The application of balance between air viscosity and air buoyancy on bee space size of honeybee (Apis mellifera) nest
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Abstract

The relation between air buoyancy and air viscosity between of two vertical combs was estimated for intra-honeybee nest conditions. Assuming that there is a total heat transfer nearly equal to the conductive heat transfer (it means: convective and radiation heat flow should be minimised to the highest level) the theoretical width of bee space was estimated at first. Later, the real values of bee space in bee colonies were measured. Six colonies average diameter of bee space measured in spring were 10,9 mm and 11,4 mm in naturally built nests later in autumn. Bee colonies built or rebuilt their nests approaching to the theoretical limit of bee space size, which still enabled prevalence of the air viscosity over the air buoyancy. Larger bee space in autumn was the consequence of the air with higher viscosity at the mean temperature of brood-less winter cluster, compared to the nest in brood active period.
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Introduction

Honeybee colony survives winter cold by keeping warm in a social group in a winter cluster. Many combs that divide the cluster to many layers as well separate the cluster. Empty cells on combs need a lot of air space that has good insulation characteristics (Soutwick 1991). 

Thermoregulation is thought to be a result of individual bees attempting to regulate their own body temperatures between allowable limits. It is assumed that the heat transfer within the cluster is dominated by convection (Watmough and Camazine, 1995).

The space between combs, which the bees always leave open is called “bee space” (Taber, 2002). It is affected by the bees themselves, and is the very fundamental for the heat and gas exchange. Simulating the over-wintering conditions of honeybee colonies in modern hive in moderate climate, a cold air enters through hive entrance to the lower edges of combs. Air current is touching the air formerly situated inside bee spaces. Depending on the bee space size, the air slows down or blows trough the bee space. In physical terms: when air slows down, the air viscosity dominates over the air buoyancy. In this situation the heat retention in the nest should be maximised. 

The aim of the present study is to estimate the size between two vertical plates when air viscosity dominates over the air buoyancy at the definite temperature difference. Two vertical plates could be, however, understood as the simulation of the outer surface of two parallel vertical combs. 

Material and Methods

Theoretical estimation of air gap characteristics between two vertical plates

Heat transfer trough air gap, which is limited by two vertical plates, has been often studied in chemical engineering (Geankoplis, 1983; Incropera and deWitt, 1990). Assuming that there is a total heat transfer nearly equal to the conductive heat transfer (it means: convective and radiation heat flow should be minimised to highest level) a relation between air viscosity and air buoyancy could be estimated. With the known middle temperature and air gap width, the difference of the temperature between the warm and cold side of air gap could be estimated by:

DT < (2000 * ν * ά)/ (g * β * L3) (1)

DT = difference of temperature between the warm and the cold side of air gap in 0 K

ν = kinematic viscosity of air in m2/s

ά = thermal diffusivity of air in m2/s

g = gravitational acceleration in m/s2

β = volumetric coefficient of air expansion ≈ 1/ 0 K in the middle of air gap

L = air gap width in m

With a value of DT smaller than the right hand of the equation 1 the air viscosity dominates over the air buoyancy.

The temperature differences of the honeybee nest were estimated at different average temperatures - at 00C, at 10 0 C, at 250C and at 350C. The different values of air gaps from 8 to 15 mm were used as well. 

Components of equation 1 could be rearranged in order to evaluate the width of air gap:

L < ((2000 * ν * ά)/ (g * β *DT))1/3 (2)

With distances equal or larger than L, air buoyancy dominates over the air viscosity.

Bee space estimation at the bee colonies settled on frames in modern hive

In May 2000 measurements of bee space real width values were made in Slovenia. Six colonies, headed by the naturally mated queens of Carniolan bees (Apis mellifera carnica), were settled in one chamber of modern hives at 500 m above sea level. Frames remained untouched for a long time period from September 1999 on. Distances were measured and contents of cells were documented with detailed inspection. Bee space width between combs was later evaluated by the GLM procedure. The model included following components:

Bee space width = hive + (vertical * horizontal line on combs) + cell situation on both sides of bee space (3)

The component “vertical * horizontal line on combs” consists of 9 control points where lines crossed on combs. The first vertical line was situated 45 mm, the second 215 mm and the third 385 mm from the front bar of frames. Points on horizontal line were measured at 35 mm, 105 mm and 175 mm from the top bars of frames. 

The component of cell situation actually found on both sides of control points was described as: honey open, honey covered, sealed drone brood, open brood, sealed bee brood, pollen, empty and open space (no cells). All combinations between particular situations were included into the model (3) as the class component.

Bee space of natural built nests of artificial bee swarms 

Six artificial swarms were prepared for the second part of experiment in July. Those colonies, that were already measured in spring, were used as a source of artificial swarms. One kg of bees was shaken from the combs of each colony into a wooden box together with their queen. Swarms were housed in small wooden boxes (inner length of 43 cm, width 22 cm and height of 24 cm, entrance hole was made on lower part of 22*24 cm hive side). New settled swarms were put to a cellar for three days and transported after that to a new bee yard. Each be swarm was fed by 10 l of sugar syrup. Bees built their nests without any frames or sheets of comb foundations. Bees were later expelled out of the hives. Empty nests were carefully sawed off and cut to horizontal slices. The form of combs was simultaneously copied to translucent foil. Copies were later scanned and analysed by computer. 

The width of bee spaces was evaluated by GLM method. The following components were included to the model:

Bee space width = hive + sister groups nested within hive + distance from the top of hive + distance from the front of hive + cell situation on both sides of bee space (4)

All components were evaluated as class components. The component “cell situation on both sides of bee space” was described as the combination of four elementary situations – empty bee cells, empty drone cells, open honey cells and sealed honey cells. 

Results evaluated by the model 3 and 4 were finally compared to the theoretical values given by the equation 1 and 2.

Results and Discussion

The limit between the air viscosity and air buoyancy of air gap depends on its mean temperature. Air becomes more viscous at the lower temperature comparing to the situation at the higher mean temperature. The difference of LSMEANS of bee space width between the spring and autumn measurements is not only due to frames or free built nests, but could be explained by the physical properties of air as well. 

Evaluation of the physical characteristics of the space between two vertical plates

Table 1: The estimated values of temperature difference at the theoretical limit between the air viscosity and the air buoyancy. The values are result of the width of air gap and of the mean temperature in the middle of the air gap 
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As it is shown in the table 1, there is exponential relationship between the width of air gap and the temperature difference. Simulating the real hive temperature situation in brood nest at 350C and the temperature of honey chamber of about 25 0 C, a bee space not larger than 12 to 13 mm could be expected. The air buoyancy will most likely cause an additional heat loss in a larger bee space. This particular situation could be very important in early spring, when bee brood area reaches the maximum in relation to the number of bee workers.

Bee space estimated in modern hives in spring 

The model 3 estimated bee space width between combs drawn on comb foundations. The model explains 29,3 % of total variability. The LSMEAN average of all bee space measurements was 10,9 mm.

The component “hive” is not significant (p<0,403), but the position of measurements on combs is on the other side significant (p<0,006). The cell situation on both sides of bee space (p<0,078) is also significant.

In the centre of the hive was the average width of bee space 11,7 mm; that enables a temperature difference of about 12,5 0 C. With other words, bee brood at the temperature of 35 0 C on one side and cells filled with honey at the temperature above 22,5 0 C on the other side should not cause any air buoyancy in bee space. The buoyancy appears only when honey temperature drops, below the above value. The structure of nest parts with honey storage is rather characteristic having narrower bee spaces comparing to the structure in brood areas. 

Table 2: LSMEAN of bee space width in mm in relation to the actual situation. 
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The bee space width, situated close to the open brood area on one side of the air gap, depends on the situation actually found on its opposite side. The situation is probably the most optimal at open bee brood on both sides of bee space. In this case, the bee space is approached to 11,4 mm. Very similar situation was found at open brood on outer comb. When bee colony reproduces on areas already occupied by the bee brood, bee space values tend to be relatively constant. This is not the case, when honeybee queen laying activity expands to the areas, with no brood activity for a longer time period. That could be particularly observed when cells on the other side of air gap are empty. In that case, a large difference of 14,0 mm was found. Bees must support such colony enlargement by additional heat energy sources. In that case a temperature difference of just of 90C could trigger air buoyancy. To prevent this, bees must be closely settled inside bee spaces. Quite the opposite was found when bees tend to enlarge brood close by the sealed honey area or cells filled with pollen. A very stable air movement situation could be expected because of the narrow bee space. In this situation, the contents of opposite cells will be removed soon. Bee space will be rearranged to the distances more suitable for the sealed bee brood cells consequently. In reality, bee space will be rebuilt from a relatively unique value of about 10 mm on outer bee space to 12.6 mm nearby empty comb area few days later, after the capping of the bee brood.

Air gaps, smaller than 12,6 mm in diameter, enable the best nest insulation characteristics at the air temperature difference of 100C. At the particular situation, when sealed honey cells area is close nearby, the temperature difference of about 140C could be expected. If the brood temperature is 35 0C, the nearby area of sealed honey store has to be warmed above 21 0C.

Bee space estimated in autumn in naturally built nests

The pattern of nests was more or less parallel. In all cases longitudinal nest building structure was made, in some cases additional small combs were inserted between large ones. In such cases some irregular comb structure was observed. 

Model 4 explains of 53,8 % of total variability. All the components included are highly significant. The LSMEAN value of bee space is estimated at 11,4 mm. 

Before the nest decomposition bees were already clustered in winter cluster without any brood. Probably, there was no need to warm nest to 35 0C. In this case the basic metabolism of bee colonies slowed down and at temperatures over 10 0C in the core of winter cluster the bee space width could be slightly rearranged for the needs of winter cluster. 

Thermoregulation of the honeybee nest is a complex explained by bee activities and nest structure. Bee space is just one element of very complex process of colony heat retention. There is not only a question of heat retention, since bees must solve more problems with the gas exchange as well. Excess carbon dioxide in the hive stimulated fanning and at high carbon dioxide levels "deep breathing" was observed in bees. It is suggested that bees in the centre of the hive fan in order to maintain the nest temperature, whereas bees on the comb periphery fan to remove carbon dioxide (Takahashi, 1992). There hasn’t been solved the problem of the nest composition in the sense of wax cell contents. Camazine (1991) simulated above mentioned activities as well. 

As Levin and Collison (1990) report, areas containing empty drone cells were significantly warmer than those containing empty worker cells, while worker larvae and pupae had significantly higher temperatures than those of drones. Worker brood was maintained at a significantly higher temperature than drone brood in the central brood nest, but not in the outer brood nest regions. Drone brood temperatures were significantly lower than those of workers in the upper, lower and peripheral comb area, while not significantly different in the central area. In our case, empty drone brood cells shows the largest diameter of bee space at 14,3 mm. This distance prefers air buoyancy to the air viscosity at the difference of about 6 0C. Most areas with drone cells were situated on outer positions of the nest, away from the area usually settled by winter cluster. Bee colonies would probably rebuilt such bee space to a space of about 11 mm over the concave capping of sealed drone cells later in the active season. Bee colonies did not invest additional energy to rebuilt bee space over the empty drone cell areas. They rather built drone combs out of the nest areas interesting for the winter clustering. 
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