
INTRODUCTION

Pollinators plays a crucial role in most terrestrial eco-
systems by providing a key ecosystem service in main-
tenance of both wild and agricultural plant communities 

(Choi and Jung, 2015; Gill et al., 2016). Insect pollina-
tion for fruit set and seed development accounts 75% 
of agricultural crops of the world (Klein et al., 2007). 
Pollinators do not only help increasing the produc-
tion, but also affect the nutritional quality of the crops 

(Ghosha and Jung, 2018). A number of insect species 

pollinate a wide variety of plants grown in greenhouse 

(Choi and Jung, 2015). Honey bees are the main horse-
power of insect pollinators followed by bumblebees 

(Choi and Jung, 2015). Alternative use of honey bees 
for pollinating vegetable crops in greenhouse increased 
due to their greater availability and low cost (Kalev et 
al., 2002). Economic benefits of pollination by honey 
bees (Apis mellifera L.) was estimated to be 4.25 billion 
Euros in Europe and 0.75 billion Euros by other taxon 

(Albano et al., 2009).
Managed species of honey bees like Apis mellifera 
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and Apis cerena were recognized as essential pollinators 
for strawberry flower (Nye and Anderson, 1974). Pol-
lination by those bee species enhances the quality and 
quantity of strawberry fruit in Europe and Southern Asia 

(Free, 1993; Sommeijer and Ruijter, 2000). Through the 
European honey bee, A. mellifera, has been practically 
used as pollinators (Free, 1968); some problems have 
been facing in use of the A. mellifera for pollination of 
strawberry. Honey bee colony can suffer from the death 
of workers, low foraging efficiency in greenhouses 

(Katayama, 1987), limited foraging range that resulted 
in bees fly upward to the greenhouse ceiling and dying 

(Visscher and Seeley, 1982; Seeley, 1985), parasites, 
africanisation phenomenon in USA and the rise of rental 
prices (Delaplane et al., 2000).

Difference in floral character between plant species 
influence pollinator’s foraging behavior and pollinating 
success. These characters are visual cues (flower shape 
and color), olfactory cues like floral volatiles, and the 
quantity and chemical composition of nectar and pollen 
rewards (Mallinger and Prasifka, 2017). For several 
crops grown globally, floral character that enhances 
pollinator attraction could result in greater crop yields. 
For instance, higher nectar volume increased honey and 
bumble bee visits to certain onion and zucchini culti-
vars, while higher quantities of floral volatiles increased 
wild solitary bee visits to certain strawberry cultivars 

(Mallinger and Prasifka, 2017).
Pollen, the male gamete in sexual reproduction is 

produced by all angiosperm species. Foraging bees 
collect pollen as primary source of protein, lipid and 
micronutrients like minerals necessary for bee’s health 

(Ghosh et al., 2020) in addition to nectar which is 
primary source of carbohydrates. At least 6% of angio-
sperms (around 22,000 species) offer only pollen re-
wards in exchange for the service of pollination (Vogel, 
1978). Pollen foraging bumble bees displayed modest 
innate preferences for certain pollen-only plant species, 
but formed strong, lasting preferences for even initially 
less-preferred species after experiencing collecting pol-
len from plants (Russell et al., 2016). 

The pollination efficiency of a strawberry floral visitor 
was measured through the determination of pollination 
rates resulting from a single visit, fertilization efficiency 
per visit and flower visiting frequency. Pollen based 
supplemented foods may result in increasing pollination 

by honey bee foragers. This particular study aims to 
assess offering pollen supplemented food to foragers 
increase foraging activity of honey bees that enhance 
pollination of strawberry in greenhouse.

MATERIALS AND METHODS

1. Honey bees and greenhouse 

The experiment was conducted in a strawberry plan-
tation during blooming period from early February to 
late March of 2020 planted in auto cleaved greenhouse 

(36°5ʹN, 128°8ʹE; 4 multi-span, PO film; width, 25 

m; length, 24 m; height, 9.6 m) at Andong National 
University. The strawberry cultivar of ‘Sulhyang’ seed-
ling was used at the experiment. ‘Yamazaki’ nutrient 
solution (Ca2+ 11.4 meq·L-1, Mg2+ 3.8 meq·L-1, K+ 
1.4 meq·L-1, NH4

+ 0.82 meq·L-1, NO3
- 4.8 meq·L-1, 

SO4
- 0.4 meq·L-1, and PO4

- 0 meq·L-1) was used for 
automatic irrigation based on accumulated radiation. 
One health honey bee, Apis mellifera colony that con-
tains 5 frames was taken from the experimental apiary 
of Andong National University and installed in the 
greenhouse. The colony was queen-right and balanced 
frame composition with 2 brood frames and 3 food 
frames. The queen was requeened in spring season. 
Inside temperature and relative humidity (RH) of the 
greenhouse for strawberry cultivation were maintained 
at 5~30℃ and 60~95%, respectively. Shade screen 
was automatically operated based on light intensity (700 

W m-2) for greenhouse inside temperature control. In-
side and outside environmental data were collected and 
stored in the data logger (CR1000, Campbell scientific, 
USA) every second.

2. Monitoring foraging activity 

From January to March 2020, we recorded the tem-
perature and humidity of greenhouse in which straw-
berry grew in for 30 min time intervals from 10:00 am 
to 6 pm using a hand-held LCD temperature humidity 
meter thermometer (HTC-1). In the beginning, we made 
preliminary observation and found honey bee activities 
only on those time frame. We made observation on the 
number of foragers departing and returning to our ex-
perimental colony. Visual inspections from the entrance 
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of the honey bee hive was conducted for 5 minutes each 
for every 30 minutes from 10 am to 6 pm. Two persons 
are involved in visual inspection. Monitoring was con-
ducted at least 2 times per week for seven days before 
and twelve days after offering pollen supplemen. Also, 
we measured flower visitation frequency per min (which 
refers to the number of flowers that each honey bee vis-
its per min) were observed using the stopwatch match-
ing method (He et al., 2019). 

3. Effect of reward offering treatment

To evaluate if the protein reward offering could en-
hance honey bee foraging activities, powdered protein 
sources were prepared. The high protein reward was 
10g rape seed pollen powder and the low protein reward 
was the mix of 5 g rape seed pollen powder and 5 g rice 
powder (Ghosh et al., 2020). We presented a pair of two 
rewards at 4 sites and the other two sites were remained 
as negative control inside the greenhouse (Fig. 1). We 
kept providing new reward 10 am every day, and with-
draw at 6 pm. Then we compared the foraging activities 
of departing and returning foragers, and flower visit 
frequencies before and after offering rewards. Also, we 
compared the reward uptake by foragers by measuring 
weight at 10 am and 6 pm. 

4. Data analysis 

Data are presented as the mean±standard error 

(mean±SE) and were analyzed with SPSS 16.0. Inde-
pendent t-tests were carried out to compare foraging 
activity of A. mellifera before and after offering pollen 
supplemented foods, honey bee visitation of flowers in 
sites, honey bees visitation to pollen supplement food 

(high vs low protein), mass of pollen supplement for-
aged by bees, visitation frequency per minute.

Additionally, we constructed model to explain the 
temperature dependent honeybee foraging pattern. 
Data for this model construction were selected from 
the observed data on strawberry greenhouse during 
January to March 2020. We tested most widely used 
models i.e. Logan-6/Lactin-1, Logan-6/Lactin-2, An-
alytis-3/Briere-1 and Analytis-3/Briere-2 (Noor and 
Jung, 2020) to evaluate the temperature and foraging 
activity. We selected same approach to select best 
model as described by Noor-ul-Ane et al. 2019 which 

is short listing of models based on Akaike information 
criterion (AIC) and then finally selected best mod-
el based on its biological significance (temperature 
thresholds). The parameters were calculated using Ta-
bleCurve 2D software (Jandel Scientific, 1996).

AIC=nln(SSE/n)+2P

Where, p is the number of estimated parameters for 
the model, ln is the natural log, n is number of obser-
vations. SSE is the sum of squares for the model error 
term. 

RESULTS

1. Foraging activity 

According to our observation, in rainy and windy day, 
A. mellifera foragers were not gone out to collect pollen 
and nectar where as in sunny and good weather day, A. 
mellifera begun flying out after 10:30 am. In most cas-
es, before 10:00 am; auto cleaved greenhouse was not 
opened and the temperature remained less than 10°C. 

Fig. 1. Two selected plots and six fixed sites with/without pollen 
supplements on strawberry pollination in greenhouse.
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When the temperature was between 12~16°C, a small 
number of A. mellifera began to fly out of the nest, 
while most of the bee visitation occurred after 11:00 
am, when the temperature rose to 20~25°C. As the tem-
perature increases, departing bees increases and reached 
its climax from 12:00~1:00 pm and 14:00~15:30 pm 
when the temperature is 29~33°C (Fig. 2). Almost all 
bees stopped their visitation around 17:30 pm (Fig. 3). 

2. Effect of reward provision 

Offering pollen supplement foods increases the for-

aging activity of honey bees that intern increases bees 
pollination of strawberry in greenhouse. In the present 
study, there were significantly difference in foraging 
activity of honey bees before (checked for 7 days and 
105 times) and after offering pollen supplement foods 

(checked for twelve days and 181 times), (departing 
bees: t-test, df=232.3, 286, t= -4.042, P<0.001; re-
turning bees: t-test, df =231.8, 286, t = -4.404, P< 
0.001) (Fig. 2), (flowers visitation: t-test df =469.8, 
607, t=2.946, P=0.003). But there was no significant 
difference in foraging bees on two different pollen sup-
plements food (high vs low protein) (t-test, df=798.2, 
944, t= -1.519, P=0.129), mass of pollen supplement 
foods foraged by bees (t-test, df=28.68, 32, t=1.747, 
P=0.091.) and visitation interval (t-test, df=31.4, 59, 
t=0.741, P=0.464).

Fig. 3. Diurnal activity of Aphis mellifera on the on strawberry 
greenhouse during January to March, 2020.
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Fig. 2. Temperature-foraging activity of Aphis mellifera on the on 
strawberry greenhouse during January to March, 2020.
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The data are presented as the mean±standard er-
ror, and different letters in the same column indicate 
a significant difference (independent-samples t-test, 
P<0.05) (Table 2).

The data are presented as the mean±standard er-
ror (mean±SE), foraging bees on pollen supplement 
foods (high vs low protein) and mass foraged by bees 
did not differ significantly among foragers (indepen-
dent-samples t-test, P>0.05) (Table 3).

3. Foraging activity model 

Among those models tested (see Table 1), best fitted 
model for departing activity was selected as Briere-1 
model. The model predicts lower temperature for de-
parting activity as 14℃, maximum activity at 33.1℃ 
and no departing activity at higher temperature of 

39.3℃ (Fig. 4). The same Briere-1 model was selected 
for returning activity. The lower temperature for the 
activity was estimated as 15.6℃, maximum returning 
activity at 33.3℃ and no returning due to high tempera-
ture was predicted as 39.7℃ (Table 5). 

DISCUSSION

Foraging activity of pollinators increase to plants with 

Table 2. Honey bee foraging activity going out bees, coming in bees, flower visitation per min and Visitation interval on strawberry in 
greenhouse

Departing bees Returning bees Flower visiting per min Visitation interval (s)

Without pollen 23.3±3.06a 24.8±3.51a 0.535±0.053a 7.12±0.630a
With pollen 39.3±2.53b 44.9±2.91b 0.745±0.048b 7.65±0.378a

Table 3. Average number of foraging bees and mass of foraged 
bees among pollen supplements (high and low protein)

Reward quality Foraging bees Foraged pollen 
supplement food

High protein 2.79±0.153a 1.28±0.099a
Low protein 2.51±0.103a 1.56±0.124a

Fig. 4. Best fitted model for departing and returning activity of 
honeybees in strawberry greenhouse during January to March, 
2020.

Table 4. Akaike information criterion (AIC) values for tested 
non-linear models of foraging activity of honeybees relative to the 
temperatures

Foraging activity Model AIC values

Departing

L-1 80.54
L-2 82.16
B-1 76.82
B-2 80.54

Returning

L-1 86.20
L-2 88.19
B-1 84.39
B-2 86.39
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attractive floral character, high quality and quantity of 
pollen and nectar by receiving more visits enhancing 
reproductive success that result in higher fruit and seed 
set. In present study, we found that increasing in depart-
ing bees for foraging after offering pollen supplement 
foods, preferred to forage on strawberry plantation with 
alternative food source. Mallinge and Prasifka (2017) 
found that nectar volume and related nectar sugar 
amount enhance bees’ visitation rate through visual and 
olfactory cues. Increasing amount of protein based food 
source may also enhance pollination rate of strawberry 
by honey bees’ in greenhouse. Additionally, honey bees 
collect pollen depending on colony needs for brood pro-
duction. Camazine (1993) found that amount of stored 
pollen in the colony and a reflection of the nutritional 
requirements of the adult bees and larvae influence bees 
for foraging pollen. Our experimental time may be a de-
terminant time of colony in need of pollen that resulted 
in increasing number of foragers after offering pollen 
supplement foods. 

Our result indicate that increasing the foraging activ-
ity in sites offered with pollen supplement food by in-
creasing bees’ visitation was due to learning preferences 
for pollen reward. Several studies have shown that bees 
can learn floral color cues in association with pollen re-
wards and associated facsimiles (Nicholls and de Ibarra, 
2014; Muth et al., 2016; Russell et al., 2016). But there 
was no significant difference between visitations of bees 
on pollen supplement foods. This might be because of 
honey bee foragers did not evaluate pollen quality (high 
vs low protein) (Pernal and Currie, 2002) and rely on 
pollen requirement by the colony (Camazine, 1993). 
Furthermore, pollen foragers have no ability to differ-
entiate concentration of pollen supplement foods (high 
vs low protein) by olfactory cues (Wright et al., 2005; 
Ruedenauer et al., 2015). 

Foraging activity of honey bees during experimental 

periods was influenced by different weather condition 
like temperature, humidity and irradiance, from which 
temperature plays crucial role (He et al., 2019). Too 
high or too low temperature and light intensity influ-
enced and retarded foraging activity in greenhouse 

(Roman and Szczesna, 2008). There was negligible 
movement of foragers outside their nest in rainy and 
windy day, before auto cleaved greenhouse was opened 
in which the temperature remained <10°C (mostly 
before 10:00) and after 16:00. In sunny day, A. mel-
lifera foraging activity patterns were established on 
the strawberry during experimental periods. When the 
temperature was between 12~16°C, a small number of 
A. mellifera began to fly out of the nest, while most of 
the bee visitation occurred after 11 am, when the tem-
perature rose to 20~25°C. As the temperature increases, 
departing bees increases and reached its climax around 
12:00~1:00 pm and 14:00~15:30 pm when the tem-
perature is 29~33°C. Ghosh et al. (2020) indicated that 
the highest visitation of pollinators depends on the floral 
rewards and also temperature. Higher pollen nutritional 
composition, especially total amino acids was the pri-
marily preferred and foraging activities were higher in 
the temperature ranges of 25~30℃. The present study 
shows honey bees foraging activity is highly dependent 
on the temperature. Similar temperature dependence of 
honey bees has shown for foraging activity in the previ-
ous studies (Heinrich, 1993, Vicens and Bosch, 2000). 
Briere-1 model predicted in the present study that honey 
bees stopped foraging activity at lower temperature 
of 14℃ and 15.9℃ for departing and returning hives 
respectively, and which are very close to temperatures 
range of 12~15℃ at which honey bees cannot attain 
high thoracic temperature to fly (Heinrich, 1993). This 
suggests that special care to maintain temperature above 
14℃ should be practice in greenhouse during the winter 
season especially in temperate geographical regions to 

Table 5. Parameter estimates (±SE) for selected non-linear models of foraging activity of honeybees relative to the temperatures

Foraging activity Model r2
      Parameter estimates

F value P value
a Tm Tmax *Topt

Departing B-1 0.77 0.03±0.01 14.0±2.18 39.1±0.75 33.1 23.10 <0.001
Returning B-1 0.77 0.04±0.01 15.7±1.90 39.7±1.16 33.8 22.97 <0.001

*: Tmax: higher temperature at which foraging activity stopped, Topt = optimum temperature at which foraging activity was maximum and calculated by using 
Microsoft excel and Tm: lower temperature at which foraging activity stopped
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facilitate the foraging activities of honey bees. Briere-1 
model in present study used to predict maximum high-
er temperature (above 39℃) at which forager activity 
stopped. Failure to continue foraging activity above 
39℃ can be linked to failure of maintaining mechanical 
energy production to regulate thorax temperature (Tth) of 
flying bees. This Tth is usually maintained by regulating 
heat loss and heat gain or both (Woods et al., 2005). The 
negative association of flight metabolic rate at higher air 
temperature has been reported above 33℃ and 37℃ by 
Roberts and Harrison (1999) and Woods et al. (2005), 
respectively which explain reliability of our model 
prediction for upper temperature threshold for foraging 
activity of honey bees. 

Even though we did not study the quality and quantity 
of strawberry fruit after pollination, its effectiveness is 
highly depending on bees foraging activities (visitation 
duration, number of visits, pollen loaded on bees and 
settles on the stigma of the plant) (He et al., 2019). In 
present study, we found that more flowers were visited 
in sites that offered with alternative pollen supplement 
foods relative to control that may increase the pollina-
tion efficiency of bees on strawberry. Flower visits of 
A. mellifera, consistently increased pollen deposition on 
raspberry stigmas (Sáez et al., 2014). Jarlan et al. (1997) 
found that total duration of pollination visits is a more 
accurate indication of pollen transfer and production 
of quality fruits and seeds rather than pollinators visit 
which was higher in our study 7.65±0.378 relative to 
control 7.12±0.630. 

CONCLUSION

Significantly increase in foraging activity of A. mel-
lifera after offering pollen supplement foods increases 
departing and returning bees, flower visitation per min-
ute and interval of visitation that may play a role for 
successful pollination by A. mellifera. Further study is 
required to elaborate the relation between pollination 
efficiency (quality and quantity of fruits and seeds) and 
foraging activity (parameters in the present study) by of-
fering alternative pollen supplement foods, larger sized 
study area in greenhouse, field experiment and increas-
ing honey bee population.
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