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Abstract

Heat transfer is key to the survival of honey bee colonies (Apis mellifera L.) in the wide range of hot (e.g. sub-Saharan)
and cool climates (e.g. maritime-temperate) in which they have evolved and adapted. Here, a validated computational fluid
dynamics, conjugate heat transfer model was used to determine the heat transfer of honey bee colonies in simulated standard
wooden hives, complete with combs and brood, for a broad range of honey bee sizes, from slender lowland African A.m.
scutellata, to broader (larger diameter) Northern European A.m. mellifera, across the whole range of brood covering honey
bee densities, as well as when evenly distributed throughout the hive. It shows that under cooling stress, brood covering, broad
subspecies need less than a third of the number of bees per unit of brood area for thermal insulation compared to slender
subspecies. Also, when distributed evenly around the nest, broad subspecies lose less brood heat than when brood covering.
These simulations demonstrate that honey bee girth has climate-based evolutionary advantages directly for the colony as well
as via the survival of the individual. In addition, it shows that non-clustering behavioural patterns of passive honey bees can
make significant, subspecies distinctive changes to nest heat loss and therefore honey production and climate change survival.

Keywords CFD - Thermofluids - Acclimation - Climate change - Heat transfer

Introduction

Computational fluid dynamics (CFD), through the simula-
tion of honey bee nests, their environment and their occu-
pants, can provide insights into multiple subspecies, across
multiple climates, which would be difficult and costly, if not
impossible, by other means. The goal of the study is to use
CFD to simulate the impact of the differing body sizes of the
honey bee subspecies on heat transfer from brood areas, in
commercially available hives. This research uses the power
of CFD to explore both the conventional (e.g. honey bees do
not heat the hive (Farrar 1952)) and alternative hypotheses
(e.g. honey bee size is significant factor for hive convection)
of temperature and heat transfer-related honey bee behaviour
by considering a much wider ranging combination of states,
ambient temperatures, colony sizes and subspecies than are
logistically possible with conventional animal experiments.
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By simulating a very small subset of the possible honey
bee behaviours (generation of heat in the brood region and
passive obstruction of air flow) in a wide range of condition
combinations, this research aims to show how the honey bee
and its environment interact at a basic level and thus form
the basis to understand the intent and results of their more
complex behaviours.

This study simulates the different subspecies in identi-
cal volume nests/hives but using the bee number densities
for the subspecies derived from the literature (Schneider
and Blyther 1988; McNally and Schneider 1996; Saucy
2014; Mulisa et al. 2018). This commercially impor-
tant pollinator has evolved several (circa 24) subspecies
suited to diverse environments from tropical forests and
semi-desert to temperate lands that have —40C winters.
These subspecies vary in body diameter and body hair
length (Ruttner 1988) demonstrating an increase in both
in colder climates. They have also evolved behaviours for
selecting and manipulating (Seeley 1985) their nest ther-
mofluid environment including nest selection for thermal
performance, close temperature regulation in brood area
via endothermy and advection, evaporation of large vol-
umes of liquid (nectar to honey 200 + kg per year) and
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the resulting water vapour transport (Mitchell 2019) and
clustering to reduce heat losses.

The ability to withstand changes in ambient tempera-
ture without resorting to torpor by clustering in colder
climates, in winter inside the nest and in spring outside
while swarming, has been related in extensive studies
into the thermography (Kovac et al. 2009; Stabentheiner
et al. 2021) and metabolic rates (Southwick 1982). There
have also been studies into the theoretical heat transfer in
a clustered state outside of the nest (Myerscough 1993;
Watmough and Camazine 1995; Basak et al. 1996; Ocko
and Mahadevan 2014), a convective computational fluid
dynamic (CFD) analysis of honey bees clustered in a hive
(Sudarsan et al. 2012; Thompson 2013), conductive heat
transfer on individual combs (Humphrey and Dykes 2008)
and experimental studies on the lumped conductance of
the nest enclosure (Mitchell 2016). However, there has not
been, to date, a study which takes account of the follow-
ing: first, both the convective and conductive heat transfer
of complete honey bee nests/hives; second, the contribu-
tion of those honey bees not clustered and ectothermic by
passively resisting air movement; and third, differences
arising from honey bee size or differences arising from
honey bee density.

In the most comprehensive CFD study of hive air flow to
date (Sudarsan et al. 2012), convective airflow through the
honey bees was treated as flow through an inert porous mate-
rial of small cylinders in a perfectly insulated hive. However,
that CFD study considered a single fixed honey bee size
(11 mm length, 3 mm dia) from an unpublished estimate and
then derived the narrow porosity range (0.4-0.5) from pub-
lished known cluster sizes and populations (Heinrich 1981).
This makes the calculations extremely sensitive to the honey
bee diameter used (Eqs. 1, 2 and Table 1). In the current
study, this sensitivity is overcome by both the porosity and
honey bee size being treated as independent variables over
as wide a range as practicable. This allowed the study of the
wide variety of Apis mellifera subspecies adapted to various
climates in Africa and Europe which exhibit different physi-
cal characteristics in both their phenotype, i.e. body size, and
extended phenotype, i.e. their nest.

The volume of the natural nest, and the number of
honey bees in them, vary on a subspecies basis, but the
number of honey bees per unit volume are within 10% of
each other (Table 2) (Schneider and Blyther 1988; Saucy
2014; Mulisa et al. 2018) at around 1.3 X 10° honey bees
per m>. The studies in honey bee taxonomy to date have
not focused on body length and diameter, with or without
body hair, so the exact dimensions are uncertain and are
further complicated by anthropogenic size modification
(Saucy 2014). However, the range can be implied from the
comb cell size in which the honey bees naturally pupate,
and enter to clean etc. The cell sizes are shown in Table 2.
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Table 1 Symbols

Symbol Units  Description

Y Nm™  Pressure differential per unit length

U ms~! Velocity

p kgm™  2nd order velocity coefficient (impact)

a Nm™s Ist order velocity coefficient (viscous drag)

u Nm~2s Dynamic viscosity

@ - Porosity

dp m Particle diameter

p kgm™  Density

d m Generic effective diameter

dp m Effective particle diameter after Sudarsan et al.
(2012)

Vp m’ Volume of particle

v - Shape factor

Ap m? Surface area of particle

dgp m Sauter mean value

dgo m Effective particle diameter after Li and Ma (2011)

dprifgce M Effective diameter of mesh opening

L m Depth of mesh in simulation

Py m™ Number of honey bees per unit volume

Vaee m’ Average volume of individual honey bee

IBee m Length of honey bee

The upper bound has been validated in this study by a
limited photometric survey by the author of hybridised
European bees located in the UK.

For a given nest volume, the volume surrounding the
comb in which the adult honey bees reside (inter-comb
volume) is, from comb geometry, nearer 0.3 of the total,
and this is the volume used to calculate the porosity.

Thermofluid modelling

To understand the significance of these differences in heat
transfer, we need to look into the fluid dynamic theory
related to porous materials.

The pressure differential caused by porous media such
as distributed insects is the Darcy-Forchheimer model of
pressure difference per unit length across a porous material
(Nield and Bejan 2006):

VP = —aﬁ—ﬁ’ﬁ|ﬁ )

The first term in Eq. 1 relates to the viscous drag and
is the dominant term below Reynolds numbers of 10.
The second term relates to the obstruction effects of the
particles.

Ergun’s equation formulates o and f as per Eqs. 2 and 3
(Li and Ma 2011):
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Table 2 Subsp-?cies cell sizes, Parameter A.m. scutellata European
colony populations and volumes
(Schneider and Blyther 1988; 1 Nest volume m> 103 17 45
Saucy 2014; Mulisa et al. 2018) 2 Population 10° 6.4 18.8
3 Cell diameter m 1073 2543 4.4-5.5
4 Cell length m 1073 9.5-11.4 11-12
5 Inter-comb gap (bee space) m 107 9-11 9-11
6 Total inter-comb volume m® 1073 5.1 13.5
7 Individual honey bee volume m* 1077 54-138 167-261
8 Distributed bee number density in inter-comb volume m~3 10° 1.25 1.39
9 Distributed bee volume density in inter-comb volume m? m™ 0.07-0.18 0.23-0.36
10 Distributed bee porosity of inter-comb volume 0.82-0.93 0.64-0.77
11 Brood area m? 0.24 0.59
12 Bees per unit area of brood m~2 10° 17.3-40.2 24.1-42.4
(1-¢)> One experimental engineering study (Li and Ma 2011)
o= H150W (2)  used cylinders quite close to the honey bee in terms of scale
p?® and aspect ratio, i.e. cylinders 6mm long and 3mm diameter.
They determined that a more accurate approximation was
B = P 3.5(1 - ) 3) to use the product of the shape factor and the Sauter mean
2 dpe? diameter (Eq. 10).

But this is not valid for particles that deviate strongly
from a spherical shape or have large size distributions. So
dp is replaced by an effective particle diameter d usually
calculated from the relationship between the volume and
area (Egs. 4 and 95).

1 — 2
o= plSO(H—(Z) )
®
b= P 3.5(1 — @)
2 a(p3 (5)

Previous workers (Basak et al. 1996; Sudarsan et al.
2012) have used an effective particle diameter di (Eq. 6)
then apply a shape factor ¥ (Eq. 7) which gives a result
equal to the Sauter mean value dgp, (Eq. 8).

de = (6Vp) 3 6)
2 1 2
nd, w3 (6Vp)?
J-2
P P
d = ydy (®)
d=dg, = 9)
SD AP

d=dpg= ——"— (10)

To use Eq. 10, we need to compute the porosity of the dif-
ferent honey bees in their respective nests when distributed
evenly around the nest. From the geometry of the comb and
inter-comb spaces, we can determine the non-comb, honey
bee occupied volume of the nest and hence the number den-
sity of the honey bees (pg). This, with the volume of the
individual honey bee (V,..), can be used in Eq. 11 to give
the porosity.

@ =1-pgVpe (11)

To understand the impact of species differences, the vari-
ation of the a and P coefficients need to be known and their
consequent changes to the overall heat transfer determined.

Methods

In order to determine the significance of differences in air
resistances to the heat lost from a hive, a CFD simulation of
full conjugate heat transfer was conducted of Apis mellifera
colonies in a standard hive, complete with combs and brood.

A computer-aided design model (CAD) model of
a standard British National Hive (Cushman 2011) of
approximately 35-L capacity was constructed using
FreeCAD (Riegel and Mayer 2019). The dimensions
were taken from an example Western Red Cedar hive and
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combs supplied by Thornes Ltd. The model simulated
12 standard combs, empty of stores or brood (Fig. 1)
except for the 6 central combs, each of which had brood
areas of approximately 214 by 100 mm (Fig. 2a). This
model contained air surrounding the hive (1 m by 1 m
by 2 m), mesh floor, entrance, crown board, roof and
ventilated roof cavity as well as the internal air vol-
ume occupied by honeybees while distributed about the
nest. For the clustered data, the brood covering volumes
304 x 140 x 10 mm were simulated (Fig. 2b). This model
was then loaded into the CFD tool OpenFOAM v4.1.
(Jasak et al. 2007). The comb thickness and inter-comb
space were fixed at 25 mm and 10 mm, respectively.

Assumptions

The following assumptions were made in the CFD
modelling:

e The honey bee colony is in either one of two states: first,
honey bees covering the thermoregulated honey bee
brood (brood covering) and, second, evenly distributed
around the hive (distributed). Conventionally, the dis-
tributed state can be thought to represent the summer
day time or warm climate configuration and the brood
covering state the colder climate or winter configuration.

e The honey bees are approximated to cylinders 11 mm
long and diameters as specified.

e The volume of brood on each of the six simulated brood
containing combs is fixed, rectilinear and isothermally
maintained at 307 K and is the only heat source within
the nest, i.e. the contribution from endothermic bees is

Fig.1 Cutaway of CFD model
showing combs and typical
temperature distribution and
meshing
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a) b)

Fig.2 CFD brood comb frames, with covering honey bees (a) and
without (b) colour code: frame as grey, comb as yellow, brood cover-
ing honey bees as blue and brood cells as red

considered to be located either on the brood surface or
within the brood (brood volume).

Radiation is ignored for the purposes of this simulation.
The flow is transitional from laminar to turbulent and
thus amenable to a kwSST turbulence model.
Condensation and evaporation are ignored.

Thermal conductance of honey bee bodies is ignored.
A single fluid, air, is considered.

For the distributed state, all of the colony bees are simulated
as evenly distributed into the space within 10 mm of all the
internal structures, i.e. a fixed volume of 10.5 L.
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e In the brood covering state, all of the honey bees in the
colony are simulated as evenly distributed in 7 fixed
brood covering volumes 304 X 160X 10 mm on each face
of the 6 brood areas, i.e. a fixed volume of 3.4 L. Thus,
varying porosity and number density values represent
colonies with differing numbers of honey bees.

e The lower limit of porosity, and the highest number den-
sity (e.g. when honey bees are clustered at extreme low
temperatures), is the geometric limit of close packed cyl-
inders, i.e. 0.095.

The model was meshed using the standard Open-
FOAM mesh utility snappyHexMesh. Care was taken to
ensure that the mesh was sufficiently fine in the bound-
ary layers to enable valid lower Reynolds number turbu-
lence modelling relevant to a kw-SST turbulence model
(Menter et al. 2003; Moukalled et al. 2016) using the
y* metric. The meshing gave values of y© ~ 107> (CFD-
Online 2014a) inside and around the hive and 4 on the
test cell walls. The meshed model was then used in the
standard compressible flow, steady-state conjugate
multi-region heat transfer solver, CHTmultiRegionSim-
pleFoam, with kw-SST turbulence using the boundary
condition turbulentTemperatureCoupledBaffleMixed,
for coupling between the solid and fluid regions of the
hive. The boundary conditions, at the walls of the vol-
ume under test, were set to fixed zero velocity gradi-
ent, with the inlet turbulent energy, turbulent dissipa-
tion rate and specific turbulent dissipation rate set to
fixed values according to the literature (CFD-Online
2014b). The fixed parameters in Table 3 were used in
the simulation.

The empty comb conductance was selected to be close to
that used by other workers (Humphrey and Dykes 2008) and
also suitable for later validation.

Table 3 CFD parameters

Parameter Value Units
1 Empty comb conductance 0.023 WK !m™
2 Ambient air velocity (inlet) 0.05 ms™!
3 Inlet turbulent energy k 9.79107% m%2
4 Inlet turbulent dissipation rate € 9.94 10711 M2%73
5 Inlet-specific turbulent dissipation 338107 7!

rate ®

6  Comb frame conductance 0.12 WK~ m™!
6  Hive conductance 0.12 WK~ m™!
8  Wire mesh pitch 4 mm
9  Wire mesh wire diameter 1 mm
10 Brood covering volume 34 Litres
11 Model mesh size 32 Cells x 10°

The ambient air velocity was chosen after sensitivity test-
ing for a combination of rapid CFD solving and minimal
impact on conductance, i.e. less than 3%.

Wire mesh and honey bee porosity modelling

In order to simulate the wire mesh, the industry standard
formulae (Idelchik 2006) were used to derive the a and f
coefficients.

11

6‘f=lld iz (12)

orifice

Pl | :
ﬁ=§i 1.3(1 — @) + 6—1 (13)

Both the honey bee volume and the wire mesh a and S
coefficients were input into the model as parameters for
porosity zones in the air region. This was accomplished
using the explicit porosity fvOption facility within Open-
Foam to modify the governing equations for momentum
in the specified zones in order to implement Eq. 1. The
thermoregulated brood was emulated as a zone of fixed
temperature within the comb region using the explicit heat
source fvOption facility to modify the governing equations
for enthalpy in the specified zones.

The differing zones of thermal conductance within the
comb regions were implemented by an enthalpy modifica-
tion field to scale the conductance to an appropriate level
from a generic comb value.

Execution

A separate CFD run was conducted for each combination
of the following:

Honey bee effective diameter
Honey bee porosity

Brood covering or distributed states
Ambient temperature

The iteration steps were continued until the temperatures
within the model reached equilibrium, typically after 3500
iterations.

Post processing
The heat flux from the frames into the surrounding air was

computed from each of the runs using the wallHeatFlux
(Venkatesh 2016) post processing function. In addition
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Paraview (Ayachit 2015) was used to derive visualisations
of temperature and air flow. The results along with the key
parameters were loaded into an open source SQL database
(MariaDB (Widenius 2020)) and then plotted using MATlab
(MATLAB 2018).

Validation

The CFD was validated by first validating the CFD model con-
vection/conduction resistance against a physical experiment;
second, validating the porosity pressure differential against
published results; and, third, a mesh sensitivity analysis.

The physical experiment used the hive that provided the
dimensions for the model. The thermoregulated brood in
each comb was emulated by 6 pairs of 12-mm-thick electri-
cally heated, temperature-monitored aluminium plates. The
empty comb was emulated by 25-mm-thick polyisocyanurate
(PIR) insulation.
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Results
Parameter analysis

Given the complexity of the problem, it is useful to
understand how key parameters interact before interpret-
ing the CFD results. The resistance coefficients, @ and 3,
to convective airflow are derived from the resistance of
spheres, by using a conversion from the cylinder dimen-
sions to the diameter of a sphere of the same effective
resistance (see effective diameter in Eq. 10).

The variations of the a and f# coefficients versus
honey bee porosity for constant values of honey bee
effective diameter as used in the CFD runs are plotted
in Fig. 3a and b and versus actual honey bee diameter at
values of constant number density and actual honey bee
length in Fig. 3c and d.
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CFD results

For the brood covering state, the CFD experiment used the
porosity range 0.095 to 1.0 and the distributed state a range
0.2 to 1.0, both at temperatures of 273 and 293 K. The plot
of hive thermal resistance vs honey bee number density at
constant ambient temperatures and effective diameter size
for both brood covering & distributed is shown in Fig. 4.
The plot of hive thermal resistance vs porosity at constant
ambient temperatures and effective diameter size for both
brood covering & distributed is shown in Fig. 5.

Discussion

From Egs. 1, 2, and 3, we can see that the key factors deter-
mining air resistance, and hence heat transfer are the poros-
ity and the effective diameter of the honey bees. The length
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Fig.4 Brood covering and distributed hive thermal resistance vs

colony number density for effective diameters at constant ambient
temperatures a 273 K brood covering, b 273 K distributed, ¢ 293 K

of the subspecies varies by about 10% and cause only minor
changes in effective diameter. However the difference in
diameter is in excess of a factor of 2 and in volume by a fac-
tor of 5. In contrast the bee number density only changes by
10%. This leads to a difference in porosity when the honey
bee are evenly distributed around the nest, with ~95% for
low-land A.m. scutellata (effective diameter ~2.5 mm) com-
pared to ~70%, for European honey bees (effective diam-
eter ~5 mm, from Table 2).

Previous studies (Sudarsan et al. 2012), which con-
centrated on porosities between 0.4 and 0.5, can now be
shown to reside in the region where the thermal resistance
is already at its maximum (Fig. 5).

From Fig. 3a and b, it can be clearly seen that such an
apparently small difference in porosities will lead to a
marked difference in air resistance coefficients o and f (fac-
tor of ~20) and hence thermal resistance. Similarly, at con-
stant number densities, changes in diameter of 2.5 to 5.0 mm
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Fig.5 Brood covering and distributed hive thermal resistance vs porosity for constant effective diameters at constant ambient temperatures a
273 K brood covering, b 273 K distributed, ¢ 293 K brood covering and d 293 K distributed

lead to coefficient changes of a factor of 7 (Fig. 3¢ and d).
This is borne out by the differences in thermal resistance
(Fig. 4) between subspecies at the same number density in
both brood covering and distributed CFD simulations across
all temperatures, with the difference of approximately a fac-
tor of 2 in thermal resistance between the most extreme Afri-
can and European subspecies (Fig. 4b and c) at the observed
distributed honey bee densities (1.25 and 1.39%x 10° m™
from Table 2).

This higher thermal resistance of the colony for broad
honey bees might be seen as part of the adaptation of
European honey bees to their colder climate by apparently
conforming to Bergmann’s and Allen’s rules (Freckleton
et al. 2003; Nudds and Oswald 2007). These state that
body size and appendage width to length ratio of homeo-
thermic animals increase inversely with climate tempera-
ture, because of the change in body surface area to volume
ratio. While often reliable with mammals, it should be
noted that these rules are not suitable for Hymenoptera
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(Shelomi 2012) or even social bees (Gérard et al. 2018).
Given Apis mellifera are not homeotherms, can be either
ectothermic or strongly endothermic and spend 80% + of
their lifetime inside the nest, including the times of great-
est seasonal or daily thermal stress, the individual’s body
surface area to volume ratio is of diminished relevance
and weakens Bergmann’s validity in honey bees. The heat
loss causality for Allen’s rule is also weak for honey bees
given that the heat source, i.e. muscles, is in the thorax.
Reduced limb length is observed in more northerly bees
(Ruttner 1988), and the resulting shortened gait may be
interlinked with the higher number densities observed in
northern honey bees. This is feasible if the honey bees
were density regulated by the number of honey bee steps
between honey bee to honey bee encounters, honey bee
density sensitivity and step counting being known in other
behaviours (Seeley 1977; Smith et al. 2017). The resulting
higher number densities can then combine with girth to
increase airflow resistance (Fig. 3c and d).
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The case for air flow resistance driving girth changes is
further strengthened owing to the fact that the classic surface
area to body ratio is a linear phenomenon, whereas resist-
ance to nest airflow rises close to the cube of body diameter
(Fig. 3c and d).

It has been observed that the length of body hair on
honey bees has a correlation with latitude (Ruttner 1988).
The longer hair has been credited with giving greater heat
retention when tightly clustered (Southwick 1983); how-
ever, it can be seen that the upper limit of thermal resist-
ance is reached well before cylinder packing limit (Fig. 4).
Therefore, the increase in hair length is not relevant to being
tightly clustered but is useful in reducing the individuals
and colonies heat loss, not only by impeding air flow (Bejan
1990) to the surface of the individual, e.g. outside the hive,
but also by reducing the colonies porosity via increasing the
honey bees individual volume. Thus, the very low porosity
of winter clustering does not improve thermal resistance of
the core endothermic honey bees but instead improves ther-
mal contact between the individuals and the core. However,
if thermal contact with other honey bees was dominant for
evolution, then maximisation of surface area would occur,
and a converse Bergmann relation would be observed in a
similar manner to ectotherms needing surface area to gain
heat from the sun.

The upper thermal resistance limit indicates the honey
bee density at which the air stops moving under convection,
and heat transfer is by conduction through the air either in
the brood cover volume or the space occupied by the distrib-
uted honey bees. Thus, at the observed distributed number
densities, we can see that broad subspecies are close to the
thermal resistance limit, i.e. conduction only, while the slen-
der subspecies are distant from the thermal resistance limit,
and thus the interior is strongly convective. This is indicative
of a strong adaptation to climate for active colonies, with the
slender subspecies able to dissipate heat in a warm climate,
and the broad species retain it in a cool climate.

A surprising result is the thermal resistance of a distrib-
uted colony at the observed distributed number density that
is greater than thermal resistance limit for brood covering
for the broad subspecies (Fig. 4a and c) and the reverse for
slender subspecies. While for broad subspecies in cool cli-
mates, the distributed state reduces heat loss, for the slender
subspecies, in the distributed state, at lower ambient tem-
peratures, individual honey bees near the periphery would
fail to stay above fatal temperatures.

This suggests that the driver for broad subspecies to brood
cover is not directly for colony survival by reducing colony
heat loss but is driven by other behaviours and needs.

In the active season, this closeness in broad subspecies to
the upper thermal limit, when natural convection is close to
being suppressed, implies that there are circumstances where
honey bees will have to move to allow natural convection or

forced convection to take place. Whereas studies of patterns
of behaviour have previously been focused on action, e.g.
endothermy in the brood area or storing pollen and nectar,
it can now be seen that the location of inactive ectothermic
honey bees can have a significant impact on the thermofluid
processes in the nest. Evidence of this is apparent when
honey bees come out of the nest en-mass and wait around
the entrance, called “bearding” (Hamdan 2010). To date this
has been labelled as “over heating” or “overcrowding” but
may in fact be behavioural movements to allow air flow-
based activity such as honey desiccation.

The role of the male bees, a larger diameter minority
(approximately 20% and cell size > 6 mm) occupant of the
nest (Seeley 1985), becomes of interest, particularly, since
they have been observed to frequently congregate on outer
frames of the nest, where their larger bodies, if at the same
number density, would impart a stronger resistance to air
flow down the cooler surfaces of the nest and hence present
an effective thermal resistance. This is of relevance since
male honey bees are present in the nest for large periods
of the year when lower temperatures, e.g. at night, can be
found. This is illustrated by A.m. mellifera, a large diam-
eter subspecies, whose drones can be present from April
to August and its external night time environment can be
close to 0 C.

It is likely that there are other such behaviours that pas-
sively manipulate the airflow, not yet noted or studied.

For brood covering honey bees at ambient 293 K
(Fig. 5¢), if we consider the bee densities, where the limit of
thermal resistance is reached, we can see it is markedly dif-
ferent for 2.5 mm and 5.5 mm diameter bees, i.e.~11.5 and
3% 10° m™3. Thus, if thermal stress resistance is a limiting
factor for brood production, then the broad subspecies can
cover over 3 times the brood area compared to slender spe-
cies for the same thermal stress. That both broad and slender
have similar numbers of bees per unit area of brood (Table 2)
may indicate the differences of thermal stress caused by the
climates of the subspecies involved.

This study considers brood covering and distributed
honey bee densities as isolated states, whereas in reality,
they are a continuum bounded by the total colony popula-
tion. Thus, there is further work to be done, e.g. using colony
size and a brood covering to distributed blending function
instead of honey bee number density.

Conclusion
This study has shown the following:

e Body hair has an impact on colony heat transfer but not
when tightly clustered.
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e Body diameter halves brood heat loss for broad subspe-
cies.

e Tight clustering is primarily for individual survival by
thermal contact.

¢ “Doing nothing” ectothermic honey bees are reducing
heat transfer especially when large diameter, i.e. drones.

¢ Honey bees gathering outside the hive, for broad subspe-
cies, is a necessary method of increasing heat transfer
and internal air transport.

e The normally assumed causation of the apparent con-
formity to Bergmann’s and Allen’s rules, where the ratio
of individual surface area to individual volume deter-
mines size, is unreliable. Here it appears that it is the
relation of colony number density to total colony body
volume (i.e. individual girth) that is significant in deter-
mining the variation of body size with latitude.

These insights should influence how researchers and bee
keepers interpret the acclimation and behaviour of the differ-
ent subspecies of honey bees and consider patterns of distri-
bution of relatively inactive honey bees as worthy of notice.
It is clear that CFD can provide numerous new biological
insights into multiple subspecies of honey bees across mul-
tiple climates, which would be difficult and costly, if not
impossible, by other means, and provides a means of testing
the physical validity of hypotheses of evolutionary pressure.
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