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Shorter-lived workers start foraging earlier
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Abstract In social insects it is often observed that young

workers perform tasks inside the nest and later switch to tasks

outside the nest. By doing this the workers maximize their

expected longevity, because tasks inside the nest are safe and

tasks outside the nest are risky. The optimal strategy of

workers should be expected to depend not only on their age

but also on their health status if it is associated with reduction

of longevity. Here a mathematical model is used to calculate

the optimal time of switching between safe and risky tasks in

a colony consisting of both healthy and unhealthy workers.

The model predicts that unhealthy workers, with shorter

longevity, should perform more risky tasks at an earlier age

than their healthy nest mates should. The optimal time to

switch between safe and risky tasks depends on the propor-

tion of healthy and unhealthy workers in the colony, but the

workers need not perceive the health status of their nest

mates in order to adopt the optimal strategy. The workers

need only perceive their own life expectancy, because the

life expectancy of healthy and unhealthy workers should be

the same at the time of switching from safe to risky tasks. The

model predictions agree with a wide range of empirical data

presented in this paper. Workers that are infected, poisoned,

injured or affected by other harmful factors start to forage

and perform other risky tasks at an earlier age than their

healthy nest mates.

Keywords Social insects � Division of labor �
Temporal polyethism � Expected longevity

Introduction

In social insects there is usually a strong relationship

between the age of workers and the tasks they perform.

This type of division of labor is often called temporal

polyethism or age polyethism. Temporal polyethism is

widespread among eusocial insects (Michener, 1974;

Hölldobler and Wilson, 1990; Jeanne, 1991); there are very

few exceptions (Traniello and Rosengaus, 1997). In most

cases, the sequence of tasks is not accidental: the tasks

performed inside the nest, which are safe, are performed

earlier in life than tasks performed outside the nest, which

are risky (Carroll and Janzen, 1973; Seeley, 1982; Schmid-

Hempel and Schmid-Hempel, 1984). This sequence of

tasks is expected if workers maximize their longevity

(Jeanne, 1986; Tofilski, 2002). Older workers with shorter

expected longevity should perform risky tasks because

their death is less costly to the colony than the death of

young workers. The expected longevity of workers can be

affected not only by age but also by diseases (Rinderer and

Sylvester, 1978), poisoning (Skowronek and Jaycox, 1974)

and injuries (Moroń et al., 2008). Those factors often affect

only part of the colony members, and according to the

‘‘division of labor by division of risk’’ hypothesis the

affected workers should use a strategy different from that

of unaffected workers (Woyciechowski and Kozłowski,

1998; Moroń et al., 2008).

According to the evolutionary theory of aging, workers

specializing in risky tasks should be shorter-lived than

workers specializing in safe tasks (Chapuisat and Keller,

2002). Similar arguments can be used to predict that

workers whose longevity is reduced by environmental

factors should specialize in risky tasks. It has been dem-

onstrated that workers with shorter expected longevity

should collect food even during unfavorable weather
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because their chance of survival to better weather is

relatively low (Woyciechowski and Łomnicki, 1995;

Woyciechowski and Kozłowski, 1998). Here I present a

more general model to calculate the optimal age at which

healthy and unhealthy workers should switch from safe

tasks inside the nest to more risky tasks outside the nest in

order to maximize the longevity of all workers in a colony.

The model makes qualitative and not quantitative predic-

tion. Therefore, it can be applied to all social insects and its

predictions can be compared with a wide range of empir-

ical evidence.

Influence of diseases, poisoning, injury and other

harmful factors on temporal polyethism

It is well known that the number of workers engaged in

foraging is adjusted to current colony needs. Precocious

foraging of workers can be induced by worker loss (Winston

and Fergusson, 1985; Naug and Gadagkar, 1998), wax

deprivation (Fergusson and Winston, 1988) and starvation

(Schulz et al., 1998). Those are whole-colony responses to

environmental conditions. Here I am more interested in

comparing two groups of workers from the same colony,

which differ in their expected longevity because they have

experienced different environmental conditions, including

disease, poisoning and injury. I present empirical data,

if available, confirming the shorter longevity of affected

workers; however, even in the absence of such data it is safe

to assume that those harmful factors shorten longevity. The

majority of the data concern precocious foraging, and there

is also information about other tasks and the physiological

condition of workers. Gland and ovary development pro-

vides information about the possible tasks performed by

workers, because ovaries and the majority of glands,

including hypopharyngeal glands, are developed more

during tasks performed inside the nest (Huang and Otis,

1989; Deseyn and Billen, 2005). Here I do not review factors

that induce precocious foraging but are believed to regulate

temporal polyethism, such as juvenile hormone. The pos-

sible harmful action of those factors is discussed later.

It is often observed that workers affected by diseases

start foraging earlier than healthy workers do. There is an

especially large body of data about honeybee pathogens

(Morse and Flottum, 1997). Honeybee workers infected

with Nosema apis start foraging earlier (Hassanein, 1953;

Wang and Moeller, 1970; Woyciechowski and Moroń,

2009) and are more likely to collect food even during

unfavorable weather (Woyciechowski and Kozłowski,

1998). In one study the precocious foraging of workers

inoculated with Nosema spores was not confirmed, but there

was no certainty that the inoculation was effective (Mattila

and Otis, 2006). Nosema-infected workers less frequently

attend the queen but more often perform guard duty

than healthy workers (Wang and Moeller, 1970). Infected

workers also have less developed hypopharyngeal glands

(Hassanein, 1952; Wang and Moeller, 1969; Wang and

Moeller, 1971) and their gland secretion is diluted (Liu,

1990). Nosema attacks the epithelial cells of the mid-gut

of the imago, and markedly shortens worker longevity

(Hassanein, 1953; Rinderer and Sylvester, 1978; Malone

and Giacon, 1996; Mattila and Otis, 2006; Woyciechowski

and Moroń, 2009). Another honeybee parasite that causes

early foraging of honeybee workers is Varroa destructor

(Varroa jacobsoni in older publications). Honeybee work-

ers infected with Varroa mites as pupae started foraging

earlier than healthy workers did (Schneider, 1986; Downey

et al., 2000; Janmaat and Winston, 2000). The higher the

infestation level, the earlier the age at which foraging starts

(Downey et al., 2000). In another study, the precocious

foraging of workers infected with Varroa was not confirmed

(Kovac and Crailsheim, 1988). Workers parasitized with

Varroa had smaller hypopharyngeal glands (Schneider and

Drescher, 1987) and shorter lives than uninfected workers

(Schneider and Drescher, 1987; Janmaat and Winston,

2000). Honeybee workers infected with sacbrood virus start

foraging earlier, collect less pollen, and are shorter-lived

than healthy workers (Bailey and Fernando, 1972). Another

virus called Kakugo (from Japanese, meaning ‘‘ready to

attack’’) affects the behavior of honeybee workers in such a

way that they are more likely to defend the colony and

sacrifice themselves (Fujiyuki et al., 2004). Nasutitermes

acajutlae termite workers infected with the acanthocepha-

lan parasite engage more often in trail repair tasks than

uninfected workers (Fuller et al., 2003). Although the

acanthocephalan parasite did not affect survival of colonies

(Fuller and Jeyasingh, 2004) it could affect survival of

individual termites. Not all parasites induce precocious

foraging. Honeybee workers infested with tracheal mites

Acarapis woodi start foraging later than uninfested workers

(Downey et al., 2000). Those mites live inside the trachea,

impairing respiration, lowering metabolism, and thereby

making flight difficult (Harrison et al., 2001); this explains

the delay in the onset of foraging.

Another factor that induces precocious foraging in social

insects is poisoning. This was carefully studied with the use

of anesthesia. Anesthesia of honeybee workers with dif-

ferent substances (CO2, N2, N2O, NH4NO3) leads to

precocious foraging (Ribbands, 1950; Austin, 1955;

Skowronek and Jaycox, 1974; Woyciechowski and Moroń,

2009) and reduces the proportion of foragers collecting

pollen (Ribbands, 1950; Simpson, 1954; Skowronek and

Jaycox, 1974; Ebadi et al., 1980). Workers anesthetized

with carbon dioxide have less developed ovaries (Fyg,

1950; for review see Velthuis, 1970; Harris and Harbo,

1990; Harris et al., 1996; Koywiwattrakul et al., 2005),
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hypopharyngeal glands (Fyg, 1950; Simpson, 1954;

Skowronek and Jaycox, 1974) and wax glands (Skowronek

and Jaycox, 1974). Honeybee workers anesthetized with

carbon dioxide are shorter-lived both in hives (Ebadi et al.,

1980) and in cages (Austin, 1955; Skowronek and Jaycox,

1974; Woyciechowski and Moroń, 2009). Exposure to

carbon dioxide leads to precocious foraging and shorter

longevity in Myrmica ants (Moroń et al., 2008).

Precocious foraging of workers can be induced by

injury. Myrmica workers injured by removal of propodeal

spines start foraging earlier and live shorter than healthy

workers (Moroń et al., 2008). Honeybee workers sham-

treated for corpora allata removal started foraging earlier

and had higher mortality than untreated bees (Sullivan

et al., 2000). Hemolymph removal also induces precocious

foraging of honeybee workers (pers. comm. from Huang,

cited by Downey et al., 2000).

Another harmful factor affecting temporal polyethism is

malnutrition. Honeybee workers kept in cages without

pollen for 1 week started foraging earlier and had less

developed hypopharyngeal glands than workers kept inside

the hive with access to pollen (Free, 1961; Janmaat and

Winston, 2000; but see: Mattila and Otis, 2006). There is

strong evidence that honeybee workers deprived of food

are shorter-lived (Maurizio, 1954; Eischen et al., 1982;

Wahl and Ulm, 1983). Honeybee workers exposed to low

temperature started foraging earlier, collected less pollen

and had shorter longevity than control workers (Ebadi

et al., 1980). Cold-treatment lowers the thermopreferen-

dum of honeybee workers (Heran, 1952), which suggests

their preference to perform tasks outside the nest.

The evidence presented above suggests that harmful

factors, which shorten worker longevity, induce earlier

performance of risky tasks by the affected workers. Similar

effects are observed for a wide range of harmful factors and

for many systematic groups of social insects. This suggests

that there is general and strong relationship between tem-

poral polyethism and expected longevity of workers.

The model

The model is based on assumptions similar to those of

earlier models of expected longevity of workers in a colony

with temporal polyethism (Tofilski, 2002) and caste poly-

ethism (Tofilski, 2006). The important difference is that

workers within one colony can differ in longevity. This

difference in assumptions permits interesting new predic-

tions which explain a broad range of experimental results.

In a colony of social insects, there are healthy and

unhealthy workers in proportions fh and 1 - fh, respec-

tively. During their life, the unhealthy workers have

experienced unfavorable environmental conditions such as

disease, injury or poisoning. As a result, the maximum

longevity of healthy workers kh is longer than the maxi-

mum longevity of unhealthy workers ku. This assumption is

supported by reviewed earlier experimental data showing

that the maximum longevity of unhealthy workers is

shorter than the maximum longevity of healthy workers. I

assume that aging and health status do not affect worker

mortality until the maximum longevity is reached, at which

time the worker dies (Fig. 1a). The model predictions do

not change even if a more realistic survival curve is used,

by which the mortality rate increases exponentially with

age (Tofilski, 2002). In the colony there are safe tasks

associated with extrinsic mortality ms and risky tasks

associated with extrinsic mortality mr. It can be assumed

that safe tasks are performed inside the nest and risky tasks

are performed outside the nest. In the model there are two

sources of mortality: extrinsic and intrinsic. Extrinsic

mortality, described by mortality rates ms and mr, is related

to environmental factors like predators or bad weather.

Intrinsic mortality, described by maximum longevities kh

and ku, is related to non-environmental factors like aging or

health. The colony is governed by temporal polyethism:

workers perform safe tasks earlier in life than risky tasks.

The healthy and unhealthy workers switch from safe to

risky tasks at times tsh and tsu, respectively, called

switching times. For the sake of simplicity, I assume that

health status does not affect work performance. This

assumption should not change results as long as decrease in

work performance of unhealthy workers is the same in case

of both safe and risky tasks. However, if unhealthy workers

would be unable to forage but would be able to perform

hive duties this would affect their onset of foraging.

I assume that the colony productivity depends on lon-

gevity of workers. The longer the worker lives, the more

work it can perform and the more offspring its relatives can

produce. The longevity of a worker can be represented as

the area under a survival curve described by a survival

function (Fig. 1a). It can be calculated as a definite integral

of the survival function, from the beginning of life to

maximum life span. The survival function changes abruptly

at the time of switching from safe to risky tasks; therefore,

it is better to calculate longevity during safe and risky tasks

separately. The longevity of healthy workers during safe

tasks psh is

psh ¼
Ztsh

0

exp �mstð Þdt ð1Þ

and the longevity of healthy workers during risky tasks prh is

prh ¼ exp �mstshð Þ
Zkh�tsh

0

exp �mrtð Þdt ð2Þ
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where t refers to time. The longevities of unhealthy workers

during safe tasks and risky tasks, psu and pru, respectively,

can be calculated in the same way, but using the switching

time of unhealthy workers tsu and the maximum life span of

unhealthy workers ku:

psu ¼
Ztsu

0

exp �mstð Þdt ð3Þ

pru ¼ exp �mstsuð Þ
Zku�tsu

0

exp �mrtð Þdt ð4Þ

The longevity of workers in colony p is given by

p ¼ fh psh þ prhð Þ þ 1� fhð Þ psu þ pruð Þ ð5Þ

The optimal switching times of healthy and unhealthy

workers, tsh and tsu, respectively, were found by maximizing

the longevity of workers p, subject to the constraint that the

proportion of time devoted in the colony to safe tasks fs is

fixed:

fs ¼
fhpsh þ 1� fhð Þpsu

fh psh þ prhð Þ þ 1� fhð Þ psu þ pruð Þ ð6Þ

Without this constraint, the solution would be to perform

only safe tasks, but obviously it is not a good long-term

strategy to spend all the time inside the nest without foraging

at all. Both safe and risky tasks need to be done in the colony

at a fixed proportion. Another constraint of the maximization

was that the switching times need to be greater than zero and

less than maximum longevity. Maximization was done

numerically using Mathematica software. Results were

consistent for a wide range of possible parameters. If there is

no extrinsic mortality during safe tasks (ms = 0) the model

can be solved analytically and the predictions remain the

same.

The results demonstrate that unhealthy workers should

switch from safe to risky tasks at an earlier age than do

healthy workers (Fig. 2). The optimal switching times

decrease with the increase of the proportion of healthy

workers in the colony (Fig. 3). In some circumstances,

unhealthy workers should skip the safe tasks and perform

only the risky tasks (Fig. 3). However, it is not predicted if

only safe tasks should be performed during the whole life.

In colonies consisting of only unhealthy workers the opti-

mal switching time is earlier than in colonies consisting of

only healthy workers (Fig. 3). This suggests that preco-

cious foraging by unhealthy workers should be observed

even if the mechanism of temporal polyethism regulation

does not allow switching times to adjust to the proportion
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Fig. 1 Longevity of a worker is represented by the area below the

survival curve (a). The solid line represents healthy workers and the

dashed line represents unhealthy workers. The healthy and unhealthy

workers perform safe tasks until switching times tsh and tsu,

respectively. Later in life, the workers perform risky tasks up to

their maximum longevity kh and ku, respectively. At the time of

switching from safe to risky tasks, the life expectancy of healthy and

unhealthy workers is the same (b) (ms = 0.005, mr = 0.05, kh = 40,

ku = 20, fh = 0.5, fs = 0.5)
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of healthy and unhealthy workers in the colony. Such

adjustments should be expected, though, because they can

further prolong the longevity of workers. At the time of

switching from safe to risky tasks the life expectancy of

healthy and unhealthy workers is the same (Fig. 1b). The

life expectancy at some age takes into account the infor-

mation that the worker survived to that age. In general the

life expectancy pe at age a can be calculated as

pe ¼
1

sðaÞ

Z1

a

sðtÞdt ð7Þ

where s is the survival function.

Discussion

Three major predictions about the optimal switching

times of healthy and unhealthy workers can be made. The

first is that unhealthy workers (with shorter expected

longevity) should start foraging and performing other

risky tasks earlier in life than did healthy workers. The

second is that the optimal switching time of a worker

depends not only on its health status but also on the

proportion of unhealthy workers in the colony. The third

is that the life expectancy of healthy and unhealthy

workers should be the same at the time of switching from

safe to risky tasks. If workers behave according to the

predictions, the average longevity of workers in the col-

ony is higher, more work can be performed, more sexual

offspring can be produced, and the inclusive fitness of all

colony members will be higher.

The first prediction, earlier foraging by unhealthy

workers, is supported by a wide range of empirical data

presented earlier in this paper. Workers affected by dis-

eases, poisoning, injury, or other harmful factors which

shorten the maximum life span, start foraging and other

risky tasks earlier in life than unaffected workers. There is

no empirical evidence confirming that the optimal strategy

of a particular worker depends not only on its health status

but also the health status of other colony members. Testing

of this prediction could be relatively easy by comparison

of age of first foraging in colonies with large and small

proportion of unhealthy workers. Adjustment of foraging

strategy to health status of other colony members could be

achieved by a mechanism of perceiving the health status of

other colony members, but this would be costly and

imprecise; therefore, it is unlikely to evolve. Interestingly,

this kind of perception is not required because the life

expectancy of all workers at the time of switching from

safe to risky tasks should be the same. In order to adopt the

optimal strategy workers need only to know their own life

expectancy. It is not known how workers perceive their life

expectancy; however, the precocious foraging of unhealthy

workers shows that the perception is possible (Moroń et al.,

2008; Woyciechowski and Moroń, 2009).

Maximization of longevity is not the only explanation of

earlier foraging by unhealthy workers. A similar strategy is

predicted by other ultimate explanations. According to the

‘‘adaptive suicide’’ hypothesis (Schmid-Hempel, 1995;

Schmid-Hempel, 1998), foraging should be performed

by old workers because they are more likely to be vectors

of pathogens. During foraging, the old workers suffer

higher mortality and it is less likely that they will spread

the pathogens among nest mates. The same arguments can

be used to predict that infected workers should start for-

aging earlier. However, the adaptive suicide hypothesis

does not predict precocious foraging by workers suffering

from non-infectious diseases, poisoning or injury.

Another explanation is based on conflict between colony

members over reproduction (West-Eberhard, 1981).

Workers try to produce offspring but are prevented from

doing so by the queen or other workers (Woyciechowski

and Łomnicki, 1987; Ratnieks and Visscher, 1989). Young

workers have a greater chance of reproduction and are less

willing to perform risky tasks. As workers get older, their

chance of reproducing diminishes. In this situation, it can

be a better strategy to increase inclusive fitness by foraging

even if it is risky. If disease or injury reduces the likelihood

of reproduction, the affected worker should start foraging

earlier. The applicability of this mechanism depends on

reproduction by workers, which in many species is rare and

in some species absent (Bourke, 1988).

According to the ‘‘division of labor by division of risk’’

hypothesis, a worker’s decision about engaging in particular
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tasks depends on the risk associated with the tasks

(Woyciechowski and Łomnicki, 1995; Woyciechowski and

Kozłowski, 1998). During unfavorable weather a young and

healthy worker should stay in the nest, but an old and

unhealthy worker should continue foraging because its

chance of surviving to better weather is small. By doing this

the worker maximizes the whole-life collected yield. This

explanation considers the behavior of a worker in isolation

from the rest of the colony, but the optimal strategy of a

group of workers can differ from the strategy of a single

worker in that group.

All of the ultimate explanations mentioned above pre-

dict that unhealthy workers should start foraging and other

risky tasks earlier in life than healthy workers from the

same colony. In many cases, the explanations do not pre-

clude each other. The advantage of the model presented

here is its applicability to a wide range of cases. It is not

limited to workers suffering from infectious diseases or to

workers with a greater chance to reproduce. The model

takes into account the whole colony and not only individual

workers. It permits interesting new predictions, which

apply to a wide range of social insects.

The prediction of precocious foraging by unhealthy

workers can change the interpretation of some studies of

temporal polyethism. Treatment of honeybee workers with

50–250 lg of methoprene (juvenile hormone analog)

induced precocious foraging (Robinson, 1987); those doses

are much higher than the amounts normally detected in

hemolymph: 20 pmol/100 ll (Robinson et al., 1987).

Methoprene treatment shortened the longevity of both free-

flying (Robinson, 1985) and caged bees (Jaycox et al.,

1974). Considering these studies together, it can be sug-

gested that treatment of honeybee workers with high doses

of methoprene will induce precocious foraging even if it is

not involved in regulation of temporal polyethism. This

does not mean that the hypothesis of regulation of temporal

polyethism by juvenile hormone should be rejected, but that

the experimental results should be interpreted with caution

when precocious foraging is induced by a treatment that

may shorten worker longevity. Experiments in which the

reaction to treatment was delayed foraging (Sullivan et al.,

2000; Leoncini et al., 2004b) are much easier to interpret.

The proximate explanations of temporal polyethism can

involve social inhibition (Naug and Gadagkar, 1999; Beshers

et al., 2001; Leoncini et al., 2004a), response threshold

(Theraulaz et al., 1998; Gautrais et al., 2002), worker con-

nectivity (O’Donnell and Bulova, 2007) or other mechanisms

(reviewed by Beshers and Fewell, 2001). Those mechanisms

can differ between systematic groups because eusociality has

had multiple origins (Wilson, 1971). However, in all social

insects, in which safe and risky tasks are performed at different

ages, the life expectancy of workers should affect their

strategies.
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