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Abstract – Organisms live within cycles of birth, growth, and reproduction, but life cycles also include decline 
and death. Here, we focus on the process of colony decline and death in “hopelessly queenless” honey bee 
colonies (Apis mellifera). In addition, we tracked the parasitic mite, Varroa destructor, to understand how 
mite populations change during colony decline, and the implications of colony decline on mite transmission. 
To address these knowledge gaps, we established four hopelessly queenless colonies in observation hives and 
tracked their bee and mite populations until death. Hopelessly queenless colonies persisted for 2–3 months 
(86 ± 19 days), with a long-tailed survival distribution (50% of bees dead by day 25; 95% by day 74). In two of 
the four colonies, the mites outlived the bees by up to 48 h; in one colony the bees outlived the mites by 13 days; 
in one colony the bees and mites died simultaneously. Though we did not observe robbing in our study, colonies 
with fewer than 200 bees still harbored mites that could have infested robber bees. All colonies attempted to 
rear worker-laid drones, though survival rates for the drones were low (3.0 ± 2.1% of worker-laid drone brood 
were estimated to reach adulthood). Colonies did, however, maintain adult drones until colony death, despite 
the experiment running from September through December (past the date of typical drone eviction). This work 
shows that declining colonies are a viable mechanism for horizontal mite transfer in both managed and wild  
colonies, with potential implications for the evolution of mite virulence.

Sociometry / colony decline / colony death / Apis mellifera / Varroa destructor

1.  INTRODUCTION

The parasitic mite Varroa destructor has 
caused devastation in both managed and 
wild honey bee colonies around the world 
(Guzmán-Novoa et  al. 2010; Martin et  al. 
2012; Mikheyev et  al. 2015; Wilfert et  al. 
2016; reviewed in Traynor et al. 2020). Much 
research has focused on control of the parasite 
(Rosenkranz et al. 2010; Seeley and Griffin 

2011; Al Toufailia et al. 2015), on the viruses 
it transmits (De Miranda and Genersch 2010; 
Wilfert et al. 2016; Benaets et al. 2017), on 
the longitudinal impacts on colony survival 
(Le Conte et al. 2007; Locke and Fries 2011; 
Seeley 2017; Locke 2016), and on honey bee 
traits that lead to mite resistance (Spivak 1996; 
Martin and Medina 2004; Ibrahim et al. 2007; 
Locke and Fries 2011; Loftus et  al. 2016; 
Locke 2016), but less attention has been paid 
to the basic ecology of the mite itself (reviewed 
in Nazzi and Le Conte 2016).

Varroa mites spread between colonies by 
infesting a bee, which transports the mite to 
another colony. In apiaries, where colonies 
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are densely packed, orientation errors lead to 
workers “drifting” between colonies, along 
with their mites (Jay 1966a, b; Pfeiffer and 
Crailsheim 1998; Seeley and Smith 2015; Smith 
and Loope 2016). Wild colonies, however, are 
widely spaced (> 1 km, though this depends on  
location; see Seeley 2007; 2019), so passive 
worker drift is not a viable mechanism for the 
horizontal transmission of mites. Nevertheless, 
wild colonies, even those living far from apiar-
ies, are still infested with mites (Seeley 2007; 
Locke 2016). How wild colonies first become 
infested is unknown, but it has been speculated 
that the death of an infested colony may present 
an ideal opportunity for the resident mites in the 
dying colony to infest robber bees from foreign 
colonies, thereby escaping the dying colony and 
infesting a new host (Peck and Seeley 2019). 
This transmission route is viable in both man-
aged colonies living in apiaries and unmanaged 
colonies living in the wild.

Surprisingly, however, we do not have a clear 
picture of how mite and bee populations covary 
within a terminally declining colony. This is impor-
tant because the way in which an infected organ-
ism dies (whether killed by the disease or not) will 
influence whether and how widely it can transmit 
the infection (e.g., individuals infected with HIV 
have an extended asymptomatic period in which  
they can share specific bodily fluids containing high 
viral loads (Fauci 1993; Hollingsworth et al. 2008).  
To understand whether mites (and the viruses they 
transmit) will evolve higher or lower virulence, 
over time and in different settings, we must first 
understand any and all transmission routes between 
hosts (Ewald 1987, 2004; Fries and Camazine 
2001). This includes potential transmission of 
mites during the process of colony decline and 
death, including death that is not explicitly caused 
by the mites.

While honey bees are a well-studied social 
insect (Butler 1623; Huber 1814; Frisch 1950;  
Lindauer 1961; Winston 1987; Seeley 1995,   
2010), investigations into the patterns of colony 
growth and development are limited (Lee and 
Winston 1987; Pratt 1999; Rangel and Seeley 
2012; Smith et al. 2016). This is because socio-
metric studies (i.e., the collection and analysis of 

the physical and numerical attributes of social 
insect colonies and their inhabitants; Tschinkel 
1991, 2011) are labor-intensive and tedious, and 
such studies in honey bees tend to focus on their 
agricultural relevance (e.g., honey stores and 
colony size; Farrar 1937). While there has been 
work on initial colony founding, growth, and early 
reproduction (Otis 1973; Lee and Winston 1985, 
1987; Pratt 1999; Rangel and Seeley 2012; Smith 
et al. 2014), there has only been one birth-until-
death study in honey bees (Smith et al. 2016), and 
no study has explicitly focused on the sociometry 
of colony decline and death.

How a colony dies influences the potential 
pathways for mites to be exported to other colo-
nies. A leading cause of death in wild honey bee 
colonies living in northern climates is winter star-
vation (Seeley 2017). Although mites can survive 
hours, or even days, without bees (De Guzman  
et al. 1993; Pettis et al. 2003), this type of colony 
death represents a dead end for the mites, since 
the nest would remain undiscovered by bees until 
the spring. When colonies perish at other times 
of year, however, conditions are more suitable 
for mites to spread. A common way for unman-
aged honey bee colonies to die is during queen 
replacement, which occurs after a colony swarms, 
an unexpected queen death, or to replace an 
unhealthy/failing queen (supersedure, or matri-
cide; Loope 2015). Once the colony rears a virgin 
queen, she must depart on her mating flight(s). 
If she fails to return (e.g., eaten by a bird), the 
colony will become “hopelessly queenless” —
they have no source of fertilized eggs with which 
to rear workers or a replacement queen (Seeley 
1985). The probability of failing to requeen, 
and, therefore, becoming hopelessly queenless, 
depends on local conditions (e.g., 4% in Ratnieks 
(1990) versus 12% in Smith (2018), both stud-
ies conducted in Ithaca, NY; 20–53% in Ali and 
Taha (2012), depending on the bee-eater migra-
tion). Workers in hopelessly queenless colonies 
continue to perform colony tasks (Naeger et al. 
2013), though some will activate their ovaries 
and begin to lay unfertilized eggs, which develop 
into a final cohort of worker-laid drones (Page 
and Erickson 1988; Miller and Ratnieks 2001; 
Utaipanon et al. 2019). Without a source of new 
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workers, however, the colony is doomed and will 
eventually perish. Surprisingly, beyond knowing 
that these colonies inevitably die, the sociomet-
ric dynamics of this type of colony death remain 
unexplored. This leaves us unable to evaluate the 
risk that mites will be exported during a colony’s 
process of decline and death.

In this study, we address two simultaneous 
knowledge gaps: (1) the dynamics of colony 
death after becoming hopelessly queenless, and 
(2) the potential for V. destructor mite transmis-
sion during this process of colony decline. Our 
goal was to observe the process of colony decline 
in hopelessly queenless colonies to answer basic 
ecological and epidemiological questions, such 
as: How long do hopelessly queenless colonies 
persist? How long do they pose a disease threat 
to uninfested colonies? What is the final cause 
of colony death? Who dies first—the bees or 
the mites? Are declining colonies invaded and 
robbed by foreign colonies? How successfully 
do these colonies rear worker-laid drones? And 
does this alter mite levels? To answer these ques-
tions, we tracked both colony metrics (number 
of workers and drones, area of worker brood, 
drone brood, honey stores) and mite metrics 
(number of adult mites and juvenile mites dying 
over time) in four colonies that were made hope-
lessly queenless until the death of the last bees 
and mites.

2. � METHODS

To observe the process of colony decline and 
its impact on V. destructor mite incidence, we 
established four hopelessly queenless honey 
bee colonies in observation hives and tracked 
the bees and mites until death. Note that this is 
not an investigation into how mite infestation 
kills a colony but, rather, how a colony’s death 
progresses and the effects of colony decline and 
death on the population of mites. These experi-
ments were conducted in Apis mellifera colonies 
at Cornell University’s Liddell Field Station and 
the Dyce Lab for Honey Bee Studies in Ithaca, 
NY, USA (42°27.6′N, 76°26.7′W).

2.1. � Observation hive set up

On day 0 (September 1, 2017), we established 
each colony into a 4-frame observation hive 
(each colony contains four “Langstroth-deep” 
style frames; frame dimensions: 43 × 20  cm; 
observation hive dimensions: 45 × 91 cm; as in 
Smith et al. 2017). Each colony contained the 
same nest contents: a frame of capped honey 
(top frame), two frames of mixed brood (eggs, 
uncapped larvae, capped larvae; middle two 
frames), a frame of an empty drone comb (25% 
of the total nest area, similar to unmanaged nests 
(Seeley and Morse 1976; Smith et al. 2016); bot-
tom frame). Each colony was established with 
2 frames fully covered with bees of mixed age 
(Imdorf et al. 1987), but no queen. On Septem-
ber 10, 2017, we opened the observation hives 
and removed all queen cells built by the workers, 
thereby eliminating any possibility of their rear-
ing a replacement queen.

The bees and brood combs were sourced from 
research colonies (> 2.5 km away) that exclu-
sively contained light-colored Cordovan bees, 
which allowed us to differentiate light-colored 
resident bees from dark-colored potential robbers 
(in Upstate New York, robbing is most likely to 
occur in late fall; Rangel and Seeley 2012; Peck 
and Seeley 2019). The source colonies were 
reared with high-mite levels for another study 
(Peck and Seeley 2019); each colony had an 
ample drone comb and was not treated for mites, 
so their mite levels were not kept artificially low 
by beekeeping management, such as acaricide 
treatments (each source colony had > 20 mites 
per 300 bees, measured using the sugar-roll 
method; Macedo et. al 2002). Hive entrances 
had distinct colored markings and were oriented 
in different directions to reduce drift between 
colonies. To enable mite surveys without dis-
turbing the colonies, we modified the floor of 
the observation hives to insert a miniature sticky 
board (an oiled plastic board placed underneath 
6-mm hardware cloth to capture fallen mites; 
installing a sticky board does not interfere with 
colony activities such as foraging or undertak-
ing). This type of mite sampling was destructive, 
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so we cannot say if fallen mites were alive or 
dead upon falling and whether any mites could 
have re-infested bees if they had not been killed 
by the oil.

2.2. � Colony inspections

This study was deliberately performed using 
observation hives to allow for regular and 
repeated inspections, without disturbing inter-
nal colony processes (nest boxes would have to 
be opened to monitor the colony, which disrupts 
the colony, and can induce robbing). Every 48 h, 
we inspected colonies for the following: mite 
drop (dead mites collected on the sticky board; 
both adults and juveniles, judged by mite color: 
adults are reddish-brown, juveniles are white to 
cream-colored; Dietemann et al. 2013); presence 
of worker-laid eggs; and whether colonies were 
being robbed (non-Cordovan bees present in the 
observation hive), or had been robbed (robber 
bees tear open honey cells and leave characteris-
tic debris behind, whereas resident bees carefully 
uncap honey cells). Hive debris fell through the 
screened bottom board, so large wax cap pieces 
indicative of robbing would have been easily 
detected.

A colony was considered alive for as long 
as adult workers or drones were alive in the 
observation hive. Every 7 days, at night, we 
censused: the population of workers using the 
Liebefeld method (Imdorf et al. 1987; Dainat 
et al. 2020), the population of drones by direct 
count (using a tally counter), and the contents of 
the nest (worker brood, drone brood, food stores) 
using a 4 × 4-cm grid square (55 grid squares per 
bee frame, methods as in Smith et al. (2016)). 
Toward the end of a colony’s life, we were able 
to make direct counts of both workers and drones 
living in the colony. Whenever a frame had fewer 
than 200 bees, we used a tally counter to directly 
count the number of individuals on that frame. 
These inspections continued until all mites and 
bees were dead, and all risk of robbing had ended 
for the season, on December 27, 2017. Note 
that this date is beyond the last bee’s death date 
(December 21) so that we could determine if any 

remaining mites were present (via mite drop and 
visual inspection). Putative cause of death was 
determined via visual inspection (e.g., starvation 
is easily detected because workers are found with 
their heads embedded in cells, and no honey/nec-
tar remains in the colony; note that colonies are 
inspected every 48 h).

During these inspections, we also visually 
checked for the following honey bee diseases and 
pests (Hansen 1987): American foulbrood (Pae-
nabacillus larvae), European foulbrood (Strepto-
coccus pluton), chalkbrood (Ascosphaera apis), 
nosema-induced dysentery (Nosema apis), sac-
brood virus, small hive beetles (Aethina tumida), 
and wax moths (Galleria mellonella).

2.3. � Observation hive room

Observation hives flatten what would typi-
cally be a three-dimensional nest structure, 
which handicaps the bees’ ability to thermoreg-
ulate their nest. To account for this, hives were 
sandwiched between boards of foam insula-
tion, and we partially regulated the temperature 
of the observation hive room using ventilation 
fans and space heaters such that it would not fall 
below 10 °C. A dwindling colony will eventu-
ally lack the bee population needed to properly 
thermoregulate its nest, and winter cold exerts 
a mortality pressure on all bee colonies in cool 
climates, so on December 20, 2017, we deac-
tivated the heating system (three of the four 
colonies had already perished before this date). 
The last remaining colony was dead within 24 h. 
Clearly, environmental conditions influence how 
long a declining colony will last, but our tem-
perature control helped us avoid any impacts 
from individual cold snaps on the longevity of 
the bees and/or mites due to their occupation 
of an essentially two-dimensional observation 
hive. While this does represent a semi-natural 
nest configuration (a two-dimensional observa-
tion hive versus a three-dimensional nest), using 
observation hives is essential for collecting high-
resolution data on the number of bees and mites 
in the colony without disturbing the nest. This is 
an inherent trade-off in the experimental design.
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2.4. � Statistical analyses

Statistical analyses and figures were made in 
Python version 3.8, and R version 4.0.2, using 
the Pandas, Numpy, Scipy, Scikit-learn, and lme4 
packages (McKinney 2011; Harris et al. 2020; 
Virtanen et al. 2020; Pedregosa et al. 2011; Bates 
et al. 2015; R Core Team 2020). To account for 
repeated mite counts per colony, we used a linear  
mixed effects model, comparing the number of 
workers in the colony (explanatory variable) and 
the number of adult mites (response variable), 
while controlling for colony ID (random factor). 
The best-fit model (null model versus model con-
taining explanatory variables) was determined 
using likelihood ratio tests (Lewis et al. 2011) 
implemented in R using the anova() function. 
Residuals were checked for normality using Q-Q 
plots. After determining that worker number was a 
significant predictor of mite levels (with colony ID 
as a random slope or random intercept), we then 
performed a linear regression to calculate a slope 
and intercept across all data points, with number  
of workers as the independent variable, and num-
ber of adult mites as the dependent variable.

To calculate the number of adult drones that 
could have theoretically been reared into adults, 
we calculated the area under the drone brood 
curve (eggs, uncapped larvae, capped larvae; 
cm2 of a comb), multiplied by 2.73 to obtain 
the number of drone cells (6.5  mm wall-to-
wall length), and divided by 24 days (the time 
from an egg to adult) (Seeley 2019). This is 
an upper limit for the number of adult drones 
that could have been reared based on the area 
of drone brood measured (i.e., it does not take 
into account a brood that could have been lost to 
cannibalization, hygienic removal, or death). To 
estimate the number of worker-laid drone eggs 
that successfully reached adulthood, we took the 
first date that worker-laid eggs were observed, 
added 24 days, and then noted the peak in drone 
population after that date. This is meant as a 
rough estimate, and an upper limit, as it does not 
account for drones that were installed with the 
colony, nor worker-laid drones that could have 
died immediately after eclosion. All data are 
reported as mean ± SD, unless otherwise noted.

3. � RESULTS: THE DYNAMICS 
OF HONEY BEE COLONY 
DECLINE AND DEATH

The first goal of this study was to observe 
colony dynamics during the process of decline 
and eventual death. Colonies survived for 
86 ± 19 days (range: 61–111 days; Table I), with 
some colonies showing a heavy-tailed distribu-
tion (i.e., a high incidence of outliers; individuals 
that were particularly long-lived, see colony #1 
and #4, Figure 1A, B). As long as honey stores 
remained (Figure 1G), declining colonies per-
sisted even with only a few bees; colony #1, for 
example, had fewer than 200 workers from day 
61 until its death 35 days later. On average, 50% 
of the bees were dead after 25 days; 95% of the 
bees were dead by day 74 (workers and drones 
combined; Figure 2).

In three of the four colonies (#1, 2, 3), the 
ultimate cause of death was starvation (colony 
#4 died with some honey stores, but insuffi-
cient bees to thermoregulate). Both workers and 
drones were present until colony death—the last 
date upon which the bees were observed alive 
included both workers and drones in three of 
the four colonies (#1, 2, 4). In only one colony 
did workers outlive the drones, by only 6 days  
(colony #3; Table I). Therefore, whereas workers 
in queenright colonies will evict and kill drones 
in the fall, the workers in these declining colo-
nies maintained their drones through the fall and 
into the winter.

In all four colonies, the workers began lay-
ing eggs to rear drones—their last opportunity 
to achieve genetic success before death. Worker-
laid eggs were detected after 32 ± 10  days 
(range: 19–42 days; Table I), and occupied up 
to 528 ± 307 cm2 of the nest (range, 96–960 
cm2; calculated as the maximum drone-brood 
area per colony on a given date; note that the 
comb on one side of one bee frame measures 
44 × 20  cm = 880 cm2). Calculating the area 
underneath the drone-brood curve (Figure 1F), 
one would predict that thousands of drones had 
been reared in these four colonies (1586 ± 1207 
drones; range, 317–3562; Table I, see methods). 
However, the number of worker-laid drones that 
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successfully reached adulthood ranged from 0 
to 107 (Table I). Evidently, although workers in 
a declining colony are capable of laying a large 
area of a drone brood (over 1/8th of the comb 
surface in this study), their ability to rear the 
drone eggs to adulthood is 1 to 3 orders of mag-
nitude lower (i.e., the difference between drone 
eggs laid and adult drones reared).

During our inspections, other than Varroa, 
we did not observe evidence of other honey bee 
diseases or pests (American foulbrood, European 
foulbrood, chalkbrood, Nosema apis, sacbrood, 
small hive beetles, wax moths).

4. � RESULTS: V. DESTRUCTOR MITE 
INCIDENCE DURING HONEY BEE 
COLONY DECLINE

The second goal of this study was to deter-
mine how V. destructor mite populations change 
during the process of colony decline and death. 
In these declining colonies, adult workers and 
drones were available to host parasitic mites for 
between 61 and 111 days (Figure 1A, Table I). 
The number of adult mites that were collected 
was positively correlated with the number 
of workers in the colony (linear regression: 
F1,41 = 37.63, intercept = 3.57, slope = 0.016, 
R2 = 0.467, P < 0.001; LMER controlling for 
colony ID: P < 0.001; Figure 3). However, even 
when colonies had fewer than 200 workers, adult 
mites were still found in all 4 colonies (Figures  
1A, C, and 3ii).

Given that mites depend upon bees for their 
survival, who perishes first: the bees or the mites?  
In colony #1, the bees outlived the mites—the 
last observed adult mite was found 13  days 

A

B

C

Di

E

F

Dii

G

Fig. 1   Honey bee populations, V. destructor mite drops, 
and colony nest contents over time. Stars indicate end-
points for each metric (e.g., when worker number = 0), 
or a last observed instance (e.g., the last date juvenile 
mites were observed), with numbers noting the experi-
mental date. The experiment began on September 1, 
2017, experimental day 0. Rectangle in Di shows the 
region of the plot that is expanded in Dii. The black 
triangle in part E indicates the day queen cells were 
excised from all colonies (September 10, 2017), render-
ing them hopelessly queenless

▸
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before the last worker bee died (Table  I). In 
colony #4, the bees and the mites died simul-
taneously (i.e., they perished on the same day). 
In two of the four colonies, however, the mites 
outlived the bees, by up to 48 h—in both colo-
nies #2 and #3, the last observed adult mite was 
found dead 2 days after the last worker bee had 
died (Table I). Mite inspections occurred every 
2 days, even after the last bee died, so this repre-
sents an upper limit for the longevity of the mites 
once there are no adult workers left to parasitize. 
However, this does indicate that, during colony 
decline, adult mites may be present for as long 
as adult bees are still alive and for at least 2 days 
afterward.

To reproduce, mites require cells of capped 
brood. Without a queen laying fertilized eggs, 

there was no longer a source of worker brood, 
and, by day 21, all the worker brood that was 
installed with the colony had eclosed (Fig-
ure 1E). The workers in the colony, however, 
began laying unfertilized eggs as early as 19 days 
post-installation (Table  I), which provided a 
potential source of capped drone brood, which 
could be used for mite reproduction (Figure 1F). 
Light-colored putatively juvenile mites can be 
used as a proxy for mite reproduction (Martin 
1995), and we did find juvenile mites in all 4 
colonies, even after all the worker brood had 
eclosed. In only 1 of the 4 colonies, however, did 
we find more than an occasional juvenile mite 
(Colony #2; Table I; Figure 1D). In this colony 
(#2), we collected a total of 53 juvenile mites 
after day 25, a tenfold increase as compared to 
the other three colonies (Table I). The workers 
in colony #2 also exhibited the highest repro-
ductive investment of the four colonies: (1) they  
were the first to begin laying unfertilized eggs, 
(2) they had the greatest area of drone brood, 
and (3) they reared the most drones to adulthood 
(Table I; Figure 1B, F). Therefore, worker repro-
duction in declining colonies provided a final 
opportunity for mite reproduction, but worker 
reproduction was not necessary for mites to be 
maintained until colony death; colony #3 reared 
0 drones to adulthood, and yet the mites still out-
lived the bees in this colony.

Finally, what were the prospects for the mites 
in these declining colonies to be transmitted to 
foreign colonies? The cause of death for three 
of the four colonies was starvation, and none of 

Fig. 2   Proportion of workers alive over time. Calcu-
lated relative to the peak number of workers in each col-
ony (Figure 1A), the proportion of workers alive drops 
by 50%, on average, by day 25; by day 74, over 95% of 
workers have perished 

i ii

Fig. 3   Adult mite drops are correlated with the number of workers in the colony. At left, part i, all data are shown, 
with a dotted line showing the results of linear regression (F1,41 = 37.63, intercept = 3.57, slope = 0.016, R2 = 0.467, 
P < 0.001). The rectangle outlines small-colony sizes, which are plotted at right, part ii. Note that, even when there 
are fewer than 200 workers present in the colony, adult mites are still detected
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the colonies were robbed by foreign bees before 
they died. Therefore, at least in our experimen-
tal setup, the mites that lived in these declining 
colonies perished with the bees.

5. � DISCUSSION

The goal of this study was to track the dynam-
ics of honey bee colony decline and death, as well 
as how V. destructor mite population changes 
during this process. Despite having no queen to 
produce new workers, these doomed colonies 
persisted for 2–3 months; their eventual cause 
of death was a combination of starvation and 
exposure to cold temperatures. This timeline is 
longer than what would be expected for “sum-
mer” bees, which live 4–6 weeks but shorter than 
what would be expected for “winter” bees, which 
live up to 8 months (Fukuda and Sekiguchi 1966; 
Seeley 1985; Mattila et al. 2001). Of course, lon-
gevity depends on multiple factors, both internal 
and external to the colony. Mites were present 
in the colonies for as long as the workers were 
alive, and even up to 48 h after. Therefore, declin-
ing colonies theoretically remain “infectious” to 
their neighbors throughout the process of colony 
death and can serve as a source of mite transmis-
sion should any foreign workers discover and rob 
the declining colony’s honey stores (Frey et al. 
2011; Frey and Rosenkranz 2014; Peck and See-
ley 2019). While we did not observe robbing in 
our experiment, it is common in apiaries where 
colonies are crowded together (Free 1954; Root 
2007) and even among colonies spaced further 
apart (Peck and Seeley 2019; Seeley 2019). These 
experiments were performed in colonies that died 
due to queenlessness, but similar experiments 
could be done in colonies that die of an exces-
sive mite infestation, which could change both 
the process of colony decline and the potential 
for mite transmission.

All four colonies attempted to rear worker-
laid drones—worker-laid eggs appeared after 
32 ± 10 days, which aligns with previous work 
(Miller and Ratnieks 2001). Their success in 
rearing drone eggs to adulthood, however, 
was limited. Workers in queenless colonies do 

continue to perform colony tasks (e.g., forag-
ing, defense: Naeger et al. 2013), but the mis-
match between drone eggs and drone adults 
demonstrates that queenless colonies are not as 
capable at rearing drones as queenright colo-
nies, likely due to multiple coinciding factors in 
a dying colony (cannibalism, hygienic removal 
of dead brood, worker-worker competition, 
etc.). The area of drone brood laid by the work-
ers could theoretically have led to 1586 ± 1207 
adult drones, but, instead, only 41 ± 40 drones 
were reared to adulthood (per-colony values in 
Table I). This is a 3.0 ± 2.1% survival rate for 
worker-laid drone eggs in a hopelessly queenless 
colony. Drone eggs in a queenright colony have 
a survival rate of 55.8% (Fukuda and Ohtani 
1977), but those are queen-laid eggs, and work-
ers preferentially consume worker-laid eggs 
over queen-laid eggs (Loope et al. 2013). While 
3.0% survival of worker-laid eggs in queenless 
colonies may seem low, this is higher than the 
survival of worker-laid eggs in queenright colo-
nies—only 0.12% reach drone adulthood due to 
worker policing (Visscher 1989). Nonetheless, 
these hopelessly queenless colonies are not as 
successful at rearing drone eggs to adulthood as 
they are when queenright—a potential conse-
quence of competition between simultaneously 
reproductive workers in their final effort for indi-
vidual genetic success.

This final bout of worker reproduction pro-
vided an opportunity for mites to also reproduce. 
We did observe juvenile mites in the colonies (an 
indicator of mite reproduction), but we did not 
observe a drastic increase in adult mite counts 
during worker reproduction (Figure 1C). There-
fore, while declining colonies do provide an 
opportunity for mites to continue reproduction 
and, perhaps, even grow their numbers before 
the colony’s inevitable death, we did not observe 
explosive mite growth during the process of col-
ony decline and death (perhaps because these 
colonies only reared a few drones to adulthood). 
Given that workers in hopelessly queenless col-
onies are not particularly adept at rearing their 
drone brood to adulthood (Table I), it may be  
a risky evolutionary strategy for mites to repro-
duce in the drone cells of a declining colony,  
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as they could be trapped inside drone cells that 
never hatch (in three of the four colonies, there 
was still capped drone brood present when  
the last bee had perished; colonies #1, 2, and 3 
in Figure 1F). If the colony gets robbed while 
the mites are within a cell, they may miss their  
only opportunity to be transported to a new host 
colony.

Workers typically expel adult drones from 
the colony in the fall or when food reserves are 
severely limited (Free 1957; Free and Williams 
1975; Cicciarelli 2013; Smith et al. 2016), but 
workers in these hopelessly queenless colonies 
maintained their adult drones throughout the pro-
cess of colony decline and death, despite frigid 
outdoor temperatures. While it is unlikely that 
virgin queens were available for drones to mate 
with in Ithaca NY in December, these drones 
represent the worker’s only possibility, however 
small, to achieve genetic success. This is another 
example of how worker behavior is dependent 
on the state of the colony (e.g., comb building 
changes with the queen’s mating status (Smith 
2018); the presence of larvae increases the prob-
ability of individual fanning behavior (Cook 
et al. 2016); foraging signals change depending 
on the availability of storage space (Kietzman 
and Visscher 2021)).

We performed this experiment in September, 
when robbing occurs in the area (Peck and Seeley  
2019), but also to align with the 2nd swarming 
peak, when colonies rear replacement queens 
(in Upstate NY, swarming primarily occurs in 
May/June, but there is a second peak in August/
September; Fell et al. 1977; Smith et al. 2016). 
Therefore, the time of year was chosen to mimic 
conditions when colonies could become hope-
lessly queenless and also be robbed as the colony 
declines. Of course, a colony’s queen can fail 
at any time of year, so the scope of this study 
is limited by the time during which it was con-
ducted, and the location—a colony that becomes 
hopelessly queenless in Ithaca NY in May faces 
a different set of environmental challenges than 
does one in September. As noted in the methods, 
we did heat the room in which the observation 
hives were kept to mitigate the additional stress 
on the colonies of having to thermoregulate a 

2-dimensional observation hive. Three of the 
four colonies perished before we turned off the 
heaters on December 20, 2017, and the final, 
dwindling colony (#4) was dead within 24 h. 
While heating the room likely extended the 
life of these colonies in the fall, it does show 
that hopelessly queenless colonies are capa-
ble of surviving without replacement workers 
for 2–3 months and, perhaps, even longer had 
there been nectar available in the environment. 
Of course, every sociometric study is inherently 
tied to local conditions (e.g., location, season, 
initial colony state, experimental design); how 
these conditions influence the longevity of hope-
lessly queenless colonies could be addressed by 
future work.

The results of this study have implications for 
how mites are transmitted in unmanaged colonies 
and within apiaries: (1) The process of colony 
decline and death can occur over months, with 
a long-tailed distribution of long-lived workers 
and drones (Figures 1A, B and 2); (2) declin-
ing colonies remain a potential source of mites 
until the last bee perishes (Figures 1C and 3); (3) 
worker reproduction may facilitate a last bout of 
mite reproduction, though the scale depends on 
conditions in the colony (Figure 1C, D, and F). 
In apiaries, workers frequently drift between col-
onies (over 40% in some conditions; Free 1958; 
Jay 1966a, b; Pfeiffer and Crailsheim 1998), and 
so a hopelessly queenless colony may not change 
the amount of mite mixing that already occurs 
between managed colonies. Mites can reproduce 
in the worker-laid brood, but we did not observe 
a spike in mite population as workers began to 
reproduce. Therefore, at least in our experimen-
tal setup, hopelessly queenless colonies do not 
appear to supercharge mite reproduction, despite 
the rapid shift to drone rearing.

In natural settings, colonies are widely spaced, 
and so substantial drift between colonies does not 
occur (Seeley and Smith 2015; Seeley 2019). How-
ever, wild colonies still harbor mites, and a long-
standing question has been how mites are capable 
of infesting and spreading between unmanaged 
colonies living in the wild. Some proposed mecha-
nisms, such as a mite falling from a bee while at 
a flower and then infesting a new bee that visits 



Dynamics of honey bee colony death and its implications. . .

1 3

Page 11 of 14  13

that same flower, are plausible (Peck et al. 2016) 
but likely rare and could not explain the ubiquity 
of V. destructor mites in wild colonies (Seeley 
2007). By tracking the process of colony decline 
and death, along with the population dynamics of 
their mites, we show that V. destructor can persist 
with its host throughout the process of decline and 
death (and even hours beyond the colony’s death). 
Given the long-tailed distribution of bees left in 
the declining colony, this makes mite dispersal via 
robbing a plausible mechanism for how wild colo-
nies become infested with mites, though we did not 
observe robbing in our experimental setup. This 
putative mechanism provides a route for the hori-
zontal transmission of mites and mite-associated 
viruses, which favors higher virulence than verti-
cal transmission (i.e., mother to offspring, vertical 
transmission: mites are present in both the mother-
swarm and daughter-nest colonies). For a review 
on virulence in horizontal versus vertical transmis-
sion, see Fries and Camazine (2001). A long and 
slow death provides the greatest opportunity for 
declining colonies to be discovered and robbed 
and, possibly, to spread their mites and other 
pathogens to colonies in the area. Our work shows 
that, as long as a single resident bee remains in a 
declining colony, there is a possibility for mites to 
infest intruders and, thereby, be carried to a new 
hospitable host.
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