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Summary

1. Dynamic energy budget (DEB) models describe how individuals acquire and uti-
lize energy, and can serve as a link between different levels of biological organiza-
tion.

2. We describe the formulation and testing of DEB models, and show how the
dynamics of individual organisms link to molecular processes, to population
dynamics, and (more tenuously) to ecosystem dynamics.

3. DEB models offer mechanistic explanations of body-size scaling relationships.

4. DEB models constitute powerful tools for applications in toxicology and bio-
technology.

5. Challenging questions arise when linking DEB models with evolutionary theory.
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Introduction

One aim of theory in biology is to relate processes
at different organizational levels (molecules, cells,
organisms, populations, ecosystems). For example,
the cell cycle may be described in terms of a
sequence of molecular events, and population
dynamics may be based on the dynamics of indivi-
dual organisms interacting with their environment.
The questions of interest are different at each level,
but two basic principles invariably operate: biologi-
cal systems obey the laws of thermodynamics and
biological entities are the result of evolutionary pro-
cesses. Thermodynamic laws constrain fluxes of
energy and elemental mass, which are most conveni-
ently identified at the level of individual organisms,
while evolution makes stringent demands on the
reproductive performance and viability of indivi-
duals. Thus, a general model describing the acquisi-
tion of energy by an individual organism, and its
utilization for growth, reproduction and survival,
has the potential to link to processes at other levels.
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A successful model based on such dynamic energy
budgets (DEB) must be consistent with molecular,
cellular and other suborganismal processes, and
should provide the energetic basis for the dynamics
of populations and ecosystems. Moreover, to make
evolutionary sense, the model should recognize
shared physiological and biochemical properties
across a wide range of species, and must therefore
aim at maximal generality.

Here, we discuss progress towards theory based
on a DEB model. We review recent results regarding
links between levels of biological organization, and
we highlight open questions. We discuss how DEB
models relate growth, reproduction and respiration
of individual organisms to feeding, in a way that
admits tests against experimental data. We show
that DEB models yield insight on subcellular pro-
cesses, and that they make testable predictions
about the dynamics of populations. We conjecture
that they will contribute to our understanding of
ecosystems. Because of their generality, DEB models
yield a theory of body-size scaling relationships, and
are powerful tools for a diverse range of applica-
tions. The apparent successes of DEB models in
describing a broad range of phenomena pose chal-
lenges for the theory of evolution of energy alloca-
tion strategies.
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Principles of dynamic energy budget modelling
CONCEPTS AND MODEL FORMULATION

DEB models use differential equations to describe
the rates at which individual organisms assimilate
and utilize energy from food for maintenance,
growth, reproduction and development. These rates
depend on the state of the organism (age, size, sex,
nutritional status, etc.) and the state of its environ-
ment (food density, temperature, etc.). Solutions of
the model equations represent the life history of
individual organisms in a potentially variable envir-
onment.

One important use of DEB models is to relate
observed patterns of growth, development, repro-
duction and mortality in a particular organism to
empirical information on feeding rates and mainte-
nance requirements, the goal of such studies being
to get a close match between data and model
descriptions for a particular species (e.g. Gurney
et al. 1990; McCauley et al. 1990; Ross & Nisbet
1990; Mangel 1996). A second use, which is the sub-
ject of this essay, takes a single, parameter-sparse,
mechanistic model, and describes a broad spectrum
of biological phenomena and life forms. Species dif-
fer only in their parameter values. A well-known
example of this approach is the von Bertalanfly the-
ory of growth (von Bertalanffy 1957), which fits the
growth of many organisms very well with only two
parameters. Von Bertalanffy based his work on a
model by Piitter which assumes that the rate of
growth of body mass is the difference between the
rates of food uptake and utilization. If the former is
proportional to surface area, the latter is propor-
tional to body mass, and the shape of the organism
does not change through life, then a measure L of
the length of an organism of age, a, is given by L=
Lo—(Loo—Ly)[1—exp(—ya)], where Ly, and L, repre-
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sent, respectively, the length at birth and the ulti-
mate length, and the parameter y, commonly called
the von Bertalanffy growth rate, characterizes the
rate of approach to the final size.

Many empirically based population and evolu-
tionary studies of energy budgets use ‘net produc-
tion” or ‘scope for growth’ models (e.g. Paloheimo
et al. 1982; Ross & Nisbet 1990; Widdows & Don-
kin 1991; Nisbet et al. 1996; Andersen 1997; Lika &
Nisbet, in press), which make assumptions about
allocating the energy from food that remains after
maintenance needs have been met. However, almost
all work on such models focuses on a single life
stage, and we are aware of no work with these mod-
els that links levels of biological organization. In
this essay, we concentrate on the model for which
the most comprehensive body of theory exists,
namely the k-rule model developed by Kooijman
(1986, 1993, 2000). Our aim is not to evaluate this
particular model in comparison with others. It is to
use the model as a vehicle for demonstrating the
power of DEB models in relating phenomena at dif-
ferent levels of organizations.

The physiological and physico-chemical rationale
for the x-rule model assumptions have been exten-
sively discussed elsewhere (Kooijman 1993, 2000).
Figurel shows the primary energy fluxes, and
Tables 1 and 2 list the assumptions and some equa-
tions. Input of energy to an organism involves trans-
fer of material across surfaces (gut wall, membranes
of cells and organelles, etc.), before it is spent on
volume-dependent processes, such as growth and
maintenance (assumptions 1 and 3). As a result,
many physiological rates can be expressed as a
weighted sum of an area and volume measure; see
for example the equations for reproduction and
respiration in Table2 and Fig.2. An organism aims
at a stable internal environment (homeostasis:

growth
» STRUCTURE

'somatic maintenance » METABOLIC
RATE

maturity maintenance‘ METABOLIC
"~ WORK

reproduction
» GONADS

maturation

Fig. 1. An example of a DEB model (the x-rule model of Kooijman 1993). An organism ingests food at a rate dependent
on its size and the food density. Energy is extracted from food and added to the reserves. The rate at which energy becomes
available to the organism depends on its size and stored energy density. Somatic maintenance has absolute priority for
energy. By default, a fixed proportion x of the available energy is allocated to somatic maintenance and growth combined,
and the remaining 1-x to either maturation (for embryos and juveniles) or to reproduction and maturity maintenance (for
adults). Growth ceases when this fixed fraction x just meets somatic maintenance demands. Then, the organism may still
reproduce, provided that energy made available exceeds the requirements for somatic and maturity maintenance. (See

Table 1 for assumptions and Table 2 for equations.)
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1. Food uptake is proportional to surface area and depends hyperbolically on food density.
to ecosystems. 2. The dynamics of energy density in reserves is a first order process, with a rate that is inversely proportional to the
y 2y y p > y prop
DEB models volumetric length.
3. A fixed fraction of the energy flowing out of the reserves is used for somatic maintenance plus growth (i.e. increase in
structural biomass), the rest for maturity maintenance plus maturation or reproduction. This allocation rule is called the
ic-rule.
4. The chemical compositions of structure and reserves are constant. Since the amount of reserves can change relative to
the amount of structural biomass, the chemical composition of an individual may change. The following are constant:
(i) the conversion efficiency of food into energy;
(ii) the cost to maintain a unit of structural biovolume;
(iii) the cost to maintain the acquired level of maturity.
5. Hazard rate (rate of ageing) is proportional to the accumulated ‘damage’. In addition:
(i) damage production is proportional to the changed DNA;
(i) DNA change is proportional to respiration.
6. If the investment into maturation exceeds a given threshold value, the organism changes its stage, i.e. it switches from
the embryonic stage to the juvenile stage by initiating the feeding process, or from the juvenile stage to the adult stage by
ceasing maturation and initiating the production of gametes (eggs, sperm). Asexually reproducing microorganisms behave
as juveniles.
7. The initial conditions are:
(i) initial structural biomass is negligibly small;
(ii) reserve density at hatching equals that of mother at egg laying;
(iii) initial damage is negligibly small.

Table 2. Equations of the x-rule model for a growing organism. Dynamics of an organism experiencing food stress and of
non-feeding life stages are detailed in Kooijman (1993)Q1

State variables L: length (o cubic root of structural biovolume)
[E]: stored energy density (i.e. stored energy per cubed length)
Environment X: food density
s : . X
Assimilation (Am} L fif = K1 x

dL v [E1/[En] — Liy/Ly — L/L,
Dynamics dL _ vIEY/[En] = Li/Ln = L/ Ly

dr 3 g =I[E1/[En]
dE] _ (Am) (f_ [E] )
dt ~— L [Ex]
Hazard rate (1) = j)aL*fj)(L‘(n) — L} +m [} L3(ty)dr)dr
Reproductive rate B(t) oc %(LL,LZ +1H-0

Primary parameters
K

saturation coefficient

{4} maximum assimilation rate per surface area

[E,] maximum storage energy

[M] maintenance energy per unit size per unit time

[G] energy costs for a unit increase in size

L, length at puberty

Ly heating length (endotherms only)

K fraction of utilized energy spent on maintenance and growth
Pa ageing acceleration

u population growth rate

Compound parameters

v energy conductance: Am
’ [Em] .
. . M
m maintenance rate coefficient: 1@
. .16l
g investment ratio:
K[ VH]

© 2009 Brltlsh ' (Am) ;
Ecological Society Ly, maximum length: [M] = —
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Fig.2. The x-rule model makes good predictions about feeding, respiration, growth and reproduction of Daphnia magna in
a constant environment. The curves represent model fits to experimental results. The expressions above the graphs were
derived from the rules in Table 1 and equations in Table2. The estimated parameters are: von Bertalanffy growth rate y
(0-115 day™"), ultimate length L., (4-36 mm), reserve-length L. (1-8 mm), length at puberty L, (1.8 mm), maintenance rate
coefficient [m (1-18 day™"). Note that the reserve-length occurs in several expressions.

assumptions 2 and 4), and somatic and reproductive
tissues compete for available energy (assumption 3).

Mathematically, the dynamics of a heterotrophic
system are determined by two ordinary differential
equations describing changes in size and density of
reserves. Once these equations have been solved,
many other quantities can be calculated. These
include such obvious targets as reproductive output
(see Table2), but also ones that are less conspicu-
ously part of the modelling framework, such as the
development time of eggs, body composition in
terms of macromolecules, and mass fluxes, e.g.
respiration, disposal of nitrogen waste products and
evaporation of water (Kooijman 1995). These latter
calculations do not require new state variables, but
do require information on the stoichiometry of the
transformations being considered.

The basic model has one substrate (‘food’) and
one type of reserve. It can be generalized in a sys-
tematic way to describe multiple substrates and

many types of reserves (Kooijman 2000). The one-
substrate, one-reserve model described above then
emerges as a limiting case in two situations: if only
one substrate is limiting, or if the relative abundance
of substrate types is constant and turnover times of
the various reserves have the same value. The multi-
substrate generalizations are needed to describe the
dynamics of autotrophic systems, since plants and
algae experiencing a nutrient limitation maintain, in
addition to energy reserves, stocks of nutrients. A
description of their dynamics thus involves assump-
tions about these additional pools of nutrients (Zon-
neveld 1996; Zonneveld 1998a; Zonneveld 1998b;
Kooijman 2000).

MODEL TESTING

DEB models make testable predictions about the
performance of organisms in any given environ-
ment, and thereby help identify mechanisms respon-
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sible for observed patterns in experimental data. For
example, the x-rule model predicts that growth
under constant environmental conditions is of the
von Bertalanffy type, and that an adult may con-
tinue to reproduce long after growth has ceased.
These qualitative features are observed in studies of
many organisms, and constitute strong prima facie
evidence that the model is capturing some essential,
and very general, features of the dynamics of these
individuals.

Direct testing of the core assumptions on energy
allocation and homeostasis is remarkably difficult.
Ideally, we require data on a large number of com-
binations of output variables and environment; this
is seldom available. Access to data from dynami-
cally varying environments is particularly important,
since many model predictions regarding individual
performance in an unchanging environment are
insensitive to some of the assumptions. For exam-
ple, experiments in which organisms grown in one
food environment are transferred to higher or lower
food are powerful (Kooijman 1986; Gurney et al.
1990; McCauley et al. 1990). A more fundamental
difficulty is that the key state variables relate in
subtle ways to experimental data. Size in a DEB
model is really a measure of energy allocated to
structural biomass, and energy stored in reserves is
an experimentally elusive entity. Links between
these state variables and real size and storage
require new assumptions. Body mass in a DEB
model combines the structural part and the energy
reserves, and does not yield a direct measurement of
either, although for micro-organisms, changes in
body mass composition with population growth rate
can be used to identify the contribution of structural
biomass and reserves to each chemical compound
(Muller 1994; Hanegraaf 1997, P.P.F. Hanegraaf
et al., unpublished). Similarly, assumptions about
energy flows are not directly testable, as many flows
(e.g. the ‘utilization’ flow in Fig. 1) are not measur-
able.

Many model tests are thus indirect. Parameters
are estimated independently from data on (very) dif-
ferent physiological processes and checked for con-
sistency. For example, the maintenance rate
coefficient, a compound parameter defined as the
ratio of the volume-specific maintenance and growth
costs, has been estimated not only from data on
weight loss during starvation, but also from data on
respiration ontogeny during the embryonic period.
Even data on the survival probability as a function
of age give access to the maintenance rate parameter
for individuals in laboratory conditions where the
physiologically based ‘hazard rate’ in Table2 can be
assumed to be a major component of mortality (see
Kooijman (1993) p. 109 for examples of such calcu-
lations for the pond snail Lymnaea stagnalis). As
another example, data on respiration vs. size and on
reproduction vs. age both yield estimates of the

reserve-length, a parameter compounded from four
primary parameters (see Table 2). Figure 2 illustrates
that the same value for the reserve-length is appro-
priate in describing respiration and reproduction in
the waterflea Daphnia magna. The figure also shows
that growth and feeding are well described by the x-
rule model, using parameters consistent with the
previous fits.

In the search for mechanisms, deviations from
model predictions are at least as instructive as data
that support it. For example, experiments on time
to starvation in the pond snail Lymnaea stagnalis
have shown that the length of day influences the
allocation of energy to reproduction (Zonneveld
1992). This result has led to a modified version of
the model, demonstrating that particular model ele-
ments may vary in some situations without destroy-
ing the basic integrity of the model structure
(chapter 4 in Kooijman 1993). As another example,
although the Daphnia data in Fig.2 are consistent
with the k-rule model, many other published experi-
ments on growth of individual Daphnia show a
long-term upward trend in length that is not pre-
dicted by the model (Fig. 1 of McCauley et al. 1990;
Noonburg et al. 1998). Prolonged growth may be
the result of changing the priorities of energy alloca-
tion with age or may reflect slow adaptations that
involve changes in other model parameters.

The fact that a large body of data is well
described by the r-rule model supports the view that
although organisms are complex and differ greatly
from each other, their basic features can be
described using a common modelling framework. A
challenge for rival models is to achieve similar width
of coverage. A more demanding challenge is to
design experiments capable of discriminating among
rival DEB models, as well as to delineate the cir-
cumstances where predictions are insensitive to the
choice of DEB model-for example Ross & Nisbet
(1990) showed that a modified form of the x-rule
model and a net production model give equally
good fits to data of growth of the marine mussel
Mytilus edulis. This last issue affects strategy for
DEB applications; for example, should a worker
analysing the results of toxicity tests (see later sec-
tion) be concerned about the choice of DEB model
used in that work?

Linking levels of biological organization

The dynamics of individuals depend on cellular pro-
cesses which, in turn, depend on molecular pro-
cesses. Similarly, the cumulative performance of a
large number of individuals determines the dynamics
of a population and, ultimately, the dynamics of
ecosystems. This section gives examples of how
DEB models link the various levels of biological
organization in such a way that the dynamics at dif-
ferent levels of organization are self-consistent.
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MOLECULAR PROCESSES

Dynamics at the individual level constrain processes
at the molecular level. For example, a bacterium
may increase the synthesis rates of macromolecules
only if it has previously taken up sufficient nutrients
and energy. Since uptake rates depend on size, so
must synthesis rates. However, the relationship
between rates of uptake and synthesis is indirect
because of the role played by intermediate pools of
intracellular metabolites. The link can be under-
stood using the x-rule model, through assumptions
about the composition of structure and reserves (see
Table 1). For example, fast-growing cells of Escheri-
chia coli require rapid protein synthesis, and contain
about 10 times as many ribosomes as cells in a poor
environment (Bremer & Dennis 1987). The intracel-
lular concentration of RNA, which is for the most
part ribosomal RNA, thus increases drastically
when food conditions improve. In the x-rule model,
a higher food level leads to an increase in the den-
sity of the energy reserves. Consequently a major
part of ribosomal RNA may be interpreted as
‘reserves’, playing a key role in balancing the acqui-
sition and utilization of energy in the cell. With this
interpretation, the x-rule model predicts relation-
ships between the cell division rate, the turn-over
rate of ribosomes, and the mean elongation rate, i.e.
the rate at which ribosomes proceed along a strand
of messenger RNA (Kooijman et al. 1991). These
predictions correspond well with experimental
results, see Fig. 3.

DEB models also provide an explanation for spe-
cialization in bacteria. Individuals that discard unne-

0.28
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cessary genomic information are predicted to have a
selective advantage over individuals from the parent
strain (Stouthamer & Kooijman 1993). The argu-
ment uses two additional assumptions (cf. Donachie
& Robinson 1987): a cell must achieve a certain cri-
tical size for DNA replication to start, and the
duplication of DNA proceeds at a fixed rate. Then,
cells with a smaller genome will divide at a smaller
size, causing the mean cell size in a population to
decrease. In non-filamentous organisms, the mean
surface area to volume ratio then increases, which
leads to a higher individual growth rate, a shorter
division interval and, consequently, a higher popula-
tion growth rate. In circumstances where natural
selection acts to maximize population growth rate,
cells with a large genome then have a selective disad-
vantage, even though the direct costs involved in
maintaining and duplicating unnecessary DNA are
negligibly low. A similar argument may be used to
explain why some micro-organisms store the infor-
mation on (large parts of) some metabolic routes on
megaplasmids. The time to duplicate the genomic
information decreases with the number of origins of
replication, causing the mean cell size to decrease
and the population growth rate to increase.

POPULATION DYNAMICS

Solution of DEB model equations provides life-his-
tory information, i.e. a schedule for reproductive
output and one component of mortality, for organ-
isms experiencing any given environment. This pro-
vides an opening to population dynamics.

Elon. rate/elon. rate at pyay

0 0.2 0.4 0.6 0.8 1
WHmax

Fig.3. The x-rule model defines how the mass of structure and reserves change as a function of food conditions. This deter-
mines how principal biochemical components are partitioned between structure and reserves, and therefore how the concen-
trations of these components change as a function of the population growth rate, p. In (a) this model expectation is fitted
with measured RNA concentrations in Escherichia coli using three free parameters (data from Koch 1970). This partitioning
also implies how the activity of principal biochemical components relates to the growth rate. In (b) the model fit of the
mean elongation rate of ribosomes in Escherichia coli is shown using two free parameters (data from Bremer & Dennis

1987). See pp. 250-252 of Kooijman (1993) for details.
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In a constant environment a population will ulti-
mately grow exponentially; and it is possible to cal-
culate the rate of exponential growth in any given
environment from generalizations of the Lotka
equation. Such calculations motivated one of the
earliest applications of DEB theory to ecotoxicology
(Kooijman & Metz 1984). A population at equili-
brium neither grows nor declines, implying that the
average lifetime reproductive output, Ry, per indivi-
dual in the population is one. If S(7) denotes the
proportional of a cohort that survive to age ¢, then

Ry = /00 P()S(t)dt eqn 1
0

Table 2 shows that the reproductive rate f(f) can
be obtained from the DEB model solutions which,
in turn, depend on the food density in the environ-
ment (represented by the scaled functional
response). Survival in most populations is deter-
mined in part by the hazard rate which is also
obtained from the DEB model, but also by other
factors (e.g. predation, parasitism) that are unre-
lated to energetics. Equation 1 can be solved to
determine the food density at which the population
will be in equilibrium. We can then calculate any
demographic properties of a population at equili-
brium (Gurney et al. 1996; de Roos et al. 1997),
including time to reproductive maturity, mean
fecundity of adults, and the ratio of adults to juve-
niles.

To move beyond representations of stationary, or
exponentially growing, populations requires struc-
tured population models. These models relate the
complete dynamics of a population to the dynamics
of individual organisms and, in general, involve par-
tial differential equations or integral equations (de
Roos 1997). The equations simplify to a set of
ordinary differential equations when all energy
fluxes depend in a similar way on size (Kooijman
1993; Nisbet et al. 1997). This simplification is valid
for filamentous organisms, approximately valid for
micro-organisms and may be a reasonable approxi-
mation for many other organisms (Nisbet et al.
1997).

With the x-rule model, further simplifications lead
to equations that may still essentially capture the
behaviour of a system and, in quite a few cases, are
analogous to well-known model formulations. If
fluctuations in energy reserves are ignored, the
ordinary differential equations are equivalent to the
Lotka—Volterra-like, biomass-based, dynamic equa-
tions widely used in modelling aquatic populations.
Such biomass equations have been shown to yield
predictions in good agreement with laboratory stu-
dies of zooplankton populations (Nisbet et al. 1997).
They have also been successfully used to model
competition among zooplankters in fluctuating
environments (McCauley et al. 1996; Nisbet et al.

1997), and to study the stability of natural plankton
assemblages (Murdoch ez al. 1998). Similar biomass-
based equations are widely used in microbiology;
for example, the model of Marr and Pirt (Marr et al.
1962; Pirt 1965). This model without reserve
dynamics simplifies further to the formulation of
Monod (1942) when maintenance requirements are
ignored. If, conversely, reserve dynamics are consid-
ered but maintenance requirements are omitted, the
Marr-Pirt model is consistent with the formulation
of Droop (1973). The DEB model is not only a
close relative of this highly successful model; it also
provides a mechanistic explanation of it.

The power of the DEB approach becomes really
apparent in situations where it is not legitimate to
neglect fluctuations in reserve density. Energy
reserves act as a buffer between an organism’s
demand and a potentially variable environment and
may therefore strongly affect the pattern of popula-
tion fluctuations (Kooi & Kooijman 1994a; Kooi &
Kooijman 1994b; Kooi & Kooijman 1997; Kooi
et al. 1999). Figure4 demonstrates the importance
of reserves for a food chain with substrate, bacteria
and slime moulds. The quality of the fit by the «-
rule model is striking when compared with previous
attempts that did not consider reserve dynamics
(Tsuchiya et al. 1972; Bazin et al. 1974; Bazin &
Saunders 1979). Figure4 illustrates this comparison
for one of the traditional models, the Monod model.
This failure of traditional models indeed led to the
controversial speculation that feeding rates are
determined by the level of resource per consumer
rather than by resource level itself, an idea that ecol-
ogists revisit intermittently as in the recent explosion
of interest in ‘ratio dependence’ (Arditi & Ginzburg
1989; Arditi et al. 1991). As Fig.4 shows, however,
the feeding rate may reasonably be assumed to
depend directly on the resource level, provided the
importance of energy reserves in a variable environ-
ment is recognized.

ECOSYSTEM DYNAMICS

There is a long tradition of measurement and mod-
elling of energy flows in ecosystems. DEB theory
may contribute to this effort. In ecosystem model-
ling, the state variables relate to energy and elemen-
tal matter within functional groups of populations,
such as primary producers and herbivores. As with
population models, simplification to a system of
ordinary differential equations is possible when feed-
ing and maintenance rates scale in identical manner
with body size (Kooijman & Nisbet 2000). In eco-
systems, such scaling may arise for two very differ-
ent reasons. First, if a single species dominates the
functional group, the simplifications described in the
section on population dynamics may be applicable.
The second possibility is that a functional group
contains a number of species with the overall spec-
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dilution rate p=0-064h~" and glucose concentration in the feed X, =1mg ml~".

The x-rule parameter values and equations are as follows.
Xo(0): 0-582mg ml~!

X,(0): 0-466 mm?> X5(0): 0-069 ml™!

e1(0): 1 - ex(0): 1 -

K;: 0443 ug/ml K> 0-180 mm?/ml
g1: 0861 — g 4:430-

my: 0-008h~! my: 0-158h7!

vi:  0-689h7! Vo 2:046h7!
[wli : 0:651mg/mm—>h [i,]: 20-262h~!

trum of sizes much larger than the size range
spanned by any one species. The feeding and assimi-
lation rates of an individual are proportional to sur-
face area (see Table1), but the theory of body-size
relationships discussed in the next section predicts
that the constants of proportionality depend linearly
on the maximum body length an organism can
attain. Thus, the feeding rate of a functional group
of organisms scales as a volume. If maintenance rate
is still assumed to be proportional to volume, then a
functional group both feeds and expends energy on

maintenance at rates proportional to the total
volume it occupies.

The full potential of DEB models for ecosystem
modelling is unknown, since the only examples
known to the authors do not explicitly recognize
reserves. Yet, there are models of flow of energy and
elements that make a convincing case that ecosys-
tems do truly have dynamics. The state of the art is
well illustrated by models of carbon and nitrogen
dynamics in three fjord ecosystems (Scottish sea
lochs) (Ross et al. 1993a; Ross et al. 1993b; Ross
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et al. 1994; Gurney & Nisbet 1998). The model sub-
divides the loch into compartments, with water flow
between compartments. The fjord exchanges water
with the open ocean. The food chain has three com-
ponents: primary producers, herbivores (predomi-
nantly copepods), and carnivores (predominantly
jellyfish). Figure 5 compares observed concentrations
of phytoplankton and of dissolved inorganic nitro-
gen with predictions from a model of this sort.
Model parameters are estimated either from inde-
pendent data, or by fitting using only data from one
loch. The trajectories for the other lochs are then
well predicted on the assumption that the biological
interactions are unchanged, and that only differ-
ences between the three systems lie in the values
taken by hydrodynamic parameters.

Life histories and body-size relationships

DEB model assumptions also have implications for
interspecific comparisons of physiological rates. In
DEB theory intraspecific differences in physiological
rates derive solely from different values of state vari-
ables. By contrast, individuals of different species
also have different parameter values: an adult mouse
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and juvenile rat of the same size grow and reproduce
at entirely different rates, despite their similarity in
size. Kooijman (1988, 1993; chapter 6) showed that
the assumptions in Table! imply that parameter
values will tend to co-vary among species, since the
maximum body length, L, is a simple function of
model parameters.

Parameters can be classified as being either ‘inten-
sive’ or ‘extensive’. An intensive parameter charac-
terizes molecular processes, which depend on
densities. Because densities do not scale with size,
interspecific changes in the values of an intensive
parameter do not vary among species in a systematic
way. Extensive parameters, by contrast, relate to
physical design, and can be shown to scale with
maximum body length. Since most physiological
quantities, including L,, itself, are functions of
intensive and extensive parameters, it is possible to
represent these quantities as functions of L., and
thereby derive body size scaling relations.

Using this line of reasoning, the von Bertalanffy
growth rate at high food levels turns out to be
approximately inversely proportional to maximum
length. Figure 6a tests this prediction with data from
a wide variety of organisms, whose maximum sizes

DIN
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50

0
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Fig.5. Comparison of the annual cycle in phytoplankton and in disolved inorganic nitrogen (DIN) predicted by the sea-
loch model in Gurney & Nisbet (1998) with the observed annual cycles in the three Scottish sea-lochs. The ‘biological’ para-
meters take the same values in each system; the hydrodynamic parameters differ. Reproduced with permission of W.S.C.

Gurney.
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log von Bertalanffy growth rate, year ™

log metabolic rate, Watts

log body weight, g

Fig.6. The DEB model predicts interspecific body size
scaling relationships. (a) The scaling of the von Bertalanffy
growth rate as a function of the ultimate size of birds (V),
mammals ([]), reptiles and amphibians (A), fish (O), crus-
taceans (x), molluscs (4), other species (&) and model
expectation (line). Data have been normalized to a body
temperature of 25°C using the Arrhenius’ relationship (see
Kooijman 2000, p. 282 for further details). (b) The meta-
bolic rate as a function of body weight of unicellulars (O,
ar 20°C), ectotherms (@, at 20°C) and endotherms (%, at
39°C). The metabolic rate is proportional to the respiration
rate. The slope of the upper and lower line represent allo-
metric scalings with body weight to the power 2/3 and 1,
respectively. Other curves represent model fits to the data
(see Kooijman 2000, p. 272).

cover a range of more than four orders of magni-
tude. The environmental conditions at which many
of these data were collected are unknown and may
explain part of the scatter in the data. Also, variabil-
ity in the life-history parameter x, a constituent of
the von Bertalanffy growth rate, may have caused
some scatter. However, the trend is consistent with
the k-rule model.

The interspecific variation of the weight-specific
respiration rate can be derived along similar lines.
In ectothermic species, it is predicted to decrease as
body weight increases, because reserves (which are
assumed not have maintenance requirements) then
represent an increasing proportion of the organism’s
weight. Total respiration rate turns out to be a lin-
ear combination of terms proportional to the maxi-
mum surface area and the maximum volume of a
species. This apparently contrasts with the many
empirical studies that describe the relationship allo-
metrically as maximum body volume raised to some
power. However, graphs of both relationships are
almost identical if the exponent in the allometric
relationship has a value in the range 0-66-1.-0, the
maximum span consistent with DEB theory. This
range contains the popularly quoted value of 0-75 as
well as most empirical estimates for groups of
organisms (Calder 1984; West et al. 1997). Figure 6b
demonstrates the ability of DEB theory to describe
the scaling of respiration rate with body size in uni-
cellulars, ectotherms and endotherms.

Coincidentally, the x-rule model predicts that
respiration rate scales with size in a broadly similar
way intraspecifically, although, as explained above,
the mechanisms involved are different from those
generating the interspecific relationships. Individuals
of the same species differ in values of the state vari-
ables, not in parameter values. Because small indivi-
duals invest relatively more energy in growth than
large ones, the respiration rate is a linear combina-
tion of the actual surface area and volume of an
organism. This relationship is again often close to
the empirical result that respiration rates are pro-
portional to volume to the power 0-75.

Not every parameter is predicted to vary systema-
tically from species to species. Life-history para-
meters representing, for example, strategic choices
about energy allocation (e.g. the parameter k) and
the critical size for changing a life stage (L), are
likely to be adaptive. The theory only predicts inter-
specific variations in parameters representing phy-
siological and biochemical processes.

As noted earlier, deviations from the predictions
of mechanistic models can be most instructive.
When a particular species deviates from expected
interspecific patterns, we can look for the responsi-
ble parameters, and obtain a better understanding
of why this species differs from others. For example,
tube noses incubate their eggs for a long time in
comparison with other similarly sized birds. Also,
this species has relatively large eggs and large
hatchlings. However, when the incubation time is
corrected for egg size, those differences disappear
(see p. 232 in Kooijman 1993). Understanding their
long incubation time thus involves their relatively
large egg size. Further analysis reveals that if a spe-
cies increases egg size, it will have a shorter chick
stage, with this reduction exceeding the increase in
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incubation time. As a result, the breeding season
becomes shorter, which makes ecological sense for
open ocean birds.

In summary, DEB models can be used to derive
interspecific scaling relationships between physiolo-
gical attributes and body size. The derivation does
not invoke any optimization arguments. Here the
DEB approach contrasts with other theories of
metabolic scaling, such as the recent model of West
et al. (1997) that assumes minimization of the energy
required to transport metabolites in an isomorphic,
space-filling, fractally branching tube system. Child-
ress & Somero (1990) take an intermediate position
regarding the role of evolution, in which they con-
trast the tight scaling of aerobic metabolic power in
fish, with high, size-dependent variability in anaero-
bic power (a significant component to total output
in skeletal muscle) and argue that natural selection
played a major role only in determining the strength
of the anaerobic contribution. An important chal-
lenge for theorists and experimentalists is to identify
ways of testing these theories.

Applications

Mechanistic models can be of great value in applied
science, and offer many benefits over pure empiri-
cism. Consider, for instance, the responses of
laboratory animals in routine toxicity tests. The
longer the experiment lasts and the smaller the
organisms are, the more drastic the observed
response will be. The observed effects thus depend
on experimental design, a fact that obviously com-
plicates the formulation of toxicological standards.
We illustrate below that the dependence of results
on time and size can be understood with DEB mod-
els; several formulations were, in fact, developed to
address this kind of problem (Hallam ez al. 1989;
Kooijman & Bedaux 1996a). We also briefly
describe how DEB theory is used in biotechnologi-
cal problems.

Toxic compounds may affect growth, reproduc-
tive output and survival. In a DEB model, a descrip-
tion of toxic effects is based on mechanisms that
identify the target parameters and quantify the
effects in terms of the body burden of toxicant. The
body burden of toxicant depends on the organism’s
abilities to metabolize toxicants and on uptake and
elimination characteristics. These processes depend,
in turn, on attributes of an organism, such as the
size and lipid content, that are described by the
model (Lassiter & Hallam 1988; Kooijman & Haren
1990). Toxic effect models based on those tightly
related principles that satisfactorily describe experi-
mental data covering a wide range of toxicants, spe-
cies and DEB-defined processes (Kooijman &
Bedaux 1996b; Kooijman & Bedaux 1996c; Muller
& Nisbet, unpublished).

One advantage of an approach using DEB models
is that the parameters describing toxicological effects
represent the organism’s sensitivity to a compound,
and are independent of experimental protocol (e.g.
exposure time). This does not hold for classic mea-
sures, such as the LC50 and EC50. The no-effect
concentration, which defines the highest concentra-
tion that will never cause an effect, may be used as a
model parameter. This quantity is more relevant
than the no-observed-effect concentration, a mea-
sure that is often used in risk assessment studies, but
which has serious methodological and statistical
problems (Kooijman & Bedaux 1996d). Another
benefit from using a DEB model is that the toxicity
of a compound can be related to its physico-chemi-
cal properties, such as degree of ionization and fat
solubility. In addition to physico-chemical data, a
description of a class of similarly acting compounds
only requires a proportionality factor and toxicolo-
gical data on a single member (Kooijman & Bedaux
1996a).

In biotechnology, DEB models aid the design and
operation of production and treatment plants. DEB
models have been used to describe the formation
rates of biomass, fermentation products, such as
ethanol, and secondary products, such as penicillin
(Hanegraaf 1997). They are therefore useful in deriv-
ing the economically optimal conditions for biotech-
nological production. Likewise, DEB models are
involved in the design and operation of sewage
treatment plants, which produce much bacterial bio-
mass (sludge), a product that needs to be processed
at considerable costs. Since waste water contains
food for bacteria, sludge production is minimized by
increasing the sludge content of the treatment plant
(Muller ez al. 1995). Sludge production is also mini-
mized by increasing the abundance of bacterial gra-
zers (Ratsak et al. 1993; Ratsak et al. 1994; Ratsak
et al. 1996).

Future challenges: DEB models in evolutionary
time

Throughout this article we have identified areas of
DEB theory that are ripe for future research. How-
ever, probably the most pressing challenge is to
relate DEB models to the mainstream of evolution-
ary theory. To date, the most powerful contribution
of DEB models has been to identify body-size scal-
ing relationships that may be understood without
appeal to optimization, or to other evolutionary
concepts. There remain many questions requiring
consideration of changes over evolutionary time.
Here we highlight two.

First, we do not have a good understanding of
the patterns of interspecific variation in those DEB
parameters that describe adaptive traits, for example
K, which quantifies partitioning of energy between
growth and reproduction, or the critical parameters
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that determine the timing of transitions between life
stages. The natural (and traditional) starting point
for such a study is to investigate how a change in a
parameter value affects the expected lifetime repro-
ductive output of an individual in a population at
equilibrium (Ry) (e.g. Sibly & Calow 1986 and refer-
ences therein; Stearns & Hoekstra 2000 and refer-
ences therein). By using a DEB-based formula for
Ry (see equation 1), we ensure that energetic-based
trade-offs are incorporated. When an individual
with a modified parameter value appears in a popu-
lation at equilibrium, it will be favoured by selection
if it is able to replace itself at a lower food density
than the current equilibrium density. In other
words, a change in parameter values is advanta-
geous when Ry is larger than one at the current food
conditions. Very few such calculations have been
attempted (e.g. chapter 4 in Gurney & Nisbet 1998;
Lika & Nisbet 2000).

However, a much more fundamental challenge is
to predict a priori the appropriate strategy for allo-
cation of energy in organisms that exhibit simulta-
neous commitment to growth and reproduction.
Simple models of energy allocation suggest that in a
constant environment, the optimal strategy for an
individual is the ‘bang-bang’ option of committing
100% of net production (assimilation less mainte-
nance) to growth until a certain age, and thereafter
100% to reproduction (e.g. Bulmer 1994). While
consistent with the life histories of some organisms,
the bang-bang strategy is not followed by the many
organisms that simultaneously grow and reproduce,
and which motivated the development of the k-rule
model. An analysis of allocation strategies in the lat-
ter model showed that there are circumstances
where bang-bang allocation is inferior to a constant-
fraction allocation to reproduction (L. Lika &
S.A.L.M. Kooijman, unpublished). This is because
the x-rule model recognizes costs and trade-offs in
juvenile development that are absent in the simpler
models. The most commonly invoked explanation
for the existence of mixed allocation strategies is
bet-hedging in a spatially or temporally variable
environment (Cohen 1966; King & Roughgarden
1982a; King & Roughgarden 1982b; Bulmer 1994).
Thus, DEB modelling reopens the debate on
whether or not mixed strategies are an evolutionary
response to uncertain environments.
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