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SUMMARY

One of the main obetacles that hampers ecotoxicologyis the poor insight into the reind: i
between physiological and population dynamics. The role of laboratory experiments, modeling,
mathematical analysis and computer eimulaticn studies is discussed in research eiming at this
reletion. Energy &and nutrient budgets of crganisms are found to be of vitsl importence. This
paper evaluates the progress that has been made in concrete efforts to work out energy and
nutrient budgets for simple freshwater plankton systems stressed by toxic chemicals with
different modes of acticn.

KEYWORDS

Energy & nutrient cycles; Individual vs population behavicur; Mede of action.

INTRODUCTION

This paper critically surveys the aims, principles and outlooks in fundamental resesrch on
ecotoxicology. It is based on seven years of experience with a multi-disciplinary program
withir the Netherlands Organization for applied sclentific Research THC {MT-THZ; in
colleboration with the Free University of Amsterdam (VUA) and, for some specific aspects, with
other scientific institutions, In particular with the Institute for Theoratical Biology 2f the
University of Leiden, the Centre for Mathematlcs and Computer Sclence in Amsterdeam en2 the
Institute for Microblology end Flantphysiology of the Univerzity of Bergen (Nuorwvaw:.

The zesezrch evaluated was financielly supported by the Minlatry of Housling, Physlical Plenning
and invironment, The Ministry of Tramsport and Public Works and Shell Internatiorsl Resesrch
B.V. The results mentioned in this paper are included ¢r will be included in more tech ly
inclized papers presented elsewhare (see references), together with thedr Full scientific
resporsibilities,

AIM

Hazerd evalustions end risk assesments of pollution events include a wide variety of ec
gocizl, medicel and environmental aspects. When put into quantitative terms, these amo
definirion of a loss function that, among other things, weights the difference between
and ptressed behaviour of ecosystems. Elements of this behaviour should include the
probability that any population considered goes extinct and the vulnerability of populezions
towards hervesting and changes in the environment that are not {completely) human-contrclled.
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Cwing to the lack of an appropriate frame of reference, risk sssesments do generally not
include these types of behavioural elements. Most are still based on LGSO values derived from
one-species toxicity teste, to which some safety factor is applied (see Kcoljman, 1587a, for
an attempt to include at least some blology in  such safety factors), During the laet decade,
mery multi-speciee toxicity tests have been developed to supplement results routinely obtained
frov one-spezles tests (gee Calrns, 1985, for an evaluation). Our aim is not toc propese new
muiti-species toxicity tests, but to contribute to the development of ecotoxicology as a part
of sclence.

In an attempt to separate the scientific part in hazard svaluations from other aspecty, we see
rether a restricted principal task for ecotoxicology, namely to give a description of the
eiiects or the expected effects of & xenobiotic Af released into the snvironment. Such a
deseription can be split quite narurally into two parte:

The first part i a deecription of the (geo)physical transport of the xenobiotic compound
through the environment and of its chemical transformations. These transformations involve
degradation processes like cxidation, photo-degradation, microbial decomposition, speciation
[-Ra

The second part is a description of the ecclogicel effects given time and space inhomogeneous
corzentrations of the xenobictic (and its metabolitea).

If we are dealing with a temporary snd local pellution event involving & mineralizing organic
pollutant, the first part seems to be the most important. In that case the environment will
eventually recover completely. If we are not desling with such a pellution event, but with one
that involves pollutants that do not mineralize and/or the pollutien is not local or
texporary, the eecond part also becores {mportant. The environment may not completely recover
in <his case, s0 one should coneider actiens to reduce possible sffects. Adequate methods are
now avaliable for the description of transportation snd transformation proceeses (nee e.g.
Thomann & Mueller, 1986). This does mot hold fer the ecological effects. Even in blank
sitsations little is known about the dynamical behaviour of ecosystems, because such knowledge
should reat on theories on population dynamics. Existing theories on population dynamics do
harcly account for properties of individuals however. They seek explanations for pepulation
dynanics at population level itself, see e.g. Emlen, 1984. This deficit is especially felt in
ecotoxicslogy because toxic agents operate on imdividuale, not on populatione directly.

There are in fact only three ecologically relevant effects on individuale, those on
survival probability, on reproduction rate and timing and on the genome. Almost all other
sublethel effects of xenobiotics however eventually show up as effects on reproduction,
due to the predervation law for energy (see further on).

Therefore present-day ecology provides tco weak a baals to suppert scotoxicology.

Our work aims at cevelepment of 2 conceptual frame-work that can accommedate the description
of ecological effects of toxic chemicals. This introduction describes some of the ideas and
principles we used and developed tc rake some steps towsrds this aim.

ECOSYSTEMS

The core of an ecosystem, be it tarrestrisl or agustic, conelsts of producers and consumers.
See Fig. 1. So there are two types of cycles, the (open} energy cycle and the (partly closed)

nutrient cycles. T
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Fig. 1. The core of ¢ ecosystem, in which there exists
an energy cycle and nutrient cycles,
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Energy is usually caught 4in as light (by plants including algae) or derived from minerals
(eee Stouthamer, 1986). It 15 stored as lipide, carbohydrates and proteins (which
partislly serve alwo as nutrient stores). Nutrlents are defined ag chemicale reguired by
the organism that {t is uneble the synthezise itmelf,

In the coneumers, the two types of cycles are rather tightly coupled (eg. 1t is possible to
Brow daphnids on algae only. These algae contain the required enezgy as well az the
nutrients). In the producers, the cycles are uncoupled, i.e. the crganisms have to obtain
energy and nutrients separstely, If one of them falls short, they cannot grow (see e.g. Droop
et al, 1982}, The decomposers, i.e, bacteris and  fungl{, have in this respect, a position
between the producers and the consumers (see Bopatta & Berendse, 1984, Bosatts & Agren, 1985,

for recent model fermulations), An ecasystem can, in principle, do without consumers but not
without producers or decomposers,

This i a somewhat idealised schematic representation of ecoeystems. In real-world
acosysteme, the microbisl decomposers ars assisted in their function of liberating
nutrients from thelr organic matrix by & wverlety of wpecies of animals that are not
speclalized to do this. There also exist different types and strengtha of linkages (eg.
corale and lichene) that are hard to clapsify into cne of the three categories,

Sc far, this view of ecoeystems i widely accepted among ecolegists. Disagreement comes to the
surface when the factors are considered that actuslly control the rate of processes within
cycles. Attention has concentrated too much on the consumers, which consist of a bewildering
variety of species feeding on producers, decomposers and on each other. Although the abundance
of consumers is limited by their food supply, the limitation may be operative only during a
short period of the year or life-span of the organism. This is due to fluctuations in food
pupply, induced by fluctuations of chemical and phyeical controle of the system. Spatial
inhemogerities of organiss numbere and food availebility, likewise, complicate the analysis of
population dynamics enornously. All habitats are patchy and organisms migrate from one patch
to another. Although ecosystems as & whole are stable {i.e. develop slowly), patches
themselves caen be highly unstable.

In view of the emphasis on the analysis of stability in models for population dynamics, a
principle in present-day model building seems to be that & model is only an rcceptable
medel Lif it is stable, This assumption is not blologically sccurate.

Many ecologicsl textbooks present a rather static view of ecosyetems. The SYEtemy are assumed
to have & conetant mean composition, the so-called structure, arcund which there is some
varistion (which might be considerable). This leads to a concept of ecosyetem function based
on rates of processes. If we conceive of ecoxystems in a more dynamic way, by emphasizing
continuous structyre change, the function {s more difficult to define because {t {& tightly
linked to the dynamics of the structure. If function gtands for a lumped variable like total
cxygen production or corsumption, the frequently cited statement that structure 1s more
sensitive to pollution than function is self-evident.
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STRATEGY

The basic philowophy behind cur research le schematically given in table 1.
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1.1 Blank situation
- Give descriptions of budgets for x x
individuale (energy, nutrient).
- Derive properties of populstion x x x
dynamice Iin esimple environments.
- Simplify the modele by stripping | T 4
the details.
. Integrate modeles Iinto models for x x
ecosystems (competition, predation)
1.2 Streseed situstion
- Identify mode of actien. x x
- Describe effects guantitatively at x X
the level of the individual.
- Evaluate effects on pop. dynamics. X x x
- Evaluate effects on ecosystems. X x

2. Translent states

- Adaptetion & selection for resistance,
- Recolonisation by migratien.

Although the transient wtates of adaptation and selection for resistance towards the
xencbiotic and of recovery by immigraticn frem unpolluted mreas are crucial for
ecotoxicology, thelr significance will not be understood as long es we do not urderstand the
stationary states. Therefore we decided first to consider stationsry states, in which the
xenobiotic has a constant concentration in time and space, such that the population does not
become extinct within a few pgenerstions (i.e. thé xenoblotic is sublethal for the
poFulaticn). We also chose to start with very woimple environments to lccallze the more
pereistent problems in the analysis of population dynamics,

The sim of the project ie to produce models that have parameters that can be interpreted
physiologically. This is important because the xenoblotic changes the physiology of the
orgenisms. Thie chenge shows up as e change in one or more parameters of the model that
descrides the physlology of the individual din the blank situation. (This sassumpticn is
Justified because we are considering stationary situatdions. In tranelent states we need
additional state variables like the tissue concentration of the toxicent to model
accumulation and effects. It has been shown in Zonneveld & Kool jman (1987) that the effects
of light regime and paraeites on the energy budget of the host could also be described as an
effect on parameters. This circumstance greatly simplifies the evaluation of the ecoiogical
implicstions of changes in energy budgets.) Because the parameters of the model thet describe
the populstion dynamice are functions of the dndividual-model, the effect of the xenctiotic
can be resdily evaluated at the level of the population, given its effects on individusis.

It iw important to realize that, from a mathematical point of view, the individual-model
completely specifies the population dynamics and the wet of models that do so for each
species pregent in the ecosystem completely specifies the behaviour of the eccsystem.
Therefore due attention has been given to individual-models. 50, given the se:t of individual-
models, we in fact have an ecosyetem-model as well, The problem lies in extracting useful
information from such a model. The methodology behind it is the kernel of the present project
and will be discuseed at several places below.



Poputiion dynamics

The mathematice that ie involved in relating the individualemodel to the population level are
inadequate to meet the needs of ecologists. Not only are there no ready-to-use results
evallable, but the frame-work within which wuch results have to be found ig completely
lacking. Because mathematical analysis 13 vital in  this respect, we encpuraged
rathematicians to develop such a frame-work and to get ecientiats with wimilar needs
involved. As & result an intensive cooperstion was developed with institutes din several
countries and a book was written that presents the state of the art (Metz &k Diekmann, 1986).
We developed computer software to simulate populaticn dynamice in order to study phenomena at
population level. We do not see this type of study aes an slternative for mathematical
snalysie, but as a useful additional source of information, An  important reason 4is that in
computer simulation studies it is herd to determine to what extent the results depend on the
specific features of the model and on the values of the parameters that have been chosen.
Mathematicisne usually keep their snalyses as qualitative ag possible and limit reliance on
specific model formulations. We alae stirulated research on metheds to improve the sfficiency
of algorithms for the simulstion of populaticn dynamics. As & result, de Roos (University of
Leiden, see ®#.g. de Roos, 1987) is now working on these methods, in the general case that the
individual-model is not yet specified.

After developing wuseful characterizations of pepulation dynamice, our etrategy is that one
should firet strip detaile etepwise from the population-models, before integrating them into
¢ model for ecosystem dynamics. Models with more than, say, ten parameters rarely contribute
ruch to our understanding of the dynamics at a higher level of integration and therefore have
little predictive power. The setripping 18 not expected to be uniquely defined. One should do
it in different ways for different purposes. It would be unwise to produce the stripped
version ag an initisl modelling exercise because in that case it will not be obvious how the
parameters relate te the individusl level (preclsely for this resson existing population
dynamical theoriee are of little help) and it will not be obvious how to relate different
stripped models, which might all have their own relevance.

We recognize that it is useless to wonder whether a model is right or wrong, because in the
end all models are wrong. One should wonder {f a model is useful or not. Because the problems
in ecotoxicology are often more concrete than in ecology, ecotoxicology can have guite sn
impact on ecology. Another argument not to model population dynamics directly 4is that it
tends to be much more erratic than the phyeiclogical behaviour of individuale. This
complicates the choice of appropriate aspumptions &t this Jlevel. The process of atepwise
stripping of details is related to the concept of the hierarchical structure of ecosystems, &8
has been discussed recently by O'Neill et al (1986). We think however that one should work top
down as well as bottom up in order to understand ecosystem dynamice.

Apert from the fact that hazard evaluations inevitably depend on model formulations, the
attempt to build models in combination with an experimental program has ehown to be a very
powerful combination. These atrempts not only have a strong organizing effect on the type of
experimente to be done, but they alec reveal that experimental findings can be interpretec in
other ways. (Oxygen consumptiion rate, for instance, is uvsually interpreted as a measure of
routine metabolic rate. Cn the basis of the model formulations it appeared however that
energy expenditure on growth might not be negligible.) This i possible becsuse the mbstract
concepts we have in mind rarely allow for direct messurement, These two aspects of mcdel
building are perhaps the most wuseful to science. We also had the expariemce that medel
building ¢an be valuable for mathemetics. Some of the mathematical analysee developed so far
proved to be less general thun taey were held to ne before the mndell@ng effort. <., .o

2 stimtarine effect towards mal-nematics in choosing proper topologies and in generaciny new
coliections of mathematicsl problems. In this respect, there is two-wey rather than one-way
traffic. (Msthematiciane Invelved in the eollsberation do not see themselves a8 servants of
sclence.)

We recognize that this research strategy is very ambitious and that important ProRress may
only be expected in the long term. We do beileve that ecology needs & stronger foundation
that has to be found in what is called physiological ecology (rather than in preseing further
on unstructured populations, see e.g. Ginzburg, 1986). The idea is not o model ecogysten
dynamice 4n detail, becsuse it Involves tco many facters, but to evaluate as detailed as
possible what might be expected on the basis of first principles and exploiting all the
constrainte wmet by chemistry end physics on ecosystem dynamice. In comparing actual with
expected behaviour, we will come to appreciste the {mmense varlety of subtle relations nature
reluctantly reveals. We do not think that {t is very helpful to start with these relations in
sttempte to understand ecosystem dynamics, because this will only lead to the conclusion that
ecosystems are 80 complex that they cannot be underatood.

SWST 1%:11-C
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EXPERIMENTAL BASIS

In order to develop concepts that are useful to characterize xenobiotically fnduced changes
in the dynamice of &an ecosystem, we selected, me & stert, the fresh water pelagic habitat to
etudy in more detail. The reasons were thut hera temporal nnd apatial fluctuations are
relacively less pronounced, and that this type of habitat 4s relatively eany to mimic in the
laboratory., Test specics were selected on the basis of various criteris., It must be easy to
culture them in stress-free conditions during the whole life cycle, the generation time
should not be too long, because this complicates population dynamical studies, nor too short,
because Lhis goes with small body gize, which impedes observations at the individusl lavel.
Lastly they must be representative and toxicity data concerning them must be available. The
OECD guidelines for testing the aquatic toxicity of compounds prescribe the green nlgae
Selenmstrum ceoricornutum and Scenedesmus wubspicatue, the micro-crustacesn Paphnia mngaa,
and one or more fish species (OECD, 1981},
Partly dinspired by the work of Slobodkin (1962) and the extenuive experience accumulated
within TND {see TRC, 1980}, we selected the waterflea Da agna as the main zooplankton
test organism. (It matures in 7 daye and has &n expected lifec span of some 60 days at
20 L. Because Loy £ize 1E 2 key factor that is closely linked with a wide variety of
Physiological variables, we also chose the smaller daphnid Geriodaphnia reticulata (whose
meximum body length is 1 mm &s opposed to 5.5 mm for Daphnis magna}. Although this species
has been proposed 28 a test animal in toxicity testing, much less toxicological informaticon
ie available &s compared to Daphnia magna (Norberg & Mcunt, 1985). Various species of algae
were selected, viz. the green algse Chlorells pyrenoidoss (the usual food specier of home-
bred daphnids, see DECD, 1981), Selensstrum capricornutum and Scenedesmus subspicatus (the
standsrd species used in toxicity tests with algae, see GECD, 19B4}, Chla 89 reinhardid
(which i readily used in studies with synchronous cultureg, se¢ Lien & Knuteen, 1574), and
the cyanobacterium Microgystis meruginosa (which, unlike the green algae, is not eaten by
dephnide). Although being a pest in Holland, thes latter species has been found to be very
sensitive to most chemicals (Slooff & Canton, 1983)., No sttempt was made to identify the
other bacterial specles which happen to live in and on daphnids and in thelr envircnment.
(Daphnids, like slmost all other animals require a healthy gut flora to digest the cellulose
of the cell wells of the algae. One of the hard sxperimental probleme has baen to determine
the nutritional value of the bacteria in the water for the daphnide.)
The following xenoblo:ic compounds were used to perturbate the physiclogical specifications
of the Individusle : cadmium chloride, potassium dichromste, sodium metavanadate, 3,4-
ichleroaniline, 2,4-dinitrophensl snd tetrapropylenebenzenesulphonate (TPBS).{The use of the
word perturbate acknowledges thet ecotoxicology should lead to better ecological ineight
besides providing & basie for hazard evaluations.) These xanobiotics were selected bacause of
their different modes of action. Cadmium 4is one of the most studied heavy metals in
ecotoxicology, and & brosd range of effects have been described. These include effects on
energy metabelism gnd on membrane functions (Glesy et &l 1983, Ahlers & Rosick, 1586)
Chrozate {6 well known for its muctagenic activity (Plora et al, 1984). 1In algae it xffects
the population growrh rate (Xooijman et al, 1983) and in daphnide the survival prebability
(Kooliman, 1985). Venadium intermcts with DNA (Sabbioni et al, 1983), and it has been shown
to  affect routine metabolism and reproduction 4n daphnide (Kocoi jman, 1985). The
ecotoxicolegical effects of 3,4-dichloroaniline have been studied extensively by TNO (Adema &
Vink, 1981, Adema et al, 1583, Kooftman & Vink, 1980, Kuiper ¢ Hanstvelt, 1984). It reacte
with organic materiel, especially with that containing amino groupe (Still & Herrett, 1976)
and sifects reproduction in daphnids (Kocd jman, 1985). 'In mesocosms, this chemical has been
found to be less ctoxic than could be expected on the basis of single wspeciees tests. 2,4-
Dinitrophencl is  the classical wuncoupler of oxidative phosphorylation and 4inhibits
protosystem I in chlcroplasts {(Corbett, 1§74). TPBS dis a detergent which affects cell
membranes unepecifically (e.g. fish gills, Abel, 1974). Its naximum non-effective
concentration has been found to be almeost the same for a wide range of test species (Adems et
el, 1983).
For the purpese of formulation and testing of assumptions of the dindividual-model and for
determining the mode of action of the compounds, most experiments have been done with
individuals as oppoeed to populstions. The type of measurements we made on individual
daphnids were: ingestion rate, gut residence time, oxygen consumption rates, length increase,
reproduction rate end timing and, for cohgrts, survival probability. Modifying experimentally
controlled variables were temperature (20°C as a standard), food density and concentration of
texic compound. (Food density has proved to be & key factor determining all the variables
messured.) For cohorts of algee whose cell cycles had been synchronized (see Norland et al,
1676 and Lien & Knuteen, 1979), we messured cellular volume incresse, onset of cell and
nucleus division (with & technique deecribed in Porter and Feig, 1980), chlorophyll content,
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aumber of daughter cells (Chiamydomonas does not ususlly divide into more than two daughter
cells), and mortality (with a technigue described in Crippen & Perrier, 1974). The
synchronization is obtained by &4 light-dark regime under eptimal conditions of nutrient,
light intensity and temperature. Here the chemical compoaition of the media rather than the
food density was a modifying variable.

Because experiments with animal populations are very leboricus, while their results tend to
be rather erratic, oatudies of effects of xenobiotics on zooplankton populations are
relatively scerce. TFor examples of such studies see Halbtach et al (1983), Kersting (1984),
van Lleeuwen et al (1985, 1986, 1987). Studies of pollutant effects on freshwater plankton
communitles are, on the contrary, rsther common, &5 exemplified by the work of Woltering
(1983). Up until now, however they have brought little quantitat ve insight into the longterm
effects of pellutants on ecosystems (Steel, 1979). The type of meagurements on populations of
daphnide we did were total numbers, length frequency distributions (by means of an automatic
image analyse) and procduction of  ephippial eggs. The modifying wvariables were
concentration of toxic cempound and food supply rate rather than food density (which ia
controlled by the populstion itself),

In contraet with zooplankton, studies of effects on populaticne of algae are mores common (wes
€.g. Kocljman et al, 1983) than on individuals. We used batch as well as continuous cultures
te investigate phenomena thst are relevant for the population dynamice of the algae. The
cultures were limited by nitrate or phosphate (Hhee, 1950). The effects on cell numbers, cell
size distribution, morctality and nutrient utilizationnave bteen studied in relation to growth
rate and yleld.

INDIVIDUAL-MODEL

The basic strategy we followed for the development of an individual-model was to produce &

collection of assumptions, pertly based on ideas about physical mechenisme, partly on Occams

razor {everything iw extremely simple unless 1t proves to be more complex) and partly on
empirical data (in this order of preference), that specifies the individual-model completely.

These assumptions were subsequently tested against experimental results, which are also used

to estimate the parameter values of the model (see Kooliman, 1986a). We avoided aspsumptions

concerning processes such as energy partition that are difficult to test experimentally. We
preferred to exploit the black box eppreach in euch cases,

If the sssumptions proved to be far from experimental reality or if the assumptions gave rise

to toco complex & model, they were adiusted. Minor deviations from agsumptions were accepted.

After all, assumptions, like models, necesparily are i{deslizations that should not be pushed

to  the extreme, Assumptione can be comeidered as the smallest possible sub-models. We in

fact consider the list of assumptione tc be a summary of what can be called *scientific
insight” into a problem. In multi-diseiplinary research thie is a key-atone in communication.

So the formetion of a list of assumptions has two main inpits: experimentsl findings and

mode! bullding. )

The principies we used in mcdel building were ({in crder of importance):

- The mocel should have a sound system theoretical founcation, that {s, it should clearly
specify the state verisbles end it must be corpatible with preservation laws of mass and
energy. {We shall call this type of model 'budrets' . although budgets given in the
ecological literature are ususlly of the static type, rather than the dynamic type
consldered hare.)

- It should have parameters with well defined dimensions, nce with dimensions depending on
paraneter vealues themrelves (like for Instance in allometric functions).

« It should be accurate enough to allow for experimentel testing. but not too specific for
the organisms involved because there are thousands of gpecies In an  ecosystem and if we
have to medel them all, we will never understand ATy eCDSysiem.

- It should be detailed enough to differentiate between C:ifferent modes of action of a
xenobiotic, but not so devailed thar 1t hampers studles st the population level.

The concept of state variables is very impertsnt. The velue of the state variables, together

with the equations describing their changes and the input te the system, completely specify

the psth the system will follow, Besides parsmeters, the egustions only contain the state
variables and environments! inputs. The system is here the individual opersting in its
environmest.

We found it ueeful to build the individual-model for cne species first and then to generalize

(by elininating some specific sssumptions) to other species. This guarantees that the model

ls consistent s8nc has at least a minimel relevance (in case one should have to build other

types of modeles for other species). It proved to be quite ilie to generalize and extend
the model to other species and situations (see Kociiman i ,o,d}, but whether this also
holds for the population level and for ecosystem level is still an open question because
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mirnor deviations at individual level might show up as large deviations at the ecosystem
level, so requiring independent teesting.(If the higher levelas of organization are not robust
with respect to small devistions at low levels, it is hard to see any useful persective for
ecology and so for ecotoxicology.)

HModel building as described here 4o more than & technical exercise that a bioleogist could
leave to a specislist. The way a model ism built by making cholces with respect to the degree
of accuracy and the amount of detail, {s tightly linked with the research strategy and
invelves mubjective elements, which can be called "scientific intuition®.

BUDGETS

An unifying spproach to model the physiological behaviour of organisms is to consider the way
in which they use nutrients and energy for production processes. (See Stanier et al,1%85, for
an introduction to cel} energetics.) For thie purpese we have chosen the state variables age,
because for ressons that are not well understood, all multicellular organisme suffer from an
tging process, wirze, because size appears to be the principel factor in input/output
relations, and storage, because organisms tend to regulate their internal environment as
independently as possible from their surroundings and so smooth out fluctuations.

The concept of storage ar a way to integrate recent food histery turns out to be unifying
between different attemps to model microblal pepulations (esee Kooljman, 1986a), it i3 & key-
concept In relating physiological behaviour of widely different species of animal (esee
Kool jman, 1986b,¢,d), and it c¢en resolve some preblems  in the mathematical snalysis of
popuiation dynamice without storage (see Thieme, 1986). At the pepulation level the main
function is to delay and reduce the resction of predator populatione to fluctuations in prey
populations. Since relative storsge capacity tende to 4increase with body slze of & species,
end top-carnivores in food webs tend to have the larger body sizes, the significance of
storage generally depends on the positien in the food web a2z a general rule. Literature on
bacteris ( Parnas & Cohen, 1976, and Dawes, 1985) and algae (Collos, 1986) indicate however
that the wstorage concept is aleo essential to understand the ecological functions of
microbes. The introduction of the storage concept represents a further step in modeling
individusls with respect to the model given In Kooljmsn & Metz (1984). This model has been
primarily designed for situations of constant food density. The models are identical if one
reduces the maximum storsge capacity to zero. Although the model with storage has ons state
variable more, 4t has less parameters because some parameters in the model without storage
could be written as functions of the parameters in the model with storage. This ie quite
rematrkable, because the introduction of new gtate vaciables generally increases the number of
parametere,

Algae & bacteria

A simplified diagram for the uptake and use of nutrients and energy is given in Fig.2. (See
Pawes, 1986, and Gayford, 1986, for an introduction to micrebial energetics.} If only one
ind of nutrient or only energy is rate limiting, and if uptake is proportional to cell
volume (ae opposed to surface area as has been sesuzed for animals and which might be Just as
resgonable for microbes), then the storage dynamice follow a simple firet order differential
equation and population dynamics only depend on the sum of the cell sizes and the sum of the
storages and not on size and storage frequency distributions. In this case, the dynamics of
structured populatione 41s reduced to that of an unstructured one. Thie simplifies relations
between the {ndividual and the populacion level, but might complicate the relation between
the individugl level and lower levels because many biochemical reactions are coupled to
membrane surfaces, At constant psubstrate (i.e. food) densities, cells should then grow
exponentially. The litersture on experimental results is rather divided in this respect.
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Fig. 2. Simplified diagram for the uptake and use of
nutrients and energy in micro-organisms.
Divielon 1s assumed to occur after the
attainment of a certain size.
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From this model it follows that din nutrient limited batch cultureg, {.e. cultures with a
fixed totsl amount of nutrient in the medium plus cells, blomass approaches its yield value
approximately logistically after an exponential growth phase, which has been frequently
observed in experiments, 1In principle, it is peseible to disentangle the uptake and the
storage use rstes from this type of population growth curve . This cpens the poseibility to
trace the effects of toxic chemicale in more detail. Van der Waal (MT-TNO) has been testing
the eapplicability of the idesa and will compere the results with those of synchronous
cultures, 4.e. cultures in whnich the cell cycles have been synchronised by means of an
appropriate light and dark regime.

A principal problem in modeling the decomposition process is the wide range of mineralization
rates amonget the different components of the non-living biclogical material snd the changes
in physiological characteristics of bacteris during the subsequent stages of the
decompoeition process {see Carpenter, 1981, for some model formulatione), Results of van
Verseveld and Stouthamer (VUA) on oxygen coneumption rates in energy limited recycling
fermentcrs indicate that energy budgets at high and low input levels differ qualitatively
(eee e.g. van Verseveld et sl , 1586), This phenomenon, the cell cycle dependence of the
budgets and the 1links between energy and nutrient cycles will be subjecte for further
research in the centext of the present study by Evers (MT-TNG/VUA) because these processes
qualitatively determine the dynamice of ecosystems.



A A A .

30 SO A L M. KOOURNAN e wf

Animaly

RATES

RATES
ingestion
defecaticn
assimilation
mobilization
demobilization
utilization
reproduction
Erowth
mzintenance

W~y B e

SYMBOLS
- energy flow

’ - tnformation flow

\
~

~

decision value
heat loss rate

-0

O setate variable
fard

gource or sink

Fig. 3. Simplified diegram for the uptake and use of energy
in femele animals. Three size stages are assumed:
egg, which takes no feod, juvenile, which does not
reproduce &nd adult, which does reproduce,

Because energy and nutrient budgets in practice are tightly linked in animals, the approach
has been to restrict the wtudy to energy budgets, assuming that nutrients are not rate-
limiting. A simplified diagram £or uptake and use is given in Fig. 3. (For a general
introduction to animel energetice, see Brafield & Llewellyn, 19682.) The relaxation times of
the etate variables gut and blood are assumed to be small with respect to storage. As o first
approximaticn these varlables were dieregarded.

The assumptions from which the equations for the change in  the state variables wize and
Btorage nac been derived hove oven tested experimentally with the waterflea Daphnis magna
(work by Me de Ruiter, Me Kauffman and Evers, M7-TNO. See Kooijman, 1986a, Evers & Kool jman,
1987). The assumption that sgge do not eat but otherwise use energy 4in the same wiLy &8
Juveniles do, was used to predict egg development. The prediction was tested by data on
mnails, fieh and birds from the literature {see Zonmeveld & Kool jman, 1987, Kood jman, 1986bL).
Por this purpose and for the comparison of paramerer wvalues, the model has been extendsd to
include endothermic animale, i.e. animals that use 2 considerable amount of energy for the
purpose of heating the body.

A rather epecific feature of the model ls that if and only if food density is constant or
high, growth is of the von Bertalanffy type (l.e. growikh eguals a weighted difference between
2 surface arez and & volume)., To examine the generelity of this appumption the litersture was
studied extepnsively to evaluate goodness of fit and to compare parameter values with
predictions based on body size wscaling relations. Although widely different spacies have been
included, the fitr has been found to be guite satisfactory (see Kool jman 1966d). Basides size,
temperature proved to be the principal factor that determines the parameter values in the
Arzhenius type of way (i.e. the logarithm of a rate depends linearly on the inverse of the
ebsolute temperature. See e.g. Glasstone et al, 1541). This leaves species diversity as only
a relatively minor fasctor.

Since maximum attainable eize can be expressed as a compound parameter in this model, there
existe & systematic relation between the maximum size g particular species can attain and
parameter values,which can be based mainly on reascns oo consistency.The body size scaling of
scme twenty physiologlical varisbles that can be written es functions of the parameters of the
model were correctly predicted in this way (see Kooijman, 1986c). This indicates that the
global features of the model have a rather general applicability. An interesting coneeguence
of the wecaling relations, which tie all paraceters to the maximum sirze, le¢ that in modeling
food webs, we only have to desl with one parameter per species. So, as a first approximatieon,
the body size distribution of the species involved contains sufficient information.
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Possibilities are considered (by Doucet, VUA) toc model (hormonal) control systems of energy
reserves in more detall and relate this to experimental resulte and to the present non-
detailed model. A very sppropriste subject for this purpose is the freshwatesr pond snail
Lymnaes stagnalie, because & lot of relevant physiological results has already been obtained
by the research group of Joosse (VUA). (Experimental results confirm soc far the applicability
of the model to Lymnaes, see Zonneveld & Kooijman, 1987, VUA,.)

The aging procese is neatly described by the Weibull distributicn (see e.g. Cox & Oakes,
1984) for life times 4in Daphnis and Lymnaes (s#e Slob & Janse, 1986). The time parameter
appears tc depend on the temperature in the same way a8 hae been found for the other razte
parameters. The non-rate parameters do not eeem to depend on temperature. (The ultimate size
for dinmtance proves to be proportional to a quotient of two rate parameters, This size
nevertheless s®eemsz to be independent of temperature, which followas from the mechaniser
mentioned)}. Thie indicates that, at leaet within one species, the temperature primarily
operated on the time-axis only. Some coupling was Ffound between the aging process and the
food Input level, but the gualitative and guantlitative nature is not yet sufficiently known
to be modeled adequately. Possibilities are considered {by Janse, VUA) to astudy the aging

process and its links with the input level in Lymnaes and to relate the survival probabilicy
te changes in particular cells of the nervaus eystem,

TOXIC EFFECTS

From routine toxicity experiments with daphnide, repreduction is known to be a very sensitive
sublethal parameter. At low concentrations with respect to the chronic LCSC, the number of
young generally tends to exceed the number in the blank, rather than the oppoeite wey around,
This seems to be almoet independent from the chemical nature of the toxic compound. The
interpretation of this result is far from obvipus however. If food density Ls less than very
high (in standard toxicity teste food density is usuelly wvery high), thie etimulation of
reproduction does not otcur. For the time being, our interpretation is that high food
densities give rise to secondary stress, depending on the state of the algal cultures tha:
serve 85 food, by the production of polysaccharides by the algae or by the stimulstion of
growth of bacteris on the elevated concentration of dissoclved crganic carbon in the weter
affecting the health of the daphnids. (See Schoenberg, 1985, for & discussion of effects of
high focd levels and Halbach & Halbach-Keup, 1974, for allelochemical effecte of Chlorella on
Brachionue. These considerations show the importance of cultures being stress free.) The toxic
substance then suppresses this secondary stress by affecting the algae andfor bacteris
sublethally.

An appropriate way to rmodel edverse effects of toxic chemicals on reproduction exclusively is
to introduce &n egg-survival probability being less then one { or at least less than that in
the blank}. 1In this wey we can create an energy sink at the right place in the budget model.
If the effect Ly e.g. an increase in the parsmeter wvalue for the routine metaboliem, e.g.
because the animal requires energy tc fight off sdverse effects, the reproduction rate will
aleo decrease (due to the preservation law for energy) and the animal will remain smaller.
Although effects on routine metabolism are guite likely, size messured as (cubed) leng:h
proves not to be & very sensitive parameter however. This means that the animsl reacts, within
the medel, by chennelling more energy into the maintenance process, and go decreasing the
energy invested {nto the reproducticn process. In this way different modes of action of the
texic compound result in roughly similar, or even exactly identical changes in the physiology
as relevant for pepulaticn dynamics {(for microbial populations one requires almost neoipe-free
dats to detect differences 4in mode of action at populatfon level, see Kooijman et al, 1§83 )
So e lot of informetien about the exact mode of actien of the toxic compound is lost at higher
levels of organizetion. This is quite an encouraging cbservation, because st detailed
biochemical level nc twe toxic chemicals have exactly the same mode of action (which hsppen
elso to deperd on the concentration and exposition time), and there are thousands of chesmicals
reguiring urgent consideration.

POPULATION DYNAMIGS

As mathematical &anelysis does not yet seem feasitle for pepulation dyrnamics on the basis of
more or less reslistic individual-models ({see Thieme, 1986 , Dielann et al, 1984, apd Me:z &
Diekmann, 1986 for evaluations of some basic problems), computer simulation runs have been used
te study charecteristics of population dynamics. The remarks below refer to preliminary
results (see XKooijman et al, 1987), with straightforward (and se rather inefficient) methods.
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One species populations

From one-specier population dynamice, many salient features can be deduced, which are of
importance for the behaviour of ecokystems, where food input is independent of population
size. At conetant food supply and without predation effects, the simulated population
fluctustes strongly, due to & eynchronization of life-cycles of individuals. The
synchronization of sizes i# due to smali individuals having the advantage in their scope for
growth over large ones. The synchronizetion of ages is due to the new generation outcempeting
the old one shortly after reaching the adult size, at which all individuals start to reproduce
simultaneously (due to the synchronization of sizes). The rate of growth and therefore the
generation time is primarily determined by thinning of the population due to agirg which
leaves more food per remaining individual. (Thie makes one wonder which properties of models
at individual level actually determine population dynamice. A lot of information eeems to get
lost, but which and under which circums:ances?) The timing of the reproduction prevente
overlap of generations. Apart from the model structure this 1 & consequence of the model
being determinietic. Young within one brood are identical copies of each other.

In Daphnis the reproduction cycle ie coupled to the moulting cycle. The mother
accumulates energy invested in repreduction during the dintermoult period and converts it
into eggs xt the end of this periocd. It {s possible to fill a bottle with water, add scme
algae and daphnids, close it and cbeerve the population of daphnids for some two years if
cne places the bottle in e window. In experiments like this, there is some synchronization
of sizes, and the population is fluctuating rather then constant, but not as extrenely an
predicted by the deterministic model.

In order to make the model more realistic, en important question ims: How much variation in
parameter values between Iindividuals is necessary to reduce this extreme synchronizaticn of
life-cycles? The preliminary answer seems to be: juset a little bit!

The introduction of new stochastic elements at population level in this way leaves the model
deterministic at individual level (apart from the lirtle understood sging process}. An
interesting feature of this approach is that by allowing parameter values of daughters to
depend (in a sloppy way) on those of their mothers, we can study population genetical problems
in & more realistic way. Because fluctuaticns sesm tc be a structural property cof the model,
the gradual change of parameter values by selection pressure will speed up and slacken with
the respective decreasing and increasing of population aize. The stochastic perturbation of
parameters linked  in the way found in the study on body size wecaling relations, seems, for
reasone of coneistency, to be more mttractive thap Just taking & single parameter. As s firast
choice we multiplied the relevant parsmeters by the appropriste (integral) powers of a log-
normally distributed randem variable with mean 1 and specified (small) variation coeflicient
and studied characteristics of population dynasics, like total numbers and totel volume
({.e.*biomaes"), ams & function of this variation coefficient.(This makes it impossible,
however, to work with cohorts of similsr individuals and tries both computer memory and
running time). The preliminary results indicate that the variation coefficient of the
population characteristics Eapidly decreased towarde some apymptote for increasing variatien
coefficient of the individual parameters. In other words: Variabllity between individuals
works out stabllizing at populstion level. (This is coneistent with the old ecolegical
literature before the appearance of linear differentdial equations into population dynamical
theories, but it Is in agreement wi:h modern theories.)

Arsther onvicus way te introduce stochastic elements into the population-medels d: &n the
feeding benevioour of the individuals. Prelirinary resulte indicate however that this model has
a strong capacity tc smooth out this type of nolse, An Argument to perturbste paremeter values
is that pgrowth curves of single individuals closely follow a von Bertalanffy one st constant
food density, but with slighly different parameters.

If we average over & population cycle in stable situatione, the mesn biomass it a consrant by
definition and the production of the population ie in their faeces and in dead animals. In the
study of the behaviour of the ecosystem, these production processes are very importsns because
they link the population with the decomposing compartment. Predation pressure, intrcduced by a
(size independent) constant predation probability rate per individual, removes the pcpulation
from food limited conditions and reduces flucruatlons: reproduction is no longer synchronized
between {ndividuals snd generations do cverlap.

In gitustions of food limitation, a elgnificant reduction of the reproduction by some toxic
mgent seems  to have lirtle effect at population level. The principal factor determiring the
elze of the standing crep 48 food availability, not the toxic compound. Decreasing the
reproduction below some threshoid, the populetion rapldly pgoes extinct. So toxic effects are
magked in populations controlled by food limitation. These effects become obvious as soon &e
the condition of food limitaticn ls tempararily )ifted (for instance due to some commerclal
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harvesting program or by more natural causes). It has been shown in Kool jman & Metz ilah..
that, depending on the mode of action of the toxic compound, the effect of the toxic compourd
19 perticulerly felt in situations of low population growth rates. These important results of
the simuletion studies and analyses indicate that it might be difficelt to interpret
obeervations on concrete pollution events in real ecosystems: The pollution situation might e
worse than can be concluded from observations on standing crops. It {s one of the mechanisze
by which the microcosm type of experiments are generally not found to be ag sensitive as might
be expected on the basis of single-speciee tests (see Kcoijman, 1985 and 1987}).

In modern ecology resserch is directed to finding constraints for which observed tra‘tc of
individuals are optimal, One such trait is producing & large number of small eggs as opposed
tc a small number of large egge. Until recently the only optimal trait seemed to be the
production of apn infinite number of zero-sized eggs. The study on egg development on basls of
the present model revealed, however, that animals can gain a lot of time by producing large
egpe in order to attaln a certain size, e.g. the size required for being able to take part in
the migration process. Since the size of eggs is for many species typically larger than zer:,
non-zero-gized egge are the cptimal trait. Por this trait food inpute that are not homogenecus
in epace as well as in time provide the neceseary constraint, If true, and if the optimalizy
coneiderations make sense, real world population dynamice seems to be a very complicated
process to study. The wstabllity of large scale systems then ie¢ a result of a rapldly chenging
mesaic of highly unstable small wcale systems, between which there exists migratory exchenge.

A large number of species closely follow a won Bertalanffy growtn curve on the basis o7
indivicduals taken from the field (Kooijman, 1986d). Within the pregent model, this is only
possible if foecd deneity is conetsnt or, what is more likely, 1f it s high with respec: :
the eaturation constant. This means that the animals did not suffer from food limitation
during the growth process, due to a wstrategic synchronization of the reproduction process ty
the parente with predictable fluctuations in food density. This provides another indiceticn
thet food densities are usuelly not constant and that the notion of a fluctuating food densi:y
oight be essentiz]l for understanding actual populsation dynamice.

Two-species populmtions

Two typses of two-specles populations are of particular interest: Situstions Iin whick =xa
¢pecies compete for food and predator-prey eystems. A well-known result for unstructures:
populetion dynamice says that under not too restrictive conditions a requirement for stable
systens is that the pumber of species of predators should be less than the numbar of prEY
species, at least in wsituatione of constant food supply input to the prey species. Under sc-e
very speciel conditions with fluctuating food inputs stable eyetems are poesible in which che
number of predator species 4iw greater than the number of prey species, The conditions for
stebllizy of systems with more predator specles than prey apecies are probably less
restrictive for populstions structured by the present model 4in situations of rice-
inhemogenecus food inputs when species differ in their maximum attainable size {28 they usuelly
39, It can be shown that small sized species beat large sized species in thelr competiz
for feof st low (constant) food inputs, but that isrge sired species are better equipp
survive periods without food. Fluctuating food inputs might therefore select for both species
elternetely. In view of the complexity of actual food webs, it ig hard to judge the practical
significance of these type of results.
Long-ters coexistence of species 18 one of the centrsl toples in studies on populeticn
dynamice, which 1s still peoorly understood. Some biologiste think that xenebiotice primsrily
affect species diversity. In this context it {s relevant to study the effect of chemlcale con
the <Iissppesrance rate of competing epecles. So not only stationary situazions but slsc
ones are of interest as it ie by no means obvicus that in the ree! woria
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