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This second special issue of the Journal of Sea Research on development and applications of Dynamic Energy
Budget (DEB) theory concludes the European Research Project AquaDEB (2007-2011). In this introductory
paper we summarise the progress made during the running time of this 5 years' project, present context for
the papers in this volume and discuss future directions. The main scientific objectives in AquaDEB were
(i) to study and compare the sensitivity of aquatic species (mainly molluscs and fish) to environmental vari-
ability within the context of DEB theory for metabolic organisation, and (ii) to evaluate the inter-relationships
between different biological levels (individual, population, ecosystem) and temporal scales (life cycle, popu-
lation dynamics, evolution). AquaDEB phase I focussed on quantifying bio-energetic processes of various
aquatic species (e.g. molluscs, fish, crustaceans, algae) and phase Il on: (i) comparing of energetic and physi-
ological strategies among species through the DEB parameter values and identifying the factors responsible for
any differences in bioenergetics and physiology; (ii) considering different scenarios of environmental disrup-
tion (excess of nutrients, diffuse or massive pollution, exploitation by man, climate change) to forecast effects
on growth, reproduction and survival of key species; (iii) scaling up the models for a few species from the in-
dividual level up to the level of evolutionary processes. Apart from the three special issues in the Journal of Sea
Research — including the DEBIB collaboration (see vol. 65 issue 2), a theme issue on DEB theory appeared in
the Philosophical Transactions of the Royal Society B (vol 365, 2010); a large number of publications were pro-
duced; the third edition of the DEB book appeared (2010); open-source software was substantially expanded
(over 1000 functions); a large open-source systematic collection of ecophysiological data and DEB parameters
has been set up; and a series of DEB tele-courses and symposia have been further developed and expanded,
bringing together people from a wide variety of backgrounds (experimental and theoretical biologists, math-
ematicians, engineers, physicists, chemists, environmental sciences, computer scientists) and training levels
in DEB theory. Some 15 PhD students graduated during the running time of AquaDEB with a strong DEB com-
ponent in their projects and over 15 will complete their thesis within a few years. Five post-doctoral projects
were also part of the training network. Several universities (Brest, Marseille, Lisbon, Bergen) included DEB
courses in their standard curriculum for biology students.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

volume); in combination with the impressive array of realistic predic-
tions so far, this motivates substantial effort investment in this line of

The aim of DEB research is to develop a quantitative framework
for metabolic organisation physics style, formalised on the basis of ex-
plicit assumptions, axioms if you wish (Lorena et al., 2010; Sousa
et al., 2008). This systematic approach is ideal for multidisciplinary
collaboration, where people with non-biological backgrounds are easily
confused by a massive heap of facts, semi-facts and lies that frequently
characterises descriptive biology (Sousa et al., 2010). The standard
model turns out to have unique properties (Lika and Kooijman, this
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thought.

The AquaDEB project aims to apply this approach to aquatic spe-
cies (molluscs, fish, micro-algae, plankton), although DEB theory is
meant for all species in all environments. The idea is that this applica-
tion not only leads to a better understanding of quantitative relation-
ships in relatively simple environments, but different species are also
better comparable because the same model is applied to them and the
comparison can be on the basis of parameter values (Freitas et al.,
2010). DEB theory also comes with implied rules for the covariation
of parameter values among individuals, which helps in filling in
gaps of knowledge. The intra-specific variation is typically small rela-
tive to the inter-specific variation. These gaps become apparent by
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using such a systematic approach. Predictions can subsequently be
used to prioritise future experimental research and to test and further
develop the theory. This is how the development of theory benefits
from this type of applications. Theory is a tool in our understanding
and the value of a tool is in its use. DEB theory strongly stimulates
a careful analysis. Where a lot of literature on respiration is fussy
about the difference between intra- and inter-specific comparisons,
DEB theory distinguishes them carefully. A unit of tissue of a young
(small) individual respires more than that of an old (large) one be-
cause it grows faster. This explanation cannot hold for fully-grown in-
dividuals of a small-bodied and a large-bodied species. DEB theory
explains the latter by the differential contribution of reserve to
weight; similar phenomena, very different explanations.

Inspired by applications, DEB theory evolved rapidly during the
AquaDEB project, as summarised in the third edition of the DEB book
(Kooijman, 2010). The previous edition used the simplifying assump-
tion that the maturity and somatic maintenance rates coefficients are
equal, with the consequence that stage transitions occur at fixed
amounts of structural mass and maturity as state variable only plays
an academic role. Further research revealed, however, that this assump-
tion does not hold generally and in particular situations, such as the
study of effects of toxicants, even problematic. So this assumption was
removed; the role of maturation is more explicit, e.g. to understand
the observed variation in size at birth and at puberty while the maturity
levels remain constant. The dynamics of development of the zebrafish
could be understood in very much detail, this way (Augustine et al.,
2011). Recently strong support was found for the way DEB theory
deals with maturation: some species of tadpoles speed up maturation
to shorten the time to metamorphosis to frogs (to be published); this
comes with a sudden increase of respiration at hatching, before birth,
in combination a particular decrease of growth. Related species that
do not live in temporal ponds do not sport this acceleration and fol-
low the rules of the standard DEB model.

DEB theory extended into quite a few different directions, e.g. the
impact of metabolism on stable isotope dynamics (Emmery et al., this
volume; Pecquerie et al., 2010), generalisations of the «-rule which
deal with multiple structures (organs, body parts), metabolic acceler-
ation (Augustine et al., this volume; Kooijman et al., this volume), ef-
fects of mixtures of chemical compounds (Baas et al., 2009; Baas et al.,
2010; Jager et al., 2010), and evolution of DEB systems (Kooijman and
Troost, 2007; Kooi and van der Meer, 2010; Muller et al., 2009; Troost
et al,, 2008). We finally understand, we think, why the life span of en-
dotherms increases with maximum body size amount species, but
is almost independent of body size in ectotherms: it is in the ageing
acceleration, which is (almost) zero in ectotherms (Kooijman, 2010;
van Leeuwen, 2007; van Leeuwen et al., 2010). The subsections
below further detail some of the developments. These developments
came with the need to become even more rigorous in the notation,
which was also vital to the further extension of the DEBtool software,
written in Matlab and Octave, which now has over 1000 functions in
14 toolboxes. The reference section lists DEB-related publications that
appeared in the period 2007-2011 of members of the AquaDEB group
and persons who played an active role in the DEB tele-courses and
symposia. The comments on the DEB book try to summarise the sci-
entific progress in the DEB arena since its appearance.

This final special issue is composed by a number of papers that
include:

i) “theoretical” papers among which two by Lika et al. (this
volume-a, this volume-b) who present a statistical procedure,
the covariation method, involving the simultaneous estima-
tion of all core parameters of the DEB model from various em-
pirical observations in a single-step procedure; while the third
contribution by Lika and Kooijman (this volume) compares
from a theoretical perspective 20 classes of energy budget
models that differ in internal energy allocation;

ii) papers on bivalves (blue mussels, Pacific and pearl oysters,
cockles) with a core group presenting different targeted appli-
cations of the DEB theory in shellfish culture (Alunno-Bruscia
et al., this volume; Bernard et al., this volume; Emmery et al.,
this volume; Handa et al., this volume; Rosland et al., this vol-
ume; Thomas et al., this volume-a, this volume-b; Wijsman
and Smaal, this issue) based on empirical estimation of DEB pa-
rameters and/or on a calibration procedure to get consistency
among parameters; including also one contribution by Saraiva
et al. who apply the covariation method to the blue mussel,
and two papers presenting a model comparison of DEB vs
scope for growth SFG (Barillé et al., this volume; Filgueira et
al., this volume);

papers on fish dealing with the metabolic handling of starva-
tion and rejuvenation in teleost fish larvae (Augustine et al., this
volume), with the acceleration of fish metabolism during the life
cycle ie. pointing out the role of metamorphosis (Kooijman
et al., this volume), with the prediction of variations in life-history
traits among five species of Pacific salmon (Pecquerie et al., this
volume), with explaining the disappearance of the European eel
from the western Wadden Sea based on a 50-yr dataset of eel
catches (van der Meer et al,, this volume), and with investigating
food conditions encountered by sand gobies by analysing seasonal
growth trajectories (Freitas et al., this volume);

papers exploring the entrainment behaviour of cell division in
phytoplankton (Muller et al., this volume) and interpreting
mechanistically the effects of polyphenol in a marine poly-
chaete (Jager and Selck, this volume).

iii

—

=
-

2. Results of the AquaDEB project
2.1. Parameter estimation

Knowledge of parameter values is typically the first step in the ap-
plication of models. Those values are needed to judge the applicability
of the model in a particular case, e.g. to arrive at the conclusion that
the fit of best-fitting parameter values is not good at all. The system-
atic search for the ‘why’-question is among the most useful aspects of
application of mechanistic models.

The first phase of the AquaDEB project (Alunno-Bruscia et al.,
2009) focussed on the development of methods for parameter esti-
mation from data and applying these methods to data from the liter-
ature, from archives of experimental results obtained in the past and
from results of experiments that have been set up to acquire specific
data. We went through a learning trajectory, discovering that a par-
ticular combination of data, such as age and size at birth, maximum
size and reproduction, contains sufficient information for some pa-
rameters, no information for other parameters and little information
for a third class of parameters. So the identification of parameters is
not a matter of white and black, but also has shades of grey, which
complicates the problem. It became apparent that all the different
types of data had to be considered simultaneously. We first made
an inventory of the relationship between the type of data and the
functions of parameters that can be estimated from them (Kooijman
et al,, 2008). The role of compound parameters became clear: func-
tions of parameters that have simple dimensions. There were quite
a few cases where compound parameters could be estimated from
data, while each of the contributing parameters could not. Although
the standard DEB model has been kept as parameter-sparse as possi-
ble (each metabolic process typically has only one or two parame-
ters), the number of parameters rapidly increases with the number
of different types of data. This is not a problem of the DEB theory,
but of biology. Lengths, wet masses, dry masses, ash-free dry masses,
C-moles, grammes, and energy contents are all, but different quanti-
fiers for size, each involving its own conversion parameters. It is ex-
tremely difficult to measure the dry mass of a whale, or the wet
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mass of a bacterium for practical reasons. We also had to consider the
sensitivity of parameter estimates on variations in data; a complex
problem indeed, especially because none of the basic modelling vari-
ables (reserve, structure, maturity, reproduction buffer) can be mea-
sured directly, only indirectly (Lika et al., this volume-a, this
volume-b).

The second phase of the project aimed at estimating all (primary)
parameters simultaneously from sets of data, supplementing them
with circumstantial evidence from other species. Related species typ-
ically have similar values for particular parameters, and can be used
as supplemental evidence if necessary. Lack of data is and will remain
a pertinent problem. We also learned that this approach works for
some parameters, but less for others (specific evolutionary or ecolog-
ical adaptations). We started to collect data from a wide variety of
species and estimate all parameters of the standard DEB model, the
add_my_pet collection. It is possible to trace exactly where particular
parameter values came from. Even the code that has been used to arrive
at the estimate is available for each species; the code is species-specific
because the type of data available is frequently rather unique. The collec-
tion now already has over 60 species; as far as we know it is the largest
collection on earth of all aspects of energetics. This will facilitate the esti-
mate of parameter of other species (Bruggeman et al., 2009).

One of the things we already learned from this exercise is the unex-
pected large role of water in the estimation of (some) parameters, and
especially the volume-specific costs for structure. The value for
a jellyfish is obviously less than for a mammal, in view of their very dif-
ferent ratios of dry and wet mass. The estimation of this parameter is
coupled to that of others, so the problem affects most parameters. One
can wonder about the water-content of reserve. Does it differ from
that of structure? An answer can be found in the comparison of the rel-
ative decrease in wet and dry mass during the early stages of starvation,
given that reserve is used. We do not know of such measurements.

2.2. Variability

One of the aims of the AquaDEB project was to understand variability
of biological data and to learn how to handle it, or even exploit it for var-
ious purposes. DEB theory offers a number of handles. First of all the pa-
rameter values are individual-specific, partly controlled by genetics
along the idea of quantitative genetics. We are just starting the study of
the relationships of the parameter values of parents and their offspring.

Second, survival is inherently stochastic, because ageing and ef-
fects of chemical compounds are modelled via the hazard rate. Recent
modules for effects of extreme starvation (shrinking and rejuvena-
tion) also act via the hazard rate: defence is thought to be a compo-
nent of maturation maintenance to capture the idea that lack of
adequate nutrition makes the individual more vulnerable, e.g. for
pathogens (Augustine et al., this volume). Not only the hazard rate
but also the actions of Synthesizing Units (SUs), which play an impor-
tant role at several places in DEB theory, are inherently stochastic.
This stochasticity is of less importance for the role of SUs in metabolic
transformations (large number of molecules), but very important in
their role of modelling behaviour (low rates of binding events),
with natural links to Markovian approaches, but now in combination
with functional aspects of behaviour. The analysis of the behaviour of
non-linear deterministic systems with stochastic inputs is far from
easy, and just started (Kooijman, 2009; Kooijman and Troost, 2007;
Kooijman et al., 2007).

Third, time and space are not homogeneous, so environmental
conditions vary. The most important aspects are food (or nutrient
and or light) availability and temperature. This calls for tight links
with physical transport models, even at the individual level. Much
to our satisfaction, we see an increasing number of successful DEB ap-
plications to field data, examples are Cardoso (2007), Ren (2009),
Rosland et al. (2009), Grangeré et al. (2009), Maar et al. (2009),
Troost et al. (2010), Pecquerie et al. (this volume), Saraiva et al.

(this volume), Bernard et al. (this volume), Barillé et al. (this volume),
Alunno-Bruscia et al. (this volume), Thomas et al. (this volume-a, this
volume-b), van der Meer et al. (this volume) and Wijsman and Smaal
(this volume). Given the notorious scatter of such data, we can con-
clude that the model is not too complex for such applications and it
has sufficient robustness properties. The explicit role of surface
areas in DEB theory links it naturally to such transport models. Devi-
ations from isomorphy, e.g. in connection to metabolic acceleration
(Kooijman et al., this volume) surprisingly leads, in combination
with temporal variability of food availability, to permanent changes
in parameter values. Parameters that depend on surface areas, nota-
bly the surface area specific assimilation rate and the energy conduc-
tance, start changing interactively when deviations from isomorphy
occur. Metabolic acceleration turns out to be more frequent than orig-
inally thought, which is why this extension of the standard models
has been built into the add_my_pet collection. It typically occurs in
some fish and most bivalves just after birth, where metamorphosis
marks the transition back to isomorphy. The overall effect is that
the energy conductance of embryos is substantially lower than that
of late juveniles and adults; this conductance controls reserve mobili-
sation, so the fuelling of metabolism.

Fourth, the nutritional value of food varies in time, and sometimes
in predictable ways. During the project we learned that light-limited
carbon fixation in micro-algae is insensitive for temperature, while
nutrient uptake is. The effect is that carbohydrates are damming up
at lower temperatures, increasing the nutritional value for e.g. bi-
valves. These changes in food quality further amplify the stochastic
nature of nutritional inputs. Nutrition in combination with metabolic
performance is key to the understanding of geographic variations
and limits the natural distribution of species (Campos, 2009; Campos
and van der Veer, 2008; Campos et al., 2009; Freitas, 2011; Freitas
et al.,, 2010).

2.3. Comparison with other approaches

We naturally paid due attention to the comparison of DEB theory
with other approaches, such the SFG (Barillé et al., this volume; Filgueira
et al., this volume; van der Veer et al., 2009), species-specific (descrip-
tive) models, the Metabolic Theory of Ecology (MTE, van der Meer,
2007; White et al., 2011), biochemical systems theory (Vinga et al,
2010), and biophysical modelling (Kearney et al., 2010). Our general
conclusion is that DEB theory performs very well in terms of being mech-
anistic, simple (quantified as numbers of variables and parameters) and
realistic (quantified in goodness of fit with data). The comparison with
other approaches suffers, however, from the problem that DEB theory
deals with a rather large number of interacting processes, while other
models treat particular processes, such as growth separately, simply ig-
noring how growth is modified by other processes, such as feeding, re-
production or maintenance. Some of these alternative approaches,
such as biophysical modelling, naturally link up with DEB theory and
will be doubtlessly further integrated. Other approaches have funda-
mental inconsistencies with DEB theory, such as SFG and MTE, and will
probably fade away eventually in view of their internal inconsistencies
or will be restricted to very few particular applications.

2.4. Reconstructions

The AquaDEB group has been creative in all sorts of applications,
we cannot be complete here. An example is a class that can be called
reconstruction methods, where a measured biological signal, e.g.
opacity profiles in fish otoliths (Pecquerie et al., 2009, this volume),
growth profiles (Freitas et al., 2009) is used to reconstruct trajectories
of environmental variables (food availability and/or temperature).
Such reconstructions can be used for climate research, but also for
size-dependent food selection. The idea here is to correlate recon-
structed food with measured potential food sources. The problems
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are deep in this sector. It is rather easy to access chlorophyll density of
surface layer for remote image data (Omta et al., 2009b; Thomas et al.,
this volume-a), but chlorophyll itself is not digestible for animals and
the chlorophyll/carbon ratio varies a lot. One can try to measure total
carbon, but a lot of it is cellulose and cellulose is also not digestible
for animals (without symbionts). Some algal species are abundant
but not digestible; if deleted from algal counts good quantifiers for
the nutritional value of phytoplankton can result (Alunno-Bruscia et
al,, this volume; Bourlés et al.,, 2009). Then we have detritus (Saraiva
et al., this volume), but its nutritional value is probably varying. The
tiny neonates of fish feed on very different type and size of food that
the adults; the nutritional aspects for fish fry is important to understand
fish population dynamics (Augustine et al., this volume; Pecquerie,
2008; Pecquerie et al., 2009).

2.5. Effects of toxicants

DEB theory is unique in its implied rules for the covariation of pa-
rameter values of the standard DEB model, known as body size scaling
relationships in the literature. This label is, however, less appropriate
for DEB theory, because the maximum body size of an individual is itself
a result of underlying processes, rather than an independent variable;
contrary to the standard approach in such relationships, the rules purely
follow for the structure of the theory and has no descriptive elements.
Yet the predictions are very accurate, which gives strong support for
the basic structure of the theory. White et al. (2011) conclude that
DEB theory is the only existing theory that can explain why respiration
in encrusting bryozoan scales with weight to the power %2 rather than
the more typical 3, whereby the explanation is in its growth and
the contribution of growth overheads to respiration. Similar rules
could also be developed for the standard toxicokinetic model: the
one-compartment model (Jager and Kooijman, 2009; Kooijman et al.,
2007; Kooijman et al., 2009), from which effect modules follow (Jager
et al,, 2010). The behaviour of extensions of this model, e.g. the popular
film models for chemical transport in the environment, also follows
from these rules. The interaction of these rules for the behaviour of me-
tabolism and toxicokinetics has great potential for extrapolation pur-
poses across species and chemical compounds. Such extrapolations
can be used to prioritise and optimise experimental research.

Good progress has been made in the understanding of effects of
complex mixtures of chemical compounds, both for a few, where
the toxico-dynamics each of the compounds is followed in detail, as
well as for many (Baas, 2010; Baas and Kooijman, 2010; Baas et al.,
2007; Baas et al., 2010; Jager et al., 2010). The theory is rather
straightforward for lethal effects (Jager et al., 2011), but can become
complex for non-lethal effects, where interaction of the various com-
pounds in the mixture can be direct on the same target parameter
(such as the specific somatic maintenance costs), or indirect by acting
on different parameters. The interaction is then via metabolism, as
quantified by DEB theory. The simultaneous analysis of effects on dif-
ferent endpoints (growth, feeding, reproduction) is essential here
(Ashauer et al.,, 2011; Jager et al.,, 2011; Jager et al., 2007; Swain et
al,, 2010; Wren et al., 2011). Knowledge of which parameters are af-
fected is of importance for the extrapolation of effects on individuals
to consequences for population dynamics (Billoir et al., 2007; Ducrot
etal., 2010; Jager and Klok, 2010; Klok, 2007; Klok et al., 2007; Svendsen
etal, 2011).

2.6. Population and ecosystem levels

Core DEB theory deals with the metabolism of the individual, be it
a bacterial cell or a whale or tree, and how it interacts with the envi-
ronment. In combination with rules for the interaction between indi-
viduals (including their movements) and for the fate of abiotic factors
(nutrients, light, temperature) these ideas can be used to capture
population and ecosystem dynamics. The simplest set of rules is

that individuals only interact via competition for food and live in a
homogeneous environment that is closed for mass but has light
input. An implication of the environment being homogeneous is
that nutrient re-distribution is instantaneous and the position of all
individuals is fussy. To avoid the need to deal with all species, extra
assumptions are typically made, such as the mineralisation of dead
organic matter is instantaneous. This list already reveals quite a few
potential problems. A lot of progress has been made since the start
of the development of this advanced type of mathematical bookkeep-
ing in 1979 (Diekmann and Metz, 2010), but some fundamental prob-
lems still wait for solution, such as how to include that structured
populations are feeding on other structured populations. Matters easily
become very complex and can only partly be solved with individual-
based population models (IBMs), which follow each individual. Most
literature on population dynamics simply ignores mass conservation
and implements simplistic rules for the dynamics of the lower trophic
levels. Even then the situation can be quite complex and calls for ad-
vanced numerical methods (Broekhuizen et al., 2008; Bruggeman
et al.,, 2007).

In view of the great need for predictions at the higher levels of or-
ganisation, a lot of effort has been invested to find the fine balance be-
tween simplicity and realism (Klok, 2007; Klok et al., 2007; Nisbet
et al., 2010). The ecological effects of chemical compounds on organ-
isms are only of societal significance at the population and ecosys-
tems levels (Billoir et al., 2007; Ducrot et al., 2010; Jager and Klok,
2010), for instance. The use of bifurcation analysis to analyse the po-
tential behaviour of population and ecosystem models has been fur-
ther developed for DEB-structured ones (Doedel et al., 2009; Stiefs,
2009; Stiefs et al., 2010; van Voorn et al., 2007, 2008, 2010), revealing
a very rich asymptotic behaviour. Where deterministic models typi-
cally show multiple attractors, stochastic variants of these models be-
have much smoother and the system can move from one attractor to
the other (Kooijman et al., 2007). Where deterministic models can
suddenly switch from a point attractor to a cyclic behaviour when
the total nutrient load of a system is increased (the famous paradox
of enrichment), stochastic variants show a smooth transition. Toxi-
cants can modify the behaviour of integrated systems in complex ways
and quite a bit of progress has been made to understand how (Bontje
et al., 2009, 2010, 2011; Kooi et al., 2008a,b; Liebig et al., 2008).

Ways have been explored to reduce the number of variables
that has to be followed in ecosystem model by focussing on trait-
based approaches and refrain from following species individually.
Particular patterns in the distributions and abundance of micro-algae
can be understood this way (Bruggeman 2009; Bruggeman and
Kooijman, 2007; Merico et al., 2009). The same motivation inspired
the development of models for infinitely connected food webs,
where each animal preys on all other in a given size range relative
to its own, irrespective of the species (Maury et al., 2007a,b).

Where predation-prey interactions dominate the literature on
population dynamics, our results point to the importance of syn-
trophic interaction as one of the mechanisms for maintenance of bio-
diversity (Eynaud et al.,, 2011; Muller et al., 2009). Nutritional details
and the dynamics of biodegradation can have large effects on system
properties (Eichinger et al., 2009, 2010; Poggiale et al., 2010), a wor-
rying observation.

We only started to explore the implementation of DEB systems in
physical transport models (Grangeré et al., 2010; Omta et al,, 2007,
2008, 2009a, 2009b; Pecquerie 2008; Pecquerie et al., 2009). Such im-
plementation is essential to understand the effect of primary produc-
tion on atmospheric carbon dioxide, for instance (Omta, 2009; Omta
et al., 2009a).

2.7. Evolution

No biological theory makes sense without an appropriate evolu-
tionary setting. While ideas on metabolism of extinct forms have
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intrinsically speculative elements, a logical and consistent scenario is
better than no scenario. DEB theory has the unique property that it is
possible to split and merge systems that follow DEB rules and the re-
sult again follows DEB rules, if done in a particular way. Such splitting
and merging occurred frequently in evolutionary history. The class of
models for the mobilisation of reserve that has this property is really
small; that of the standard DEB model might be the only member. It is
rather sure that metabolic systems evolved from multiple-reserve
systems of prokaryotes and early eukaryotes to single-reserve sys-
tems of animals. Scenarios for the quantitative details and the links
with the evolution of various forms of homeostasis are discussed in
Kooijman and Troost (2007) and Kooijman (2010).

Reserve can be seen as a form of metabolic memory, the larger the
individual, the longer its metabolic memory, both intra- and inter-
specifically. The rules for the covariation of parameter values result
in a maximum reserve capacity scaling with maximum body length
of a species. An implication is that cyclic (seasonal) forcing can lead
to an evolutionary increase of maximum body size, empirically
known as Cooper's law (Troost et al., 2008, 2009). The study of evolu-
tionary changes of traits is the territory of adaptive dynamics. We dis-
covered that this field can be seen as a special case of bifurcation
analysis (Kooi and van der Meer, 2010; Troost et al., 2007), which
opens the door for the large body of theory and software that has
been developed for bifurcation theory.

3. Education and dissemination

A research group like AquaDEB cannot do without a well-developed
education and dissemination module. Apart from a few news-paper
articles, several papers for a broad public were written (Baas et al,
2009; Kooijman, in press; Kooijman et al., 2009; van Leeuwen, 2007).
The summary of DEB concepts (a document on the DEB-site) is meant
for a fast introduction to the DEB book that is used in the DEB courses.
We had 15 PhD graduations during the AquaDEB project (2007: Sousa,
Ombolt, Cardoso; 2008: Eichinger, Flye Sainte-Marie, Pecquerie, Bodi-
guel; 2009: Omta, Campos, van Voorn, Bruggeman, Stiefs, Grangeré,
Rico-Villa, Thomas; 2010: Baas, Bernard, Bontje; 2011: Freitas) in
which DEB theory played an important role. Some other 15 will com-
plete their thesis within the next 3years. Five post-doctoral re-
searchers also participated actively to AquaDEB (2008: Laugen; 2009:
Campeas, Eichinger; 2010: Flye Sainte-Marie; 2011: Pethybridge).
This illustrates the dynamics of the research group and the wide
scope of applied and theoretical aspects. The bi-annual DEB tele-
courses play an important role in networking, especially because the
2009 (Brest) and 2011 (Lisbon) editions where linked with a practical
part of the course and a symposium; in view of the success these ele-
ments will be further developed (Texel 2013, Marseille 2015, Bergen
2017).

4. Further developments

In view of the rapid buildup of the parameter collection for a wide
variety of species, the analysis of patterns in parameter values will
start soon. Theories for ecological and evolutionary adaptations are
likely to result for those analyses and will be used to further facilitate
and improve parameter estimation. We can now already make the
important observation that will change evolutionary theories: the ob-
served allocation to reproduction, as revealed by the estimated value
of the partition coefficient K, is typically much lower than the value
that maximises reproductive output (Lika et al., this volume-b);
the difference is so big that details of how the latter should be quan-
tified exactly hardly matter. The availability of reliable parameter
values will boost practical applications, such as the optimisation of
bio-production (e.g. aquaculture, Omholt, 2007) and of harvesting
(fisheries, forestry). It is basic to the solution of reconstruction

problems, such as growth trajectories, which can be used to access
food selection under field conditions.

We already started the analysis of two-reserve systems to under-
stand food selection, in an attempt to link up the geometric frame-
work for nutrition (Kearney et al., 2010) and behavioural ecology.
We played with social and syntrophic interactions on the basis of
Synthesizing Units to study effects on the maintenance of biodiversity
in ecosystem models. This maintenance is a notorious problem in
simple ecosystem models. The relationships between biodiversity
and ecosystem functioning urgently need further elucidation; we
hope to make some progress soon.

We expect to see a further merging of the toxicity modules of DEB
theory with stress ecology more generally (e.g. Flye Sainte Marie,
2008). The simultaneous analysis of multiple endpoints will become
a rule, rather than an exception, to identify the mode of action of
chemical compounds. The combination of effects with (bio)degrada-
tion and environmental fate modelling will become key for risk as-
sessment purposes. A strong effect of a chemical compound is less
of a problem if combined with a very short residence time in the en-
vironment; the degradability of compounds (e.g. Lika and Papadakis,
2009; Eichinger et al., 2010) is of more environmental relevance
than its effects, but the combination is what matters. Extrapolation
from effects of one compound to that of the other, from effects on
one species to other species of organism, and from effects on individ-
uals to that on populations and ecosystems will need to be integrated
with effect-fate studies.

Although a large amount of work has been done since the start
of DEB theory in August 1979, the development and application of
DEB theory is still in an early stage. Applying the theory has a rather
long learning curve, extending it even longer. We believe that the ac-
cumulation of promising results will stimulate an increasing number
of research workers to make this effort an investment.
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