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ABSTRACT

Question: Animals of many species work as members of a group such as a pair or colony to
provision various resources to a central place. Group members could work as generalists (all
group members self-feed to obtain fuel and deliver cargo; e.g. food items for offspring, non-food
items such as building materials) or as specialists (collect only fuel, or only cargo).

Mathematical method: We developed a simple analytical model to investigate conditions
favouring these basic alternatives.

Key assumptions: We assumed that natural selection favours mechanisms that maximize the
delivery rate of cargo, fuel being important only in so far as it enables the work of the delivery
of cargo to be supported.

Conclusions: The model shows that this division of labour boosts the aggregate rate of cargo
delivery when the round trip time a provisioner saves by not having to forage for its own fuel
more than offsets the required allocation of group members to exclusive fuel collection. We note
that groups with this provisioning division of labour are common in social insects, but appear
absent among vertebrates. Several hypotheses may explain this marked difference. We suggest
that provisioning by division of labour represents an early step in social evolution that was
greatly elaborated in the bees and ants.

Keywords: central place foraging, collection of fuel vs. cargo resources, division of labour,
provisioning, social evolution, teamwork.

INTRODUCTION

In many animal societies, individuals work as members of a group such as a pair or colony
to collect resources required for metabolism, growth, survival and reproduction. For
example, in the red-throated caracara (Ibycter americanus), groups of up to seven adults
deliver prey such as millipedes and the larvae of social wasps to the single, slow-growing
offspring (McCann et al., 2010). In colonies of the social wasp Polybia occidentalis, individual
workers deliver nectar (for workers), prey (for larvae), wood pulp (for nest building), and
water (for nest building and cooling) (O’Donnell and Jeanne, 1990).

Group members could divide the task of delivering these resources in two basic ways.
All members could collect each type of resource, or individual members could specialize on
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collecting different resources. O’Donnell and Jeanne (1990), for example, found that most
individuals in a Polybia occidentalis colony specialized on one of the resources listed above.
Such division of labour is presumed to improve task performance (Oster and Wilson, 1978; Franks,

1987), and Wilson (1990) attributes the ecological success of the social insects to such division
of labour. In this paper, we analyse the provisioning of resources, asking when division of
labour provides an advantage.

The collection and delivery of resources to a nest, larder or colony has been studied
extensively. There are many hundreds of descriptions in the literature, with birds, ants, and
bees predominating. Orians and Pearson (1979) introduced the concept of ‘central place
foraging’ (CPF) to analyse this behaviour. Central place foraging considered the economics
of delivery but did not encompass the collection of different resources. ‘Provisioning’
models (reviewed by Ydenberg, 2007) expanded the CPF framework by explicitly accounting for
different resources. In the basic provisioning scenario, individuals self-feed to obtain fuel
(i.e. their own energy) and deliver cargo. Cargo includes things such as food items for others
at the delivery point (mates, offspring, helpers, soldiers), as well as non-food items. For
example, birds may use hundreds or even thousands of items [mud pellets, sticks, grasses,
feathers, lichen flakes, spider silk, etc. (see Hansell, 2007)] in constructing a nest, often collected
from distant locations. The same applies to social insect nests. Similarly, water delivered to
cool nests or young (Kasuya, 1982) is a form of cargo.

The term ‘self-feeding’ is used to emphasize that the food the provisioner consumes
(its fuel) may differ from the food it delivers. Several factors help to explain this. Generally,
the growth of offspring requires a high-protein diet (O’Connor, 1984), whereas hard-working
provisioners require energy-rich food. Hence adults require a high-energy diet, but must
feed protein-rich food to offspring (see te Marvelde et al., 2009). Solitary bees and wasps, for
example, self-feed on nectar but deliver primarily pollen or insects to offspring (Ydenberg and

Schmid-Hempel, 1994). Many ant species capture or scavenge arthropods to feed to the brood,
while workers consume honeydew, nectar or extra-floral exudates (Carroll and Janzen, 1973). In
addition to these nutritional considerations, the economics of transport make some prey
better for delivery and others better for self-feeding (see Ydenberg and Davies, 2010). Hence, in some
seabird species the prey parents deliver to offspring differ from those they consume them-
selves (Davies et al., 2009). And different sizes of the same prey may be involved. For example,
bee-eater (Meriops apiaster) parents deliver large insects but consume small items (Krebs and

Avery, 1985), even when these are collected at the same sites.
In groups, the basic provisioning routine can be elaborated by having some individuals

specialize on collecting and delivering energy-rich food (fuel), while others collect cargo.
Cargo-specialists obtain their fuel from fuel-specialists, often from a communal store in the
nest to which the fuel-specialists deliver their loads. We will show that such division of
labour can, under certain conditions, increase substantially the rate at which cargo can be
delivered to a central place. Our framework provides a way to measure the advantage
gained, identified by Anderson and Franks (2001) as essential in understanding the role of
division of labour in social evolution.

RESOURCE GEOMETRY

In the model developed here, the fuel and cargo resources required by a group are assumed
to be located in different patches around a central place, or delivery point. This array is
termed the ‘resource geometry’ by Ydenberg and Davies (2010). We assume natural selection
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on behavioural mechanisms to maximize the delivery rate of cargo. The rationale for
this assumption is that greater delivery of cargo allows more offspring to be raised, better
nests to be built, or more resources to be stored for periods of scarcity. Fuel is important
only as a source of power for the delivery of cargo, but imposes the vital constraint that
a provisioner’s energy budget must balance. Here we extend the analysis of Ydenberg and
Davies (2010) to consider whether a group of provisioners could boost delivery by dividing
into fuel- and cargo-specialists.

The simplest and most basic resource geometry (Fig. 1) has just two patches, only one of
which (by definition indexed as ‘patch 1’) offers fuel. Cargo, in contrast, can be collected in
both patch 1 and patch 2. The cargo loading rate in patch i is ri (i = 1,2) and is assumed
linear. Loads for delivery are of size L, so loading in patch i requires time L/ri. The loading
rate is measured in units appropriate to the resource. For example, if mud is being delivered,
the appropriate measure is units of mud (pellets or grams) per unit time. The net rate at
which fuel is obtained while self-feeding in patch 1 is denoted s, and is measured in joules
per second (watts). The energy expenditure rate while travelling and loading is c, also
measured in watts. We first introduce the three basic tactics (‘routines’) individuals can use
to exploit this resource geometry (one-patch, two-patch, and alternation provisioning),
introduced by Ydenberg and Davies (2010). We then consider provisioning by division of
labour.

In ‘one-patch provisioning’, a provisioner travels to patch 1, self-feeds at rate s, remains
there to collect a load of size L at rate r1, and then returns to the central place to deliver it.
The rate of delivery is found by dividing the size of the delivery by the total time required,
including travel time, loading time, and self-feeding time. Self-feeding requires time 2t1c/s to
recover the costs of travel, and time cL/sr1 to recover the loading cost. The rate of cargo
delivery D1 is, therefore,

D1 =
L

L/r1 + 2t1 + cL/sr1 + c2t1/s
,

Fig. 1. A simple and general resource geometry. Provisioners obtain fuel (either for self-feeding or
for delivery to a communal depot) in patch 1, and may load cargo items for delivery (rate ri; i = 1,2) in
either patch. One-way travel to patch i requires time ti (round trip travel requires 2ti). The paths to
patch 1 and patch 2 from the delivery point form an angle α, and travel time ∆t between the patches is
calculated using the cosine law.

Division of labour by provisioners 673



which can be rewritten as:

D1 =
L

(1 + c/s) (L/r1 + 2t1)
. (1)

The factor c/s is the rate of self-feeding relative to the rate of energy expenditure. It can be
thought of as the fuelling time required per unit of foraging or travelling time. The factor
(1 + c/s) increases the round trip time by that required to acquire the energy to power travel
and loading.

The situation of interest arises when cargo can be loaded more rapidly in patch 2
(i.e. r2 > r1). Now loading time is shortened but travel time lengthened by using patch 2:
depending on the resource geometry, this might be worthwhile. In ‘two-patch provisioning’,
a forager travels first to patch 1 (travel time t1), where it self-feeds to finance the energetic
expense of the entire trip. It then travels to patch 2 (travel time ∆t) to collect a load of size L
(time L/r2), which is taken to the delivery point (travel time t2). Self-feeding recovers the
energetic cost of each of these components of the round trip. The rate of delivery is

D2 =
L

(1 + c/s) (L/r2 + t1 + ∆t + t2)
. (2)

The third possibility is to alternate excursions to the patches from the central place. The
provisioner travels first to patch 1, where it self-feeds to finance all the trips in a cycle and
collects a cargo load, returns to the central place to deliver the load, and then travels to
patch 2 to collect cargo before revisiting patch 1. The consequent rate of delivery is

DA2 =
2L

(1 + c/s) (L/r1 + L/r2 + 2t1 + 2t2)
. (3)

(In further variants, several successive visits to patch 2 are made before patch 1 is
revisited. These are not considered here.) Ydenberg and Davies (2010) define resource
geometry conditions under which each provisioning routine performs best, and provide
examples.

A MODEL OF PROVISIONING BY DIVISION OF LABOUR

In dividing the labour of provisioning, one or more group members collect and deliver the
food that is used as fuel, while others exclusively collect and deliver cargo. Cargo-specialists
obtain their fuel from that delivered to the central place by fuel-specialists. Division of
labour saves them time, because they do not need to travel to distant patches to gather
fuel and can thus focus their efforts on cargo delivery. But group members devoted to fuel
collection reduce the number of individuals delivering cargo. When should group members
provision as individuals, and when as a group with division of labour?

For a group of provisioners, the aggregate rate of cargo delivery is calculated as the
product of N (the number of group members) and the cargo delivery rate each attains using
one-patch (equation 1), two-patch (equation 2) or alternation provisioning (equation 3), as
appropriate. When group members divide the labour, the aggregate cargo delivery rate is
calculated as follows: assume that of the N individuals, proportion p1 collect and deposit
food to be used as fuel in a central depot, while proportion p2 collect and deliver cargo,
obtaining their fuel from the depot. To collect fuel, a group member travels to patch 1 (travel
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time 2t1) and collects a fuel load of size F (measured in joules) at rate s + c [loading time
F/(s + c)], which is delivered to the central place. The fuel collection rate is s + c (in place of s
as in equations 1, 2, and 3), because when dividing labour provisioners obtain their energy
from the communal energy supply. In contrast, when working as individuals they must pay
their energetic costs from the fuel collected on each excursion. Hence the fuel uptake rate for
an individual provisioner must be discounted by the rate of energy expenditure (c), yielding
a net rate of loading s.

The aggregate delivery rate of fuel is

DF =
p1NF

(2t1 + F/c + s)
. (4)

The number of individuals required to provide fuel at a rate sufficient for the entire group
can be found from setting the energy expenditure rate of the group as a whole ( = Nc) equal
to DF. Solving for p1 yields

p1 =
c(2t1 + F/c + s)

F
, (5)

with the condition that 0 < p1 < 1. Assuming that p2 = 1 – p1, the solution to (5) determines
the proportion of the group that can be devoted to delivering cargo. The rate of cargo
delivery by a group with division of labour is therefore the number of cargo deliverers (p2N)
times the cargo delivery rate of each, which gives

DC =
p2NL

(2t2 + L/r2)
. (6)

Note that this ignores the (presumably small) amount of time that cargo deliverers need to
fuel up on the communal energy store. Division of labour can be advantageous only if p2

is greater than zero, which is true when

s

c
>

1

� F

2ct1
� − 1

. (7)

The ratio s/c expresses the fuelling rate relative to the rate of energetic expenditure while
foraging. Division of labour is possible if the fuel load more than compensates the round
trip energy expenditure (F/2ct1 > 1), which is favoured by high s, large F, low c, and low t1.
Direct comparison of the performance of groups with division of labour and the individual
strategy D1, DA2 or D2 requires the per capita cargo delivery rate DC/N, which is

DL =
p2L

(2t2 + L/r2)
. (8)

COMPARING PROVISIONING TACTICS

We seek conditions under which each of the four possible tactics (one-patch, two-patch,
alternation, division of labour) yields the highest cargo delivery rate. We first derive
analytical relations to describe these conditions using the ratio r1/r2, the rate at which cargo
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is loaded in patch 1 relative to that in patch 2. To find the value of r1/r2 at which one-patch
provisioning and alternation provide equivalent cargo delivery rates, we set D1 = DA2 and
find that

r1

r2

=
L

L + 2r2t2 − 2r2t1

. (9)

This matches inequality (5) in Ydenberg and Davies (2010). One-patch provisioning is
favoured at values of r1/r2 greater than this threshold, and alternation at lower values.

To find the value of r1/r2 at which alternation and two-patch provisioning provide
equivalent cargo delivery rates, we set D2 = DA2 and find that

r1

r2

=
L

L + 2r2∆t
, (10)

which matches inequality (6) in Ydenberg and Davies (2010). Alternation is favoured at values
of r1/r2 greater than this threshold, and two-patch provisioning at lower values.

Division of labour is favoured over all three individual provisioning routines if a group
with N members delivers more cargo in aggregate working as a group with division of
labour than as a group of N individual provisioners. This condition is

DL > max(D1, DA2, D2), (11)

which holds when

s

c
 < 

1

�
L
r2

 + 2t2

p2 · min(K1, K2, KA2)
� − 1

, (12)

where K1 = (L/r1) + 2t1, K2 = (L/r2) + t1 + ∆t + t2, and KA2 = (L/r1) + (L/r2) + 2t1 + 2t2.
We calculated the values of DL, D1, D2, and DA2 numerically over the ranges of parameter

values given in Table 1. Results are presented in figures with r1/r2 on the x-axis and s/c on the
y-axis. The region in which each tactic performs best is indicated. In each case we confirmed
that the position of boundaries located numerically correspond with those calculated
analytically. We calculated the difference (%) between the aggregate cargo delivery rate of
groups with division of labour and that of the best individual routine over this parameter
space. We explore how the boundary positions change over a wide range of parameter value
combinations.

RESULTS

Basic results are shown in Fig. 2. We consider first the three individual provisioning
tactics. Following equations (9) and (10), vertical boundaries separate regions of the r1/r2

(x-axis)–s/c (y-axis) parameter space in which each tactic is best. Consistent with the degree
of reliance on patch 1 as a source of cargo, two-patch provisioning is best at low values of
r1/r2, alternation at intermediate values, and one-patch provisioning at high values. Above
the threshold value of r1/r2 given by (9), fuelling and loading are both carried out solely in
patch 1, and patch 2 is not used. If patches 1 and 2 are equidistant from the delivery point,
this threshold lies at r1/r2 = 1.0. The threshold falls when patch 1 is relatively nearer the
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delivery point, and rises when it is further. Between this threshold and that defined by
inequality (10) alternation is used, while below that given by inequality (10) two-patch
provisioning is used.

Figure 2 also shows a region in which division of labour is best. In all cases in which it
occurs, this lies in the upper left of the parameter space, indicating that division of labour
is favoured when (i) fuel can be loaded quickly (high s/c), and (ii) when patch 1 is poor
for cargo (r1/r2 is low). The shape of this region can be explained as follows. First, note
that division of labour outperforms two-patch provisioning when s/c is sufficiently high.
Because neither tactic loads cargo in patch 1, their relative cargo delivery rates are
independent of the value of r1/r2 and the boundary between their regions is horizontal,
stretching from the y-axis to the vertical boundary between two-patch provisioning and
alternation. To the right of this boundary, alternation outperforms two-patch provisioning
and the value of s/c required for division of labour to outperform alternation rises steeply
with the value of r1/r2. The division of labour region almost never extends to the single-
patch foraging region.

The effect of changing parameter values on the positions of these boundaries
can be understood by examining how DL, D2, and DA2 change relative to each other.
An illustrative example is supplied by considering the angle between the paths

Fig. 2. Regions of parameter space in which the four provisioning tactics perform best on the
basic resource geometry shown in Fig. 1. The default set of parameter values is given in Table 1.
Provisioning by division of labour yields positive aggregate cargo delivery in the region above the
horizontal dashed line, and outperforms all individual strategies above the dotted boundary. To vary
the value of s/c (y-axis), c was held constant at 1.0 while s was varied as indicated in Table 1. To
vary the value of r1/r2 (x-axis), r2 was held constant at 10 while r1 was varied as indicated in Table 1.
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(α; see www.evolutionary-ecology.com/data/3023Appendix.pdf or sfu.ca/biology/wildberg/
NewCWEPage/DivofLabourAppendix.html). As α is increased, the distance and hence
the travel time ∆t between patches 1 and 2 is lengthened. Two-patch provisioning is the
only tactic that involves travelling directly between patches 1 and 2, and D2 (but not DL or
DA2) falls as α is increased. The alternation/two-patch provisioning boundary (given by
inequality 9) consequently shifts leftward. The region for division of labour appears when
α = 45.1�. Two-patch provisioning is preferred at smaller angles because the patches are
sufficiently close together. D2 continues to fall as α is increased beyond 45.1� and the two-
patch/division of labour boundary shifts downward, enlarging the region for division of
labour. The values of DL and DA2 are unaffected by changes in α and hence the division
of labour/alternation boundary is unaltered.

Table 1 summarizes the basic effect (grow, shrink) on the division of labour region arising
from changes in the values of other parameters. These can be understood by similar reason-
ing. For example, a region for division of labour appears at 317 J (see Table 1) as F is
increased from its base value of 250 J. The value of F has no effect on the position of the
boundaries between the individual provisioning tactics (none deliver fuel) but a larger value
of F increases the advantage of division of labour over both alternation and two-patch
provisioning, and the boundaries shift as the delivery rate of division of labour increases.

The quantitative advantage of division of labour over the best individual provisioning
option is shown in Fig. 3, which reveals a plateau corresponding with the division of labour
region. Two effects create the plateau. First, the advantage of division of labour relative to
alternation rises rapidly as r1/r2 falls (division of labour does not load cargo in patch 1,
while alternation does), which creates a steep slope. But once two-patch provisioning
replaces alternation as the best individual tactic, the advantage of division of labour is no
longer affected by r1/r2 because neither tactic loads cargo in patch 1 and the surface is flat.

Table 1. Description of model parameters, and their effects on the division of labour region shown
in Fig. 2

Parameter (symbol, units)
Default

value (range) Threshold
Effect on division
of labour region

Sensitivity
(%)

Angle between paths (α, �) 90 (5–170) min. 45.1 grows 11.7
Energy expenditure (c, W) 1 (0.5–1.5) max. 1.57 shrinks −12.1
Fuel load size (F, J) 500 (250–750) min. 317 grows 12.6
Cargo load size (L, J) 500 (250–750) min. 1 grows −5.0
Loading rate patch 1 (r1, W) 1–12 — — —
Loading rate patch 2 (r2, W) 10 (5–15) max. > 3000 shrinks 5.1
Net self-feeding rate (s, W) 5 (1–50) — — —
Travel time to patch 1 (t1, s) 50 (25–75) max. 160 grows until t1 = 50,

then shrinks
6.0

Travel time to patch 2 (t2, s) 50 (25–75) max. 97 shrinks −13.4

Note: ‘Threshold’ is the value of each parameter above (for minima) or below (for maxima) which the region for
division of labour appears. The effect of an increase in the value of the parameter is described in the column ‘Effect
on division of labour region’. Sensitivity is measured as the change in the height of the plateau seen in Fig. 2,
measured at the point [0.1, 40], resulting from a change in the parameter value from 20% below to 20% above
the default value. A negative value indicates that the advantage decreases as the parameter value is increased. To
vary the value of s/c (y-axis) in Figs. 2 and 3, c was held constant at 1.0 while s was varied. To vary the value of r1/r2

(x-axis) in Figs. 2 and 3, r2 was held constant at 10 while r1 was varied.
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In the other direction (along the s/c axis), the surface is flat because both two-patch pro-
visioning (equation 2) and division of labour (via its effect on p1 in equation 5) saturate
quickly as s/c rises. The existence of this plateau explains why the division of labour region
appears suddenly: D2 falls below DL almost simultaneously over the entire plateau as α
is enlarged beyond 45�. The change in the height of the plateau as parameter values are
changed gives a measure of the sensitivity of the results to each of the parameter values,
and is summarized in Table 1.

DISCUSSION

When a group divides the labour of resource provisioning, some members collect and
transport fuel to a central depot. Other group members use this fuel for excursions to collect
and deliver cargo – the resources that enable offspring and other non-provisioners to be fed,
nests to be built and maintained, and resources to be stored for periods of scarcity. Division
of labour boosts the aggregate rate of cargo delivery when the time a provisioner saves
by not having to forage for its own fuel more than offsets the required allocation of group
members to exclusive fuel collection.

Fig. 3. Three-dimensional plot showing the margin (%) by which division of labour yields higher
aggregate cargo delivery relative to the best individual provisioning routine. Negative values indicate
that individual provisioning performs better. The default set of parameter values is given in Table 1.
The surface shown in Fig. 2 is that seen looking directly down onto the r1/r2 – s/c plane. The region
for division of labour coincides with the plateau on the left of the 3D space. To vary the value of
s/c (y-axis), c was held constant at 1.0 while s was varied as indicated in Table 1. To vary the value
of r1/r2 (x-axis), r2 was held constant at 10 while r1 was varied as indicated in Table 1.
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The resource geometry is conceptualized here as two patches, one of which offers both
fuel and cargo, while the other offers only cargo. The configuration shown in Fig. 1 can be
interpreted as the simplest manifestation of two foraging options (e.g. patch types, areas,
foraging modes, prey types, etc.) offering different combinations of fuel and cargo. As
shown in Fig. 2, division of labour is advantageous when one foraging option offers high-
value fuel (high s/c) but is at the same time relatively poor for cargo loading (low r1/r2).
Division of labour also requires that the use of both options on a single excursion is to some
degree incompatible, made so by travel distance or some other factor, for example that fuel
and cargo cannot be efficiently transported at the same time.

The division of group members into those who deliver fuel and those who deliver cargo
may be considered a form of teamwork. Anderson and Franks (2001) identified the essence of
teamwork as involvement by individuals in a task with various sub-tasks that must be
performed simultaneously. Here the task is the provisioning of resources, while the sub-
tasks are the collection and transport of fuel and of cargo. In the model developed here, the
advantage of division of labour arises solely because cargo provisioners save time by not
having to forage for their own fuel. The enhancement of individual performance efficiency
due to repeated experience with particular resource types, emphasized in much other work
(e.g. Seeley, 1982; Jeanne, 1986; Heinrich, 2004), is not a factor. As in Anderson and Franks’ (2001) ‘team-
work’ description, provisioning team members are in principle fully interchangeable in the
sense that any individual performs either sub-task as efficiently as any other. Presumably,
the ‘individual enhancement’ effect demonstrated in some systems could contribute to the
evolution of further elaboration of provisioning team behaviour, such as caste structure.

Behaviour matching provisioning by division of labour has been described in a variety of
social insect species. Many ants and bees, for example, have individuals or even castes
specialized for specific tasks, including both fuel and cargo delivery, and also have evolved
communal storage of fuel. In honeybees, foragers often collect solely nectar (fuel), pollen
(cargo), water (cargo) or resin (cargo) (Seeley, 1985; Winston, 1987). In many ant species, some
workers collect only honeydew (fuel), while others scavenge for small arthropods (cargo)
(Carroll and Janzen, 1973). Also well-described are the various means whereby social insects
deposit fuel in the nest using honeycombs, honeypots or repletes. An interesting variant of
fuel storage is found in social wasps, in which larvae regurgitate to adults an energy-rich
fluid similar to the nectar of flowers that wasps frequent [high carbohydrate, with some
amino acids (Hunt et al., 1982)].

So far as we are aware, cases of provisioning by division of labour as defined here have
not been reported among vertebrates. There are many reports of other forms of division
of labour among vertebrate group members, such as helpers assisting with food delivery, of
group members delivering different food types, of provisioners (e.g. parents) and non-
provisioners (e.g. offspring) consuming different prey items, of group members directly
feeding each other (as in courtship feeding), of storing resources (hoarding), and of group
members sharing centrally stored resources. But we could find no reports on any vertebrate
system in which some individuals collect cargo and are powered by fuel obtained from
others. A possible exception is provided by early hominids, where hunting and gathering is
considered to have played an important role in social evolution (e.g. Harding and Telelei, 1981).
Here, meat and cobbles for tool-making are collected by males and might be considered
cargo, while females gather resources such as roots and fruit, which provide (most of) the
energy required. These resources are all delivered to a central place where they are stored,
shared, and processed.
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One possible explanation of this striking difference between these taxa is that sufficient
fine-tuning of the fuelling effort is not possible in vertebrate provisioning groups, because
they have fewer members (two to dozens) than social insect colonies (dozens to thousands).
It is not obvious from the theory developed here, however, that a large group is required.
Thinking of the parameter p1 in equation (5) as a proportion of the effort available (rather
than as the proportion of group members) suggests that even a single pair of provisioners
could in principle divide labour to boost cargo delivery. The very extensive literature on
central place foraging and provisioning in birds details many variants on the basic pattern
of a mated pair delivering prey to dependent offspring, but describes none with provision-
ing by division of labour as defined here.

A second possible explanation is that our model in effect assumes that a single decision-
maker controls the allocation of individuals to fuel or cargo specialization. This may be a
workable approximation in social insect species with worker sterility. In vertebrates, how-
ever, (future) personal reproduction is almost always a possibility. Hence, if fuel collection
endangers survival more than does cargo collection (or vice versa), or if the delivery
of cargo allows the resources to be directed more advantageously than does the collection
of fuel (or vice versa), then individuals would be more reluctant to assume one provisioning
role than the other, making cooperation more difficult, even if the division of labour would
increase the per capita cargo delivery. As in other social situations requiring cooperation,
this obstacle could perhaps be overcome by kin selection (if group members are relatives) or
a variety of other mechanisms (see te Marvelde et al., 2009).

A third possibility is that resource geometries favouring provisioning by division of
labour are rarely satisfied in vertebrates, and more often in the social insects. The key
features making division of labour advantageous is that one foraging option offers quick
loading of high-value fuel (high s/c) and poor cargo-loading potential (low r1/r2), and that
use of this option is not compatible with use of the other foraging option. Social insect taxa
are intimately associated with resources that appear to have these properties. Nectar and
honeydew are carbohydrate-rich but nutrient-poor (i.e. fuel) food resources, collected in
different places than those at which cargo is available. Many ant species use high-
carbohydrate exudates from extra-floral nectaries or homopteran honeydew as fuel. These
sources occur at fixed locations, and are often vigorously guarded. Cargo sources, in con-
trast, are ephemeral, and often require extensive searching (Carroll and Janzen, 1973). Workers
transport either liquid (fuel) or solid (cargo) food to the nest, where it is stored, processed
or consumed. Bees use nectar (fuel) to power the collection of pollen, water, and other
materials (cargo). Honeybee foragers often collect nectar (fuel), pollen (cargo), water
(cargo) or resin (cargo) (Seeley, 1985).

The value of fuel in the model is evaluated relative to the energetic expenditure rate
of foraging (the ratio s/c), and an important difference between the social insects and
vertebrates may lie in the metabolic scaling of this ratio. Metabolic rate scales with body
mass with an exponent of about 0.7–0.8, and is conservative between taxa (Peters, 1983; Calder,

1984). The mass-specific metabolic rate of social insect workers (small) is accordingly much
higher than that of vertebrates (large), but the whole organism metabolic rate is relatively
small: a 10-g songbird’s metabolism consumes energy at several hundred times the rate of a
10-mg ant. The mass-specific foraging rate can also be described by a power function (Wilson,

1975; Peters, 1983; Calder, 1984; Werner, 1988), but the intraspecific scaling varies much more between
taxa than does metabolic rate (Werner, 1988). In terms of s/c, Seeley (1985, p. 83) estimated a 10 :1
rate of return for nectar collection to flight energy in the honeybee. The ratio in various
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avian provisioning systems appears lower, calculated by Ydenberg (1994) based on literature
values at ratios between 2 :1 and 4 :1, or even lower. More work is required here, but it
appears that s/c for social insects may be larger than in vertebrates.

We suggest that social insects exploit resource geometries that make division of labour
advantageous. In particular, nectar and honeydew are energy-rich but nutrient-poor, and
thus function as fuel that is high value in relation to the metabolic cost required to collect
it. We suggest that provisioning by division of labour represents an early step in social
evolution, rather than being an adaptation available only to advanced social species. Once
groups were able to provision by division of labour, modifications in morphology,
physiology, and behaviour that enhance group performance could evolve, such as specialists
for other sub-tasks. For example, posting guards and tenders at fuel sources would raise the
rate of fuelling. Assisting provisioners with unloading cargo in the colony would speed
delivery. Each of these tasks requires extra workers, but as with fuel, cargo specialization
would be worthwhile if the resultant increase in the aggregate rate of cargo delivery more
than offset the required allocation of the group to the task. Other forms of resource sharing
such as trophallaxis (i.e. the distributed provision of fuel), mechanisms for more efficient
allocation of labour (Beshers and Fewell, 2001), and the construction of complex nests could all be
evaluated within this framework.

An initial experimental test would involve a social insect known to demonstrate some
flexibility in its foraging behaviour. A candidate might be the social wasp Polybia
occidentalis, which shows variability in the degree to which individual workers specialize on
the delivery of particular resources (O’Donnell and Jeanne, 1990). The basic hypothesis is that
specialization and the concomitant reliance of provisioners on fuelling from in-colony
stores can be altered by the resource geometry.
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