of their bodies and their large sizes,
which result in more contact with the stigma. Hairiness is considered
an essential trait in pollinators as it is involved in pollen collection and
transfer (Amador et al., 2017; Roquer-Beni et al., 2020; Thorp, 2000).
A study conducted by Stavert et al. (2016) demonstrated that polli-
nator hairiness is strongly linked to pollination. Furthermore, recent
studies have found a positive relationship between body size and

amount of pollen deposited per visit in oilseed rape Brassica napus L.
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(Phillips et al., 2018) and watermelon Citrullus lanatus T. (Bartomeus
et al,, 2018). With greater body size, pollinators such as A. mellifera
and P. incisa can carry larger pollen loads and deposit more pollen
(Goulnik et al., 2020). In our study, wasps were less important pollina-
tors, perhaps because of a body integument with low pollen adhesion
capacity limiting their potential as avocado pollinators (De Vega et al.,
2014). This is contrary to some studies that have reported wasps as
efficient pollinators (Ish-am et al., 1999; Pérez-Balam et al., 2012). In
our study site, Belonogaster griseus was found to transfer more het-
erospecific pollen than other species, indicating that they visited other
flowers in the vicinity than avocado. This might reduce their efficiency
as avocado pollinators. Heterospecific pollen transfer occurs in nature
and does not result in fruit production due to incompatibility mecha-
nism (morphologically or genetically/phytochemically) and it can lead
to unsuccessful fertilization by clogging the stigma; hence, conspecific
pollen grains cannot germinate and grow through the stigma into the
style and ovary (Mitchell et al., 2009; Morales & Traveset, 2008).

Our result showed a significant difference among the flower insect
visitors in terms of flower handling time. The longest flower handling
time was recorded in B. faveata, followed by A. mellifera. Engel and Irwin
(2003) indicated that the time spent in the flower might affect floral
resource exploitation and consequently the pollination of a given plant
species. This is in line with our study, where we found a moderate posi-
tive correlation between flower handling time and pollen on the insect
body and pollen deposited, indicating that time spent on the flower may

play arole in pollination efficiency.

5 | CONCLUSION

In our study site in Kenya, this study provides important insights into
the pollination efficiency of avocado. We observed that flower-visiting
species had different capabilities in transferring compatible pollen
grains in avocado, demonstrating the importance of species behaviour
and morphological traits in determining pollination efficiency. We had
earlier demonstrated the importance of insect pollination in compar-
ison to self-pollination especially in enhancing fruit set and retention
(Sagwe et al., 2021). To achieve optimum pollination services for avo-
cado, managed honey bees or conservation habitats of wild living
colonies can be valuable tools for growers in improving the yield for
avocado, which can help to supplement wild pollinator species. This
study is important for developing guidelines for farmers to imple-
ment within and around the orchards to support the pollinator species
and their corresponding pollination services. For instance, sowing of
wildflowers can be a good strategy for increasing diversification of
pollination sources for wild pollinators such as hover flies and mini-
mizing the use of harmful chemicals such as pesticides and herbicides.
Understanding the efficiency of different pollinators that visit avocado
flowers will help determine which species are important to its produc-
tion. The contribution of genetic variety within an orchard, resource
limitations and agronomic practices such as soil properties, fertilization
regimes, irrigation, pruning and weeding that might influence the final

yield outcomes needs to be investigated.
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Fig.S1. Visitation frequency of the most abundant insect groups during
the avocado blooming period in Murang’a county, Kenya.

Fig. S2. Avocado pollen grains with and without stain taken under a
microscope at 100x magnification. (a) General view of pollen grains
with stain and (b) pollen without stain.
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on the insect and heterospecific pollen deposited on the stigma of avo-
cado flowers across smallholder avocado farms in Murang’a County,
Kenya.
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