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Simple Summary: Inter-colony disease spread is a impediment to a healthy apiary. A multi-scale
mathematical model is built to explore the effects of inter-colony behaviour on the spread of disease.
We model different scenarios corresponding to different behaviours exhibited by honey bees. We
show that a colony can use certain behaviours to lower the impact of disease on itself, and show that
other behaviours are only relevant under specific conditions. The model can be extended to explore
an entire apiary or modified to explore the evolutionary underpinnings of these behaviours.

Abstract: Inter-colony disease transfer poses a serious hurdle to successfully managing healthy
honeybee colonies. In this study, we build a multi-scale model of two interacting honey bee colonies.
The model considers the effects of forager and drone drift, guarding behaviour, and resource robbing
of dying colonies on the spread of disease between colonies. Our results show that when drifting is
high, disease can spread rapidly between colonies, that guarding behaviour needs to be particularly
efficient to be effective, and that for dense apiaries drifting is of greater concern than robbing. We
show that while disease can put an individual colony at greater risk, drifting can help less the burden
of disease in a colony. We posit some evolutionary questions that come from this study that can be
addressed with this model.

Keywords: honey bee; disease transfer; drift; robbing

1. Introduction

Pathogens and disease are now agreed to play an important role in global honeybee
colony failure [1]. Honeybee colonies seem to be robust against many individual stressors,
but coupled stressors can cause effects greater than the sum of their parts [2]. As honeybees
continue to be exposed to stressors such as climate change [3] and sub-lethal pesticide
exposure [4], it is important to minimise the risk imposed by disease in order to preserve
a colony.

Honeybees are exposed to a host of viral and microbial parasites. The most studied
of these are the Varroa mite [5] which can transmit lethal viruses such as deformed wing
virus (DWV) [6] and acute paralysis virus (APV) [7] and nosemosis [8] caused by either
the spores Nosema ceranae or Nosema apis. There are other less widely studied viruses and
diseases which plague colonies such as cloudy wing virus [9], the newly discovered Lake
Sinai virus [10].

Honeybees exhibit behaviours that help combat infection within a colony. Bees will
often implement hygienic behaviours [11–13] to prevent disease from spreading within
a colony. These behaviours consist of removing infected or non-viable brood to stop the
spread of infection within a colony.

To prevent disease between colonies, honey bees have a different set of behaviours.
One such behaviour is guarding [14], which is when bees stationed at a hive entrance
will deny entry to immunocompromised honey bees, bees of another colony, or anything
deemed a threat to colony health.
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In contrast, some honeybee behaviours facilitate the transfer of infection between
colonies. One such behaviour is known as drift. Foraging bees can sometimes get confused
and return from flight to the wrong hive [15]; if a bee is infected and drifts, they can
spread infection to a neighbouring hive [16]. Drifting is worse when hives are visually
similar and in close proximity [17]. Honeybees are also known to pillage dying colonies for
resources [18]. This is distinct from drift as it is an active behaviour rather than a passive
one, and is less dependent on distance given the range of foraging bees, but can still be a
transmission route for disease [19].

There are other mechanisms by which disease may pass from one honeybee colony to
another. Spillover events between other pollinator species or wild bee populations may
cause novel pathogens to infect managed honeybee colonies [20] or vice versa [21] as well
as through the environment such as shared foraging patches [20,22].

Diseases in honeybee colonies have been studied mathematically in both the general
case [23–26] and in specific cases of prominent infections [27–29]. Recent focus has turned
to the study of disease transmission between colonies. A simple model by Muhammad
and Eberl illustrates the role of drift using impulsive differential equations [30]. Their
results show that drift can allow for the rapid spread of disease through an apiary that
drastically reduces the total bee population. In 2019, Bartlett et al. developed a model for
networked colonies using an SIR framework to show how colony placement can affect
pathogen spread [31].

Infection in honeybee colonies is extremely varied and is confounded by complex
social hierarchy and behaviour both within and between hives. This necessitates the
use of multi-scale models to aid the understanding of how honeybee behaviour at the
individual and colony level effects the transmission of disease. While many diseases
have specific, unique routes of transmission, many can be approximated as horizontal
transmission between bees. For instance, Varroa mites act as a vector for many viral
infections [7,32], but the mite population is dependent on the bee population. As mites
often jump from bee to bee [7,33] while feeding, this aspect can be approximated by
horizontal transmission. In fact, the mites themselves which weaken bees and lead to health
problems [32] can be interpreted as a type of pathogen affecting honey bees. Infections
caused by the microsporidian Nosema can likewise be approximated by horizontal, bee-to-
bee transmission [23], as spores are transmitted through feeding, cleaning, defecating, and
transferring pollen and nectar [34]. For this reason, and to increase the tractability of our
study, we focus on horizontal transmission between bees on the intra-colony scale.

In the current study, we create a multi-scale model which couples two colonies using
the single colony framework introduced in [23], which itself is an extension of the dynamical
model of a honey bee colony introduced in [35]. We keep the disease dynamics as general
as possible to draw conclusions that can be applied to a wide variety of diseases which
affect colonies. The inter-colony behaviours that we will focus on are those pertaining to
drift, security, and robbing. We analyse the model using numerical simulations to show the
effects of explicit forager and drone drift on the spread of disease as well as under what
conditions colony robbing becomes a relevant factor.

2. Model

This model extends the model in [23] to incorporate a multi-hive system and inter-
colony interactions. In this model, we model two colonies in order to highlight how various
behaviours change disease spread between colonies.

The two colonies will be labelled colony 1 and colony 2. Each hive is made up of
three classes of bees: the hive bees, H, the foragers, F and the drones D. We ignore brood
dynamics in this model, as the goal is to explore a generalised, mass-action infection at the
inter-colony level, which is mostly driven by adult bees. The general hive dynamics are
adapted from the works in [35,36], and the generalised intra-colony infection is adapted
from in [23].



Insects 2021, 12, 700 3 of 15

We assume that hive bees (female bees whose duties are contained entirely within
the hive) are contained within the hive and are safeguarded against death (in other words,
healthy bees are far more likely to become foragers than to die of natural causes). The dy-
namics of healthy (i.e., susceptible) hive bees are governed by the equation

d H1 S
dt

= p1LS1( H1 , 1 f )− R1( H1 , 1F) H1 S − H1 SΥH( H1 I , F1 I , D1 I) (1)

d H2 S
dt

= p1LS2( H2 , 1 f )− R2( H2 , 1F) H2 S − H2 SΥH( H1 I , F1 I , D1 I) (2)

where the subscripts 1 or 2 determine which colony the bees are from, S stands for suscep-
tible bees, and I indicates infected bees. The parameter p1 is the proportion of eggs laid
by the queen of colony 1 which are fertilised (and thus result in female bees), and L is the
number of eggs laid per day on average by the queen.

The function ΥH( H1 I , F1 I , D1 I) is an infection transmission function between infected
bees and susceptible bees. It is given as

ΥH( H1 I , F1 I , D1 I) =
(

βHH H1 I + βHF( F1 I + F1
2 I) + βHD D1 I

)
(3)

where βHH is the interaction term between hive bees, βHF is the interactions between
foragers and hive bees, and βDH is the interactions between drones and hive bees. The sub-
script on Υ denotes the susceptible population being interacted with. Therefore, there are
other interactions not shown here, namely, βDF, βDD, and βFF. In practice, we take an
average β value and the term reduces to

Υ( H1 I , F1 I , D1 I) = β
(

H1 I + F1 I + F1
2 I + D1 I

)
(4)

These two governing equations, Equations (1) and (2), do not interact with each other as
we assume hive bees of one colony are not mixing with other colonies directly.

The two functions S(H, f ) and R(H, F) are survival of brood and recruitment to
foraging, respectively, where 1H = (1HS, H1 I) and 1F = (1FS, F1 I) and similarly for
colony 2. These terms were first introduced in [35,36]. We have adapted and modified
these terms to the following:

S1(H, f ) =
(

HS + HI
k1 + HS + HI

)(
f

b1 + f

)
(5)

and

R1(H, F) = α1

(
1− σ1

FS + FI
HS + HI + FS + FI

)
. (6)

The parameters k1 and b1 are the amount of hive bees and food required to ensure 50%
survival of the brood, parameter α1 is the rate of recruitment to foraging in the absence
of foragers, and 1/σ1 is the optimal proportion of foragers in a colony. We have similar
equations for colony 2.

Infected hive bees are created when an infected bee interacts with a susceptible hive
bee. These infected hive bees are then susceptible to infection-related death at rate dH .

d H1 I
dt

= H1 SΥH( H1 I , F1 I)− R1(1H, 1F) H1 I − dH H1 I (7)

d H2 I
dt

= H2 SΥH( H2 I , F2 I)− R2(2H, 2F) H2 I − dH H2 I (8)

Healthy (i.e., susceptible) foragers, FS, are created through recruitment of hive bees and are
susceptible to natural death at rate µ, as well we incorporate a drifting term which allows
foragers to visit other colonies. We denote these “drifted foragers” with two left indices.
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For example, F1
2 S is a healthy forager from colony 2 who is currently in colony 1. This

separation has multiple advantages; it allows for asymmetry in the model (we can allow
migrant foragers an increased probability of returning to their proper colony), it allows us
to account for their average age before drifting (if we were to add them to 2FS they would
then live on average µ2 days from the day they drifted), and we can track migrant foragers
and validate against experimental results. Given this, there are two equations per colony
for healthy foragers:

d F1 S
dt

= R(1H, 1F)1HS − µ1 F1 S − d12 F1 S + r1 F1
2 S − 1FSΥ( H1 I , F1 I) (9)

d F2
1 S
dt

= d21 F2 S − r2 F2
1 S − F2

1 SΥ( H1 I , F1 I)−
µ1

µ1 + r1
F2

1 S (10)

d2FS
dt

= R(1H, 1F)2HS − µ2 F1 S − d21 F1 S + r2 F2
1 S − 2FSΥ( H2 I , F2 I) (11)

d F1
2 S
dt

= d21 F2 S − r1 F1
2 S − F1

2 SΥ( H2 I , F2 I)−
µ2

µ2 + r2
F1

2 S (12)

where d12 is the probability of drift from colony 1 to colony 2, d21 is the probability of drift
from colony 2 to colony 1, and µ is the rate of natural death of foragers.

Infected foragers have similar dynamics to healthy foragers, but there are two routes
of creation (infected foragers can be recruited to foraging from infected hive bees, or healthy
foragers that become infected). As well, infected foragers will die either through natural
death or by death due to infection, dF. Equations (13)–(16) show the governing behaviour
of infected foragers. The notable changes from the susceptible forager equations are
highlighted in blue.

d F1 I
dt

= R(1H, 1F)1HI − (µ1+dF) F1 S − d12 F1 S + r1 F1
2 S+1FSΥ( H1 I , F1 I) (13)

d F2
1 S
dt

= d21 F2 S − r2 F2
1 S+ F2

1 SΥ( H1 I , F1 I)−
µ1+d

µ1 + r1+d
F2

1 S (14)

d2FI
dt

= R(1H, 1F)2HI − (µ2+dF) F1 S − d21 F1 S + r2 F2
1 S+2FSΥ( H2 I , F2 I) (15)

d F1
2 S
dt

= d21 F2 S − r1 F1
2 S+ F1

2 SΥ( H2 I , F2 I)−
µ2+d

µ2+d + r2
F1

2 S (16)

Drones are also a potential vector of infection between colonies. Drone behaviours
are incredibly simple, they are born of unfertilised eggs, and tend to be long-lived. Drones
live on average 90 days, but at certain times of the year death can be accelerated through
mating in spring/early summer [37], or through the mass eviction of drones in autumn by
worker bees [38]. Similar to foragers, drones may drift between hives [19]. Our governing
equations for healthy drones in colony 1 are given as

d D1 S
dt

= (1− p1)LS1(H, f )− 1DSΥ( H1 I , F1 I)− µD1DS (17)

d D2
1 S
dt

= d̂21 D2 S − r̂2 D2
1 S − D2

1 SΥ( H1 I , F1 I)−
µD1

µD1 + r̂2
F1

2 S (18)

with similar equations for colony 2 and infected equations build in the same way as those
for hive bees and foragers.

3. Results

The model is run with parameters given in Table 1. For simplicity we set all parameters
equal for both colonies, and set β = βHH = βFH = βHD = βHF, d12 = d21 = r1 = r2 and
d̂12 = d̂21 = r̂1 = r̂2.
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Table 1. Parameter values and source references.

Parameter Definition Value Ref.

L maximum rate of egg laying 2000 eggs/day [35]
w number of hive bees for 50% egg survival 5000 bees [35]
b mass of food stored for 50% egg survival 500 g [36]
k increased food requirements for drone brood survival variable
α maximum rate of recruitment 25%/day [35]
1
σ maximum fraction of colony that can be foraging 1/3 [35]
µ natural death rate of foragers (summer) 0.14 [35]

µD natural death rate of drones 1/90 [39]
c food gathered per day per forager 0.1 g/day/bee [40]

γH daily food requirement per adult hive bee 0.008 g/day/bee [41]
γF daily food requirement per adult forager 0.008 g/day/bee [41]
γD daily food requirement per adult drone 0.016 g/day/bee calculated

γBH daily food requirement per worker brood 0.016 g/day/bee [42]
γBD daily food requirement per drone brood 0.049 g/day/bee [42]

p proportion of worker eggs 0.95 [43]
β rate of transmission of infection 5× 10−4 [23]

d12 drift rate of foragers 0.1 [44]
d̂12 drift rate of drones 3d12 [15]

The healthy dynamics of two colonies are shown in Figure 1. Each colony is started
with 10,000 hive bees, no foragers, and no drones. This roughly replicates post-winter con-
ditions. Within 1–2 months, each colony is strong and stable. Without infection, and with
two identical colonies, we see that the fraction of drifted foragers in a colony, under the
given parameter set is roughly 12%; shown in Figure 2. These results are consistent with
biological observations: see in [44] for drift values, and in [45] for colony size.

(a) (b)

Figure 1. The dynamics of two healthy colonies with interactions through forager and drone drifting
for colony 1 (a) and colony 2 (b). The model is started with initial conditions 1HS(0) = 2HS(0) =
10,000, and all other compartments with 0 individuals. Food is considered abundant and infinite. As
identical parameter sets are used for both colonies, the dynamics of both colonies are the same.
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Figure 2. With the drifting rate set at 10%, we see that on average 12% of the foragers in a colony are
foreign. These results are consistent with experimental findings.

In Figure 3, we first run the model to reach the disease-free equilibrium and then
introduce infection. This is to simulate infection being introduced in mid-summer, when
colonies are at full strength. In this case, we see that infection travels between colonies
quickly, and despite the colonies being identical, the peak infected population in the second
colony is slightly higher than in the source colony. In panel (b) of Figure 3, we see the
proportion of bees that are infected in each colony. This is important as a proxy for future
risk to the colony as the stress of infection can amplify the effects of other stressors.

(a) (b)

Figure 3. Beginning from equilibrium, we introduce one infected forager into colony 1 (1FI(0) = 1).
We see that infection can travel quickly between two colonies with little delay. Note that the infection
in the second colony peaks slightly higher than in the source colony. Panel (a) shows the population
of infected bees over time and panel (b) shows the proportion of bees in each colony that are infected
over time.
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3.1. Scenario: Drone Drift vs. Forager Drift

We can modify the model by looking at the impact of forager drift versus drone drift
on infections within a two colony system. When compared to Figure 3, Figure 4 shows that
drift allows the stress of infection to be spread across both colonies. Figure 4 shows the case
when there is no drift, in other words, d12 = d21 = r1 = r2 = 0 and d̂12 = d̂21 = r̂1 = r̂2 = 0.
We see that when the infection is limited to the source colony, the peak number of infected
bees is much higher than when bees are able to drift between colonies. We also see that the
proportion of bees infected in colony 1 is higher, by roughly 10%.

(a) (b)

Figure 4. Beginning from equilibrium, we introduce one infected forager into colony 1 (1FI(0) = 1).
We see that infection is more severe and poses greater long-term risk when bees are not able to drift
between colonies. Subfigure (a) shows the infected population in the hives, subfigure (b) shows the
percentage of infected bees in each colony.

In Figure 5, we show the impact of forager drift (subfigure (a)) in the absence of drone
drift and the impact of drone drift (subfigure (b)) in the absence of forager drift. We see
that despite their increased rate of drift, if foragers are not allowed to drift, both colonies
see an increase in infection, and the infection peaks roughly 10 days earlier than if both
drones and foragers are able to drift. We see that thee same qualitative result is true if only
foragers are able to drift, but it is much less pronounced quantitatively.

(a) (b)

Figure 5. Cont.
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(c) (d)

Figure 5. Beginning from equilibrium, we introduce one infected forager into colony 1 (1FI(0) = 1).
Subfigure (a) shows the impact of only forager drift on the system of two colonies; d̂12 = d̂21 = r̂1 =

r̂2 = 0 and all other parameters as in Table 1. Subfigure (b) shows the impact of only drone drift;
d12 = d21 = r1 = r2 = 0 and all other parameters as in Table 1. Comparing panels (c,d), we see that
forager drift is mainly responsible for alleviating infection pressure in the colony as when forager
drift is removed, the situation in colony 1 is very similar to when there is no drift at all.

3.2. Scenario: Filtering Infected Bees

Another behaviour some honey bee colonies can show is to disallow drifting of
compromised bees [46]. In Figure 6, we simulate colony 2 discriminating against the drift
of infected bees from colony 1, but colony 1 does not discriminate at all. We see that a
perfect filter can save colony 2 in much the same way as no drift; as the guarding bees at
colony 2 will often kill the trespassing bees [14], we also see a healthier colony 1 because of
the behaviour of hive 2. The figure also shows the case where only 50% of infected drifting
bees are stopped and we see that this is not enough to prevent infection in colony 2.

(a) (b)

Figure 6. Cont.
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(c) (d)

Figure 6. Beginning from equilibrium, we introduce one infected forager into colony 1 (1FI(0) = 1).
In this scenario, we allow healthy foragers and drones to drift between colonies, but infected bees are
detected and are removed. In panels (a,b), we assume there is a perfect filter for infected hive bees; in
panels (c,d), we assume this guarding behaviour is 50% effective.

3.3. Scenario: Robbing Behaviour

Another behaviour that bees show is robbing dying colonies for resources [19]. In this
situation, healthy foragers from colony 2 will target a dying colony for its resources, often
picking up infection along the with the resources [19]. We simulate this situation by
inserting an infected forager into colony 1, and running the simulation until the population
of colony 1 is below 6000 bees, we then insert an infected forager into colony 2. This is
to simulate robbing from a dying colony. When we do this without any drift, we see in
Figure 7 that the the colonies independently as expected. Note for these results we set
β = 2× 10−3 to ensure colony 1 collapses. As mentioned above, ignoring drift can be
interpreted as simulating wild colonies that are often far enough apart that drifting is not
an issue [17].

Figure 7. Beginning from equilibrium, we introduce one infected forager into colony 1 (1FI(0) = 1).
In this scenario, we remove drift but allow colony 2 to rob colony 1 of resources as the colony begins
to die. We see that in this case the colonies behave independently.
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When we combine the effects of drift and robbing, we see that infection spread by
drift dominates. This is visualised in Figure 8.

Figure 8. Beginning from equilibrium, we introduce one infected forager into colony 1 (1FI(0) = 1).
In this scenario, we allow drifting between colonies and allow colony 2 to rob colony 1 of resources
as the colony begins to die. We see that in this case the effects of robbing are washed out.

3.4. Basic Reproduction Number

The model is too complex for the use of analytical techniques to determine a basic
reproduction number to get a sense of severity of disease. We can however estimate the
basic reproduction number from our numerical simulations. Using the heuristic that the
proportion of infected individuals, p, at the endemic equilibrium is related by

p = 1− 1
R0

we can show that our two values of β in our study correspond to a reproduction number of
R0 ≈ 1.67 when β = 5× 10−4, and R0 ≈ 20 when β = 2× 10−3, in a single colony. These
values are in the same range as those used in [23,31].

3.5. Varying Drift & Reproduction Number

As drift is dependent on distance between the colonies, we examine the effects of
varying drift on colony behaviour. In Figure 9, we see that lowering drift by distancing
colonies can slow spread of infection between colonies by upwards of 10 days. In panel (a),
when β = 5× 10−4, we see that as drift rate increases (i.e., distance between colonies
decreases), there is a rapid decrease in the time it takes infection to spread from one colony
to another. We see in panel (b) that when β = 2× 10−3, the drift coefficient plays little role
in spread and drift need only be present.
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(a) (b)

Figure 9. With all other parameters being equal, we change the drift coefficient and measure the time
between peak infections in colony 1 and colony 2. We can see for low β (panel (a)) that increasing the
drift coefficient (i.e., decreasing the distance between colonies) exponentially decreases the time it
take an infection to reach colony 2. When β is high (panel (b)), we see that there is less importance on
drift, it only need be present.

In Figure 10, we vary β and measure the time between peak infections in colony 1
and colony 2. We see that increased infectiousness between bees does not have as large an
impact on inter-colony transmission as drift. In panel (a) we set the forager drift coefficients
to 0.1 and in panel (b) we set the forager drift coefficient to 1× 10−4 for comparison so
show that the insensitivity to β holds.

(a) (b)

Figure 10. With all other parameters being equal, we change β and measure the time between peak
infections in colony 1 and colony 2. We can see that increasing β exhibits exponentially decreases in
the time it take an infection to reach colony 2, but the change is quite small. In panel (a), we use a
drift coefficient of 0.1, and in panel (b), we use a drift coefficient of 1× 10−4.

4. Discussion

In this study, we explore the dynamics of disease between two coupled honey bee
colonies. We use a system of two colonies so that we can clearly highlight the effects of
infection in one colony on another. We tune the drift parameters so that the number of
expatriated bees from each colony is roughly 12% at any given time. This is in line with
observation [17], although drift as high as 80% has been observed [47].

When exploring the interplay between drift and disease spread, we specifically choose
disease parameters such that R0 is low. This allows our results to highlight the qualitative
changes induced by our different behavioural scenarios. As we can see in Figures 7 and 8,
a larger R0 allows an infection to spread incredibly rapidly within a colony. Studying under
a lower R0 helps highlight the changes induced by changing behaviours.
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Primarily, we notice that when bees are able to drift between colonies, the severity
of disease in both colonies is reduced. In edge cases, with many colonies, this may help
colonies survive in the face of infection instead of dying out. We can expect that if we
added more colonies to this model, we may see a further reduction in severity. This may
help explain why many diseases that affect colonies are sublethal [48–50] as the population
of colonies “share” the stress of infection.

We use the proportion of infected bees in surviving infected colonies as a proxy for
future risk from other points of stress. We posit that colonies with high levels of infection
will be more susceptible to failure from other stresses. In this sense, we see that drifting can
lower future risk in the meta-population by reducing the infection load in each individual
colony. This is a particularly interesting result as it seems counterintuitive. That being said,
drifting is not the only avenue by which one can reduce stress within an infected colony.
Certain types of infections may be better treated by queen replacement [51], better access
to forage, etc. There may be cases when it is beneficial to have two working colonies with
60% of the bees healthy versus one failed colony and one healthy colony (for an average of
50% of the bees in the meta-population).

To contrast the above point, the fact that approximately 30% of bees within a colony
are infected put the colony at increased risk from other stressors [2,52] and seasonal ef-
fects [23,24,53]. In this sense, from the perspective of the healthy colony, it is beneficial to
prevent infection. This could be one avenue by which colonies developed guarding be-
haviour. Current research suggests that some viruses are adapting to circumvent guarding
behaviour [54], which may lead to further evolutionary pressure against drifting, causing
honey bees to become more territorial.

Our results also show that robbing is mostly a cause for disease spread between
colonies when drifting is rare, and in this scenario, honey bee colonies mostly act indepen-
dently. With commercial colonies often being identical and kept within close proximity,
the model predicts that disease spread through drift occurs faster and more frequently than
spread through resource robbing. This suggests that disease mitigation in colonies should
first focus on reducing drift, which would allow beekeepers more time to isolate dying
colonies before they can be robbed.

Finally, we see that extremely infectious pathogens (high β) or extremely dense
colonies will results in rapid transmission between colonies (Figures 9 and 10 regard-
less of the state of the other parameter.

There are also many ways to extend the single colony model to account for different
behaviours as well. By including a queen compartment with its own life cycle, one
could study the effects of queen replacement on colony infection. The parameters of the
model are also set to reflect commercial beekeeping efforts in Canada/United States using
Apis mellifera. The model could be reparametrized for hobbyist beekeepers, Apis cerana,
or displaced/imported bees to a new environment. This is dependent on available data
for each of these cases. Some of these studies would be better suited to an agent-based
simulation such as those in [33,55].

Moreover, extensions of the multi-scale framework to include other pollinators are
also interesting. Combining multiple pollinators in a spatially explicit model may lead to
insights into how and when wild pollinators are at greatest risk of disease spillover [56–58]
from managed honeybee colonies. Such a spatially heterogeneous model will also allow
for the study of infections spread through foraging such as in the case of Nosema whose
spores can be transmitted via bees foraging at the same flower.

From an evolutionary perspective, we see that drifting and closer colonies may have
been relevant in reducing overall stress. This could have been beneficial to the meta-
population when environmental stresses (i.e., climate change and pesticide use) were less
imposing on a colony’s overall health. This would require further evolutionary studies.
On the same note, it is theorised that robbing behaviour is an adaptation caused by human
influence on honeybee colonies [18]. Adapting this mathematical model to an evolutionary
framework can help address this question.
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