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Abstract

A healthy honey bee stock is critical to the beekeeping industry and the sustainability of the
ecosystem. The quality of the supplemental diet influences the development and strength of
the colony, especially during the pollen dearth period in the surrounding environment. How-
ever, the extent to which pollen substitute protein feeding affects honey bee colony parame-
ters is not fully known. We conducted this study to test the influence of various supplemental
diets on foraging effort, pollen load, capped brood area, population density, and honey yield.
The treatment groups were supplied with patties of pollen substitute diets, whereas sugar
syrup was given to the control group. Our results indicated that honey bees consumed a sig-
nificantly higher amount of Diet 1 (45 g soybean flour + 15 g Brewer’s yeast + 75 g powdered
sugar + 7.5 g skimmed milk + 7.5 g date palm pollen + 200 mL sugar syrup supplement with
Vitamin C) followed by others supplemented diets. Further, pollen load, worker-sealed
brood area, population strength, and honey yield differed significantly when Diet 1 was con-
sumed instead of other supplemental diets. The proportion of biological parameters was
less in the control group as compared to other treatments. This study highlights the potential
of supplemental diets to improve the bee’s health and colony development when the pollens
availability and diversity are insufficient.

Introduction

The honey bee is the most important eusocial insect, that plays a critical role in maintaining
the natural ecosystem and is directly beneficial to mankind [1]. They produce honey, royal
jelly, propolis, and beebread, and provide pollination services for both wild and agricultural
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crops [1-4]. Although, multiple factors negatively affect bee populations including habitat loss,
predators, parasites, diseases, pesticides exposure, and climatic changes [5, 6]. Foraging
dynamics of the bees are implicated in the maintenance of populations and their colony heath
[7, 8]. Similarly, sufficient food availability in the honey bee colony is necessary for the growth
and development.

Honey bees can visit various food sources at the same time and covers the distance of
around 10 kilometers to collect primary food resources such as nectar and pollen that are
stored in their colonies as honey and beebread [9]. Among these, nectar is the main source of
carbohydrates necessary to meet energy requirements [10, 11]. Honey bees obtain macro and
micronutrients including proteins, minerals, vitamins, and lipids from pollen that are essential
for brood rearing, maturation, adult longevity, and overall colony development [12, 13]. Fatty
acids contents and the nutritional components of pollen varies greatly between the diversity of
plant species [14], and are directly linked to honey bee health [15]. Notably, the nutritional
value of pollen may be more precisely defined by its amino acid components rather than by its
total protein contents, because its nutritional value is decreased when there are insufficient
amounts of essential amino acids present [16, 17].

Determining the consumption of foods for honey bees is a complex phenomenon; because
nutritional requirements are highly variable between different castes and life stages, inter and
intraseasonal variability in terms of food availability. Further, supplemental feeding is highly var-
iable during beekeeping practices [18]. During winter or the dry season, when food resources
become scarce it affects the queen egg-laying capacity, less worker bees availability, and increases
the rates of absconding or abandonment [19]. In the Middle East, higher temperatures and dry
conditions in the summer season are the main factors contributing to honey bee mortalities.
This is due to the lower blossoming of plants, low availability of pollens caused by heat stress
which is the essential food source for forager bees [20]. Thereby, an artificial pollen substitute
diet is required to maintain the strong colony health for honey production and pollination [21].

Scientists around the world has formulated various artificial diets recipes for honey bees
based on their nutritional requirements of pollen and honey to maintain the better colony
health [22, 23]. During a certain period of the year, floral scarcity occurs due to seasonal
changes and environmental stressors in various parts of the world [22, 24]. Therefore, it is
important to provide pollen substitute to bee colonies for survival and development, which is
calculated through various parameters such as reproductive performance, disease resistance,
hive weight gain, dietary consumption or by measuring the area of the worker broods [25-28].
A large number of diets formulations have been developed by combining various ingredients
including soybean flour, soya flour, parched gram, brewer’s yeast, guar meal, egg yolk powder,
pea powder, skimmed milk powder, protein hydrolysate powder, casein, fish meal, and rice
bran [29-31]. To my best knowledge, no study thoroughly deals with the impact of supple-
mental diet on the different parameters of honey bee colonies.

This study was conducted to determine the efficacy of supplemental diets on different
parameters of honey bee colonies including diet consumption rate, worker sealed brood area,
population density, and honey yield. Further, to investigate the effects of supplemented diets
on the foraging effort and pollen collection. This study may develop the guidelines for bee-
keepers on how to manage and innovatively work in the beekeeping industry to solve the food
scarcity problem of honey bees during the pollen shortage times.

Materials and methods

The study was conducted at Barani Agriculture Research Institute Chakwal, the experiment
was conducted on randomly selected colonies. The current study was performed with fifteen
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honey bee (Apis mellifera) colonies from June to October 2020. These colonies were equally
divided into five groups of three colonies of each, which were kept in the Langstroth hive.
Honey bee colonies with no clinical disease sign were used for this study. For consistency, each
colony contained an equal size population, unsealed and sealed worker broods, pollen area,
and honey frame. All colonies were managed according to recommended practices followed
throughout the experiment.

Preparation of pollen substitute diet and feeding

These pollen substitute diets contained a suitable amount of proteins, carbohydrates, minerals,
and lipids. These products were available at a cheap price in the local market. The following
supplemental diets were prepared.

Diet 1 =150 g (45 g soybean flour + 15 g Brewer’s yeast + 75 g powdered sugar + 7.5 g
skimmed milk + 7.5 g date palm pollen + 200 mL sugar syrup supplement with Vitamin C).

Diet 2 = 150 g (60 g soybean flour + 30 g Brewer’s yeast + 60 g powdered sugar + 200 mL sugar
syrup).

Diet 3 = 150 g (45 g maize flour + 30 g Brewer’s yeast + 75 g powdered sugar + 200 mL sugar
syrup).

Diet 4 = 150 g (60 Germinated pea flour + 30 g Brewer’s yeast + 60 g powdered sugar + 200
mL sugar syrup).

Diet 5 = Control (1 liter of 50% sugar syrup).

The mixture of various supplemental diets and sugar syrup were prepared separately and
were mixed thoroughly in a dough maker (Hobart dough mixer, model A200) to make a
smooth patty. All supplemental diets were stuffed in patties that were directly placed on brood
frames and covered with a plastic sheet to avoid drying. Patties were prepared freshly and each
experimental colony received 100 grams of each supplemental diet at 7 days intervals till the
end of the experiment. While those honey bee colonies that did not feed on pollen substitute
diets were considered as a control. However, the control group received a one-liter sugar solu-
tion (1:1 with water) per week to prevent the starvation of bees. The following parameters were
measured to check the efficiency of pollen substitutes on colony health.

Diet consumption

The amount of supplement diet consumption was measured as a difference between the fresh
weight of the supplemental diet and the weight of the remaining diet one week after provision
to the colony (g per colony) (Patties consumption = beginning patty weight-ending patty
weight). The total food consumed by each group was also calculated at the end of the experi-
ment. Pollen traps were mounted at the entrance of each hive to encourage bees to consume
the maximum quantity of pollen substitute diets.

Foraging activity and pollen weight
The foraging activity was measured visually at the hive entrance to count the number of bees
return to their respective hive with and without corbicular pollen loads over the 15 minutes

between the hours of 9:00 AM, 12:00 PM, and 15:00 PM. The quantity of pollen collected by
each colony was estimated by weighing the content of the pollen traps every week.
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Worker sealed brood area

The capped worker brood area was measured after every 12 days with the help of a modified
grid system. The grid consisted of squares with an area of one inch” each [32, 33]. The obtained
values were converted into cm* by multiplying with 6.45 factors [31]. The grid was placed on
the brood frame area, and the comb area occupied by the sealed brood was measured.

Honey bee population strength

The mean honey bee population was measured by the number of frames covered with bees
[34]. The adult honey bee population was estimated after every 12 days by measuring the total
number of frames entirely covered by bees. A fully covered frame from each side was consid-
ered to be two thousand bees based on earlier assessment.

Honey production

At the end of the flowering season, the honey yield was estimated by the weight of the comb
before and after the honey extraction process [35]. The weight difference of comb is consid-
ered as harvestable honey per colony.

Statistical analysis

The total amount of patty consumed, foraging activity, pollen weight, sealed worker brood
area, honey bee population, and honey yield data were compared across the treatments. The
results were calculated as (Mean + Standard Error) by SPSS software (version 26) according to
the analysis of variance (ANOVA). The graphs were made using GraphPad Prism software
(version 7.03). The significant difference was estimated using Student’s ¢-test between two
groups, and one-way ANOVA was used to test a statistically significant difference between
more than two groups. Further, the Tukey post-hoc test was performed for multiple compari-
sons between groups at the 0.05 level.

Results

Supplemental diet consumption

There was a statistically significant difference observed between the various supplement diet
consumption over the time of observation (F (3,188) = 129.479, P = 0.001). Honey bee con-
sumed a significantly higher amount of Diet 1 (106 + 2.16 g) in comparison to Diet 3

(73.79 £ 1.73 g) and Diet 4 (68.43 + 1.38 g), respectively (Fig 1A). Hence, there was no signifi-
cant difference observed between Diet 1 and Diet 2 consumption (Table 1). Further, honey
bee colonies consumed maximum Diet 1 (131.33 + 1.86 g) followed by Diet 2 (112.33 £ 6.17
g), Diet 3 (93.67 + 4.66 g), and Diet 4 (83.33 + 1.85 g) per week, respectively (Fig 1B).

Foraging effort and pollen load

Foraging effort was recorded by the number of bees returned to their respective colony with
corbicular pollen (Fig 2A and 2B). Multiple comparisons confirmed that foraging effort dif-
fered significantly between the diets at 9:00 AM as an observation period (F (4,75) = 31.830,

P =0.001). Similarly, a significant difference between the diets at “12:00 PM” (F (4,75) =
40.554, P = 0.001) and at “15:00 PM” (F (4,75) = 41.515, P = 0.001) were found (Fig 2A). The
maximum number of honey bees with pollen were observed in the case of Diet 1

(76.33 £ 3.92), and a smaller number of bees were observed in control (33.33 + 1.67) per week
(Fig 2B).
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Fig 1. Mean weight (g) of supplement diet consumed by honey bee colonies in each treatment. (A), the maximum

weight (shows as mean =+ standard error) of diet consumption by honeybee colonies over the time of observation. (B),

the maximum weight (shows as mean + standard error) of various diets consumed by honey bee colony per week. The
different small letter within each data represents statistically significant differences (p<0.05).

https://doi.org/10.1371/journal.pone.0258430.9001

The mean collection of pollen weight differed significantly between the diets over the time
of inspection (F (4,235) = 330.178, P = 0.001). The highest pollen weight (77.94 + 0.94 g) was
detected by the use of Diet 1 in comparison to other diets, whereas the less pollen weight
(25.48 + 0.80 g) in control (Fig 2C). Similarly, the maximum pollen weight was recorded by
the consumption of Diet 1 (88.67 + 5.55 g/colony) and less weight of pollen per colony was
detected in control (19.00 + 0.58 g) per week (Fig 2D).

Worker sealed brood area

The worker-sealed brood area differed significantly between the consumption of various diets
(F (4,115) = 955.214, P = 0.001). The maximum sealed brood area was observed in the con-
sumption of Diet 1 (2277. 29 + 28.68 cm?), whereas less brood area was detected in control
(843.95 + 10.79 cm?) over the time of observation (Fig 3A). The sealed brood area was signifi-
cantly higher after the consumption of Diet 1 (2333.33 cm?) followed by other diets, and less
sealed brood was found in control (749.67 cm?) over the twelve days intervals (Fig 3B).

Honey bee population density

The impact of various supplemental diets on comb covered with bees were described in (Fig
4). The number of frames covered with bees differed significantly by consuming various diets

Table 1. Effect of various supplemental diets on honeybee health and colony performance.

Treatment Diet consumption (g/ Pollen weight (g/ Worker sealed brood area Honey bee population (frames/ Honey yield (kg/
colony) colony) (cm2) colony) colony)

Mean = S. Error Mean + S. Error Mean + S. Error Mean = S. Error Mean = S. Error
Diet 1 106.08 + 2.15a 7794+ 094 a 2277.29 + 28.67 a 1454+ 0.21a 13.00+1.15a
Diet 2 101.86 + 1.34a 60.02 £ 1.00 b 1883.79 £ 1341 b 11.95+0.16 b 9.67 £ 0.88 b
Diet 3 73.79£1.73b 54.85+1.63 ¢ 1747.58 £ 7.11 c 10.92+0.17 ¢ 7.67 +£1.45c
Diet 4 68.44+1.38b 38.79+0.98d 1452 £ 18.17d 8.58+0.18d 5.33+0.33d
Diet 5 _ 2548+0.79¢ 843.96 +10.79 ¢ 6.5+0.19e 333+0.67e

The different small letter within each column represents statistically significant differences (p<0.05).

https://doi.org/10.1371/journal.pone.0258430.t001
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(F (4,115) = 285.507, P = 0.001). The mean number of frames covered with bees were signifi-
cantly higher in the case of Diet 1 (14.55 + 0.21) compared to other diets, whereas the number
of bee frames were (6.5 £ 0.19) smaller in control groups (Fig 4A). The maximum number of
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Fig 3. The worker sealed brood area (shows as mean + standard error) recorded after the consumption of various
diets. (A), the mean sealed brood area over the time of observation. (B), the mean sealed brood area after each twelve
days intervals. The different small letter within each data represents statistically significant differences (p<0.05).

https://doi.org/10.1371/journal.pone.0258430.9003
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bee frames were recorded after the consumption of Diet 1 (15.67 + 0.33), whereas the lower
number of frames with bees were found in control (5.67 + 0.33) over the twelve days intervals
(Fig 4B).

Honey yield

The amount of honey yield per colony after the consumption of various diet was analysed (Fig
5). Honey yield differed significantly after the use of various diets among honey bee colonies
(F (4,10) = 14.804, P = 0.001).

The highest honey yield per colony was found in Diet 1 (13.00 + 1.15 kg/colony) and Diet 2
(9.67 + 0.88 kg/colony), and low yield was detected in control that was 3.33 + 0.67 kg colony™*

(Table 1).
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Fig 5. The amount of honey yield (shows as mean + standard error) per colony was recorded after the
consumption of various diets. The different small letter within each data represents statistically significant differences
(p<0.05).

https://doi.org/10.1371/journal.pone.0258430.g005
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Discussion

In this study, we compared the effect of various supplementary diets on honey bee health and
colony development. Our result revealed that supplement diets have a significant impact on
foraging effort and pollen collection (Table 1). The mean weight of bee collected pollen
trapped at the colony entrance was considered a direct assessment of foraging success. The
annual availability of pollen for bee colonies varies according to variation in floral sources and
population density of bee colonies. The adequate flora of honey bee interest is not available
throughout the year, so the provision of artificial pollen supplements and pollen substitutes
have been used to maintain the strength of bee colony by increasing brood area and longevity
of bees [36]. While these supplemental diets and pollen substitutes may represent a temporary
solution to prevent bee losses in unfavorable foraging situations but it cannot possibly be sus-
tained as a long-term solution in a pollen dearth period.

Further, the consumption of a supplemental diet increased the worker-sealed brood area,
honey bee population density, and honey yield compared to control groups (Table 1). Sihag
and Gupta [37], Lamontagne-Drolet, Samson-Robert [38], and Islam, Mahmood [39] reported
a similar result that the surface of sealed brood area was increased after the consumption of
various supplements and pollen substitutes by honey bees. Similarly, Abd El-Wahab, Ghania
[31] represented the same results that sealed brood area increased in supplementarily fed bee
colonies in relation to un-fed bee colonies. DeGrandi-Hoffman, Wardell [34, 39, 40] revealed
that supplemental diets increased the population density in comparison to the non-supple-
mented control group. Honey yield also increased significantly in those bee colonies which fed
on supplemental diets than the control colonies that fed only sugar syrup [26, 31, 39]. All sup-
plemental diets tests here were not equally effective in stimulating the various biological activi-
ties of honey bee colonies. However, Huang [41] and Amro, Omar [42] documented that
honey bee usually prefers natural pollen as compared to pollen substitute diets.

Generally, supplemental diets led to a higher amount of protein contents in the bee in com-
parison to control bee colonies, regardless of the existence of bee pollen trap. Expectedly, bee
colonies with the absence of pollen traps contain a higher amount of protein content as they
were able to use both natural pollen and supplemental diets. However, supplemented bee colo-
nies which were restricted to consume natural pollen also had more protein content as com-
pared to control.

Our inferences regarding supplemental diet consumption are limited because most of the
bee colonies used various amount of diet quantity per week. Therefore, we cannot determine
the exact amount of supplemental diet consumed by each bee colony on a daily basis. We also
do not know how bees use different supplemental protein diets.

Additionally, more field studies are needed to determine the effect of these supplemental
diets on honey bee health and colony performance. This study may help the beekeepers to
design more appropriate food materials, that minimize waste and increase the nutritional
intake of their bee colonies.

Conclusions

We concluded that supplemental diets have a great impact on honey bee health and colony
developmental parameters. Honey bee colonies have a significantly higher amount of pollen
load, worker-sealed brood area, population density, and honey yield after the consumption of
diet supplements than the control group. However, Diet 1 (45 g soybean flour + 15 g Brewer’s
yeast + 75 g powdered sugar + 7.5 g skimmed milk + 7.5 g date palm pollen + 200 mL sugar
syrup supplement with Vitamin C) had a significant impact on honey bee colony developmen-
tal parameters followed by Diet 2, Diet 3, Diet 4, and control, respectively. The present study
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highlights the importance of supplemental diets for the honey bee colonies when the pollens
are not available in sufficient amount. Further studies are needed to investigate the effect of
these supplements on various physiological parameters of honey bee races during different
environmental conditions.
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