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1- Introduction: the founder of DEB theory

Have you ever wandered through a forest and wondered about the amazing diversity of
life? It iswhat biologists do for aliving. But there is not just one way to look at life. For
one thing you could study the way organisms manage their energy. Thisis what Dynamic
Energy Budget (DEB) theory does. This essay tells you all about the usefulness of this
theory, and its basic structure. But before we go into this, let uslook at the person that
drew up the theory: Bas Kooijman, professor of theoretical biology at the Vrije
Universiteit Amsterdam. This may help usto develop an insight into the world of
energetics. If your interest islimited to the theory alone, please proceed to chapter 2.

The diversity of lifeisindeed well known to professor Kooijman. His active
interest has made him compile an extensive archive of animal photography taken from
books and magazines. But hisinterest is not limited to animals aone. His eyes sparkle as
he tells me about his trips into the woods and even rainforests to photograph both plants
and (with the help of hisoptical instruments) microorganisms. With his pictures, he
would like to compensate for the bias towards human interests that dominate picturesin
magazines. He makes the point that any brown plant isalot less likely to appear in a
magazine than a colourful plant. To the camera of professor Kooijman, colour does not
matter. | imagine that walking through aforest with him would make you wonder at the
diversity of life alot more often.

While all this makes for a fascinating pastime, in his professional career he
focuses on quite the opposite side of biology. Instead of examining the differences
between organisms, he triesto find similarities between them. Dynamic Energy Budget
(DEB) theory, atheory that Professor Kooijman drew up and has been working on for
about 20 years now, looks at the way in which organisms get and use their energy. It tries
to establish a mathematical framework in which the energy budgets of organisms as
diverse as zebras, beetles and bacteria can be captured.

Before asking how such athing could be done, perhapsit is nice to know how
professor Kooijman got the ideain thefirst place. Ever since his graduation he has been
working on mathematical biology. Very early on he realised that when making amodel in
biology, you should start by looking at the underlying processes that are going on instead
of just describing what you see. Thiswould later become an important starting point of
DEB theory. His early work in mathematical biology aso gave him agood background in
statistics. This was something that was not omnipresent among biologists at that time, but
very much in demand.

The knowledge of statistics came in very handy indeed in hisjob as student-
assistant. He was abl e to set up a question hour in which researchers could come to him
for advice on the use of statistics. This made him aware of alot of research that was
going on at that time, something that would also comein very handy for DEB. It was this
same knowledge of statistics that got him ajob in ecotoxicology, the branch of biology
that looks at the effects of poisons on the environment. During this work, he a one time
studied the effects of toxins on the reproductive output of water fleas. The industry was
not satisfied with the outcome of this investigation, and wanted to know whether the
reproductive output of one water fleawould really say something about the impacts of the
toxin on the environment. Thisis understandable, since they would have to spend
millions to reduce pollution for nothing if they were not! Thisiswhen professor
Kooijman realised that a more complicated model was needed if he was to understand all
the effects that a poison could have.



Thefirst approach to this problem was to step to his friends Hans Metz and Udo
Diekmann. Together they looked at how you could examine existing models for
individuals so that you can predict what a whole population of such individuals would do.
This investigation was completed, but now there were so many models for individuals
that it would take way too long to examine them all.

Therefore professor Kooijman opted for an other strategy. He would draw up a
model for energetics himself, not just for the fish but for as many life forms as he could
include. He would always keep in mind that it should include only the bare necessities,
but then ALL the bare necessities. This would be needed to make the model both
manageable and meaningful at the same time. This became the starting point of DEB
theory. Over twenty years of work by him and his colleagues, DEB theory has grown to
include arich diversity of life. Professor Kooijman still describes DEB as atheory in
devel opment, athough the basic framework has been laid down. Aswe will see, DEB has
come along way since its outset.



2- What is DEB theory and what are its goals?

So, DEB theory tell s us ssmething about organisms and haw they use their energy. This
can gve usinformation about several things. For example energy upake can tell us abou
the foodand nurient requirements organisms have. Also throughlooking at how the
energy is distributed over the body,we can say something abou the growth of the
organism and the reproductive adivity. Thisinformation can be gplied in severa
situations.

We have dready had abrief glance & one gplicdion: investigations into the
amount of atoxic substance that can be tolerated. This can be studied with an energy
model because toxins often dsturb the way energy is used in an arganism. But there ae
more uses for such amodel. Nature preserving aganisations often want to knov abou
popuations of organisms, and predict their behaviour in the future so that nature reserves
can be kept in opgimal shape. A popuation d a cetain spedesis nathing more than a
coupe of individuals living together. Therefore knowing about the energy needs of an
individual will tell youalot abou the needs of apopdation. Basicdly, if you study an
organism, youwill very often want to knonv how it manages its energy. Energy
management is an esential part of organism’s grugge for survival.

Now that we know that it is worthwhil e to study energetics, it isimportant to
redi se that energetics can be looked at in many ways. Take for example the growth of an
organism. If you measure the growth of an organism over time, you gt a set of data. Plot
these datain agraph, andin most cases you will very easily be dleto see apattern
emerging. So youtake apencil, and youdraw aline throughthe data. In thisway youcan
quite eaily describe the growth of an arganism. Instead of a pencil, youcan also take a
mathematicd formula. If youtake aformulasuch that the graph d the formulafits the
pointswell, you rave amathematicd description d the growth of an arganism. Isthis
description wseful? Yes, it can be very useful in predicting how that organism may grow
in the future. For this reason this approad is used very often in biology. But doesit give
any uncerstanding d the way in which this organism manages its growth? Not redly. For
thisyou real adifferent approach.

The gproach DEB takesisto start by thinking about a mecdhanism in which an
organism could manage its energy. Then youtake this medanism, and seehow you can
describe it in mathematics. Onceyou have the mathematics, youlook at how it can be
applied to the organism that you are studying. Finally, youmake predictions based onthe
model, and then seewhether they fit the data that you measured. Thisisthe gproacd that
the DEB model takes. Althoughit seems rather cumbersome (drawing aline with a pencil
takes dightly lesstime), this approadh has greda advantages. In the processof modelling
many properties of the organism are included. This means that the model will be aleto
give youinformation onany properties youinclude. You haveto be areful with this
though, lecause if youinclude too many properties your model will be so complicaed
that it isvery difficult to grasp, and even more difficult to test by experiments. Therefore
the at of modellingisto make amodel which includes all the properties you need, bu no
more than that. Asyou can imagine, it isquite an intricate task. Now that we know what
the goal of DEB is, let’s sehow the DEB theory is built up.



3- How does DEB go about its task?

DEB wants to say something abou the energy that comesinto and goes out of an
organism. To say something abou this energy flow, it is handyto pu very roughlimits
on hav much energy comesin and how much goes out. Looking at the ratio between the
surface aea and the volume of an arganism can set these limits. Why surface aea and
volume? Wdl, al the food (energy) that is avail able to an organism must be taken up.
This means that it must be transported into the organism over a certain surface area(in
humans, this surface aeawould be represented by the intestine, the cntent of whichis
therefore technicdly outside our body!). The use of energy takes placein every cdl of the
body.Cells are not boundto a surface aeg the number of cell s depends on the volume of
the organism.

When an organism gets larger, bah its surface area ad its volume increase.
However, the surface aeaincreases much slower than the volume. Thereforethereisa
limit to the size an arganism can reach, because & a certain pant toolittl e energy will be
able to comein ower the surfaceto keeo al the cdlsrunnng.

So nowv we can at least say something abou the anourt of energy that comesin,
based orly onthe surface aea and the volume of an organism. The next stepisto find ou
how this energy is distributed over the different processes that take placein the organism.

What if we had to think of away in which to model the energy dstributionin a
system? What starting pants can we think of ? In modelli ng, an arganism is often
asumed to bein stealy state. This means that compound and energy flow throughit, bu
the organism does not change its overall composition. Of course organisms changein the
longrun, bu this changeis % much slower than the speed at which energy flows that it
hardly has any effed. So we have to model aflow of energy. A flow hasto start
somewhere, so we have to have inpu. In an organism, thisis quite eay to find: itsfood.
Now the next step. What doesit dowith itsfood? Firgt, it hasto be digested. This means
that some of it will be dsorbed into the organism, but some will also beindigestible.
Thiswill go ou asfaecs.

Now it beaomes interesting. How does the organism use the digested food? Well
the organism hasto grow, it hasto reproduce and it hasto use some for upkeep. All these
things need to be paid for with energy. So we can take the flow of foodand dstribute it
diredly over these expenses. Thisis what many models do. But if thisis ©, hav do
animals cope in times of low food avail abilit y? Do they die because for example they
donit ea during hibernation? They usually live on afterwards don’t they? How can we
explain that? DEB theory explains this by introducing a step in between the absorption o
the foodand the adual all ocation d it to different processes. Theincoming energy isfirst
put into the reserves. The termindlogy may be abit misleading here. Thereserves are
meant to be cmpound which can be utili sed for energy production at any time, na
energy that is dored away and kept inactive urtil it i sredly badly needed. This
construction makes it passble to explain why organisms are so tolerant of atemporary
changein food condtions.

Okay, the energy flows into the reserves. From here it hasto be dlocated to the
different processes that take place We have drealy seen afew processes that one muld
think of to al ocate energy to. DEB theory takes the foll owing all ocations into ac@urt:
dissipating heat, structure, maturity, somatic work, maturity work and gametes. Let’'s
look at them one by ore. Dissipating heat more or less peaks for itself. Many processes
in the organism produce hed, which is disspated to the environment. The energy



alocated to structure is gent onincreasing and organising the body massof the
organism. So growth comes from this energy all ocation. The energy that goes to maturity
has diff erent destinations in juvenil es and adults. In juveniles, it isthe energy that is
invested in becoming an adult. In adult it isthe energy all ocated to reproduction. Somatic
work covers al the ast that an organism makesin keeping itself theway it is. You could
think of the aosts an aorganism has in repladng dead cell s. Maturity work is quite aspeaal
all ocaion. Within the mathematica framework, it was foundthat this all ocation was
necessary in arder to explain certain readions of organismsto changing food condtions.
Organisms san to have aso-called “degree of maturation” which indicates how much
energy has been invested in maturation alrealy. Energy is neaded to maintain this
investment, just like energy is needed to maintain the investment in structure.

We now know what comporents we have in the DEB framework of energy
distribution. The next questionis: how is energy all ocaed to eaty comporent? You can
seethis hematically in the figure below, figure 1.

Figure 1: Theway energy flowsthrough

X P an organism in the DEB model (taken
( food ) (t )
- A == from source 3)

Asyoucan seein thefigure, energy can
flow in two dredions after the reserves.
These directions are indicated bytwo black
dats. Energy flowing to the one dot can go
to structure or somatic work or heat and the
energy flow to the other dot can goto
maturity work or maturity or gametes. There
isaspedal relationship between the two dds. A fixed percentage of al the energy that is
used goesto the one dat, whil e the rest (also afixed percentage) goes to the other dat.
This means that the processes that are grouped under one dot always get the same
fradion d the total energy, and therefore only compete for that energy with each ather.

We now have abasic overview of the mechanics behind the theory. Isthis scheme
all we can say abou the organism throughDEB theory? Not at al. The mechanism we
just examined tell s abou many properties of the organism. But often it takes quite abit of
logicd deductionto get al these properties into the open. Examples of such properties
are reproductive output, life span and bodymass As the reseach advances, more and
more implicdions of the energy structure aise.

It isimportant to redise that thiswhole mnstruction dces indeed lead to pradical
predictions. For example, if you take aparticular organism and measure its massevery so
often, DEB will predict what the outcome of the experiments will be. These predictions
can be caried ou onall sorts of organisms, ranging from bacteriato zebras to even
plants. Of course, seang whether these predictions are redi stic gives agoodtest of the
theory. So far, the tests have proven pasitive.

structure maturity




4- What can we expect from DEB theory in the future?

DEB theory now gives us a solid mathematical basis for examining hov energy flows
throughan arganism. Now that the theory isthere, we can exped it to be gplied to many
pradical situations. To gve you animpresson, here are two projects that have been
worked onwithin the DEB context and that are now abou to enter society.

Using DEB theory, an investigation has been conducted which looked at sewage
cleaning readors. In these reactors baderia ae often used to clean the water. However,
thisusually resultsin an overproduction d baderia. Removing this overproductionis
very expensive andisnot very friendy onthe eavironment. Using DEB a new way of
designing the reactors has been developed to reducethe excessproduction. Right now
technicd projeds are examining the designs.

A spedal branch of DEB theory has been developed to ook at the eff ect of toxins.
It has been made into the software package “DEBtox” that can analyse results of the
standard experiments that are carried ou routinely. In thisway it provides away to look
at these data with awell though out model as badkground.The OECD (Organisation for
Econamic Co-operation and Development) the organisation that (among dher things)
determines how data @ou toxins shoud be used in gowernmental dedsion making, is
considering adding DEBtox to its analysis arsenal.

But the theory itself isnot quite finished yet either. Of course minor adaptations
are needed every timeit isused in practise. But professor Koojman isaman with a
greder vision. At the moment, different lines of reseach are going on.One of these
focuses onthe physiology d communiti es. the relationship between the organisation o
matter in the mmunity and its function. Ancther line of research looks at
endosymbiosis. Thisis atheory that describes the origin of eukaryotic cdls. It says that
an eukaryotic cdl and a bacterium can come to co-operate so closely that the baderial
cdl will inthe end ke aleto be dsorbed bythe aikaryotic cell, andlive oninsideit.

Professor Kooijman hopes that these two lines of research can come together
throughapplying DEB rules to bah these systems, and seeing hav they differ in
behaviour. The endasymbiosis research is espedally interesting, kecause of its
implicaions. The question is whether one of two arganisms, which can bah be described
by DEB, can live inside the other in such away that DEB can describe the whale (new)
organism. If thiswere possble, we would have agred tod for studying the energetics
within cdls, because cdls are largely made up ou of endosymbionts.

If it is dhown to be possbleto find arelation between DEB theory applied on
cdlsand DEB theory applied oncommuniti es, we have ancather exciting prosped. It
would gve us atheory that could say meaningful things abou systems as snall as cell
organdllesto things as large & the system earth. Now there is omething to dream abou
at night!



5- Acknowledgements

| would like to thank Professor Koaijman for his asgstancein introducing me to DEB
theory and for alowing meto interview him on the badkgroundof the theory. Withou his
help this essay had never been written!

6- Bibliography
Source 1: The web site of DEB theory contains alot of introductory information onDEB

aswell asinformation onthe latest projeds that are being carried ou. It can be foundat:
http://www.bio.vu.f/thi/deb/ .

Source 2: If youwish to knonv more éou the concepts behind DEB theory, read
“Quantitative apeds of metabalic organisation: a wnceptual introduction” by Prof.
S.A.L.M. Kooijman, June 2000.

Source 3: If you are ready for DEB theory initsfull glory, it can be foundin “Dynamic
Energy and MassBudgets in Biologicd Systems’ by Prof. SA.L.M. Koajman,
Cambridge University Press 1993,second edition 2000.



