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The allometric scaling of metabolic rate and what drives it are major ques-
tions in biology with a long history. Since the metabolic rate at any level
of biological organization is an emergent property of its lower-level constitu-
ents, it is an outcome of the intrinsic heterogeneity among these units and
the interactions among them. However, the influence of lower-level hetero-
geneity on system-level metabolic rate is difficult to investigate, given the
tightly integrated body plan of unitary organisms. In this context, social
insects such as honeybees can serve as important model systems because
unlike unitary organisms, these superorganisms can be taken apart and
reassembled in different configurations to study metabolic rate and its var-
ious drivers at different levels of organization. This commentary discusses
the background of such an approach and how combining it with artificial
selection to generate heterogeneity in metabolic rate with an analytical
framework to parse out the different mechanisms that contribute to the
effects of heterogeneity can contribute to the various models of metabolic
scaling. Finally, the absence of the typical allometric scaling relationship
among different species of honeybees is discussed as an important prospect
for deciphering the role of top-down ecological factors on metabolic scaling.

This article is part of the theme issue ‘The evolutionary significance of
variation in metabolic rates’.
1. Introduction
The allometric scaling of metabolic rate is one of those fundamental questions
in biology that has been extensively debated for a century [1–7]. It refers to the
widespread observation that metabolic rate scales hypometrically with body
size, which means that the mathematical relationship between the two can be
defined by a power function with an exponent less than one. More popularly,
this scaling phenomenon is often illustrated with the example of a mouse
having a higher mass-specific metabolic rate than an elephant. Although
there is considerable variation in the exact value of the observed scaling expo-
nent, which might suggest a diversity of mechanisms at work (see [8–11] and
[12] this issue), the search for a possible singular mechanism that underlies
this biological rule has been a major pursuit in theoretical biology [13,14].
The question has increasingly attracted attention from a wider range of biol-
ogists with the advent of broad concepts such as the metabolic theory of
ecology [15] and the pace-of-life hypothesis [16], ideas that place metabolic
rate at the centre of all biological processes.

Amechanistic understanding of the scaling relationship is challenging, given
the large number of correlated factors that might simultaneously contribute to it
and the largely correlative support for the different competing hypotheses
[17,18]. Any analysis of scaling based on measuring metabolic rate in whole
organisms is problematic because such measurements are confounded by the
several other variables that co-vary with body size [19]. This problem could be
overcome to some extent if one were able to ‘build’ animals of different sizes
using a set of parts with known metabolic rates and then predict the metabolic
rate of thewhole animal based on themetabolic rates of its parts [20], a possibility
that is offered by colonial or modular animals [21–24]. The to-be-assembled parts
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Figure 1. Schematic representation of the conceptual outline consisting of experimental and analytical frameworks that can potentially be used to pursue questions
about metabolic scaling using honeybees (and other social insects) as a model system. Text in black represents the parameters of interest and text in blue represents
the approaches to control and measure these parameters. MR, metabolic rate.
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could either be homogeneous for simplicity or be sourced from
a heterogeneous assortment that better reflects biological rea-
lity, in which case the exact composition of the admixture
becomes an important variable. Such a bottom-up approach
can in principle be extended across different levels of
biological organization, spanning organs, tissues, cells, mito-
chondria, or even the enzymatic complex of respiration, to
decipher how processes operating at these different levels
contribute to the scaling process [25–29]. The goal of this
paper is to discuss how such a bottom-up approach can be
pursued at the organismal level using social insects as a
model. A case is made specifically for honeybees, based on
their amenability to a wide range of experimental techniques
including artificial breeding that can generate individuals
and therefore groups (colonies) with different metabolic
rates, the suitability of such experimental data to some novel
analytical approaches and the differences in metabolic rate
among their different species that do not fit the usual size
scaling relationship (figure 1).
2. Social insects as a model for metabolic scaling
The conceptual outline in which the property of a biological
entity is the emergent outcome of its lower-level units is
perfectly mirrored in a social insect colony. Often referred
to as superorganisms, each of these colonies is defined by
the sum of the attributes of all its members and their inter-
actions. This means that the phenotypic expression at the
higher level is an outcome of the phenotypic diversity
at the lower level, comprised of a dynamic set of entities,
which is also subject to the top-down modulatory influence
of the social environment that they define [30]. In such
cases, selection will act simultaneously on both the individual
phenotypes and the group-level phenotype, defined by the
group composition in terms of both the average and
the variance, thereby generating phenotypic covariance
among the interacting units [31,–33]. In the context of scaling,
this means that the group-level metabolic rate depends on
the group composition due not only to the intrinsic hetero-
geneity in metabolic rates among group members but also
due to the social processes that can influence their metabolic
rates. This suggests that the process by which a system-level
metabolic rate emerges from the metabolic rate of its constitu-
ent parts is complex, being subject to both direct and indirect
genetic effects on metabolic rate.
The major advantage social insects provide for under-
standing system-level properties such as metabolic scaling
is that unlike most other biological organizations, a colony
can both be easily separated into its constituent units as
well as be reassembled in different configurations. This
allows one to measure a given biological property at both
the individual and the system level with relative ease, an
approach that has been extensively leveraged to understand
how the colony phenotype emerges from the processes oper-
ating at these two levels [34]. The large background in terms
of such an approach in social insects provides a sophisticated
framework, both in terms of theory and experiments, that can
be applied to pursue questions regarding metabolic scaling.
Using this approach to assemble groups of various sizes
and/or phenotypic compositions that vary in their individual
metabolic rates, one can test the relative influence of the
various factors that have been proposed to explain metabolic
scaling. Despite a substantial amount of research on meta-
bolic rate in social insects, the potential of this framework
has not been sufficiently leveraged—except for manipula-
tions of group size to some extent—to address questions
regarding metabolic scaling, with some notable exceptions
that are discussed below.
(a) Size
Early studies with ants and honeybees demonstrated that
metabolic rate indeed scales with increasing group size, but
with substantial variation in the value of the scaling exponent
across species and contexts [35–37]. More recently, a detailed
test of metabolic scaling using interspecific comparisons
showed that larger colonies use relatively less energy, which
translates into lower rates of growth and reproduction but
longer lifespan at the colony level, thereby demonstrating a
possible functional connection between energetics and social-
ity [38]. Based on the general congruence of this scaling
pattern in social insect colonies with what is seen in unitary
organisms, it is parsimonious to assume that the organiz-
ational principles that dictate scaling are likely universal
[39], and that social insects could be valid model systems
for deciphering these mechanisms. However, the observed
variation in scaling across taxa and contexts can also be inter-
preted as the reflection of a diversity in the mechanisms
underlying scaling. It has therefore been pointed out that
one should be cautious in generalizing the results of scaling
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in social insects because, being mostly laboratory studies thus
far, their lack of an ecological context might not have allowed
the expression of the whole range of variables that are
involved in driving the scaling process [7].

The importance of the ecological context is clear from
the results of a series of experimental studies in scaling
with seed-harvester ants (Pogonomyrmex californicus), which
showed that isolated groups of workers display isometric scal-
ing of metabolic rate, strongly suggesting that the social
environment plays a critical role in driving the hypometric
scaling relationship [40,41]. These studies, by controlling for
possible constraints such as food supply, identified a higher
disparity in activity rates among members in larger colonies
to be the likely basis for the observed scaling. The social
environment, however, may not be a simple function of
colony size, as a different study found that a higher density
or crowding, independent of colony size, can lead to an
increase in colony-level metabolic rate [42]. Such studies
point to the importance of understanding the variousmechan-
isms that shape the interactions among lower-level units
because there are numerous attributes of colony social organ-
ization such as phenotypic diversity, demography and
structural organization, each of which contributes to hetero-
geneity in terms of the various parameters that are parts of
the various models of metabolic scaling.
(b) Heterogeneity
Increase in body size in unitary organisms or colony size in
colonial organisms is accompanied by increasing levels of
morphological and behavioural complexity or heterogeneity
among the constituent units [40,43–45]. This has led to the
hypothesis that the observed variation in metabolic rate
among animals and the scaling process are outcomes of the
difference in the relative sizes of metabolically active organs
or tissues [29]. It has been shown that organs with high meta-
bolic activity are relatively smaller in larger animals, which
can explain the observed hypometric scaling [25,46–48].
Similarly, it has also been argued that the relationship
between metabolic rate and body size is primarily driven
by the correlated change in cellular diversity [49,50]. How-
ever, until more recently, these so-called system composition
models of metabolic scaling have been less appreciated [5]
and this suggests that disentangling the correlation between
size and heterogeneity can provide important insights for
our understanding of metabolic scaling.

In social insects, heterogeneity is an integral part of social
organization and the basis for division of labour in the colony
[51,52]. Heterogeneity in worker size, or morphological caste
differentiation, can result in not only an assortment of pro-
duction and maintenance costs [39,53,54] but also of what
these different caste members add to the colony in terms of
energy provisioning. In ants, larger workers were shown to
have lower mass-specific metabolic rates, which suggests
that metabolic scaling in social insect colonies could result
from a higher proportion of such large workers in larger colo-
nies [55,56]. This suggests that colony composition, and thus
heterogeneity, is the critical variable that drives the value of
the scaling exponent. Manipulating morphological caste
ratios independently of colony size can therefore test for
this hypothesis, although it has limitations because individ-
ual body size can still confound the influence of other
biological variables that co-vary with body size.
In this context, genetic lines with different metabolic rates,
produced through artificial selection while controlling for
other variables such as body size, offer opportunities for
more direct experimental tests of metabolic scaling [25,57,58].
In social insects, such an approach is currently possible only
with the honeybee, Apis mellifera, in which artificial crosses
can be made using instrumental insemination. In A. mellifera,
there is significant interindividual variation in metabolic rate
associated with allelic variation in the malate dehydrogenase
(MDH-1) locus [59–61]. Using MDH-1 as a convenient
marker, bees with low and high metabolic rates can therefore
be bred by making suitable crosses. While such bees with
different metabolic rates have been bred and used for asking
questions about the influence of metabolic rate on behaviour
[62,63], they have not been used yet for testing ideas about
metabolic scaling.

These low and high metabolic rate phenotypes, by allow-
ing us to create colony admixtures with different proportions
of these bees, can provide a rigorous experimental test of the
influence of heterogeneity on metabolic scaling. The exper-
imental methodology can be combined with an equally
powerful analytical approach, based on the additive parti-
tioning method of the Price equation, which can quantify
the effect of heterogeneity as a diversity effect, defined as
the deviation in a trait value of a polymorphic group from
the null additive expectation set for the value by the same
morphs in monomorphic groups [64,65]. This diversity
effect can be further separated into two components, which
itemize the two different processes through which diversity,
positively or negatively, shapes a trait value. One of these
is the selection effect, the disproportionate effect of any one
morph on the trait, and the other is the complementarity
effect, the degree to which interactions between the different
morphs influence the trait. Diversity effects are frequency
dependent processes in which the frequency of a phenotype
has either a positive or a negative influence on the outcome
of its expression, measured as differences in performance as
a function of frequency [66].

A recent study with honeybees used the above approach
to show that heterogeneity in metabolic rate at the
individual level had a significant and complex influence on
group-level metabolic rate, an effect that also varied depend-
ing upon the richness of the resource environment [63]. The
metabolic rate of polymorphic groups was higher than
expected in a low resource environment and lower than
expected in a high resource environment. This resulted
from significant diversity effects, which comprised nonsigni-
ficant selection effects but significant positive and negative
complementarity effects, respectively. It is also worth noting
that diversity effects are thought to be mediated by mechan-
isms related to resource competition [67] since all models of
metabolic scaling are directly or indirectly tied to resource
dynamics. Although the specific goals of this study were
different, it nonetheless shows the promise of such an
approach toward addressing questions about metabolic
scaling.
(c) Resource demand and supply
It is interesting that the observed effects of heterogeneity on
metabolic rate in honeybees depended on the resource
environment. The lower than expected metabolic rate and
consumption rate observed for heterogeneous groups in
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the high resource environment [63] should translate to a
hypometric scaling in terms of both of these parameters, aris-
ing from a negative effect of diversity. On the other hand, in a
low resource environment, metabolic rate (but not consump-
tion rate) was higher than expected in heterogeneous groups,
which should lead to hypermetric scaling being an outcome
of a positive diversity effect. These results suggest that
there is an interactive effect between heterogeneity and the
resource environment that influences metabolic rate at a
higher level of organization.

The resource-based models of metabolic scaling explain it
as either an outcome of constraints in resource supply [13,28],
or a reduction in energetic (and therefore resource) demand
[48,68] with increasing body size. However, the generally
tight coupling between these two parameters at the level of
the whole animal in unitary organisms [69] makes it difficult
to test these alternative hypotheses. But in superorganisms
such as honeybees, these two parameters are decoupled to
some extent because the foraging rates of individual workers
comprising the supply chain are dictated not so much by
their ownmetabolic demands but rathermore by the collective
demand at the colony level. This allows opportunities to
manipulate the two parameters partially independently of
each other to create different supply demand ratios at the
colony level. Colony demand can bemanipulated by changing
the amount of brood and/or food storage space, while the
supply chain can be manipulated by taking advantage of
the behavioural heterogeneity among workers in terms
of their levels of foraging activity.

While activity level is an important part of ideas about
metabolic scaling, based on its strong influence on the value
of the scaling exponent [70,71], it is almost always based on
how activity influences energy demand. In social insects, the
primary idea in this context is that activity levels are expected
to be lower in larger colonies and lead to energy savings
[40,55,72]. This is due to the scaling effects seen in terms
how work is organized in the colony [73]: larger colonies
have more specialist workers, which allows more parallel pro-
cessing of tasks, leading to increased work efficiency [74,75]
and a higher proportion of inactive workers at any time [76].
However, it is important to recognize that rates of certain
activities such as foraging, which are tied to individual meta-
bolic rates [77,78], can also influence the scaling process by
impacting the supply of energy and it is therefore important
to distinguish between the two different outcomes of activity.

How activity levels are tied to differences in metabolic
rate and energy dynamics is not simple. It depends on the
proportion of the metabolic output that is allocated to
fueling behavioural activities such as foraging, which supply
energy into the system, versus what is allocated to other
activities that consume energy [79]. There can be potentially
opposite relationships between activity and (resting) meta-
bolic rate as proposed by the performance and the allocation
models, depending respectively on whether the measured
metabolic rate represents the energy available for activity or
the energy left over after provisioning for activity [80]. If hypo-
metric scaling is explained by lower activity rates in larger
groups, the associated energy savings come from an implicit
assumption of a positive relationship between activity and
metabolic rate (the performance model). However, an oppo-
site relationship between activity and metabolic rate, as
predicted by the allocation model, would imply that a lower
activity level translates into a higher metabolic rate, which
would lead to an observed hypermetric scaling in larger
groups. It is therefore critically important to be careful and
contextual about how metabolic rate is measured for a more
fine-grained view regarding how activity can be expected to
influence metabolic scaling.

Integrating behaviour can provide such contextually
important information to some of these resource- and
activity-based models of metabolic scaling. For example, size
can have very different implications for unitary animals
where it usually refers to body size, compared to group-
living animals where it refers to group size. Just as in unitary
organisms, constraints in supply can apply in larger colonies
due to bottlenecks in the food distribution chain as the inter-
action network becomes increasingly non-random, with
increase in colony size and higher spatial heterogeneity in
the nest [81–84]. A constraint can also act at the level of
resource collection as resource depletion can reduce foraging
success in both the short term [85,86] and the long term
[45,87]. Energy-poor environments are known to have a sig-
nificant negative impact on metabolic rate [88,89], which in
turn can lead to a lower value of the scaling exponent [90].
However, it is important to note that a larger colony, due to
its better information-gathering abilities as a distributed net-
work, can also expand the size of its foraging supply chain
[76,91–94]. Therefore, while increasing size is generally pro-
posed to pose limits to resource supply and distribution in
the context of unitary organisms, larger groups can in fact be
better at harvesting resources from the environment.

Models of metabolic scaling that are based on limitations in
resource supply due to delivery constraints in the resource
transport networks [28,95] require the measurement of
supply demand levels at different levels of biological organiz-
ation, which is a challenging task in unitary animals. By
contrast, measuring these parameters in both isolated individ-
uals and in experimental groups of different sizes or
phenotypic compositions, is relatively simpler in social insects.
Specifically, adult honeybees,which almost exclusively depend
on ingested carbohydrates to fuel their metabolic activity and
store little of the ingested amount [96,97] are ideal for testing
the link between supply and demand at the individual level.
For colony-level measurements of resource flow, various
tracer-based techniques have been successfully used to
measure the spatial and temporal dynamics of the supply
chain network [98–100]. Such experiments can provide infor-
mation regarding the nature of supply limitations at a group
level and test the key idea of whether metabolic rates of
lower-level units are mass-independent in vitro but not in
vivo, where the rate would correspond to the scaling of the
supply network. Since there is substantial heterogeneity in
supply demand ratios across individual honeybees that is cor-
related to their metabolic rates [101], it also suggests that
resource flow within the colony, and thereby any supply limit-
ations, can be influenced by the phenotypic composition of the
group.
(d) Interspecific comparisons
The theory of metabolic scaling is most conspicuously illus-
trated by interspecific comparisons (such as mouse versus
elephant), largely because such data allow for the large range
in body mass that is required to robustly demonstrate this
principle. However, such comparisons have the potential to
be confounded by the large ecological and evolutionary
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differences among species [102–104]. A few such comparisons
in social insects, while being consistent with the general allo-
metric principle, show a wide range in terms of the exact
value of the scaling exponent [38]. A key finding from such
studies is that species with low activity rates or ‘tempo’ tend
to show a lower metabolic rate than those with high tempo
[56,73], whichmight suggest that the fundamental mechanisms
that contribute to metabolic scaling are universal and apply at
both intra- and interspecific levels, largely overshadowing
any ecological and evolutionary differences among them.

Honeybees, being a monophyletic group, present the
opportunity to study the evolutionary modification of a
common phylogenetic plan that has been subject to different
ecological pressures [105]. In honeybees, interspecific differ-
ences in metabolic rate are strongly associated with
differences in nesting habit and correlated differences in
worker tempo. The workers of the two cavity-nesting, high
tempo species Apis mellifera and Apis cerana have significantly
higher metabolic rates than workers of the two open-nesting,
low tempo species, Apis florea and Apis dorsata, a pattern that
also extends to the colony level [105] and lines up with several
behavioural and life-history differences, but not with body
size, along expected lines [106]. This independence of inter-
specific differences in metabolic rate from differences in
body size, which is a departure from the allometric principle
of metabolic scaling, strongly points to the important role of
ecology (nesting habit in this case) and other top-down factors
acting at a higher level of organization (the colony in this case)
in shaping the metabolic rate of lower-level units. The two
species with low metabolic rate span the two ends of the
body size range in honeybees, with the largest species, A. dor-
sata, being about five times as large as the smallest species, A.
florea, while the two species with high metabolic rate are inter-
mediate in body size. Given this independence of metabolic
rate from body size, determining the scaling relationships in
the four different species, combined with other behavioural
and life-history measures, can provide a more comprehensive
analysis of how top-down and bottom-up forces interact to
drive metabolic scaling, an opportunity that has surprisingly
attracted relatively little interest so far. The importance of
understanding the influence of such myriad life history and
ecological differences on scaling is also highlighted by a find-
ing that the scaling of metabolic rate changes from a
hypermetric to a hypometric relationship at a certain body
size in flying insects, possibly due to an advantage of lower
flight costs in smaller species [107].
3. Conclusion
The metabolic theory of ecology suggests that the functional
properties at any level of biological organization, from cells
to societies and ecosystems, are a composite function of the
metabolic rate of its constituent parts [15]. Since heterogeneity
is an intrinsic component at each of these levels, having the
experimental ability to disintegrate the system into its com-
ponent parts and to understand the interactions among them
allows tests of the various hypotheses of metabolic scaling at
different levels. The effects of heterogeneity go beyond the
obvious that different constituent units of the whole system
have their own unique energy dynamics. The critical role of
heterogeneity is embedded in the interactions among the
different parts and how that in turn defines their expression,
leading to a seemingly infinite feedback loop. Several authors
have advocated for more multidimensional and integrative
models of metabolic scaling [3,9,108–110], and while such
models may better reflect the biological reality, they are prob-
ably not as appealing as a more general and grand unified
theory from a more reductionist perspective [13]. Despite
such different opinions, what is indisputable is that metabolic
scaling is clearly an emergent outcome of the complex set of
interactions among heterogeneous units that define a biological
system, and social insects such as honeybees offer a convenient
model to explore the various bottom-up and top-down
processes operating across its different levels of organization.
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