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ABSTRACT

THERMODYNAMIC ASSESSMENT OF THE IMPACT OF THE CLIMATE
CHANGE ON HONEYBEES

Honeybees are among the most sensitive biological species to the changes in environmental
conditions. Since pollination is necessary for the cultivation of more than 75 per cent of the
crops used directly by the people worldwide, any injury to the honeybee population due to
the climate change may jeopardize the food security. Therefore, thermodynamic parameters
which are implemented on the honeybees under the prevailing environmental conditions and
which may be implemented in the case of an anticipated temperature change are assessed.
Work performance and entropy generation by the honeybees while resting, foraging for
nutrients outside of the hive and fanning the hive are assessed based on sucrose metabolism.
The minimum entropy generation accounted was 1.2 X107 W/g honeybee K while the 1-7 h
old young honeybees were resting under atmospheric pressure with 0.5 M of sucrose supply
at 15 pl/min flow rate in the hive. The maximum entropy generation, 7.2 x10°W/g honeybee
K, was accounted during foraging at 35°C at shade with 0.5 M of unlimited sucrose supply.
With 3,000 honeybees, work performance was 3.17 kJ/kg dry air, heat generation was 4.44
kJ/kg dry air and the entropy generation is 161.6 W/g honeybee K while raising the
temperature of the hive by 1°C. On the other hand, they have to perform 4.5 kJ/kg dry air of
work, generate 7.27 kJ/kg dry air of heat and 308.9 W/g honeybee K of entropy to reduce
the temperature of the hive by 1°C. The results show that during cooling by 1°C the honey
bees performed 1.4 folds of work and generated 1.9 folds of entropy when compared to that
of heating by 1°C, implying that global warming may create 90 per cent more entropy stress

on the honeybees, when compared to that of a potential global cooling.



OZET

BAL ARILARI UZERINDE iKLiM DEGISIKLiGIiNiN ETKIiLERININ
TERMODINAMIK DEGERLENDIRMESI

Bal arilar1 ¢evresel kosullardaki degisimlere en hassas biyolojik tiirler arasindadir. Diinya
genelinde dogrudan insanlarin kullandigi ekinlerin ylizde 75'inden fazlasinin yetistirilmesi
i¢in tozlagma gerekli oldugundan, iklim degisikliginden dolay1 bal aris1 popiilasyonununda
meydana gelecek herhangi bir zarar, gida gilivenligini tehlikeye atabilir. Bu nedenle, mevcut
cevresel sartlar altinda bal arilarini etkileyen ve 6n goriilen bir sicaklik degisimi durumunda,
bal arilarina etki eden termodinamik parametreler degerlendirilir. Dinlenme sirasinda ve
kovanin disinda yiyecek toplama ve kovanin havalandirilmas: siiresince, bal arilarmin is
performansi ve entropi {iretimi sakaroz metabolizmasina dayanarak degerlendirildi. (1-7
saatlik) geng bal arilar1 kovanda 15 pl/dk akis hizinda 0.5 M sakaroz kaynagi ile atmosferik
basing altinda dinlenirken,minimum entropi iiretimi 1.2 x 107 W/g bal aris1 K olarak
hesaplandi. Maksimum entropi iiretimi 7.2 x 10 W/g bal aris1 K, 0.5 M sinirsiz sakkaroz
akist ile 35°C'de golgede besin toplama sirasinda hesaplandi. 3000 bal aris ile, kovanin
sicakligi 1°C'ye yiikseltilirken, is performansi 3,17 kJ/Kg kuru hava, 1s1 tiretimi 4,44 kJ/kg
kuru hava ve entropi tiretimi 161.6 W/g bal aris1 K. Diger taraftan, kovanin sicakligini 1°C
azaltmak i¢in, 4.5 kJ/kg kuru hava is yapmak zorundadirlar,7.27 kJ/kg 1s1 ve 308,9 W/g bal
arist K entropisi iretmelidirler. Sonuglar, 1°C'de sogutma sirasinda, bal arilarinin 1.4 kat is
yaptigini ve 1°C'de isitma ile karsilastirildiginda 1.9 kat entropi irettigini ve Kkiiresel
1sinmanin, potansiyel bir kiiresel sogumayla kiyaslandiginda, bal arilarina yiizde 90 daha

fazla entropi stresi yaratabilecegini gostermektedir.
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1. INTRODUCTION

1.1. ENVIRONMENTAL SUSTAINABILITY, GREENHOUSE GASES AND
GLOBAL WARMING

Environmental sustainability may be described as a situation of resilience, interconnection,
and balance that enables human society to fulfil its requirements without exceeding the
capability of its assistant ecosystems and diminishing its biological diversity [1]. The
greatest essential element of the environmental structure is biological diversity [2]. Under
the prevailing environmental circumstances biodiversity is decreasing because of intense
livestock farming, agriculture, and logging [3]. We may include the honeybees to the living
beings which are negatively influenced by the changes occurring in the environmental

infrastructure.

“Greenhouse effect” is among the major causes of the changes occurring in the
environmental infrastructure and the subsequent global climate change. The trapping of heat
by the greenhouse gases (GHG) such as carbon dioxide, methane, water vapor, ozone and
nitrous oxide in the atmosphere causes that. The GHGs increase in the atmosphere by
anthropogenic activities. They absorb heat radiated from the surface of the Earth and the
lower atmosphere and then radiate majority of the energy back to the surface [4]. The natural
processes, which might renovate the balance, take a long time compared to the rates at which
human actions are interpolating CO- to the atmosphere and thus, the extra CO> from fossil
fuel burning and destroying forest changed the balance of the carbon cycle. Consequently,
human activities lead to amasses a substantial fraction of the CO, emission in the atmosphere
and continue for thousands of years [5]. When concentrations of heat trapping greenhouse
gases upsurge in the atmosphere, Earth’s natural greenhouse impact causes the increase of
the surface temperatures. NASA (2018)[6] estimates that the global surface temperature of
the earth has increased by 1°C between 1880 and 2016. The upsurge in the average global
temperature; alters in cloud and precipitation mainly over land; glaciers and melting of ice
caps and increases in ocean temperatures and ocean acidity because of absorption of carbon
dioxide and heat by the seawater from the atmosphere and diminished snow cover [7]. In

some circumstances, increases the yields or hotter weather increased amount of CO> could



enables crop growth; while yields diminish above an optimum temperature that change by
crop and crops fully-grown beneath high amount of CO; yield lack of nutrients like Zn, Fe,
and protein. Moreover, hotter weather causes pests, weeds, and parasites to grow; extreme
climate are often damaging to farmland, crops, and livestock the increasing ocean levels may
erode and salinize the croplands [8].

1.2. THE TIMELINE OF GLOBAL WARMING

Climate change, global warming, and greenhouse gas emissions are among the most
important issues, which affect environment negatively in the recent years. The climate
change shows different effects. According to evidence, throughout earth’s history, various
global climate changes, which were much higher than those inhabited in current, have

occurred [9].

In the 1980s, according to the record written in ice cores, the earth had frequently
experienced sudden and dramatic swings in temperature. Since then, a detailed picture of
past 800,000 years has been put. There are significantly interrelation between temperature,
CO: levels and sea levels: all rising and falling parallel each other, almost in lockstep [10].
Figure 1.1 represents that correlation between ocean surface temperature, sea level,

greenhouse gas concentrations, and anthropogenic CO2 emissions.
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Figure 1.1. The complex correlation between the observations and the emissions.
Observations: (a) According to the average over the period 1986 to 2005, ocean surface

temperature variances and annually and globally averaged collective land. (b) According to



the average over the period 1986 to 2005 in the longest-running dataset, annually and
globally averaged sea level change. Altogether datasets are settled as the similar rate in
1993 that is the first year of satellite altimetry data showed with red. (c) Atmospheric
concentrations of the greenhouse gases such as N2O with showed red, CH4 showed with
orange, and CO> showed with green. Indicators: (d) Global anthropogenic CO, emissions
and cumulative emissions of CO> are displayed on the right hand side, as bars and
whiskers, respectively. In panel c, the global impacts of the accumulation of CH4 and N2O
emissions are represented. Greenhouse gas emission data which were obtained over the
period 1970 to 2010 [11].

Mann al. et [12] have analyzed the spatiotemporal patterns of climate change over the past
500 years, and then took an pragmatic methodology to estimate the correlation between
global temperature changes, differences in volcanic aerosols, solar irradiance and
greenhouse-gas concentrations during the same period, using these statistically verifiable
yearly global temperature reconstructions. In Figure 1.2, they have put forth the relationships

of Northern Hemisphere mean (NH) temperature with three candidate forcing between 1610

and 1995.
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Figure 1.2. Relationships of Northern Hemisphere (NH) mean temperature with three

candidate forcing between 1610 and 1995. Panels, as follows: ‘NH’, reconstructed NH

temperature series, which were obtained between 1610 and 1980, updated with

instrumental data, which obtained between 1981, and 95. ‘Solar’ indicates reconstructed




solar irradiance and atmospheric CO2 measurements presents ‘log CO>’, greenhouse gases.
‘DVI’ shows weighted volcanic dust veil index. Evolving multivariate correlation of NH
series with the three forcing such as NH, Solar, and logCO: is represented by bottom panel.
Horizontal dashed lines show one-sided (positive) 90 per cent, 95 per cent, 99 per cent
meaning levels for correlations with solar irradiance and CO., while the horizontal dotted
line show one-sided (negative) 90 per cent meaning threshold for connections with the
DVI series. The gray bars display two difference 200-year windows of data, with the long-

dashed vertical lines representing the center of the conforming window[12] .

According to records, global average temperature has enhanced at a rate of 0.70-0.75°C per
100 years during 1910-2009. In other words, The Industrial Revolution has cause the earth
to warm more than 0.8°C. It means that we will have to face a serious condition where less
than 1.2°C warming is acceptable in the future, if 2°C is higher than pre-industrial grade,
which is a threshold of climate “safety”. In accordance with climate system concept, global
temperature change and the alters of other climate system components (rise in the global
average sea level, permafrost degradation and melting of ice and snow) eventuate global

warming [13].

Even though there are many different records regarding earth surface temperature, the United
Nations’ Intergovernmental Panel on Climate Change (the IPCC) history is most quoted.
Two unrelated periods of warming are presented in Figure 1.3 and one of them
approximately from 1910 through 1945 and another that started rather abruptly around 1975
and ended in 1998. The rates of warming of the two periods are statistically indiscernible
[14].
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Figure 1.3. Average global surface temperature anomalies over the period 1900 to 2007
[14].

The spatial and periodic features of global temperatures variants support observationally the
hypothesis of global warming depending on the upsurge of CO2 in the atmosphere since the
mid-20". Besides, the increase of GHGs concentrations in the atmosphere forces climate
models, therefore, it can reproduced climate warming over the past 30 years. Over the last
hundred years, however, only the increase of concentrations drives climate models and they
could not augment the warming in the 1940s and cooling in the period of 1950-1970 [15].

According to a global assessment of data since 1970 of IPCC [16], anthropogenic warming
has had a visible impact on diverse physical and biological systems. Even though some are
hard to distinguish because of conformation and drivers of non-climatic, other impacts of
regional climate changes on natural human surroundings are evolving. However, more

specific information related to a varied range of systems and lines about the nature of



upcoming impacts, containing for some places not implicated in earlier valuations exists. sea
Effects owing to changed periodicity and fierceness of phenomenal weather, sea level and,
climate incidents have potential to alter. Some extensive climate incidents have significantly
effects on environment, especially after the 21% century. The locations of important alters in
data physical system over the period 1970-2004 are represented in Figure 1.4.
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Figure 1.4. Locations of significant changes in data series of physical systems and
biological systems, with surface temperature changes over the period 1970 and 2004.

These encountered the next standards: (i) ending in 1990 or later; (ii) spanning a period of



at least 20 years; and (iii) displaying a major amendment in either aspect, as considered in
individualistic studies. Enough observational climate data in order that a temperature tend
are esitimated are not included by white parts. The total number of data series with
meaning variations (top row) and the percentage of those consistent with warming (bottom
row) is shown by the 2 x 2 boxes show for (i) continental regions: Latin America
represented by LA , North America represented by NAM, Europe represented by (EUR),
Asia represented by AS, Africa represented by AFR, Australia and Polar Regions
represented by PR; and New Zealand represented by ANZ, and (ii) global scale: Global
represented by GLO, Terrestrial represented by TER and Marine and Freshwater
represented by MFW [17].

Although, before, the 20" century, impacts of global warming were well under control at the
beginning of the current century, the situation got worsen. New industries and powerhouse
resulted in the increase in impacts of global warming because they started operation and
emitted dangerous gases, which cause the earth to heat up. Figures 1.5 and 1.6 shows the

risks and impacts of global warming in years to come [18].
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differentiate effects on biological indicated with green, human indicated with red systems,
and physical indicated with blue [19].

According to data, when assessed the past hundred years, the warmest decade has occurred
in the recent 10 years, though the inclination of global warming has almost halted since 1999.

Figure 1.7 represent the temperature anomalies between 1975 and 2010 [20].
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Figure 1.7. Global mean temperature abnormalities between 1961and 1990 indicated by

gray, global mean temperature anomalies after removing the impact of El Nifio Southern

Oscillation known as ENSO indicated by blue, and temperature inclination of 1999-2008
indicated by red color [20].
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In the recent 100 years, the surface temperature has become warmer by approximately 1.0°C
(1.8°F) is represented by the measurements and analysis of earth’s surface temperature.
Figure 1.8 represents the mean annual temperature measurement of 150 years (from 1850 to
2008). Indications of atmospheric temperature made at weather situations were combined
with indications of sea temperature in order that average annual temperature for the whole
globe is produced. The graph displays a gradual upsurge in temperature varied between
almost -0.5°C and +0.5°C which represent a minimum and maximum abnormality,
respectively. In the graph, displays a stable upsurge in surface temperature between 1860
and 1910 and a prompt upsurge between 1910 and 1945, steadying for approximately 3
decades and the upsurges rapidly over after 1975. In the recent two decades, the global
average temperature has been rising by 0.1°C per decade, with 2005, which was the warmest
year on record. Urban heat island effect, meaning the impacts of huge population centers on
the global average temperature, are calculated and modified for; on the other hand, this is
responsible for less than 15 per cent of the detected global warming. Global warming is not
persistent on the earth, also in time and in space; high latitude districts commonly become
warmer than low latitude districts. Years of cooler temperature entrenched within the
warming inclination have been experienced by wholly districts of the earth. A chaotic
characteristic of climate change and global warming is indicated by the observed spatial and

time-based abnormality in global warming [21].
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Figure 1.8. By combination of atmospheric temperature which were gauged at whether
events on mainland and sea temperature, which were gauged along ship routes on the
oceans, global, mean annual temperature were obtained. This time sequences is the
straight, instrumental data of global warming between 1850 and 2008 and the year 2007
was record as the year which the increase of global temperature was constant between the
eight warmest year ; 2005, 2003, 2002, 2004, 2006, 2001 and 1998 [21].

Scientists predict that additional the upsurges in greenhouse gas level this century will
partake a largely warming effect on the climate, for climate change after 50 or 100 years
from now. However, it is hard to say how potent the impact will occur. As a result of
greenhouse gas emissions, a strong warming will happen in the mid- layer of the atmosphere
over the topics, and this has not been detected in data to date. If it happens, although local

impacts in specific districts are too hard to forecast dependably, climate change can influence
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snow tends, sea levels, precipitation and, ice, storminess, and numerous other climate

features [9].

It is predicted that the upsurges in global average temperature surpassing 1.5-2.5°C and in
contaminant concentration of atmospheric carbon dioxide will result in be important
changes in ecosystem infrastructure and role, species’ ecological interactions, and species’
geographical varieties, with commonly negative results for ecosystem and biodiversity;
services and goods like food supply and water [17].

1.3. HONEYBEE COLONY

Western honeybee, Apis mellifera, lives in a large geographical area extending through
Africa, Europe and Western Asia [22]. Colony of honeybees contains a single queen,
hundreds of male drones and 20,000 to 80,000 female worker bees, developing eggs, larvae
and pupae. The queen is responsible for laying the eggs and producing the colony [23].
Development of the castes of the colony occurs during transition through egg, larva, pupa
and adult stages. The larval stage is the feeding time, where the bee grows tremendously in
size and gains weight. The unfertilized eggs transform into drones [24]. When the eggs hatch,
all the female larvae are fed with royal jelly, made by the worker bees by chewing pollen
and honey. The worker bees are fed with the royal jelly only for three days, the larvae, which
are chosen to develop into queen are continued to be fed with the royal jelly in the
forthcoming days too [25-27]. The larvae spin their cocoons and change into pupae after the
adult workers cap their cells [28]. The pupal stage is a phase of metamorphosis, where
transformation is completed and the brood become adults. The immature adults chew their
way out of the cells and finish their development during the next few days. The whole
process from egg to adult may take about 16 days for queens, 21 days for workers and 24
days for drones [29]. Workers clean the colony, regulate its temperature, forage for nectar,
pollen, water and propolis, and also find new homes for a swarm when needed, develop
stinging mechanisms, dance languages, convert nectar into honey and defend the hive from
all improper intrusion, destroy the drones after mating, kill and remove the unnecessary
queens and remove the old worker bees from the colony [30]. Propolis, also called the bee
glue, is a resinous mixture collected from the trees or other plants and used to seal the

unwanted open spaces in the hive. Workers typically live 3-6 weeks during the spring and
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the summer and may live about four months during the winter. When a virgin queen mates
with a drone on a mating flight the fertilized eggs transform into females [31]. Queens
normally live less than a year in the commercial hives. Estimates of average life span for
drones vary from about 20 to 40 days [32]. Figure 1.9 shows the castes of the honeybee
colony.

Figure 1.9. Castes of the honeybee colony, Apis mellifera

1.4. THE BEHAVIOR OF HONEYBEES THROUGHOUT A YEAR

The activity of the honeybees starts in the beginning of spring relying on the temperature. If
the weather becomes warmer, the days lengthen, and flowers blooms, the queen lays eggs,
and the honeybees start foraging for nectar and pollen from early flowers [33]. Late in spring,
brood of honeybee larvae and its population size increase.
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Between the spring and early summer, which encourages the fresh colony to become
enormous in order to keep sufficient honey in reserve throughout summer and autumn to
prepare the colony through winter conditions, honeybee colony swarm to reproduce itself,
as different from reproduction of individuals within the colony. Therefore, honeybees
maintain the survival of species. By swarming which is generally a properties of colonies

consisting of huge numbers of worker honeybees and an active laying queen [34].

In summer, honeybee colonies must produce a population, which has enough lifespan to
survive during the long winter with substantial variation in temperatures. If the colony is
infected by parasites in summer, or the foraging opportunities are limited due to poor
weather, the colony may be prevented from building up a population with enough lifespan

to survive winter and thus increase the risk of winter loss [35].

Honeybees become stress due to temperatures over 37°C [33], and must maintain the
temperature in the brood area at 35°C to 36°C. When it is warm, The workers fans their
wings to cool the hive using collected water, but if it becomes excessively hot, they hang in

a cluster outside the hive during the day and even in the evening [36].

During summer, they go on collecting pollen, nectar and water and producing honey. They

store honey for the winter season.

During autumn, the population has long-lived "winter" bees, and increases fat bodies, and
protein reserves when brood rearing reduces pollen consumption increases [37]. Winter bees
may live much longer than summer bees because winter bees are not affected by the risk

associated with foraging [32].

In autumn, honeybees regulate the termination of brood rearing, store large amount of honey
for thermoregulation and sufficient protein for late winter and early spring brood-rearing
[38].

During the winter, honeybees muster inside of the hive and terminate their center of the
colony from which they move from time outside actions. They became the form of a tight

cluster at the center of the to time to feed on stored honey [36].

During the winter, when temperature of the hive dips below 18-19°C, workers cluster
become organize and raise their metabolic rate to produce heat. Workers that bring into being

the winter cluster in the brood area dissipated the heat from their thoracic flight muscles.
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When temperature of the hive dews drop from 28°C to 17°C, the metabolic rate of a
honeybee colony increases from 7 to 19 Watt/kg. The “cluster” also constricts when the
temperature changes between -5 and -18°C. Due to the harsh winter circumstances of
temperate climates, numerous honeybee colonies weaken or finally die. As a result, the
reduction in honey production often occurs in the following active season. High honey yields
can be produced by only strong honeybee colonies in temperate and subtropical conditions
[39].

Some of a winter cluster’s honeybees are endothermic, and greatest of these honeybees are
positioned inside the cluster even though these bees are not in prompt danger of freezing or

falling into chill coma [40].

1.5. LIFE OF A WORKER HONEYBEE

Most of the life of a worker honeybee is devoted to foraging for resources outside the hive.
The foragers collect especially nectar and pollen to supply food for the colony, minority of
the foragers also collect water and propolis [41,42]. When a forager finds a new pollen
resource, she communicates with the other workers in the nest through waggle dance to
describe the exact location of food source [43-45]. The bees perform the waggle dance by
making an angle to fly with respect to the sun [46]. After a successful forage, some of the
worker bees perform the waggle dance again for new recruits [47]. Returning foragers carry
pollen to the colony on the outside of their body, packed onto special structures, corbiculae,
of their hind legs and deposit their loads directly into wax cells situated around the brood
rearing areas of the nest [48]. Nurse bees help incubating the brood and preparing the brood
cells, and then they feed the raising larvae with bee bread and the older larvae with a mixture
of honey and pollen [49]. Beebread is made of pollen mixed with digestive enzymes and

preserved with honey and bee wax.

When the foraging honeybees visit flowers to collect pollen, they transport it from a
pollinator to a flower and enable their reproduction [50]. Pollination of flowers is a crucial
step in the sexual reproduction of angiosperms [51]. When foraging, A. mellifera may show
floral constancy represented by repeated visits from a pollinator to flowers [52]. Insect
pollination is necessary for 75 per cent of the crops used directly by the people worldwide,

including sunflower, grapes, almond, olive, spices, apple, apricot, avocado, water melon,
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kiwifruit, peach, cotton, orange, eggplant, chestnut and many others [53]. Pollination is
among the most important ecosystem processes facilitating plant fertilization [54]. Although
honeybee is the most effective pollinator in the open field, it is not a suitable pollinator for
winter-fruit production in the greenhouses, since it is affected by irregular heating,
insufficient pollen production, low temperature and low light intensity [55]. However,
modern studies show that synchronization of pollinator activity and flowering may be

affected by climate change [56].

1.6. THE RATE OF METABOLISM AND HEAT AND MASS EXCHANGE OF A
THERMOREGULATING HONEYBEE

An organism is called ectothermic, if it lacks an internal mechanism for regulating body
heat, therefore its body temperature would be close to that of the environment. An
endothermic organism, on the other hand, maintains a certain body temperature regardless
of the environmental temperature. The honeybees behave like ectothermic insect when
resting and like an endothermic organism while foraging [57]. While foraging at low
environmental temperatures, they make massive effort to maintain their body temperature
and metabolize larger amounts of sucrose. However, as temperature increases demand for
sucrose decreases and they metabolize smaller amounts of sucrose. Therefore, the rate of the
metabolism of a flying honeybee decreases significantly with rising ambient temperature
[58,59]. The large surface to volume ratio of the body of the honeybee is among the factors
which make the energy demand so high at low temperatures, since the environmental factors,
such as the ambient air temperature, solar radiation and convection[60,61] promote higher
heat and mass transfer rates in such geometry.

Convective heat changes depend on the temperature difference between the ambient
environment and the body; forced convection depends also on the speed of the air [62]. The
foraging honeybees may thermoregulate actively by decreasing their mechanical power
output at high ambient temperatures by changing the kinematic flight variables such as the
wingbeat frequency and stroke amplitude. Honeybees flying at high ambient temperatures
may increase the efficiency of conservation of metabolic and mechanical power by changing
their flight behaviors that could potentially affect their work performance and the subsequent

metabolic rate [59]. During foraging at elevated air temperatures, water produced by the
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metabolic activity is evaporated, since it removes heat from the honeybees and prevents
overheating [62]. The rate of evaporation of water depends on the consumption rate of the

O and the production rate of the CO..

Honeybees maintain high and stable colony temperatures in the hives by coordinated
thermoregulation. Ventilation of the hive by fanning is a social thermoregulatory measure
and also means of accelerating the nectar concentration process [63]. Individual foragers
maintain high flight muscle temperatures by active endothermy. Muscular performance of
the honeybees is impaired below about 28°C of thoracic temperature. Below 12°C of thoracic

temperature chill coma or generalized muscular paralysis develops [64].

1.7. EFFECT OF THE CLIMATE CHANGE ON THE HONEYBEES

To indicate climate change, insects are more useable organisms because of their biological
features: they are little and poikilothermic, thus their thermoregulation and following motion
are strongly influenced by the changeability of the climate [65]. Organisms (such as a frog)
with a variable body temperature that tends to fluctuate with, or slightly higher, than the
temperature of its environment are called poikilothermic or cold-blooded. Climate change is
a global phenomenon which affects every component of the agricultural ecosystem, it
influences the bees and their pollination efficiency at various ways [66]. Anomalous seasons
and climatically variable years on the habitat of the bees change the plant-pollinator
interactions [67]. The population size of the honeybees is affected by the changes in the
temperature, precipitation and the other whether events. Their survival and reproduction are
also affected indirectly via the negative effects on the resource availability and interspecies
interactions [68]. The level of harmony between the genotype and the environment affects
the productivity of the genotypes under the regional conditions [69]. Broods of honeybee
larvae depend on warm temperature to survive and an early spring cold can Kill developing
workers resulting in loss the pollinators for the flowers [70]. If the climate condition becomes
unsuitable for the honeybees, they may move to another more suitable area for their survival
and reproduction. As a result, the plants lose their pollinators [71]. The climate change may
potentially interfere with the plant - pollinator interactions, destabilize the ecosystems and
present severe consequences for the human food security, especially after considering that
more than pollination is necessary for 75 per cent of the crops used directly by the people
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worldwide [53][72]. Ecological cycle is defined as the continuing movement of carbon,
nitrogen, oxygen, water and similar substances, which are important for living, in a self-
regulating mechanism between the earth's crust, the atmosphere and the oceans. Acceleration
or degradation of ecological cycles by human activities can sometimes lead to irreversible
problems in the ecosystem [73]. Therefore, the variety and growth of plants are affected and
decrease of the flowering plant leads to the decline of the honeybee populations. Global
warming increases the temperature of the environment, Ta, where the honeybees live in. As
the average monthly temperature rises, flowers bloom earlier in the spring and cause
honeybees to lose their food resource because of the mismatch in seasonal timing [74,75].
When food availability enhances, the number of ovarioles comprising the ovaries increases.

However, larval food limitation reduces the number of the worker ovarioles [76].

In the present study, honeybees are chosen as an indicator pollinator organism because the
climate change affects the interrelation between the honeybee, its plant environment and
diseases [77]. Since the honeybees contribute to the pollination of numerous agricultural
crops worldwide [78] the climate change will affect the bees first, but then trigger massive
changes including endangering the food safety of the people. Ambient temperature and
moisture, availability and energy of the nutrients and the nutrient energy will affect the heat
and mass exchange rates of the bees with the environment and the laws of the
thermodynamics, which govern the sustainability of their lives. In the present study, impact
of the environmental changes on the thermodynamic properties of the honeybees will be

assessed.
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2. MATERIALS AND METHOD

2.1. PHYSICAL PROPERTIES OF THE HONEYBEES

Average weights of a freshly emerged worker and adult honeybees were 116 [79] and 84 mg

[80], respectively. The volume and surface area of the thorax were expressed as [81]:

Virorax = = 7Rino’ 2.1)
Sthorax = 4mtRtho? (2.2)
2Rthorax = 2.3 mm (2.3)
Dbodypart = [(6/7) Viodypari] /3 (2.4)

where Rino is the radius of the spherically shaped thorax, D is the characteristic dimension
of the body part of interest.

2.2. CALCULATIONS REGARDING METABOLIC ACTIVITY

Sucrose was the major energy source of the honeybees. It was first hydrolysed into glucose
and fructose as described in (2.5), and then fructose and glucose are metabolized as described
in (2.6).

C12H22011aq) + H2Oqgy ——=  CeH1206(q) + CsH1206(q) (2.5)

CeH1206(s) + 602 =  6CO2(g) +6H20() (2.6)
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Equation (2.6) summarizes the energy metabolism, all the calculations of this study are based
on this equation. Experimental data of CO: production rates of the foraging honeybees
provided by Stabentheiner et. al.,(2016) [82] and experimental data of O, consumption rates
of the resting honeybees presented by Stabentheiner et al., (2003) [57] were used to calculate
their rates of metabolism, glucose and sucrose utilization and water generation by referring
to (2.6).

Carbon dioxide and oxygen were assumed ideal gases while carrying out the calculations
presented in Tables 2.1 and 2.2. Energy and entropy generation by the honeybees were
discussed based on (2.6). As expressed by the Hess’s law (Mahan 1969) [83], energy is a
state function, energy difference between two states does not depend on the pathway
followed. The original method used to determine the nutritional calories of foods or their
constituents like sucrose or glucose was measuring directly the energy it produced by
burning it completely in a bomb calorimeter. In the bomb calorimeter, combustion chamber
Is surrounded by water and the resulting rise in water temperature is measured (FAO 2002)
[84]. When the food burned in the bomb calorimeter and utilized in the metabolism produces
the same chemical reactants this method produces reliable results as suggested by the Hess’s
law. Feinman and Fine (2004) [85] after comparing the combustion of glucose and its
utilization in the metabolism state that in the combustion process 60 per cent of the chemical
energy of glucose is wasted with heat, whereas in metabolism it is retained in the cell in the
form of ATP. Mady and de Oliveira (2013) [86] rephrased this observation, as “the fraction
of the exergy of the nutrients retained within the bounds of the ATP in the body was about
60 per cent”.

Enthalpy change in the reaction described by (2.6) under the standard conditions (T=25°C,
P=1 atm) is

Ahnn® = {6Afh°co, + 6Afh°H0} - { Afh°Caniros + 6Ah0, } (2.7)

where, Ath°co. and Afh®n20 represent the enthalpy of formation of products and Ath°Cesni206
and Afh°o. represent the enthalpy of formation of reactants under the standard conditions.

Thermodynamic properties of the chemicals are presented in Table 2.3.
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At temperatures other than those of the standard conditions, enthalpy of formation of the

chemicals were calculated as:

Ahr= Ah®ze+ [, c,dT (2.8)

298

Molar heat capacity over the temperature range of 298 to 308 K was [87]:

¢y (J/mol K) = 5.410 + 0.7173T (2.9)

In the studies regarding water exchange and water balance of animals, it is often necessary
to estimate the metabolic water. Where water intake is usually measured, specifically it is
important to consider this metabolic component along food moisture, as these can greatly
modify the interpretation to be placed on variations in purely fluid intake [88]. Metabolic

water formation is calculated with (2.10):

Metabolic water formed (g) = 0.1998 x liters O, consumed +
0.4692 x liters CO2 produced (2.10)



Table 2.1. Rates of oxygen and water uptake, carbon dioxide and metabolic water
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production
Rate of
Rate of Rate of Rate of CO2 Volume of metabolic
oxygen up water up production 2 water
Ta (K) . take ; consumption
take (g/min) (g/min) (g/min) (u/min), (Ol;tp_u';
g/min

1-7 h old young honeybees resting in the hive at atmospheric pressure with 0.5 M of
sucrose supply with 15 pl/min flow

288 13x10° | 63x107 | 1.7x10° 0.94 7.1x107
298 15x10% | 75x107 | 2.0x10° 112 8.3x 107
308 3.7x10% | 1.9x10° | 51x10° 2.90 2.1x10°
Rate of
Rate of Refsp! Rate of CO2 Volume of metabolic
water up ; CO2
Ta(K) | oxygenup production . water
: take ; consumption
take (g/min) (g/min) (9/min) (u/min), output
(g/min)
Foraging honeybees under the sun shine at atmospheric pressure with 0.5 M of
sucrose supply with 15 pl/min flow rate
288 1.7 x10* 8.6 x10° 2.4 x10% 128.3 9.8 x10°
298 5.8 x10° 2.98 x10° 8.0 x10° 44.6 3.3x10°
308 1.5 x10° 7.99 x10°® 2.1x10° 12.0 8.5 x10®

Foraging honeybees, at shade, under the atmospheric pressure with 0.5 M of sucrose
supply with 15 ul/min flow rate

288

2.2 x10*

1.10 x10*

3.1 x10*

165.2

1.3 x10*

298

1.2 x10*

6.6 x10°

1.7 x10*

98.5

6.9 x10°

Foraging honeybees, under the sun shine at atmospheric pressure with 0.5 M of

unlimited sucrose supply
288 2.4 x10* 1.21 x10* 3.4 x10* 180.5 1.4 x10™
298 2.1 x10% 1.08 x10* 2.2 x10% 162.0 1.2 x10*
308 7.6 x10° 3.99 x10° 1.4 x10* 59.8 4.3 x10°
Foraging honeybees, at shade under the atmospheric pressure with 0.5 M of
unlimited sucrose supply
288 2.2 x10* 1.10 x10* 3.1 x10% 165.2 1.25 x10*
298 2.3 x10% 1.18 x10* 3.2 x10% 176.1 1.3 x10*
308 1.1 x10* 5.8 x10° 1.5 x10* 87.0 6.2 x10°




Table 2.2 Amounts of sucrose hydrolyzed and glucose plus fructose consumed by the

foraging honeybees under the sunshine and shade at 15°C, 25°C and 35°C.

C12H22011 CsH120s6

1-7 h old young honeybees resting in the hive at atmospheric pressure with

0.5 M of sucrose supply with 15 pl/min flow

Ta(K) (mol/min) (g/min) (mol/min) (g/min)
288 6.6 x10° 2.3x10° 6.6 x10° 1.2 x10°©
298 7.6 x10° 2.6 x10°® 7.6 x10°° 1.4 x10®
308 1.9 x10° 6.6 x10°° 1.9 x10°® 3.5x10°

M of sucrose supply with 15 pl/min flow

Foraging honeybees, under the sun shine at atmospheric pressure with 0.5

288 9.05 x107 3.1x10* 9.05 x10”7 1.6 x10*
298 3.038 x10°7 1.04 x10* 3.038 x10°7 5.5 x10°
308 7.89 x10°8 2.7 x10° 7.89 x10°8 1.4 x10°

of sucrose supply with 15 pl/min flow rate

Foraging honeybees, at shade, under the atmospheric pressure with 0.5 M

288

1.165 x10°®

3.9 x10*

1.165 x10°®

2.1 x10*

298

6.375 x107’

2.2 x10*

6.375 x107’

1.2 x10*

M of unlimited sucrose supply

Foraging honeybees, under the sun shine at atmospheric pressure with 0.5

288 1.273 x108 4.4 x10™ 1.273 x10°® 2.3 x10*
298 1.104 x10°8 3.8 x10™* 1.104 x10® 1.9 x10*
308 3.945 x1077 1.4 x10™* 3.945 x1077 7.1 x10°

of unlimited sucrose supply

Foraging honeybees, at shade under the atmospheric pressure with 0.5 M

288 1.166 x10°® 3.9 x10* 1.166 x10°® 2.1 x10*
298 1.201 x10°® 4.1 x10* 1.201 x10° 2.2 x10*
308 5.738 X107’ 1.9 x10* 5.738 X107’ 1.0 x10*




Table 2.3. Thermodynamic properties of the chemical

Thermodynamic properties of the chemicals, enthalpies of glucose, O2
,CO2, and H20 at 1 atm (adapted from Kuddusi, 2015)[89]

chemical hl_ro (kJ/kmol) haogk (KI/kmol) | h3iox (kKI/kmol)
CsH1206 -1260 x 103 - -
O2 0 - -
H20 -241820 9904 10302
COgq, -393520 9364 9807

Thermodynamic properties of the chemicals, enthalpies of CO2, H20 and
O.at 1 atm [90]

Ta (K) | hcoz(kJ/kmol) hrzo(kJ/kmol) hoz(kJ/kmol)
288 9044 9564 8384
298 9364 9904 8682
308 9732 10235 8971

Enthalpy of formation of glucose, CO2 and H20 at 1 atm, 298 K (data has
been adapted from Kabo (2013) [87]).

chemical | - Ath®mxn (kJ/mol)
CsH1206 1273.94

CO: 393.51

H.O 285.83

Enthalpy change of the sucrose hydrolysis reaction at 1 atm; data has been
adapted from Goldberg (1989) [91].

Ta(K) - Ahrxn (kJ/moI)
288 -
298 14.946
308 14.372
Entropies of glucose, Oz, CO2and H20 at 1 atm (adapted from Kuddusi,
2015 [70].
chemical Si”
CeH1206 212
(298K)
02 (298K) 218.02
H>O(310K) 240.4
CO(310K) 215.5
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According to Stabentheiner and Kovac (2014) [92], the total amount of sucrose by the
foraging honeybees with supply 1.5 M of unlimited sucrose flow in 6 hours was calculated.

The amount (mg) imbibed in the shade and under the sunshine were

65.7741 - 0.03975 x Ta and 45.70473 + 0.85964 X Ta, respectively

The amount (mg) imbibed in the shade and under the sunshine were

65.7741 - 0.03975 x Ta and 45.70473 + 0.85964 X Ta, respectively.

2.3. CALCULATION OF THE HEAT TRANSFER TO AND FROM THE
FORAGING HONEYBEES

Heat exchange and the solar radiation exposure rates for the foraging honeybees were
calculated by performing mass and energy balances around the systems described in Figures
Ala and 1b. Parameter hiorax is the coefficient of the forced convection heat transfer from

thorax evaluated from (2.11):

hD/k = 2 + (0.4Rep'? + 0.06Rep?®) Pro4(u/us)¥* (2.11)

This correlation is valid in the Reynolds number (Rep=DpU/p) range of 3.5 to 7.6x10* and
in the Prandtl number range of 0.71 to 380. The changing of Reynolds number with air
velocity at different temperatures is shown in Table 2.5. In (2.11) and (2.12), D is the
diameter of the thorax and Kk, cp, p, and p are the thermal conductivity, specific heat, density
and dynamic viscosity of the air evaluated at the temperature of the surroundings as
presented in Table 2.4. The temperature-dependence correction factor of viscosity p/jis was
1. Parameter U is the speed of the air past the bee. The relation between convection and

conduction heat transfer coefficients during natural convection was:
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hD/k = 2 + 0.589Rap™*[1 + (0.469/Pr)%/16]4° (2.12)

where Rap refers to the Rayleigh number [Rap = g|Tino - Tsur [D¥/(vaTsurr )] and Pr refers to
the Prandtl number (Pr=pcy/K). This correlation is valid when Rap < 10**and Pr>0.7. Values
of the thorax temperature T depends on ambient temperature and adapted from
Stabentheiner and Kovac (2016) [82]. Rayleigh number and hinorax at different conditions are
presented in Table 2.6.

Heat exchange rate of the honeybees with the environment is expressed as:

Q = hA[Ttho - Tsurr] (213)

Incoming long wave radiation (L|) to the honeybees was estimated as (Swinbank, 1963):

L= 6Ta° (2.14)

where, §=5.31 x 10¥ Wm2K™® and T, is the air temperature.

Outgoing long wave radiation (L1) was estimated by using the Stefan-Boltzman relation:

L= oTs* (2.15)

where Tsthe ground surface temperature, ¢ = 5.67x108 Wm2K*

and Ts is the honeybee surface temperature, which is assumed to be the same as the

temperature of the air for a flying honeybee [93].



Table 2.4. Physical properties of air at 1atm

Ta k

CO 1 (kgim.s) o (kegrm)| v (mets) (oo (kg k) VMK pr | g (mss)
15 [1.802 x10° 1.225 |1.47 x10° 1007 0.02476 |0.7323| 2.009 x10°
25 |1.849 x10°| 1.184 |1.562 x107°| 1007 0.02551 [0.7296| 2.141 x10°
85 [1.895x10° 1.145 |[1.655x107° 1007 0.02625 |0.7268| 2.277 x10°

* Prandtl, Reynolds and Rayleigh numbers are calculated with the physical property data adapted from Cengel
[94].

Table 2.5. Variation of hi with air velocity and Reynold numbers

U=0.5 m/s
Ta (K) Re htn
288 78.2 65.6
298 73.6 66.1
308 69.5 66.5
U=1.0 m/s
Ta (K) Re htn
288 156.4 | 85.6
298 | 1473 | 86.0
308 139.0 | 86.4
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Table 2.6. The values of T, h and Rap under the sunshine and at shade at 15, 25 and
35°C

Ta (°C) Rabp htn Th (°C)

Under the sun shine at atmospheric pressure with 0.5

M of sucrose supply with 15 pl/min flow rate

15 33.8 41.3 39.1
25 15.2 38.9 37.7
35 4.0 351 38.9

At shade, under the atmospheric pressure with 0.5 M

of sucrose supply with 15 pl/min flow rate

15 30.7 40.8 36.9
25 14.7 38.7 373
35 - - -

M of unlimited sucrose supply

Under the sun shine at atmospheric pressure with 0.5

15 36.7 41.7 41.1
25 19.0 39.8 40.8
35 5.1 35.9 40.0

of unlimited sucrose supply

At shade under the atmospheric pressure with 0.5 M

15 31.4 40.9 37.4
25 17.3 39.4 395
35 4.0 35.2 38.7
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2.4. FIRST LAW OF THERMODYNAMICS AS APPLIED TO THE HONEYBEES

After assuming that the honeybees were under steady state, the first law of thermodynamics
was applied to the adult honeybees and 1-7 h old young resting as described in (2.16) and
(2.17), respectively:

d[mu)]

> [minhin] - [mouthout] T+ Q-W + 6Taﬁ + GTS4 = dt

(2.16)

d[m@w)]

2 [Miphin] — [Mouchoue] - W = dt (2.17)

the boundaries of this system are described in Figure A.la and 1b. Thermodynamic
properties hin and hout are presented in Table 2.3; Q shows the heat received by the bees,
8Tfand oT,* represent the radiation heat uptake. Variables min referring to oxygen, water,
sucrose, and moyt referring to carbon dioxide and evaporative water are presented in Tables
2.1 and 2.2. Oxygen consumption rates by 1-7 h old young resting honeybees (which were
free to move) were obtained at 15, 25 and 35°C in Warburg vessel as described by
Stabentheiner et al (2003) were presented in Table 2.1.

2.5. VENTILATION OF AIR

The rate of oxygen consumption presented in Table 2.7 was calculated based on the data
presented by Southwick (1987)[95] and then then rates of metabolism during ventilation of
air were calculated like the calculations of metabolic rate of foraging and resting honeybees
by using (2.5), (2.6) and (2.7). The metabolic energy utilized while raising or reducing the
temperature of the hive by 1°C by honeybee was estimated. Psychrometric chart was used in

the calculation of the heat and work generation during cooling and heating of the hive by

cv

3,000 honeybees, where W = — (Ay—H) [96] and y = £ = 1.4 [97].
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Table 2.7. Rates of oxygen uptake, sucrose hydrolysis during ventilation of air

Rate of Volume Rate of
Ta(K) oxygen of oxygen sucrose
uptake | consumption | hydrolysis

(mol/min) (ml/min) (mol/min)

296.89 | 7.76 x1073 18.96 1.29 x10°3
297.36 | 7.82x1073 19.12 1.30 x10°3
297.78 | 7.77 x1073 18.95 1.295 x10°®
298.14 | 7.53x107 18.34 1.26 x10°3

2.6. ENTROPY GENERATION RATE

Organisms eat up high-energy nutrients irreversibly to continue the duration of life, therefore
generate heat and entropy, yet entropy is also transposed into the environment through
numerous waste streams covering heat transfer via the skin and perspiration, in order that
the biological system is maintained at fixed thermal state [98]. Entropy balance during
resting, foraging and fanning around the systems described in Figure A1 may be represented
with (2.18) at 1 atm [99].

(ENS)out = (ENS)in — X2 = ASyen (2.18)

In this equation, N represents mol number of chemicals entering or leaving the system, S is
the entropy per unit mole of i component (i gas in the mixture) (Table 2.3). T is the
temperature of the environment, which means outdoor temperature for foraging honeybees
and temperature of the hive for resting and fanning honeybees, and Q is the heat exchange
with the environment, which is responsible for entropy generation (2.21).

To calculate the heat which is responsible for entropy generation via metabolization of
glucose via (2.6), the same procedure was employed as Kuddusi (2015)[89]. For mol number

of chemicals entering and leaving the system, Tables 2.1, 2.2 and 2.7 (for the mol number



34

of carbon dioxide, water and glucose, the oxygen consumption rate, Table 2.7 was used)
were used. Heat transferred from the body of the honeybee also transfers entropy at the same
time, resulting in entropy generation. In the present study temperatures of the skin and
environment were assumed to be Tskin = 37°C and Tenv = 25°C, respectively. Tenv represents
the temperature of the foods consumed and Tskin represent the temperature of reaction.

Q=Xn,(h7"+h — h‘°)p —Xn (7" +h™—h7) (2.19)

where, np and n; show the mole number of products and reactants, hf‘°, h~and h~" are the

formation enthalpies at the standard conditions (Table 2.3), respectively. Like the heat
engines, a honeybee performs work with the heat generated by its body. Metabolic efficiency
of a honeybee is defined as the ratio of total work obtained from the ATP molecules it
produced in its metabolism and the total heat it generated:

__ Warp __ Total work obtained from ATP molecules (2 20)
o Total heat production(Eq.19) ’
where 11 = 0.34. Heat allocated to entropy generation was
Qentropy = Q (1- 1) (2.21)

Feinman and Fine (2004) [85] and Mady and de Oliveira (2013) suggested that 60 per cent
of the energy extracted from the metabolization of glucose was embedded into the ATP
molecules in the energy metabolism. ATP produced in the energy metabolism is employed
for either work performance or heat generation, here n was 0.34 as suggested by Kuddusi
(2015) [89] . When nj = 0.34, (Eq.20) suggests that for every unit of work performance by
the honeybees, approximately three units of heat is generated. This suggestion is also
consistent with the argument put forward by Hall and Guyton (2016) [100]. When we
consider that the honeybees heat the hive by beating their wings, generating three times heat

of the muscle work seems quite reasonable from the biological point of view.
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3. RESULTS AND DISCUSSION

3.1. RATE OF THE METABOLISM

The foraging honeybees transform the energy of the food into metabolic heat. Metabolic heat
produced by the foraging honeybees under the sunshine with 15 puL/min of 0.5 M of sucrose
supply at 35 °C was the minimum, e.g., 2.0 x10° W/g honeybee; and under the same
conditions at 15 °C the maximum, e.g., 0.032 W/g honeybee (Table 3.1). At shade, at 35°C
with 0.5 M of sucrose supply with 15 pl/min flow rate, the foraging honeybees neither
performed any activity, including carbon dioxide production nor made an attempt to change
the T. The foraging honeybees consume sucrose to keep their Tt higher than Ta; therefore,
need more sucrose at low (Tables 2.2 and 3.1). The foraging honeybees metabolized 0.27
and 0.067 per cent of sucrose collected under the sunshine at 15°C as the maximum amount,
and 35°C as the minimum amount, respectively. Apart from the amount of sucrose up take,
metabolic energy production depends on sucrose flow rate. The increase of sucrose flow rate
causes the increase in metabolic rate. The maximum metabolic heat production increased
with unlimited sucrose flow rate. On the other hand, at shade, the foraging honeybees
produced more metabolic heat compared to that under sunshine, since they could not benefit
from the heat harvested from the solar radiation (Table 3.5). Besides, the increase in the rates

of oxygen consumption parallels with the increase in the rate of metabolism (Table 2.1).

Honeybees produced 75.74 mg of honey as the maximum amount under sunshine at 35°C.
However, the minimum amount of honey, 58.4 mg, was obtained under the sunshine and at
15°C (Table 3.2). The group of 3,000 honeybees performed 10,022 kJ/kg day of work under
sunshine with 1.0 m/s of air velocity and — 3,224 kJ/kg day of work under the sunshine with
0.0 m/s of air velocity (Table 3.3). However, they generated 116.5 kJ/day K of entropy under
sunshine and 132.2 kJ/day K of entropy at shade (Table 3.8). The increasing in the air
velocity led to increase the work performed by honeybee. On the other hand, to be under
sunshine is more suitable for honeybee, when we compare the amount of entropy generation

rate.
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The resting metabolic rate of honeybees is the baseline of the metabolic heat output, and it
is important for the comparison with the exercising bees, which have active metabolic rate.
(Kovac et al., 2007). In the present study, the maximum metabolic heat produced by the 1-
7 h old young resting honeybees was 7.30 x10° W/g honeybee at 35°C, and the minimum
metabolic heat generation was 3.76 x10° W/g honeybee at 15°C depending on the amount
of sucrose up take (Tables 2.2 and 3.1). The maximum amount of sucrose metabolized by
the honeybees was 6.6 x10® g/min at 35°C, and the minimum was 2.3 x10® g/min at 15°C
(Table 2.2). During resting, T did not change with temperature and any part of the body of
the honeybee did not move. The rate of metabolism of the 1-7 h old young resting honeybees
increased with temperature. At high T,, the rate of oxygen consumption and the carbon
dioxide production increased during resting. A 1-7 h old young resting honeybee uses

metabolic energy to maintain vital functions of its body.

The foraging honeybee is highly active and the rate of its metabolic heat was higher than
that of the 1-7 h old young resting honeybees. The foraging honeybees need more sucrose
to ensure flying energy and to keep T higher than Ta. The rate of metabolism of a foraging
honeybee decreased with T, unlike the rate of metabolic heat of the 1-7 h old young resting
honeybees, since the foraging honeybee also used the energy provided by the sunshine to
supply the energy required at a high Tw. On the other hand, the 1-7 h young resting
honeybees were ectothermic during resting and did not need to change their Tt like the

foraging honeybees.



Table 3.1. Enthalpy of glucose utilization and the total rate of heat generation in the

metabolism after hydrolysis of sucrose

Ta
(K)

'AChOI’Xn
(kJ/min)

Total rate of
metabolic heat
production
(kJ/min)

Rate of metabolic
heat production
(W/g honeybee)

1-7 h old young honeybees resting in the hive at atmospheric

pressure, with 0.5 M of sucrose supply at 15 pl/min flow rate

288 1.9 x10® 1.9 x10° 3.76 x10°
298 2.1 x10° 2.2 x10° 5.07 x10°
308 5.4 x107° 5.4 x107° 7.30 x10°

Foraging honeybees, under the sun shine, under the atmospheric

pressure with 0.5 M of sucrose supply with 15 pl/min flow rate

288 2.54 x10°3 2.54 x10°3 0.023
298 8.51 x10™ 8.56 x10™ 7.7x10°
308 2.21 x10* 2.22 x10* 2.0 x10°

Foraging honeybees, at shade, under the atmospheric pressure with

0.5 M of sucrose supply with 15 pl/min flow rate

288

3.27 x10°3

3.27 x10°3

0.03

298

1.79 x10°

1.80 x10°®

0.016

Foraging honeybees under the sun shine, under the atmospheric

pressure with 0.5 M of unlimited sucrose supply

288 3.57 x10°3 3.57 x10°? 0.032
298 3.09 x10°° 3.11 x10°° 0.028
308 1.10 x10°3 1.11 x10°3 0.010

Foraging honeybees, at shade, under the atmospheric pressure with

0.5 M of unlimited sucrose supply

288 3.27 x10°3 3.27 x10°3 0.029
298 3.37 x10°® 3.38 x10°3 0.031
308 1.61 x10°3 1.61 x10°® 0.013

37
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Table 3.2. The amount of honey produced by honeybee with 0.5 M of unlimited sucrose

flow
Under sunshine P=1atm
Ta(K) Mass of honey
(mg)
15 58.4
25 67.0
35 75.7
At shade
15 65.0
25 64.6
35 64.3

Table 3.3. Work performed by 3,000 honeybees during the production of 1 kg honey when

0.5 M of unlimited sucrose flow was available

Under the sunshine at atmospheric

pressure; U =0.0 m/s

At shade, under the atmospheric

pressure U = 0.0 m/s

Ta (°C) Q Q
15 -3,224 -1,902
25 2,655 2,001
35 9,012 6,102
Under the sunshine at atmospheric At shade, under atmospheric pressure;
pressure; U =0.5 m/s U=0.5m/s
15 1,995 2,749
25 5,429 4,625
35 9,789 6,130

Under the sunshine at atmospheric

pressure; U = 1m/s

At shade, under at atmospheric

pressure; U =1 m/s

15 3,591 4,171
25 6,269 5,417
35 10,022 6,138
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3.2. EVAPORATION OF WATER

Honeybees evaporate metabolic water to prevent overheating. Evaporation rate of metabolic
water by the foraging honeybees decreases at high T, due to the low rate of metabolism. The
increase in the rate of water evaporated by the foraging honeybees parallels to the rate of
sucrose consumption and heat up take. In the present study, the minimum evaporation rate
was 8.5 x10° g/min under the sunshine at 35°C when honeybees were fed with 15 pl/min of
0.5 M sucrose and the maximum evaporation rate of the metabolic water was 1.4 x10™ g/min
under the sunshine at 15°C when the honeybees were fed with 0.5 M of unlimited sucrose
flow (Table 2.1). Additionally, the foraging honeybees consumed water within the range of
1.21 x10** g/min (the maximum) and 7.99 X107 g/min (the minimum) in order to compensate
evaporation of metabolic water (Table 2.1). Water uptake at 15, 25 and 35°C by the foraging
honeybees depending on the oxygen consumption and carbon dioxide production at shade
and under the sunshine with 0.5 M of sucrose supply with 15 pl/min of flow rate and with
0.5 M of unlimited sucrose supply were described in Figures A6 and A7, respectively.

Rate of metabolic water output depends on the rates of sucrose and the total heat up takes.
The rate of evaporation of water by the 1-7 h young resting honeybees increased at high
ambient temperatures. The minimum amount of water evaporated was 7.1 x10g/min at
15°C and the maximum amount was 2.1 x10° g/min at 35°C (Table 2.1). The rate of
evaporation of water by the foraging honeybees was higher than that of a 1-7 h old young
resting honeybees, since the foraging honeybees may get overheated due to its activity and
total heat up take from the environment, when compared to the others. The young resting
honeybees needed between 6.3 x107 g/min (the minimum) and 1.9 x10° g/min (the
maximum) of additional to compensate the loss of metabolic water (Table 2.1).

3.3. THE RATES OF HEAT EXCHANGE

Solar radiation supplies the energy needed for the thermoregulation of foraging bees [102].
The maximum and the minimum convective heat losses were 0.051 and 0.002 W under the
sunshine, with 1.0 m/s of air speed and at 15°C with 0.0 m/s of air speed at 35°C,
respectively. Convective heat transfer rate at 0.0 m/s of velocity corresponds to the natural

convective heat transfer at same conditions (Table 3.7). Calculations of the metabolic heat
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production agrees with the report that the rate of the metabolism of a flying honeybee
decreases significantly with rising ambient temperature [58,59]. Convective heat losses
increase with air speed and decrease with increase in the ambient temperature. Figures A2,
A3, A4, and A5 show the interrelation between heat transfer rate and air velocity and ambient
temperature. When T, was lower than 15°C, a reduction in convective heat loss might be

achieved by intermittent warm - up following intermittent flight [62].

Radiative heat exchange is related with the exposure to direct sunshine - it may be huge
under the direct sunlight or may be slight in the shadow. In the present study, solar radiation
was the maximum at 35°C, it was 453.3 W/m? for incoming radiation and 510.3 W/m? for
outgoing radiation with the contribution of the long and short wavelengths (Table 3.5). In
the shadow, radiative heat losses were similar in magnitude to the convective heat losses in
still air and were also dependent on the difference between the body temperature of the
honeybees and the air temperature[62]. During resting, honeybee does not benefit from the
solar radiation, where also the natural convective heat transfer and the forced convection
heat transfer almost never occur. The 1-7 h old young resting honeybees benefited only from

their metabolic heat.
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Table 3.4. Total heat lost by the foraging honeybees with convection under the sunshine
and at shade, at 15, 25 and 35°C

Under the sun shine, under the
atmospheric pressure, with 0.5 M of
sucrose supply with 15 pl/min flow
rate; U =0.0 m/s

At shade, under the atmospheric
pressure, with 0.5 M of sucrose supply
with 15 pl/min flow rate; U = 0.0 m/s

Ta (°C) Q (W) Q (W)
15 0.017 0.015
25 0.0082 0.015
35 0.0020 -

Under the sun shine, at atmospheric
pressure, with 0.5 M of unlimited sucrose

At shade, under the atmospheric pressure,
with 0.5 M of unlimited sucrose supply; U

supply; U =0.0 m/s =0.0 m/s
15 0.0031 0.0041
25 0.014 0.015
35 0.021 0.0022

Under the sun shine, under the
atmospheric pressure, with 0.5 M of
sucrose supply with 15 pl/min flow rate;

At shade, under the atmospheric pressure,
with 0.5 M of sucrose supply with 15
wl/min flow rate; U = 0.5 m/s

U =0.5m/s
15 0,043 0.039
25 0,022 0.028
35 0,0066 -

Under the sun shine, under the
atmospheric pressure with 0.5 M of

At shade, under the atmospheric pressure
with 0.5 M of unlimited sucrose supply; U

unlimited sucrose supply; U=0.5 m/s =0.5m/s
15 0.032 0.032
25 0.032 0.030
35 0.03 0.0023

Under the sun shine, under the
atmospheric pressure, with 0.5 M of
sucrose supply with 15 pl/min flow rate;

At shade, under the atmospheric pressure,
with 0.5 M of sucrose supply with 15
ul/min flow rate; U = 1.0 m/s

U=1.0m/s
15 0.051 0.046
25 0.026 0.032
35 0.01 -

Under the sun shine, under the
atmospheric pressure, with 0.5 M of

At shade, under the atmospheric pressure,
with 0.5 M of unlimited sucrose supply;

unlimited sucrose supply; U=1.0 m/s U=1.0 m/s
15 0.040 0.041
25 0.037 0.035
35 0.028 0.0024
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Table 3.5. Power of the incoming and outgoing radiation at 15, 25 and 35°C

Incoming Outgoing
Ta (°C) _ .
radiation (W/m?) |radiation (W/m?)
15 303 309.08
25 371.87 477.15
35 453.31 510.25

The limiting conditions where the honeybees can survive are described in Table 3.6. Habitat
dynamics are affected by the environmental conditions imposed by the climate change [103].
Honeybee colony mortality is affected by the change in the nature of the parasites, diseases,
pesticides and the availability of nutrients [104]. With the increase of Ta both use of the
pesticides to protect the agricultural products from parasites increases and also new
pesticides are employed to fight against the new plant pests emerging with the climate
change [105]. Honeybees foraging near the agricultural fields are exposed to these
pesticides. It was stated that more than 62 per cent of the pollens collected by the honeybees
in Italy during the time period of 2012 to 2014 were contaminated by at least one pesticide
[106] showing that how serious this problem is. The unsuitable whether conditions may
cause honeybee migration, during which parasites may also be transported to the area that
the honeybees have migrated. However, the change of the conditions may also lead to
unexpected response of the honeybees. Short-term starvation during larval stages increases
the probability of the survival of the adult bees under starvation and change their metabolic
response to starvation [107]. Varroa destructor, an ectoparasitic mite, is a classic example
of a pest that has shifted from Apis cerena, Asian honeybee to the European honeybee Apis
mellifera [108]. The changing temperatures that the honeybee colonies are possibly exposed
throughout a day can be particularly hard to buffer against [109]. High temperatures outside
the hive are balanced by carrying water into the hive and evaporating this by wing fanning.
Low temperatures inside the hive are compensated by the production of heat through thoracic
muscle activity of the worker bees [110]. The fanning energy requirement increases at high
Ta [111]. Honeybees heated the hive by 1°C in 2.8 min and cooled the hive by 1°C in 2.12
min. Metabolic heat required to raise the temperature of the hive by 1°C was 7.25 x 10* W/g
honeybee. However, the amount of metabolic heat required to reduce the temperature of the
hive by 1°C was 3.08 x 10 W/g honeybee. The number of the honeybees in a colony is
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important. During ventilation of air, as the number of honeybees present in the colony

increases, metabolic heat required to be produced by each honeybee decreases.

Table 3.6. Range of the physical parameters, where the honeybees may survive

Rate of Rate Rate of )
Rate of Veloci
) Under the ) sucrose of O CO,

Foraging/ ) metabolism ty of
] sunshine Ta consumpt | uptake | generat i
resting (W/g ] ] ] flight

/shade (°C) ion (g/min) ion
honeybee) ) ) (m/s)
(g/min) (g/min)
Foraging Sunshine 15 0.03 4.4 x10* 2.4x10% | 3.4x10* 0.0
Foraging Sunshine 35 0.51 2.7 x10° 1.5x10% | 2.1x10° 0.5
Resting Hive 15 2.7 x10°3 2.3 x10° 1.3x10% | 1.7x10°6 1
Resting Hive 35 7.7 x10°3 6.6 X107 3.7x10% | 5.1x10°%

3.4. FANNING POWER

Honeybees heated the hive by 1°C in 2.8 min and cooled it by 1°C in 2.12 min. Metabolic
heat required to raise the temperature of the hive by 1°C was 7.25 x 10 W/g honeybee.
However, the amount of metabolic heat required to reduce the temperature of the hive by
1°C was 3.08 x 107 W/g honeybee. The rate of metabolism was presented in Table 3.7. The
worker honeybees are 12 to 16 mm in size [112]. Their pictures imply that the open wings
may clear a circular area of same diameter as their length. A chain of three honeybees may

move air at a velocity of 2.24 m/s [113] . Therefore, the air removal rate of a string of

. 2
honeybees during fanning may be calculated as V == (W) Vgir = 2.8 10° mPs.

When there are 3,000 workers in the hive, the total amount of air fanned will be 0.082 m®/s,
and it will take 36 s to fan 1 m® air out of the hive. On the other hand, honeybees generate
4.8 x 10° and 1.2 x 10° W/g honeybee K of entropy while raising and reducing the

temperature of hive, respectively during ventilation.

When 3,000 honeybees were in the hive, they performed 3.17 kJ/kg dry air of work,
generated 4.44 kJ/kg dry air of heat and 161.6 W/g K of entropy while raising the
temperature of the hive by 1°C (Table 3.8). However, they performed 4.5 kJ/kg dry air
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honeybee of work, generated 7.27 kJ/kg dry air of heat and 308.9 W/g K of entropy while

reducing the temperature of the hive by 1°C.

Table 3.7. Rates of metabolism during ventilation of air

Ta(K) Rate of metabolic heat production
(W/g honeybee)

296.89 0.0362

297.36 0.0364

297.78 0.0362

298.14 0.0350

3.5. ENTROPY GENERATION

Entropy generation rate by the foraging honeybees was the minimum, 1.8 x 10° W/g

honeybee K, under the sunshine with 15 pl/min of 0.5 M sucrose in flow (Table 3.8). The

second law of thermodynamics, implies that a thermodynamic system operates better it

generates less entropy [89]. Therefore, the best condition for the honeybees to forage was

foraging under the sunshine with inflow of 15 ul/min of 0.5 M sucrose. However, with the

foraging honeybees, the maximum entropy generation rate was 6.6 x 10° W/g honeybee K

at shade with unlimited supply of sucrose and these conditions are not suitable for foraging

honeybees. Entropy generation rate of the 1-7 h old young resting honeybees was 1.2 x 10/

W/g honeybee K under the atmospheric pressure with 0.5 M of sucrose supply at 15 pl/min

flow rate. Entropy generation rate by the honeybees under three different conditions is

presented in Table 3.8.



Table 3.8. Entropy generation by the honeybees

Sgen,

While foraging under the sun shine, under the atmospheric

pressure with 0.5 M of sucrose supply with 15 pl/min flow

1.8 x107° (W/g
honeybee K)

rate

While foraging at shade, under the atmospheric pressure with 3.8 x10° (W/g
0.5 M of sucrose supply with 15 pl/min flow rate honeybee K)

While foraging under the sun shine, under the atmospheric 6.6 x10™ (W/g
pressure with 0.5 M of unlimited sucrose supply honeybee K)

While foraging at shade, under the atmospheric pressure with 7.2 x10° (W/g
0.5 M of unlimited sucrose supply honeybee K)

While resting under atmospheric pressure, with 0.5 M of 1.2 x107 (W/g
sucrose supply at 15 pl/min flow rate honeybee K)

While raising the temperature of the hive by 1 °C during air 4.8 x10° (W/g
ventilation honeybee K)

While reducing temperature of the by 1°C during air 1.2 x10° (W/g

ventilation

honeybee K)

During the production of honey under the sun shine, under

the atmospheric pressure with 0.5 M of unlimited sucrose

supply

116.5 (kJ/day K
kg honey)

During the production of honey at shade, under the
atmospheric pressure with 0.5 M of unlimited sucrose supply

132.2 (kJ/day K
kg honey)

45
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4., CONCLUSION

Honeybees are among the most sensitive biological species to the changes in environmental
conditions. Since pollination is necessary for the cultivation of more than 75 per cent of the
crops used directly by the people worldwide, any injury to the honeybee population due to
the climate change may jeopardize the food security. Therefore, thermodynamic parameters
which are implemented on the honeybees under the prevailing environmental conditions and
which may be implemented in the case of an anticipated temperature change were assessed.
According to our calculations, 0.032 W/g honeybee was the maximum metabolic heat
produced under the sunshine at 15°C and with unlimited sucrose flow. However, the
minimum metabolic heat produced by the foraging honeybees was 2.0 x 10~ W/g honeybee
under the sunshine at 35°C with 0.5 M of sucrose supply at 15 ul/min flow rate. Metabolic
heat produced by a foraging honeybee changes with the rate of the sucrose supply and Ta.
Under the sunshine, the maximum and the minimum fraction, e.g. amount metabolized per
amount collected, 0.27 per cent and 0.067 per cent, were accounted during foraging with
unlimited sucrose supply at 15 and 35°C, respectively. A group of 3,000 honeybees
performed 10,022 kJ/kg day of work under the sunshine with 1.0 m/s of air velocity or -
3,224 kJ/kg day at 0.0 m/s air velocity to produce 1 kg honey. In addition, they generated
116.5 kJ/day K of entropy under sunshine and 132.2 kJ/day K of entropy at shade. The work
performed by the honeybees increased with the air velocity. The maximum entropy
generation, 7.2 x10"° W/g honeybee K, was accounted during foraging at 35°C at shade with
0.5 M of unlimited sucrose supply. With 3,000 honeybees, work performance was 3.17 kJ/kg
dry air, heat generation was 4.44 kJ/kg dry air and the entropy generation was 161.6 W/g
honeybee K while raising the temperature of the hive by 1°C. On the other hand, they have
to perform 4.5 kJ/kg dry air of work, generate 7.27 kJ/kg dry air of heat and 308.9 W/g
honeybee K of entropy to reduce the temperature of the hive by 1°C. The results show that
during cooling by 1°C the honey bees performed 1.4 folds of work and generated 1.9 folds
of entropy when compared to that of heating by 1°C.This result implies that global warming
will possibly create 90 per cent more entropy stress on the honeybees when compared to a

potential global cooling.
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APPENDIX A: FIGURES
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Figure A.1. Schematic description of the (a) foraging and (b) 1-7 h old young resting
honeybees as an open thermodynamic system
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Figure A.2. Variation of the heat lost by the foraging honeybees with the air velocity and

the atmospheric temperature under the sunshine when 0.5 M of sucrose is supplied at 15

pl/min of flow rate
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Figure A.3. Heat lost by the foraging honeybees depending on the air velocity and the
atmospheric temperature at shade with 0.5 M of sucrose supply at 15 pl/min flow rate
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Figure A.4. Variation of the heat lost from the foraging honeybees with the air velocity and

the atmospheric temperature under the sunshine when 0.5 M of sucrose is supplied at 15

pl/min of flow rate.
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Figure A.5. Heat lost by the foraging honeybees depending on the air velocity and the

atmospheric temperature at shade with 0.5 M of unlimited sucrose supply.
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Figure A.6. Water uptake at 15, 25 and 35 °C by the foraging honeybees depending on the
oxygen consumption and carbon dioxide production at shade and under the sunshine with

0.5 M of sucrose supply with 15 ul/min of flow rate.
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Figure A.7. Water uptake at 15, 25 and 35 °C by the foraging honeybees depending on the
oxygen consumption and carbon dioxide production at shade and under the sunshine, with

0.5 M of unlimited sucrose supply.
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APPENDIX B: MATLAB CODES FOR GRAPHS

Codel.The amount of heat up taken by foraging honey bee depending on air velocity and Ta
under sun shine with 0.5 M of sucrose supply with 15 pl/min flow rate

clear

close all

per cent constants

A=0.000016619; per cent surface area of thorax

D= 0.0023 ; per cent the sphere diameter

m=[1.802*10"-5 1.849*10"-5 1.895*10"-5] ; per cent dynamic viscosity of air
s=[1.225 1.184 1.145] ; per cent densitiy of air

v=[1.47*10"-5 1.562*10"-5 1.655*10"-5] ; per cent kinematik viscosity of air
cp= 1007 ; per cent specific heat capacity of air

k=10.02476 0.02551 0.02625] ; per cent thermal conductivity of air

per cent data

Tth=[39.1 37.7 38.9] ; per cent thorax temperature

Pr=[0.7323 0.7296 0.7268] ;

hth=[41.3 38.9 35.1] ; per cent heat transfer coefficient for natural convection
Ta=[15,25,35] ; per cent ambient temperature

U=[0,0.5,1] ; per cent velocity of air affecting honeybee

[Ta,U] = meshgrid(Ta,U);

Q1=(Tth-
Ta).*A.*((2+(((0.4.*(D.*s.*U./m).”0.5)+(0.06.*(D.*s.*U./m)."0.6666667)).*Pr.~0.4)).*k./
D);

Q2= (Tth-Ta).*A.*hth ;

Qtoplam= Q1+Q2 ;

surf(Ta,U,Qtoplam); hold on

colormap winter

per cent xlabel("Ta (\circC)")

per cent ylabel("U (m/s)")

per cent zlabel('Q, heat up take (W)
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Code2.The amount of heat up taken by foraging honey bee depending on air velocity and Ta
at shade with 0.5 M of sucrose supply with 15 ul/min flow rate

clear

close all

per cent constants

A=0.000016619; per cent surface area of thorax

D=0.0023 ; per cent the sphere diameter

m=[1.802*10"-5 1.849*10"-5 1.895*10"-5] ; per cent dynamic viscosity of air
s=[1.225 1.184 1.145] ; per cent densitiy of air

k=10.02476 0.02551 0.02625] ; per cent thermal conductivity of air

per cent data

Tth=1[36.9 37.3 0] ; per cent thorax temperature

Pr=10.7323 0.7296 0.7268] ;

hth=[40.8 38.7 0] ; per cent heat transfer coefficient for natural convection
Ta= [15,25,35] ; per cent ambient temperature

U=[0,0.5,1] ; per cent velocity of air affecting honeybee

[Ta,U] = meshgrid(Ta,U);

Q1=(Tth-

Ta). *A.*((2+(((0.4.*(D.*s.*U./m).”0.5)+(0.06.*(D.*s.*U./m)."0.6666667)).*Pr."0.4)).*k/
D);

Q2= (Tth-Ta).*A.*hth ;

Qtoplam= Q1+Q2 ;

surf(Ta,U,Qtoplam); hold on

colormap winter

per cent xlabel('Ta (\circC)')

per cent ylabel('U (m/s)")

per cent zlabel('Q, heat up take (W)")
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Code3.The amount of heat up taken by foraging honey bee depending on air velocity and Ta

under sunshine, with 0.5 M of unlimited sucrose supply

clear

close all

per cent constants

A=0.000016619; per cent surface area of thorax

D=0.0023 ; per cent the sphere diameter

m=[1.802*10"-5 1.849*10"-5 1.895*10"-5] ; per cent dynamic viscosity of air
s=[1.225 1.184 1.145] ; per cent densitiy of air

k=10.02476 0.02551 0.02625] ; per cent thermal conductivity of air

per cent data

Tth=[41.1 40.8 40.0] ; per cent thorax temperature

Pr=10.7323 0.7296 0.7268] ;

hth=[41.7 39.8 35.9] ; per cent heat transfer coefficient for natural convection
Ta= [15,25,35] ; per cent ambient temperature

U=[0,0.5,1] ; per cent velocity of air affecting honeybee

[Ta,U] = meshgrid(Ta,U);

Q1=(Tth-

Ta). *A.*((2+(((0.4.*(D.*s.*U./m).”0.5)+(0.06.*(D.*s.*U./m)."0.6666667)).*Pr.”0.4)).*k/
D);

Q2= (Tth-Ta).*A.*hth ;

Qtoplam= Q1+Q2 ;

surf(Ta,U,Qtoplam); hold on

colormap winter

per cent xlabel('Ta (\circC)')

per cent ylabel('U (m/s)")

per cent zlabel('Q, heat up take (W)")
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Code4.The amount of heat up taken by foraging honey bee depending on air velocity and Ta

at shade, with 0.5 M of unlimited sucrose supply

clear

close all

per cent constants

A=0.000016619; per cent surface area of thorax

D=0.0023 ; per cent the sphere diameter

m=[1.802*10"-5 1.849*10"-5 1.895*10"-5] ; per cent dynamic viscosity of air
s=[1.225 1.184 1.145] ; per cent densitiy of air

v=[1.47*10"-5 1.562*10"-5 1.655*10"-5] ; per cent kinematik viscosity of air
cp= 1007 ; per cent specific heat capacity of air

k=10.02476 0.02551 0.02625] ; per cent thermal conductivity of air

per cent data

Tth=[37.4 39.5 38.7] ; per cent thorax temperature

Pr=[0.7323 0.7296 0.7268] ;

hth=[40.9 39.4 35.2] ; per cent heat transfer coefficient for natural convection
Ta=[15,25,35] ; per cent ambient temperature

U=[0,0.5,1] ; per cent velocity of air affecting honeybee

[Ta,U] = meshgrid(Ta,U);

Q1=(Tth-
Ta).*A.*((2+(((0.4.*%(D.*s.*U./m).”0.5)+(0.06.*(D.*s.*U./m).~0.6666667)).*Pr.~0.4)).*k./
D);

Q2= (Tth-Ta).*A.*hth ;

Qtoplam= Q1+Q2 ;

surf(Ta,U,Qtoplam); hold on

colormap winter

per cent xlabel('Ta (\circC)')

per cent ylabel('U (m/s)’)

per cent zlabel('Q, heat up take (W)
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Code5.The amount of water up taken at15°C, 25°C and 35°C by foraging honey bee
depending on oxygen consumption and carbon dioxide production at shade and under the

sunshine , with 0.5 M of sucrose supply, with 15 pl/min flow rate

clear

close all

02 =[1.7*10"-4 5.8*10"-5 1.5*107-5 2.2*10"-4 1.2*10"-4];
CO2 =[2.4*10"-4 8.0*10"-5 2.1*107-5 3.1*10"-4 1.7*10"-4];

per centconstant temperature

[X, Y] = meshgrid(02,C02);

for T=15:10:35
H20 =0.1998.*X + 0.4692.* Y; per cent comment rate of water intake
surf(X,Y,H20);
colormap hot

end

xlabel("O2 (g/min)")

ylabel('CO2 (g/min)")

zlabel("H20 (g/min)")

text(1.5*10"-4,1.9*10"-4, 'T=15 "o C');per cent insert text to the mesh
text(4.9*107-5,1.0*10"-4, 'T=25 "o C'); per cent insert text to the mesh
text(1.5*107-5,0, 'T=35 "o C");per cent insert text to the mesh
text(1.5*10"-4,4.9*107-5, 'sunshine’); per cent insert text to the mesh

text(1.9*10"-4,1.0*10"-4, 'shade’); per cent insert text to the mesh
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Code6.The amount of water up taken at 15°C, 25°C and 35°C by foraging honey bee
depending on oxygen consumption and carbon dioxide production at shade and under the

sunshine , with 0.5 M of unlimited sucrose supply.

clear

close all

02 =[2.4*10"-4 2.1*10"-4 7.6*10/-5 2.2*10"-4 2.3*10"-4 1.1*10"-4];
CO2 =[3.4*10"-4 2.2*10"-4 1.40*10"-4 3.1*10"-4 3.2*10"-4 1.5*10"-4];

per cent constant temperature

[X, Y] = meshgrid(02,C02);

for T=15:10:35
H20 =0.1998.*X + 0.4692.* Y; per cent comment rate of water intake
surf(X,Y,H20);
colormap hot

end

xlabel("O2 (g/min)")

ylabel('CO2 (g/min)")

zlabel("H20 (g/min)")

text(2.1*10"-4,1.88*10"-4, 'T=15 "o C');per cent insert text to the mesh
text(1.5*10"-4,1.94*10"-4, 'T=25 "o C"); per cent insert text to the mesh
text(6.4*10"-5,9.3*10"-5, '"T=35 "o C");per cent insert text to the mesh
text(2.1*10"-4,1.5*10"-4, 'sunshine’); per cent insert text to the mesh
text(1.88*10"-4,1.94*10"-4, 'shade’); per cent insert text to the mesh



APPENDIX C: PSYCHROMETRIC CHART

30

25
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Figure C.1. The psychrometric chart of air [114]
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