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drifted into foreign colonies do not invest in ovary activation
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Abstract Drifting, the phenomenon whereby workers

from one colony find their way into a foreign colony, is

widespread in social insects. In apiaries of the honey bee

Apis mellifera, orientation errors lead to high rates of worker

drift. Given that A. mellifera workers in apiaries enter for-

eign colonies accidentally, do they continue to refrain from

laying eggs in the foreign colony, or do they behave in their

evolutionary interests and attempt to lay eggs? We propose

two hypotheses: the ‘‘lost losers’’ hypothesis, where lost

workers do not invest in personal reproduction, and the ‘‘lost

social parasites’’ hypothesis, where lost workers detect that

they are in a foreign colony and do invest in personal

reproduction. Previous work has used complete ovary

activation as an assay for testing whether workers invest in

personal reproduction, but this may not detect subtle

reproductive investments in queenright colonies. We

instead look at the full range of ovary activation in natal and

non-natal workers, because partial activation may signal

preparation for future reproduction. We show that in

queenright colonies, non-natal workers have the same low

degree of ovary activation as their natal counterparts, which

supports the hypothesis that drifted bees are ‘‘lost losers’’

caught in an evolutionary trap.
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Introduction

Drifting, the phenomenon whereby insect workers from one

colony find their way into a foreign colony, is widespread

among bees and wasps (Apis mellifera—Free 1958; Neu-

mann et al. 2001; Chapman et al. 2010; Apis dorsata—

Moritz et al. 1995; Paar et al. 2002; Lasioglossum

malachurum—Paxton et al. 2002; Bombus terrestris—

Lopez-Vaamonde et al. 2004; Bombus impatiens and

Bombus occidentalis—Birmingham et al. 2004; Apis flo-

rea—Nanork et al. 2005; Chapman et al. 2009a; Apis

cerana—Nanork et al. 2007; Polistes canadensis—Sumner

et al. 2007;Halictus scabiosae—Ulrich et al. 2009). In some

cases, this drifting may be an adaptive behavior of social

parasites seeking to reproduce in foreign colonies (e.g.,

Neumann et al. 2001; Lopez-Vaamonde et al. 2004;

reviewed in Beekman and Oldroyd 2008). In other cases,

this drifting is likely the result of an orientation error (Free

1958). In apiaries of the Western honey bee, A. mellifera,

where hives are commonly arranged in rows, facing the

same direction, and painted the same color, it is unsurprising

that workers make frequent orientation errors (Jay 1965,

1966a, b). Indeed, as many as 40 % of the workers within a

colony located in an apiary can be non-natal (Free 1958;

Pfeiffer and Crailsheim 1998). Once assimilated into a

foreign colony, do these lost workers live as evolutionary

losers, or do they detect that they are in a foreign colony and

act to increase their genetic fitness?

We propose two hypotheses: the ‘‘lost losers’’ hypothe-

sis, by which drifted workers do not invest in personal

reproduction, and the ‘‘lost social parasites’’ hypothesis, by

which drifted workers do invest in personal reproduction. In

both hypotheses, the bees are lost—the difference is what

the lost bees do once in the foreign colony. In the ‘‘lost

losers’’ hypothesis, the drifted workers behave in a foreign
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colony as if they were their own colony. They presumably

follow the same colony cues that indicate what work should

be done, even though this behavior is now maladaptive

because they are not related to the foreign colony’s queen.

This is an example of an evolutionary trap: when a formerly

reliable cue no longer leads to an adaptive response (Sch-

laepfer et al. 2002). We know that drifted workers continue

to work when in a foreign colony (Pfeiffer and Crailsheim

1999), but perhaps they are not as ignorant of their sur-

roundings as it might seem.

In the ‘‘lost social parasites’’ hypothesis, drifted workers

invest in personal reproduction while in a foreign colony.

They may have joined the foreign colony due to an orien-

tation error, but they then detect that they are in a foreign

colony and adaptively respond by investing in personal

reproduction, even as they perform work in the hive. In

support of this ‘‘lost social parasites’’ hypothesis, drifted A.

mellifera workers have been shown to work less than non-

drifted workers when in a foreign colony (Pfeiffer and

Crailsheim 1999). Non-natal workers also reproduce more

than natal workers when worker reproduction begins in a

queenless colony (A. florea—Nanork et al. 2005; A. cer-

ana—Nanork et al. 2007; A. mellifera—Chapman et al.

2010). Workers may have evolved an adaptive response to

being in a foreign colony because orientation errors may

have been common in their evolutionary history. Indeed,

some species of Apis do aggregate their nests naturally (A.

dorsata—Paar et al. 2002; A. florea—Wattanachaiy-

ingcharoen et al. 2008), so it is plausible that drifting

between colonies would have occurred.

In both the ‘‘lost losers’’ hypothesis and the ‘‘lost social

parasites’’ hypothesis, the non-natal workers have arrived in

the foreign colony due to an orientation error. The critical

difference between the two hypotheses is whether workers

invest more in personal reproduction when in a foreign

colony than when in their natal colony. In queenright

colonies, we know that non-natal workers do not reproduce

more than natal workers (A. florea—Nanork et al. 2005; A.

cerana—Nanork et al. 2007; A. mellifera—Holmes et al.

2013), but this might be because worker policing prevents

worker reproduction unless the colony becomes queenless

(Ratnieks and Visscher 1989). In a queenright colony,

workers with completely activated ovaries are harassed by

nestmates (Visscher and Dukas 1995; Smith et al. 2009; but

see Dampney et al. 2002), and the eggs laid by workers are

eaten by other workers (Ratnieks and Visscher 1989).

Therefore, non-natal workers may do better to not com-

pletely activate their ovaries in a queenright colony, but it is

possible that they could invest more subtly in personal

reproduction.

Worker ovary activation progresses through stages

(Velthuis 1970; Pernal and Currie 2000), so non-natal

workers could partially activate their ovaries. The studies

described above only classify an ovary as active if an egg

[50 % of mature size is present, but partial ovary activation

is widespread among eusocial bees and wasps (Smith et al.

2013). Non-natal workers could partially activate their

ovaries to a point that is below the threshold for receiving

harassment from nestmates. In the event of queen loss, they

could then complete ovary activation and reproduce more

quickly than natal workers without partially activated

ovaries. These non-natal workers with partially activated

ovaries would be preparing their reproductive physiology to

be the first ‘‘horse out of the gate’’ in the race for worker

reproduction, if it becomes possible. This would explain

how non-natal workers have higher reproductive success

than natal workers after a colony’s queen is removed

experimentally (Chapman et al. 2010). Unlike natal work-

ers, these non-natal workers experience no indirect fitness

costs from partial ovary activation (i.e., the effects of their

not being good workers; Mattila et al. 2012; Roth et al.

2014), and hence they may be expected to have higher rates

of partial ovary activation than natal workers. This would

support the ‘‘lost social parasites’’ hypothesis.

This study aims to determine whether A. mellifera

workers that drift into a foreign queenright colony partially

activate their ovaries. If they do, this suggests that these

non-natal workers are lost bees that prime themselves to be

social parasites, effectively ‘‘making the best of a bad job.’’

If they do not partially activate their ovaries, then these non-

natal workers are lost bees that do not adaptively respond to

their environment-losers in an evolutionary trap.

Materials and methods

The basic experimental design was to dissect the ovaries of

honey bees and see whether non-natal workers in a foreign

colony have higher levels of ovary activation than natal

workers in their native colony. Two pairs of A. mellifera

colonies were used in the experiment. Each pair consisted of

one colony producing only black workers and another col-

ony producing only yellow workers. All of the colonies

were queenright throughout the experiment, which was

conducted after the Ithaca, NY swarming season (May/

June). Each colony was kept[200 m away from any other

colony for 30 days before the start of the experiment, to

ensure that each colony’s worker force consisted exclu-

sively of either yellow or black bees at the start of the

experiment. Therefore, when the experiment began, any

yellow bees in the colony producing black bees were easily

detected as non-natal workers, and vice versa.

On June 13, 2013, the colonies were moved to the Liddell

Field Station of Cornell University, in Ithaca, NY (42� 27.60
N, 76� 26.70 W). For each pair, the two colonies (one with

only yellow workers and one with only black workers) were
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placed 1 m apart. The two pairs of colonies were spaced

[50 m away from other colonies. Given published rates of

drift at different inter-colony distances (Seeley and Smith

2015), we assume that the foreign bees collected in each

colony came from the adjacent hive (1 m away) and that

drift from other colonies (50 m away) was negligibly low.

To encourage drift, we placed the colonies in identical white

hives on June 24, 2013, and an additional empty white hive

was placed on both sides of the pair on July 2, 2013, so the

experimental colonies were now at the center of a row of

identical hive boxes, where most drifting occurs (Jay 1965).

Our goal was to collect 20 natal and 20 non-natal

workers, identified by color, from each colony’s brood nest

on five dates (June 14, July 15, July 29, August 12, and

August 26, 2013). On June 14, however, only natal workers

were collected, because there were not yet any non-natal

workers in the colonies. Also, on August 26, only 10 non-

natal workers were sampled from one of the four colonies,

because there were not enough non-natal workers to collect.

The sampled bees were stored in Prefer fixative (Anatech

Ltd.) until they were dissected in May 2014 to expose their

ovaries. Each bee’s ovaries were scored for ovary activation

on a conventional 0–4 scale, where 0 = resting and

4 = completely activated (Pernal and Currie 2000). KJL

performed the dissections and the scorings, and was kept

blind to whether the workers in each group were natal or

non-natal.

Statistical analyses

All statistical analyses were performed using R software

version 3.0.3 and the packages lme4 and fitdistrplus (R Core

Team 2014; Bates et al. 2014; Delignette-Muller et al.

2014). To see whether ovary activation was more likely in

non-natal workers, we compared the number of natal and

non-natal workers with activated ovaries versus inactive

ovaries, using a Fisher’s exact test. Workers with both

ovaries scoring a 0 or 1 were marked as inactive. If either

ovary scored a 2–4, the worker was marked as activated.

Whereas other studies classify worker’s ovaries as activated

if their ovary score was 4, our classification of activated

workers includes those with at least partially active ovaries

(2 and 3). For this data analysis, all sampling dates were

pooled.

We further analyzed the data in a generalized linear

mixed effects model to test for differences in any level of

ovary activation between natal and non-natal workers. This

analysis used the summed ovary score for each individual to

include the full range of ovary activation. Colony number

was set as a categorical random effect. Whether an indi-

vidual was natal or non-natal was analyzed as a categorical

fixed effect. Birth colony (i.e., the colony from which an

individual eclosed) was analyzed as a categorical fixed

effect. The Julian date of sample collection was analyzed as

a continuous fixed effect. The response variable was the

summed ovary score for each individual, using a Poisson

distribution, after confirming that the data fit a Poisson

distribution. The best-fit model was determined by using

likelihood ratio tests (Lewis et al. 2011) implemented in R

using the anova() function. These tests compare nested

models to see whether an additional factor improves the

model over the simpler version without the factor added.

Results

Of the 400 natal bees sampled (100 from each colony), 40

had partially activated ovaries (at least one of the two

ovaries scoring 2–3), and 360 had inactive ovaries (both

ovaries scoring 0–1). Of the 310 non-natal bees sampled

from the neighboring foreign colony, 24 had partially acti-

vated ovaries and 286 had inactive ovaries. None of the

natal or non-natal bees had fully activated ovaries (ovary

scoring 4). We found no significant difference in ovary

activation between natal and non-natal workers (Fisher’s

exact test, p = 0.36). In Table 1, we report the mean level

of ovary activation for bees from each of the four colonies

when sampled in their natal colony and when sampled in the

neighboring non-natal colony.

In the model assessing the full range of ovary activation,

adding whether an individual was natal or non-natal did not

improve the model versus a null model (natal/non-natal

worker: v2 = 0.012, df = 1, p[ 0.05). Adding either birth

colony or sample date did improve the model versus the null

model (birth colony: v2 = 66.36, df = 3, p\ 0.001; sam-

ple date: v2 = 19.98, df = 1, p\ 0.001), consistent with

other studies of worker ovary development that show vari-

ation based on colony and season (Jay 1968; Kropacova and

Haslbachova 1969; Holmes et al. 2013). But, again,

including whether an individual was natal or non-natal did

Table 1 Mean level of ovary activation for bees from each of the four

colonies when sampled in their natal colony and when sampled in the

neighboring non-natal colony (colonies were paired, with colonies 1

and 2 together, and colonies 3 and 4 together)

Colony Bees sampled from Mean ± SD level of

ovary activation

1 Natal colony 0.26 ± 0.44

1 Non-natal colony 0.46 ± 0.62

2 Natal colony 0.68 ± 0.80

2 Non-natal colony 0.34 ± 0.49

3 Natal colony 0.40 ± 0.68

3 Non-natal colony 0.23 ± 0.48

4 Natal colony 0.07 ± 0.19

4 Non-natal colony 0.33 ± 0.52

Caught in an evolutionary trap: worker honey bees that have drifted into foreign colonies do…

123



not further improve either model (natal/non-natal work-

er ? birth colony: v2 = 0.359, df = 1, p[ 0.05; natal/non-

natal worker ? sample date: v2 = 0.511, df = 1,

p[ 0.05).

Discussion

The main finding of this investigation is that non-natal

workers do not have greater ovary activation than natal

workers in queenright colonies. Even when the full range of

ovary activation was analyzed, whether a worker was natal

or non-natal did not significantly predict the level of ovary

activation. This indicates that the non-natal A. mellifera

workers in this study did not respond to finding themselves

in a foreign colony by partially activating their ovaries. This

implies that workers that have joined a foreign colony are

‘‘lost losers’’ caught in an evolutionary trap, not ‘‘lost social

parasites.’’ Their lack of personal reproduction will not lead

to direct or indirect fitness benefits as long as the foreign

colony remains queenright, and they do not appear to be

preparing for queen loss—they even refrain from partial

ovary activation.

Why do these non-natal workers fail to detect and

respond adaptively to being in a foreign colony? It seems

likely that accidental joining of foreign colonies is uncom-

mon in this species’ evolutionary history. Colonies in

apiaries often live 1 m apart in nearly identical hives, so

orientation errors by workers are common. Colonies in the

wild, however, live in tree cavities spaced an average of

850 m apart (Seeley 2007), so orientation errors by their

workers are likely rare. Under the conditions in which the

behavior of honey bees evolved, it seems likely that there

has been little selective pressure for workers to behave

selfishly when in a foreign colony. Even in an environment

that supports a high density of wild A. mellifera colonies, we

would still expect the number of accidentally drifted non-

natal workers to be low (for example, increasing colony

spacing from 1 m to 34 m reduces drone drift from 44–48 to

0–6 %, see Seeley and Smith 2015).

What about Apis species for which accidental drifting

may be more common? A. dorsata and A. florea do naturally

aggregate, with neighboring nests as close as 0.2 and 1.7 m

apart, respectively (Paar et al. 2002; Wattanachaiy-

ingcharoen et al. 2008). Drifted non-natal workers may be

common in these species, making it more likely that they

exhibit reproductive parasitism following accidental joining

of a foreign colony. The same may well be true for colonies

of other social insects, such as Bombus bees, Halictid bees,

and Polistes wasps. All of these typically have much higher

colony densities than A. mellifera (e.g., Knight et al. 2005;

Sumner et al. 2007; Ulrich et al. 2009), and the workers have

been shown to drift (e.g., Lopez-Vaamonde et al. 2004;

Sumner et al. 2007; Ulrich et al. 2009). Although partial

ovary activation by drifted workers was not observed in A.

mellifera, it may be found in other species whose colonies

live close together naturally, and hence their workers may

have evolved an adaptive response to being in a foreign

colony.

We have shown that non-natal A. mellifera workers do

not have a higher level of ovary activation in queenright

foreign colonies, contrary to the hypothesis that drifted

workers are lost bees that become social parasites. If a

colony does become permanently queenless, then non-natal

workers will lay more eggs than natal workers, though these

non-natal workers are probably not joining the colony after

queen loss (Chapman et al. 2009b, 2010). How can we

explain that non-natal workers obtain higher reproduction

than natal workers if the colony becomes queenless? One

possibility is that the bees in Chapman’s (2010) study were

not lost and instead had actively entered the queenright

colony and primed themselves for reproduction, unlike our

lost bees. Alternatively, it could be that non-natal workers

are more sensitive to queen loss than natal workers and thus

activate their ovaries quickly when a colony loses a queen,

or swarms. How exactly non-natal workers gain the upper

hand once a colony becomes queenless remains an area for

further study.

In conclusion, our results show that lost non-natal

workers do not partially activate their ovaries to give

themselves a head start on reproduction. This suggests that

drifted workers living in foreign colonies lack an adaptive

response, making them ‘‘lost losers’’ stuck in an evolu-

tionary trap.
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