Ann. Zool. Fennici 35: 231-240
Helsinki 17 December 1998

ISSN 0003-455X

© Finnish Zoological and Botanical Publishing Board 1998

The energy budget: a useful tool?

Mark S. Davies & Alison M. Hatcher

Davies, M. S. & Hatcher, A. M., Ecology Centre, University of Sunderland, Sunderland,
SR1 3SD, UK.

Received 23 September 1998, accepted 9 November 1998

Studies of energy flow and allocation in biological systems often result in the produc-
tion of energy budgets. Our aim is to describe the potential mis-representations that
energy budgets can produce and draw together the various criticisms levied at energy
budgets. While such budgets purport to represent accurately energy allocation we, by
discussing the literature, propose that many offer little. This is because in practice they
rarely reflect actual energy relationships due to problems with their empirical deriva-
tion. These problems include both the omission of some energy budget terms (such as
dissolved organic matter, non-lethal predation and metabolic faecal loss) and their un-
derestimation (e.g. mucus production). Recalculation of budgets to account for these
terms often results in new conclusions being drawn. Moreover, problems of extrapola-
tion of measurements made in the laboratory to the field, coupled with misconceptions
over the expression of temporal and spatial variation in budget terms, produce budgets
that are both approximate and specific to an individual or population at the time each
budget is constructed. In addition, the set of assumptions that are used in the construc-
tion of one budget are rarely the same as those for another and so budgets should be
used with extreme care in comparative studies. We suggest that energy budgets have
little value in the context of other studies and are of interest and value only as descriptors
under a set of what should be well-defined assumptions. We urge caution in their use
and propose that more modest studies of energy allocation with precise goals are more
appropriate.

1. Introduction

Studies of the flow and allocation of energy in
biological systems often have as their ultimate goal
the construction of a budget describing the parti-
tioning of energy within an individual, popula-
tion or community. Such budgets are then used to
make inferences about physiology or ecology, in
particular explaining why an organism or popu-
lation does what it is observed to do, assuming

that energy allocation is the overriding concern.
Here we intend not to decry the use of energy bud-
gets — indeed they often have much to offer —
nor to suggest that energy flow and allocation are
unimportant in our understanding of the function-
ing of biological systems. Rather, we will pro-
pose that in practice — as a result of empiricism
— the construction of a complete energy budget
can offer very little. Where budgets have been dis-
cussed in the literature, too little emphasis has been
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placed on the mechanics and pitfalls of data ac-
quisition. The classic work of Odum (1963) for
example, offered an excellent introduction to eco-
logical energetics, but the methods for ensuring
that useful data are collected was not an issue.
Similarly Lucas (1996) gave a more practically-
oriented account of energy flow, but the limita-
tions of the techniques described were not fully
addressed.

Like most scientific topics, the empirical at-
tention paid by biologists to energy budgets has
fluctuated markedly over time. In the 1960s en-
ergy budgets were thought of as a valuable ap-
proach (Slobodkin 1962, Odum 1963) and were
widely used in descriptive studies. This use con-
tinued in the 1970s and early 1980s, but waned in
the mid to late 1980s (Science Citation Index). In
the 1990s there has been a dramatic increase in
the use of energy budgets and perhaps this is linked
with their use in applied studies, such as the de-
termination of ‘scope for growth’ (see below) and
attempts to increase the yield of commercially
valuable biological products. However, the resur-
gence of interest in studies of energy flow has
thus far failed to appreciate some of the funda-
mental ways in which energy budgets can mis-
represent and can produce information that may
be misunderstood and taken out of context. The
aim here is to describe these potential mis-repre-
sentations and to draw together the numerous criti-
cisms of energy budgets. We are not suggesting
that authors have failed to point out potential short-
comings in their work, but we present a synthesis
of ideas urging caution and improvements in tech-
nique. We hope that this paper will have points to
make that are relevant and applicable to any habi-
tat, but as our backgrounds are in coastal and
marine biology, most references and illustrations
are from this field and we will use mucus produc-
tion as an example component of energy budgets.

The end-product of energy flow studies is of-
ten a budget from which numerous conclusions
are usually drawn. These budgets may describe
energy partitioning within a single organism (in-
dividual energy budgets), energy flow through a
population of a single species (population energy
budgets), or energy transfer between trophic lev-
els (community/ecosystem energy budgets). The
first two types of budget describe physiological
energetics, the third type, ecological energetics
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(Grodzinski et al. 1975). The animal/population/
community is usually considered for the purposes
of measurement as a steady-state system through
which potential energy passes (Slobodkin 1962).
Energy is measured as chemical potential energy
by calorimetry: thus the addition of energy to an
organism by heating, for example by the sun,
would not in itself affect the energy budget. A
typical energy budget might be,

C=P+R+F+U (D),

where C is energy consumed, P is energy allo-
cated to production (often split into P,: reproduc-
tive production, the energy of shed gametes or
offspring, and P,: tissue growth, including that of
the gonads), R is energy required for metabolic
purposes, e.g., respiration (released eventually as
heat), F is energy as faeces and U is energy as
waste materials, typically nitrogenous in nature.
Clearly, energy budgets should balance: the mag-
nitude of the term on the left-hand side of the equa-
tion equalling the sum of those on the right-hand
side. But all too often energy budgets, even the
simplest — those for a single organism — fail to
balance (e.g., Wright & Hartnoll 1981, Horn 1986,
Peck et al. 1987, Davies et al. 1990a, see Carefoot
1988). Sometimes balance is forced by omitting
to measure a term then obtaining its value by in-
terpolation from the other terms (e.g., Wright &
Hartnoll 1981, Blandenier & Perrin 1989, Plaut
et al. 1996) — clearly an unsatisfactory situation.
The reasons for lack of balance fall into two broad
categories which we will discuss in turn: the omis-
sion or underestimation of the value of some en-
ergy budget terms; and that energy budgets can
be inaccurate or imprecise. The conclusions drawn
from energy budgets may have limited value be-
cause of a lack of balance and because of the
unique nature of each constructed budget. This
we will also address.

2. Unassessed and underassessed terms

As discussed above, the energy budget (Petruse-
wicz 1967) commonly fails to account for all
forms of gain and loss of chemical potential en-
ergy. Some of these might be small and have no
significant effect on the overall budget, but since
diversity in form and function is great, many or-
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ganisms have some overlooked term as a signifi-
cant part of their energy budget.

Non-lethal predation is rarely accounted for.
It would seem clear that the energy budget of a
pasture should take into account the effects of
grazing, yet although many animals themselves
are ‘grazed’ (e.g., Duarte & Cebrian 1996), few
budgets include this term where it is appropriate.
An exception is the study by Trevallion (1971)
on the bivalve Angulus (Tellina) tenuis, whose
siphons are grazed by fish.

Consumed energy may be thought of as easy
to measure, and in the majority of cases probably
is. But many organisms (of at least eleven phyla,
see Stephens 1967) can take up dissolved organic
matter directly across the body surface. In some
organisms (see e.g., Wright & Secomb 1986) this
is the only mode of nutrition, but in others, where
it forms a minor route of energy input (see e.g.,
Stephens 1983), it is routinely ignored. Likewise,
dissolved organic matter may form a significant
route for energy loss (e.g., Johannes & Satomi
1967, Thomas & Eaton 1998), and again is rou-
tinely ignored. Whether it is important to include
dissolved organic matter in studies on energetics
will depend on the stated aims, but it should at
least be considered.

In measuring unassimilated material, or fae-
ces (F), it is common practice to assume that ma-
terial is only taken from, and not added to, the
contents of the gut as they pass from mouth to
anus. Yet faeces commonly contain digestive
juices, sloughed-off intestinal cells, bacteria and
lubricatory mucus. Indeed faeces are often sur-
rounded by a ‘faecal envelope’ comprised largely
of mucus. These additions to the gut (termed ‘met-
abolic faecal losses’) are rarely accounted for (but
see Edwards & Welsh 1982) and are thought to
represent as much as 20% of assimilated energy
in bivalves (see Bayne et al. 1989).

In aquatic studies nitrogenous waste (U) is
rarely measured and is often assumed to be negli-
gible (e.g., Hughes 1970, 1971). Where it has been
measured (e.g., Wright & Hartnoll 1981, for a lim-
pet), it has been found to represent only a small
proportion of the overall energy budget, but the
omission of U will nevertheless contribute a small
amount to the overall inaccuracy of the budget.
For other groups the U term can be a significant
sink for consumed energy, e.g., anemones (Zamer
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& Shick 1987). Another commonly overlooked
component of energy balance is the energy parti-
tioned into solid skeletal material. In terrestrial
and marine environments, the energy required to
form skeletons is often negligible as material (typi-
cally calcium salts) may be passively sequestered
from food or water, respectively. In freshwater, a
specific, energy-requiring mechanism may be nec-
essary, but the energy involved will be measur-
able as the R term. Nevertheless, some metabo-
lised energy will be stored in the skeleton (or per-
haps lost as teeth or radular components) and this
energy is usually unaccounted for, although Ed-
wards and Welsh (1982) recorded energy stored
in shell periostracum for the mud snail /lyanassa
obsoleta. Typical structures involved are the shells,
opercula and byssus of molluscs, the carapaces of
arthropods and bristles of annelids. Again, whether
these components need to be assessed will depend
on the nature of the study.

Secreted products are also commonly over-
looked. These include cnidarian nematocysts, tox-
ins, antifoulants, inks and other defensive or of-
fensive substances and perhaps should include
desquamation. Surprisingly, however, the sub-
stance whose omission has led to arguably the
most serious errors in budget construction is one
that is ubiquitous: mucus. Calow (1974), Richard-
son (1975), Edwards and Welsh (1982), Horn
(1986), Peck et al. (1987), Davies et al. (1990a),
Kideys and Hartnoll (1991), Scheu (1991), Riegl
and Branch (1995), Navarro and Torrijos (1995)
and Smith and Davies (1995) have demonstrated
the important role of mucus in energy flow for
those organisms which use mucus, mostly as a
locomotory agent. In each case mucus produc-
tion accounted for a considerable proportion of
energy turnover (up to 68% of ingested energy,
Horn 1986). Bayne and Newell (1983) included
mucus as part of U; Richardson (1975), Branch
(1981) and Horn (1986) thought of mucus as rep-
resenting produced energy and so expressed it as
P, or P, Deslous-Paoli et al. (1990) included
bivalve pseudofaeces (which have a large mucus
component) as part of F; Hawkins and Hartnoll
(1983) advocated a secretions (S) term to cover
urine (S,), mucus (S,,), dissolved organic matter
(S4) and exuviae (S,); whilst Peck et al. (1987)
and Davies et al. (1990a) separated mucus to its
own term, M. Despite these researches, the lack



234

of incorporation of mucus in energy budgets is
common (e.g., Barkai & Griffiths 1988, Carefoot
1989, Wilbur & Hilbish 1989, Grant 1996). This
lack has resulted from both an underestimation of
the role of mucus and to technical difficulties in
its measurement (see Paine 1971, Bayne & Newell
1983), although the latter is clearly surmountable.
Mucus production may have been ignored because
of its typically steady, slow rate of release, which
is not as apparent an energy drain as other energy
budget components. Mucus is, of course, not lim-
ited in function to locomotion and such a ubiqui-
tous substance may be important in other organ-
isms which do not rely on it for locomotion (see
Davies & Hawkins 1998 for review). In the Mol-
lusca this would include those species which use
mucus in food capture (often suspension feeders,
see e.g., Fretter & Graham 1994), particularly the
bivalves, in which much energy (unaccounted for
in most energy budgets) is released to the envi-
ronment as the mucus which forms pseudofaeces
(see Bayne & Newell 1983); or those that use
mucus as a defence (e.g., Reel & Fuhrman 1981).
Fish commonly employ skin mucus both as a drag-
reducing agent and as a defence (Shephard 1994),
though we have been unable to find mucus in-
cluded in the energy budget of a fish (e.g., Cui et
al. 1992).

When a mucus term is inserted into an other-
wise unaltered energy budget, the information the
budget presents, and hence the conclusions reach-
ed by empiricists, change. Taking the revision (Da-
vies et al. 1990a) of an energy budget compiled
for the limpet Patella vulgata (Wright & Hartnoll
1981), the assimilation efficiency increases from
41% to 45% and the animal is thus regarded as
more efficient at extracting energy from food. A
smaller amount of consumption is perceived to
be allocated to those energy losses other than
mucus. This means, for example, that the animal
appears not to channel as much of consumption
into growth and gamete production (10% to 3%),
but also appears to operate more efficiently than
was previously thought by utilising a smaller pro-
portion of assimilated energy in respiration (31%
to 10%). Changes such as these upon simple re-
calculation can have major effects on the way ani-
mals are thought to operate, depending on whether
the magnitude of each change is considered as
important. This scenario may suggest that other
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energy budgets are in need of similar revision.
However, such may not lead to meaningful re-
sults since it would also seem apparent that small
errors in budget construction could easily lead to
grossly aberrant conclusions. Thus conclusions
drawn from budgets, not least for this reason,
should be treated as speculative. For example,
mucus is clearly a complex multifunctional prod-
uct which should be incorporated into individual,
population and community energy flow studies
(Branch 1981, Hawkins & Hartnoll 1983) with
due regard to the seasonal variation in its compo-
sition and production. Before such incorporation,
however, the validity and usefulness of the en-
ergy flow study should be critically assessed.

3. Approximations

The quantification of the total metabolic processes
of animals in situ is a very difficult task, yet this
is the goal of physiological energetics. Direct
measurement in the animal’s environment is the
preferable approach (Petrusewicz & Macfadyen
1970), but this is rarely possible because of the
number of confounding factors present and the
technical difficulties of obtaining data, e.g., dur-
ing flight or swimming. Extrapolation from the
laboratory to field situations may then be neces-
sary, but may not be accurate for two reasons:
stress and an inaccurate mimicking of field con-
ditions in the laboratory (which may induce
stress). For example, problems in extrapolation
of laboratory-assessed pedal mucus production by
intertidal grazers lie in differential animal behav-
iour (since mucus is produced as these animals
locomote) and in the simulation of shore condi-
tions. Also, the act of moving animals from field
to laboratory may cause stress that persists through
the experimental procedure. Unfortunately, in
many cases there is a lack of information ena-
bling experimenters to assess the degree of such
stress and its effects on the parameter under in-
vestigation. Likewise, it is difficult to assess from
the test organism’s perspective how different the
simulated environment is from the real one and
how this affects the measurements made. For ex-
ample, Davies et al. (1990a), Davies (1993) and
Niu et al. (1998) measured mucus production from
intertidal limpets adhering to, or moving on, glass.
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It is likely that the intertidal substratum will be a
good deal rougher than glass and mucus produc-
tion may have been underestimated since it has
been shown to increase with substratum particle
size (Culley & Sherman 1985), the mucus per-
haps filling troughs between the particles. Such
problems will be a factor in almost all laboratory
experiments, but are particularly important where
the results obtained are used in energy budget cal-
culations.

Consumption has been measured in the labo-
ratory under ‘ad libitum’ conditions of food sup-
ply (e.g., Blandenier & Perrin 1989, Cui & Liu
1990, Cui et al. 1996, Niu et al. 1998), though this
may not result in an over-consumption of food in
such circumstances because of the effects of stress
on laboratory subjects. In measuring the R term,
experimenters may fail to realise that a respirom-
eter (or telemetric devices) may not be conducive
to normal activity; and where they do, a guessed
correction factor may be applied (e.g., Trevallion
1971, Wright & Hartnoll 1981). Furthermore, even
those methods of assessing energy flow which rely
on a time-budget technique, estimating the energy
cost of, and time spent doing, each activity (e.g.,
Chew & Chew 1970, see Nagy 1989) suffer from
the same constraints. Time-budgeting also relies
on accurate recording of time spent in each activ-
ity (which is difficult to estimate for individuals,
let alone a population or community) and can be
very difficult to apply to poikilotherms (Phillipson
1963) where metabolic activity is dependent on
environmental temperature. Thus energy budgets
tend to be crude approximations of energy allo-
cation.

Energy budgets for individuals are usually ex-
pressed as energy per unit time and population
energy budgets as energy per unit area (or vol-
ume) per unit time. The latter presents difficulties
involving the calculation of recruitment, mortal-
ity, immigration and emigration, and in selecting
a suitably-sized area over which to conduct the
study. In many cases energy budgets constructed
for individuals are merely multiplied by the popu-
lation density to arrive at population budgets (e.g.,
Deslous-Paoli et al. 1990), although typically
some regression is computed between each budget
component and size of organism in an attempt to
take into account the size-structure of the popula-
tion (e.g., Wright & Hartnoll 1981, Khalil et al.
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1995). Aside from errors of scaling (see below),
this, and any population-based approach, may be
difficult to apply if within the population there
are variations in density and the population bound-
aries, such as those found along a long stretch of
rocky shore or those for mobile or planktonic spe-
cies, are not clearly demarked by physical or bio-
logical barriers. Hence, in effect, the population
budget may only refer to the very small area whose
population was sampled and not the population
the study aimed to investigate (see e.g., Hughes
1970). Furthermore, populations tend to be stud-
ied within their zone of maximum abundance,
hence extrapolations over wider areas are prone
to overestimation. Should a series of such studies
be combined to obtain estimates of community
energy flow, a gross overestimation may result
since it is unlikely that all species will have con-
vergent zones of maximum abundance.

The time period over which a budget is ex-
pressed should be the period over which the budget
is calculated. Most budgets are expressed per year
(although this may not be sufficient for mammals
with a gestation period that is greater than 12
months), but few budgets embody annual varia-
tion in all their terms and so are approximate (e.g.,
Hughes 1971, Wright & Hartnoll 1981, Barkai &
Griffiths 1988), although most embody seasonal
variation in P, with the reproductive cycle. Wright
and Hartnoll (1981), for example, found consid-
erable variation in C depending on time of year,
yet in many budgets year-round variation in en-
ergy intake is not addressed (e.g., Barkai & Grif-
fiths 1988). Returning to mucus, both the calo-
rific value of gastropod pedal mucus (Davies et
al. 1990b) and its production rate (Davies, 1993)
vary temporally and again these have not been
addressed in energy budgets. Clearly, not only can
the magnitude of budget terms change, but so too
can their calorific value. Most budget terms are
converted from carbon or weight values to calo-
rific values based on a single set of calorific
determinations, without temporal replication (e.g.,
Edwards & Welsh 1982). Presumably all energy
budget terms will vary temporally, making accu-
rate energy flow calculation very difficult.

Energy budget terms may also vary spatially,
presumably with differences in habitat, and with
the incidence of pollution. Spatial variation in lim-
pet mucus production occurs with shore height
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and exposure (Davies 1993). Spatial variation in
consumption will depend on the availability of
food, which may often be spatially and tempo-
rally patchy (e.g., Hawkins & Hartnoll 1983). Ex-
posure to heavy metal pollution has been shown
to have considerable effects on energy balance
(e.g., Davies 1992, Khalil er al. 1995, Wicklum
& Davies 1996), typically reducing P,. Turbidity
can have dramatic effects on the energy balance
of corals (Riegl & Branch 1995). Energy budgets
will be very sensitive to pollution because of the
effect of pollutants on metabolic processes (see
Ruivo 1972, Cole 1979, Vernberg et al. 1979).
Locomotory mucus production will also vary with
foraging behaviour which varies with habitat (see
Little 1989) and perhaps microhabitat (Davies
1991). Thus energy budgets are specific to an in-
dividual or population at the time the budget is
compiled and should only be used with extreme
caution in comparative studies. Of course, the ac-
curacy required in energy budgets will depend on
the aims of any study and the use to which the
data will be put. Clearly then some budgets are
not designed to be comparable to others. Never-
theless it is hence very important that experimen-
talists give indications of error to facilitate the util-
ity of their studies.

4. Uniqueness

It should be clear from the above that energy budg-
ets are dynamic. Any energy budget, therefore,
should be expressed as specific to a particular time:
a ‘snapshot’ of energy flow. Unfortunately, dur-
ing the time required to accurately compile a bud-
get there is likely to be some shift in the values of
terms, resulting in measurements over a period
that could not be described as steady-state. Thus
the suggestion of Slobodkin (1962) that the bio-
logical system under investigation “is considered
as steady-state” results in an oversimplification
both because these systems are not energetically
stable, and because measurements cannot be made
quickly enough before the system shifts.
Population energy budgets are, of course,
uniquely dependent on the structure of the popu-
lation they describe (e.g., Workman 1983, see
Bayne & Newell 1983). For example, because of
the allometry of the area of the pedal sole with
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animal size, larger gastropods will produce pro-
portionately less locomotory mucus than will
smaller conspecifics. Similar variations with size
are likely to occur for other energy budget terms.
Thus equal density — or biomass — between
populations may not indicate equal population en-
ergy budgets, even though the populations are in
similar habitats. For similar reasons, long-term
changes in the structure of a population may be
accompanied by changes in its energy budget. In
addition, density itself can affect the magnitude
of budget terms. For example, terrestrial and ma-
rine snails have been shown to have different
movement patterns (R terms) and mucus produc-
tion rates when kept at differing densities (Dan &
Bailey 1982, Siddall 1984). Thus, the structure of
populations renders each population energy bud-
get difficult to compare with other budgets, and
simply scaling budget terms to take into account
population size might not be sensible.

Energy budgets for individuals avoid many of
the above problems and could, to avoid scaling
problems, be standardised to a hypothetical ma-
ture animal of a given size. This, however, leads
to nonsense when, for example, comparinga 1 g
mouse with a 1 g elephant. Differences between
more closely related species, such as two inter-
tidal molluscs, may be better expressed (especially
if one animal is naturally mature at 1 g while the
other has had maturity imposed upon it at this size)
in other terms that do not require as much effort
to determine, such as morphometrics or direct ob-
servation on behaviour. Similarly, single popula-
tions might be better described by models involv-
ing energetic constraints with due regard to be-
haviour (e.g., Santini et al. 1995). Thus individual
energy budgets, which also take much time and
effort to construct, may also be of limited value.

Energy budgets also tend to be unique since it
is unlikely that the group of assumptions involved
in forming one budget will be the same as those
involved in forming another. These include those
described above plus others such as, for example,
assuming that there is a linear relationship between
R and temperature. These assumptions further
reduce the comparative usefulness of energy budg-
ets, as do methodological errors which are com-
mon in budget construction. Such errors include
the confusion of absorption with assimilation (e.g.,
Conover 1966, Grahame 1973, Blandenier & Per-
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rin 1989); the misconception that P, includes
growth of gonad tissue (which should be included
in P,) (e.g., Davis & Wilson 1985); and the lack
of accurate definition of terms, such as ignoring
the role of dissolved organic matter and metabolic
faecal losses.

In applied studies, particularly those of bi-
valves, (e.g., Bayne et al. 1987) a surrogate for
growth (‘scope for growth’) is often determined
as an index of physiological condition, since it
gives an instantaneous measure of production that
can be repeated on the same animal. Note that the
way in which scope for growth is calculated (typi-
cally as C — R + F' + U) implies it is an index of
total production, not just P,. The definition of
scope for growth usually omits terms such as
mucus, dissolved organic matter and metabolic
faecal loss (e.g., Garton 1986, Magnusson et al.
1988), but its value can be affected by these terms
(e.g., Navarro & Torrijos 1995) and is a reason
why (Zamer & Shick 1987) large discrepancies
have been found between actual growth and scope
for growth (e.g., Hummel 1985). The labile fac-
tors already discussed rendering energy budgets
open to question apply equally to the scope for
growth, so this term must also be viewed with
suspicion.

5. Conclusions

Atits outset physiological energetics was thought
to be a valuable approach with which to assess a
species’s contribution to community function and
energy structure (Slobodkin 1962, Odum 1963),
from which useful conclusions could be drawn.
Whilst this is true, we have tried to show that while
the accurate production of a complete energy bud-
get is possible (just), its use is restricted. Slobodkin
(1962) wrote: “no single measurement is intrinsi-
cally significant. All measurements derive their
interest from their context and the richness of pre-
dictive generalization that can be produced from
them”, and suggested that energy budgets have
little value in themselves and are of interest only
in the context of other studies. Slobodkin’s words
are clearly true, yet here we suggest that energy
budgets have little value in the context of other
studies and are of interest only as descriptors un-
der a set of what should be well-defined assump-
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tions. Slobodkin (1962) also commented that ex-
perimentalists need to assess whether a study of
energetics is worthwhile in terms of its ecologi-
cal significance. Many excellent studies concern-
ing energy flow have been performed whose meth-
ods are adequate for the stated aims and whose
data, taken in context, are valid. Often the con-
struction of an energy budget is unnecessary to
accomplish a stated scientific goal and brings with
it problems that experimentalists need not encoun-
ter. We have no doubt that an accurate descrip-
tion of energy flow in terms of a budget is useful;
we are concerned that the arrival at that goal may
not be worth the trouble as it very difficult to
achieve in practice. This is not to say that all pub-
lished studies are at fault — indeed many are ex-
ceptionally valuable, particularly in developing
new insights and approaches — merely that they
should be examined carefully. Schrodinger (1946)
asked, “.... surely, any calorie is worth as much as
any other calorie? One cannot see how a mere
exchange could help.” The point here is that it is
possible that the majority of living systems are
not limited by the availability of energy, but by
the availability of some other quantity, such as
carbon (perhaps some plants), nitrogen or calcium
(perhaps some freshwater molluscs or arthropods)
and that their metabolism is not structured to con-
serve and direct allocation of energy, but to con-
serve and direct allocation of the other limiting
factor. If that limiting factor is one of those listed
above, then it is probably much easier to measure
than energy and perhaps it is here that attention
should be directed. In any case, Ansell (1982), on
observing imbalance in an energy budget he had
constructed, suggested, with good reason, that
metabolically useful energy yielded by physiologi-
cal processes from ingested substances was con-
siderably less than that yielded in calorimeters.
The consequences of ignoring mucus in physi-
ological energetics also affect ecological energet-
ics, the study of energy transfer between trophic
levels (Crisp 1984). This may be one reason why
energy budgets for ‘large scale ecosystems’ have
‘not balanced at all closely’ (Crisp 1984). Esti-
mates of the energy available to trophic levels may
have been miscalculated and the role of mucus in
microtrophic energetics and ecology ignored. The
loss of energy as mucus, perhaps at more than
one trophic level, is a factor rarely considered
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which may contribute to the typically low eco-
logical efficiencies and, perhaps, the shortness of
food chains (Phillipson 1966, Pimm 1982).

Further work on energy flow could be directed
towards modest yet thorough studies, including
those that do not attempt to construct a full budget,
but which ask precise questions about energy al-
location. If a budget is desired, an approach may
be to use an energy budget for a standardised in-
dividual consuming a particular diet to predict
energy budgets for other sized individuals and
even a whole population (assuming the same diet).
Again this would embody many assumptions since
Dan and Bailey (1982) have shown ingestion rate
in Helix aspersa to vary with population density
and Sutherland (1972) has shown individuals on
the edge of the range of Acmaea scabra (limpet)
to have faster growth rates than those in the cen-
tre of the range. Nevertheless, this may be at least
as realistic a model of energy flow as that derived
through many empirical assumptions. The ration-
ale is as follows. Given the standardised energy
budget of, for example, the limpet Patella vulgata,
the magnitude of any term could be predicted for
an animal of any size, providing the relationship
between that term and size is known. R and U are
dependent on the amount of tissue present and
should vary with weight (or length?®). M in mov-
ing animals is a function of length (weight®) and
in stationary animals is a function of area (weight*?)
and so M could be calculated from observations
on time spent in activity. Preliminary data on how
P, and P, increase with age in P. vulgata are given
by Wright (1977) and Wright and Hartnoll (1981).
The relationship between absorption efficiency
(for F) and size would need to be determined, but
F is probably proportional to weight. Of course,
variations with environmental factors might need
to be investigated too. This approach has the ad-
vantage that if it compares well with empirical
studies it could lead to a faster and easier evalua-
tion of energy allocation with less destructive sam-
pling.

Use of the energy budget as a tool in ecology
appears to be on the increase and many useful
and informative studies have been performed. But
we urge caution lest it become a mis-representa-
tion of biological phenomena. If it is necessary to
construct an energy budget then its derivation and
hence its limitations should be explored in full.
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