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1 General introduction

The genuPaphniais a widespread inhabitant of standing freshwaters fronatbtc
to the tropics (ERNANDO et al, 1987; HANEY & BUCHANAN, 1987; HRBACEK,
1987). Its occurrence has been reported for various tragihtes ranging from olig-
otrophic to eutrophic systems and for a broad range in hasita and morphology
spanning from small ponds and shallow lakes to the pelagie o large, stratified
lakes and reservoirs (6SPRZAK & SCHWABE, 1986; BENNDORF, 1990; R OSSNER
2000; HoRrN, 2003; EPPESENet al, 2004). In the majority of these limnetic sys-
tems, zooplankton communities can be dominated by dapimtdsms of abundance
and biomass — at least during certain time intervals of tlgetagion period. Thus,
Daphniahas a great importance within lake food webs and it has begegoout
that Daphniais a key species for pelagic systemsEBNER 1989; CARPENTER&
KITCHELL, 1993). In comparison to other zooplankters, daphnids eash high
filtration rates (MUCK & L AMPERT, 1984; REYNOLDS, 1984) and potentially re-
move particles over a broad range of sizes from roughly 05{om (BURNS, 1968;
GELLER & M ULLER, 1981; REYNOLDS, 1984). Therefore, zooplankton community
grazing rates are often dominated Dgphnia(THOMPSONet al., 1982). In temper-
ate lakes, grazing by daphnids commonly leads to a pronaolsiear water phase and
daphnids are generally believed to be important in struzgyshytoplankton commu-
nities and phytoplankton succession over the yeamMikERT et al,, 1986; SSMMER
etal, 1986; HORN, 1991). If conditions are conveniemaphniacan realize effective
filtration rates of more than 17d indicating that the whole water body is filtered at
least once per day HompsoNet al,, 1982; KOTHE & BENNDORF, 1994). In con-
clusion, due to its significant role in aquatic food webs thaugDaphniaappears to
be important in both scientific as well as applied issuesmmblogy.

Moreover,Daphniais a frequently studied organism in general ecology, which

has been "used on nearly every level of biological invesbgat(original citation
from DE BERNARDI & PETERS 1987). The study of MCAULEY & M URDOCH



(1987) introducedaphniaas a paradigm for basic concepts in ecological theory, in
particular for those concepts related to species intenastnd population dynamics.
Daphnids are easy to cultivate and handling of animals isabiematic, which is
mirrored by a long tradition of more than 100 years of redearcDaphniain exper-
imental biology (BMONDSON, 1987). Finally, due to its well studied biology and an
enormous number of empirical investigations on the ecotwfiggaphnig this genus
became an important model organism in theoretical ecologlyraodelling studies.
Nowadays, we know for almost all issues in theoretical egplkxamples for an ap-
plication to daphnids and several recent developments rdequal frameworks in
ecological modelling have been pioneered on the g&aphnia(e.g. KOOIJIMAN &
METZz, 1984; NsBETet al, 1989; DE Rooset al, 1992; Mo0o1J& B OERSMA, 1996;
ANDERSONEet al.,, 2005).

On the other hand, the attracting propertieaphniafor researchers have also
led to a diversification of research conducted and to briegetfindings into context
is a complex task. One useful strategy to realize a syntioégisrrent knowledge is
the application of mathematical models that enable saEnto investigate the out-
come (net effect) of several interacting processes on ahigltyanizational level of
the respective system. In fact, an overwhelming number ofogical models fo-
cusing on diverse topics of the ecology B&phniahas been published in the last
decades (e.g9.I8KO & STREIFER, 1969; ETERS& RIGLER, 1973; (ABRIEL, 1982;
McCCAULEY et al, 1990b; ANDERSONet al, 2005). However, most of these investi-
gations employed their own specific model approach, whideggned for a single,
well-defined problem (problem oriented modelling). Consadly, it is difficult to
link such problem-oriented approaches to each other oraiizeea cross-validation
of different models. Furthermore, still many models aredprainantly evaluated in
a rather qualitative manner and often lack a comprehensa@ehvalidation. But
such a thorough model validation is strongly demanded itieghpciences, where the
model outputs are used in decision support systems or fgnpsiic purposes. In
consequence, many models from basic ecology cannot easiéyapted to applied
purposes.

It is astonishing to note that we still lack a prototype-lik@del framework for
the important genu®aphniathat covers basic aspects of the biologyDsphnia
and produces quantitatively sound outputs. Such a mod@type has the potential

le.g. life-cycle, resource-dependent growth, temperatapendence



to provide a unifying platform for scientists working onfeifent kinds ofDaphnia
models. But it could also act as a starting point for furthgligptions in scientific
work related toDaphniaby providing a mechanistical and thoroughly validated set
of model equations and parameters. An powerful example hotofype-like, thor-
oughly validated model approaches promote further rekaargiven by the work on
fish bioenergetics by ENSON et al. (1997). They developed a properly validated
energy allocation model of different fish species, thatuakes growth and reproduc-
tion on basis of consumption data. As an innovative additatte scientific work of
model development they furthermore implemented their hasla standard user soft-
ware (Fish Bioenergetics 3.0) that enables other sciertisise this model for their
own purposes. As a consequence, fish bioenergetics is nggvadeidespread model
software that is used by many studies in fisheries for batdutzions of food con-
sumption on basis of growth data of fish (e.getHMINEN et al, 1990; WORISCHKA

& M EHNER, 1998; FEENCZzAK et al, 2002; HOLKER & HAERTEL, 2004). Moreover,
other scientists started to contribute to this softwareduiray parameter sets for fur-
ther fish species (e.g.UDSTAM et al, 1994; TOLONEN, 1999) or even invertebrate
taxa (BRYLAWSKI & M ILLER, 2003).

This thesis, therefore, is focused on the development oingpoehensive model
framework ofDaphniathat spreads over different levels of biological organ@aand
provides several interfaces for potential applicationstimer studies. Outputs of the
model system will be validated on independent data in om@rdve its quantitative
correctness. It should enable applications in theoregicalogy, in experimental stud-
ies demanding a theoretical background as well as in apises. This corresponds
to a 'species-oriented’ approach. An important featurenefintended model system
will be a nested design of its compartments.

From one point of view the application of 'problem-oriertetbdels is still rea-
sonable, since it is generally recommended to keep modaismgute as possible and
general systems theory demands a defined system with dististem boundaries.
Also, the level of complexity chosen for a given modellingpefshould be based on
the goals of the study. This is of especial importance for efod) in environmental
sciences due to the high complexity of these systems (esgcR et al,, 1998). The
focus on a specified problem helps the investigator to coffetive systems complex-
ity in a practical manner. NeverthelessAlRCH et al. (1998) also pointed out that it is
hard to couple existing models, whose structure are notistens to each other. Still



from another point of view one can ask how such a diversityrobfem-oriented mod-
els of an organism could promote a unifying view on the biglogthis organism? A
problem-oriented approach implies that reutilizationxasgng model compartments
Is scarce and thus avoids cross-validation of the competiodels. In this respect it
appears a promising intention to develop a nested 'speciested’ model that acts as
a starting point for specific, problem-oriented model aggilons. Due to the nested
character of the framework users not necessarily have tly #pp complete system
but just select the parts of interest. Such a system woutdk@sopen for modifica-
tion and extension by other scientists and thus could patgnact as an integrating
platform for researchers working on this species. Due ta:#mral role ofDaphnia
in limnology and general ecology and the overwhelming eiogiknowledge avail-
able, it would be an appropriate model organism for such eisp@riented modelling
effort.

Many approaches to individual or population level dynangE®aphniaapply
models that account for resource-dependent growth andeietnpe (e.g. WLFF,
1980; NORBERG& D EANGELIS, 1997). Evidently, temperature as well as food con-
ditions are important factors for the observed dynamicsciwvhare well documented
by empirical investigations (MVERBERG 1976, 1980; KNCH et al,, 1986; LRABE
& WATANABE, 1990). Moreover, these two environmental factors playgceat role
in classical experiments on basic growth kinetics and,, afsthe theory of competi-
tion (e.g. BURNS, 1969; TiILMAN, 1982; FORAN, 1986; FOTHHAUPT, 1990). How-
ever, in the last decades several investigations documhentaplex processes effect-
ing the population dynamics @aphniaapart from resource availability and temper-
ature. Already in 1954, 1IBODKIN discovered in a classical mesocosm experiment
that the demography @aphnia obtusahowed large fluctuations during its develop-
ment. The reasoning was rather straightforward: delayfiegts were responsible for
the fluctuations, e.g. because of time needed for eggs téagevefor juveniles to be-
come adult or due to starvation induced effects. An equulibrof the population was
only possible if the population demography shows a dynamiglierium, as well.

In fact, the growth characteristics of a population strgrdgpend on the populations
demography and recent field studies documented fluctuaéimpdraphy and its con-
sequences fdbaphniapopulations (e.g. MTVEEV & GABRIEL, 1994; HILSMANN,
2003). They found that observed population dynamics cabaainderstood without
taking these demographic effects into account (see alseNER et al., 2004).



Another fact increasing the complexity of observed popoihatlynamics oDaph-
nia is the size-dependence of top-down acting processes. tRneda Daphniaoften
acts size-selectively; whereas fish feeds selectively etandividuals, invertebrate
predators likeChaoborusor Leptodorado prefer smaller prey (KLL et al, 1976;
LYNCH, 1979; LAzzARO, 1987). These different predation regimes strongly affect
population growth rate (MolJet al, 1997), which would be even more dramatic if
predation turns out to be selective for egg-bearing fem@lescKer & W OOLPY,
1984). Daphnig however, can cope with these different predation reginyeads
justing their life-history in order to weaken the predatieffiects (§1BOR, 1992;
RIESSEN 1999; RNKE et al, 2005). Indeed, such life-history adaptations have been
documented in field studies (HSMANN, 2001). Finally, recent studies provided ev-
idence that besides food quantity also food quality can bengortant limiting factor
for Daphnia Main determinants of food quality are stochiometric cosipon and
the amount of essential fatty acidsEMOTT & M ULLER-NAVARRA, 1997; GJLATI
& DEMOTT, 1997; HESSENet al.,, 2005).

In conclusion, a 'species-oriented’ model frameworkDafphnianeeds to cover
several levels of biological organization in order to agtoior such a diversity of
interacting processes. It explicitly appears that indiaildevel characteristics are in-
teracting with population level dynamics, e.g. in termsiaésselective predation or
demographic effects. Additionally, physiological proeesare relevant and need to be
regarded in a detailed fashion. The latter would be necgssarccount for food qual-
ity effects or for a mechanistic description of life-histgalasticity, which is viewed
to be associated with a plasticity of underlying energycatmn patterns. The tight
interactions between individual and population level elstaristics have already been
recognized by KISER (1979) who pioneered an individual-based methodology to
model the dynamics of a population (individual-based pagragdsee &imm, 1999).
These ’individual-based models’ @ANGELIS & ROSE, 1992; QRiMM, 1999) allow
to account for individual behavior and properties and, al, i@ their variability
within the population. Individual-based models were alsavpn to provide an excel-
lent methodology for modelling population dynamicszdphnia(GABRIEL, 1982;
KOOIIMAN & M ETZ, 1984; RATTE, 1996; RKSEN, 1997; MoolJet al,, 2003). How-
ever, existing approaches are strictly 'problem-oriengetl reutilization of distinct
model compartments is unusual. This is surprising sincexXample, all these models
cited above included a model compartment for growth andoskpstion ofDaphnia



Another problem that might appear in individual based medetheir high computa-
tional demand making them sometimes hardly applicabledormunity level models
(e.g. in water quality management models). An alternatvadividual-based mod-
els are recently developed physiologically structuredutetpon models (B Roos&
PERSSON 2001). They also allow the inclusion of individual levelehcteristics but
provide a more efficient simulation of population dynamics.

The aim of this study is to develop a species-oriented maatethie simulation
of Daphniathat provides the necessary complexity to account for deapdgc ef-
fects, life-cycle characteristics and physiological s on the one hand and that
allows an efficient simulation on the population level on dtkeer hand. As a first
step, recent developments in zooplankton modelling wesewed and problems of
existing approaches evaluated (see chapter 2). Specidlasisgs put on community
level models commonly employed in applied limnology (wajaality management
models). Such models include different trophic levels aagral direct and indirect
relationships between their state variables. They reguirefficient simulation due to
the complexity of their structure but also claim a realigi@ntitative output. Besides
their application in applied limnology water quality moslere believed to provide
a suitable tool for an integrating view on lake ecosystensr@®LDT & SIEMENS,
2002). The content of chapter 2 should enable an identibicaif the basic require-
ments of a species-oriented model approaciaphnia In the third chapter (see
chapter 3), empirical knowledge is used to develop an iddai level model oDaph-
nia that will be applied in an individual based simulation in@rdo gain information
from the population level. Although purely empirical, theodel already allows to
combine information from the individual and the populatiewel. In a second step
(see chapter 4), the individual level model will be substitlby a mechanistical ap-
proach by using an energy allocation model. Growth and deprtoon of an individual
are modelled by physiological rates that altogether regmtes closed carbon budget.
In addition, a physiologically structured population mbidaised for an efficient sim-
ulation on the population level. Finally, in chapter 5 thedaldramework will be used
to study the underlying physiological adaptations of history shifts ofDaphniaand
its adaptive value under positive size-selective preddtip visually feeding fish. In
order to account for individual variability, experimentilta of 9 coexisting clones of
Daphnia that had been reared with and without fish kairomones, haga bsed for
this analysis. This model application shows the close linddsveen physiology and



individual life-history and its adaptive value in an evaduary context. An inclusion

of the model system ddaphniapresented here within models on the ecosystem scale
(e.g. water quality management models) is recommended antbvpotentially be

of advantage for both, applied and fundamental researdmmology. In a conclu-
sive chapter the advantages of a species-oriented maglafhproach t®aphniaand
possible further applications are discussed (chapter 6).






2 Basic aspects, recent
developments, and current
problems in zooplankton modelling

Within the classical food web of the pelagic zone, herbiusrpooplankton is situated
between primary producers (i.e. algae and cyanobacterthhiegher trophic levels
like planktivorous fish or invertebrate predators (Fig.)2.This food web is ener-
getically maintained by the production of particulate eigacarbon (POC) through
photosynthesis (primary production). Alternative foods@s to zooplankters are de-
tritus or components of the microbial food web consistingpatteria and protozoans
(JURGENSet al, 1994, 1996; HRBST, 1998). Dissolved organic carbon, e.g. deliv-
ered by sloppy feeding or exsudation, constitutes thetiartgl basis of the microbial
food web, which can include several trophic levels with cterplirect and indirect
interactions (e.g. WiSsE 1991; ARNDT, 1993; ARNDT et al,, 1993; NXDORF &
ARNDT, 1993). Interactions between the classical food web andrnileobial food
web can be considerable and important in terms of their ¢ga#aé contribution to
zooplankton growth — particularly whddaphniadominates the zooplankton com-
munity (JURGENSet al, 1994; URGENSet al,, 1997; KAMJUNKE & ZEHRER, 1999;
KAMJUNKE et al, 1999). However, the major concern of modelling effortsrash-
water planktonic communities is still focused on the cleaisfood web since com-
ponents of the microbial food web are seldom tracked in stahdhonitoring pro-
grammes and acting processes are complex and not completiystood.

Herbivorous zooplankton, anBaphniain particular, can exert strong grazing
pressure on the phytoplankton and potentially lead to as®d water transparency
(e.g. LAMPERT et al,, 1986). The efficiency of this trophic interaction betwedtp-
and zooplankton depends strongly on phytoplankton comiyatructure sinc®aph-
nia grazing is impaired by large colonies or filamentous algdeeifTability to control



algal blooms has attracted the attention of applied limgists to daphnids. Indeed,
Daphniaplays a central role in biomanipulation owing to direct gngzeffects on
the one hand and indirect effects on nutrient recycling endther hand (S8APIRO
& WRIGHT, 1984; BENNDORF, 1987, 1990, 1995; BNNDORF et al, 2002). Many
studies have shown the ability of zooplankters, partidylaf Daphnig to act as a
sink for phosphorus (MNNI & L AYNE, 1997; \ANNI et al,, 1997; SSMMER et al,
2003). Another topic of interest is the relevance of zooltan for fish production by
linking assimilated biomass of primary producers to higinephic levels (FANSON

& L EGGET, 1982; HAKANSON & B OULION, 2001), which as well interacts with the
recycling of nutrients (NNI & L AYNE, 1997; \VANNI et al, 1997). Therefore, a
comprehensive view on lake ecosystems as promoted by istsess$ well as modern
water quality managers cannot be achieved without takiagrtsphic interactions of
zooplankters in general, and DAphniain particular, into account.

2.1 The significance of Daphnia in water quality

management models

Considering the major role of the genDsphniain the functioning of lake ecosys-
tems and their management by man, it is surprising to noteribdels on the ecosys-
tem scale do seldom, if ever, account for zooplankton in #eessary complexity;
their significance in the real system is hardly mirrored lsirtisignificance in model
systems. Such lake models, further on called ‘water quatiznagement models’
(WQM-models), are appropriate tools in research on ecasydigamics and in ap-
plied water quality management. For the latter, WQM-modeéswsed to test the
effects of changes in the environment (e.g. water level datodns, heat pollution)
or to evaluate alternative restoration measures by saenasdlysis (ENNDORF &
RECKNAGEL, 1982; AYAWEERA & A SAEDA, 1996; LEwiS et al, 2002; BLIOTT
& THACKERAY, 2004; RJIJENBROEK et al,, 2004; ROMERO et al,, 2004). In fact,
there are still a number of WQM-models in application (andetiggment) that even
lack a zooplankton compartment (Table 2.1). Those appesagbe an implicit repre-
sentation of zooplankton, i.e. zooplankton grazing is Mledeas a dynamic grazing
rate on phytoplankton without including a state variabteoflankton’. Those models
payed a great deal of attention to the physical representafithe water body (Table
2.1).
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Figure 2.1: The classical food web in the pelagic zone of lakes and reservoirzingraf

herbivorous zooplankton (rotifers, copepods, cladocerans)riomap/ produc-

ers depends on the phytoplankton community structure because filameyts (ph
toplanktonl), large colonies (phytoplankton2) or other defence sieatefjsome
algal functional types partly protect those algae and cyanobacteniatfieing in-
gested by zooplankters (indicated by thin lines). Main predators ofwethis
zooplankton are invertebrate predatd@théoborusLeptodord and planktivorous
fish.

The remaining two model approaches in Table 2.1, which gelufull state vari-
able zooplankton (explicit representation), apply a skatgyopulation level approach
with a single, lumped zooplankton group. Both models are barcbmpare since
SALMO (BENNDORF& RECKNAGEL, 1982) was developed almost 20 years earlier
than the Biogeochemical Model of Lake ZurichNON et al,, 2001). Furthermore,
SALMO has been successfully applied to many lakes and ressrwith varying
morphology and trophic state whereas the model mf.@ et al. was applied only
to Lake Zurich so far. And most important, the parameteioradbf SALMO is based
on literature values and laboratory experiments while patar fitting was applied to
the Biogeochemical Model of Lake Zirich. For that reasonhlmbdels are almost
diametrical in terms of their modelling philosophy. For ieving model structure
and outputs of the zooplankton compartment it, therefgypears more conclusive to
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Table 2.1: Comparison of selected water quality management models with respect to the main

focus of their biological part, the representation of hydrophysicstlmdepresen-
tation of zooplankton.

Model

Focus of the biological part

Hydrophysics Zooplankton

CE-QUAL-W2
(WELLS, 1997)

WASP  (V7.0)
(D1 TorO et al,
1983)

PROTECH
(REYNOLDS
et al, 2001)

DYRESM-WQ
(HAMILTON &
SCHLADOW,
1997)

Biogeochemical
Model of Lake
Zirich  (OMLIN
et al, 2001)

SALMO
(BENNDORF

& RECKNAGEL,
1982)

water quality management,complex
eutrophication, two-dimensionalapproach
realization

contaminant fate and distribu-complex
tion, eutrophication, 1D to 3D approach
realization possible

phytoplankton succession, comsimple
petition for resources approach

interaction of hydrophysical andcomplex
biological processes approach

nutrient cycling, detritus dynam- complex
ics, sedimentation, sedimentapproach
related processes

eutrophication, direct and indi- no
rect trophic interactions, water
guality management

implicit representa-
tion (no state vari-
able)

implicit representa-
tion (no state vari-
able)

implicit representa-
tion (no state vari-
able)

implicit representa-
tion (no state vari-
able)

explicit representa-
tion as state variable
(only one group)

explicit representa-
tion as state variable
(only one group)

focus on SALMO.

Interestingly, most parameter values in the zooplanktanpaotment of SALMO
were derived from empirical studies usib@phniaas model organism. However,
simulation outputs for zooplankton are usually going to bmpared with observa-
tions of total zooplankton. Consequently, this state végigdconsidered to represent
the whole guild of herbivorous zooplankton (e.g. rotifespepods, cladocerans), i.e.
no functional differentiation between taxa is implementédthough empirical lim-
nologists have accumulated broad evidence that zooplar&i@ significantly differ
in their trophic interactions within the food web and woulardlly follow to put all
those taxa in one functional groupy{EroN, 1988; SSMMER et al, 2001; KAGAMI
et al, 2002), simulation outputs of SALMO are quite acceptabiiriation of stand-
ing crops by SALMO is generally viewed as being surprisingill predicted and
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in water bodies of lower trophic state timing and principghdmic development can
be met. Nevertheless, zooplankton dynamics in meso- toghitr waters still face
a problem, particularly the simulation of long-lastingarevater phases or summer
depressions of zooplankton. Recent investigations haveatad that the processes
involved herein are complex and not solvable by increasmgftinctional or taxo-
nomical resolution of the zooplankton submodel, which Wéloutlined below. Con-
sequently, simulation outputs for zooplankton are in mases not satisfying and, in
fact, several authors have stated zooplankton to be difficuhodel (HAMILTON &
SCHLADOW, 1997; QVLIN et al, 2001).

2.2 Resource overexploitation and the spring clear

water phase

Evaluation of WQM-model outputs, i.e. the comparison of niodéputs with respec-
tive measurements of the real world, is subjective and maogietters recommend
to rather focus on characteristic patterns than on the degtmn of measurements
in an exact quantitative manner (pattern-orientated niodelGRIMM et al,, 1996).
Concerning the role of zooplankton in plankton successi@ndmaracteristic patterns
emerge that are of ample importance for WQM-models:

1. a pronounced clear water phase initiated by mass develupoh zooplankters
(mostlyDaphnig in spring or early summer AMPERT et al,, 1986), sometimes
followed by a midsummer decline &faphnig and

2. a shift in phytoplankton composition towards poorly isgjgle algae during
summer (®MMER et al,, 1986) induced by zooplankton grazing.

Both patterns, which are of particular interest for wateritpuenanagement purposes,
are direct responses to zooplankton grazing. Existing WQbdlets are well capa-
ble of reproducing the shift in phytoplankton compositiowards poorly ingestible
algae (e.g. RyNoLDs et al, 2001; FETZOLDT & SIEMENS, 2002). However, a phe-
nomenological reproduction of the spring clear water phaseproven to be problem-
atic in many model simulations, particularly when appliecetitrophic water bodies
(OMLIN et al, 2001; RNKE et al,, 2004).

Empirical studies on population dynamics Baphniaduring spring and early
summer revealed high fluctuations in population demogrgphyLsMANN, 2003;
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WINDER et al, 2003; WAGNER et al,, 2004). At the end of the spring algal bloom
a very strong cohort of daphnids is born that will have cornstirall resources avail-
able before becoming mature. This peak cohort is born ineEngivonment becoming
scarce of resources, which implies high physiologicalsstien these individuals re-
sulting in an elevated non-consumptive mortality soondater (HOLSMANN, 2003).
Subsequently, these processes lead to a declining paputatie oDaphnia which in
some cases, particularly in eutrophic waters, can dirgrtigeed to the initiation of a
midsummer declinteof Daphnia(HULSMANN & W EILER, 2000; HILSMANN, 2003;
WAGNER et al,, 2004). Researcher originally believed predation by yooftie-year
(YQY) fish to be the ultimate cause of a midsummer decline mgigcal studies have
not supported this hypothesis @MNER et al, 1998a). Only recently, it was proven
that only the coaction of fish predation and non-consumptieetality, induced by
senescence and starvation, is sufficient to induce a midsurdacline (EENNDORF
et al, 2001; WAGNER et al,, 2004). Consequently, the timing of predation pressure
and non-consumptive mortality, which is controlled by temgiure in early spring, is
essential for this phenomenon. In conclusion, apart frasnfé®d conditions and fish
predation the development of population demography wagepreo be responsible
for this population collapse. Due to physiological stregerdy the clear water phase,
individuals of the peak-cohort display a high age at matuvithich roughly equals
life expectancy, i.e. many individuals die before they ogluce (HULSMANN, 2003).
Sometimes, if the peak cohort of the population is neathcbyonized, this can re-
sult in a sudden breakdown Bfaphniaabundance (HLSMANN & W EILER, 2000).
Altogether, the vast overexploitation of their algal res@s byDaphniamarks the
begin of a cascade of events resulting in a pronounced, |istog clear water phase,
which might be followed by an almost complete collapse ofaghniapopulation.
In conclusion, the processes involved in this resourceexyoitation are key mech-
anisms in zooplankton population dynamics and should Heded in the respective
ecological models.

In this respect it is worth analyzing the mechanisms thatuoomo the massive
overexploitation of resources yaphniaduring the clear water phase. Besides high
specific grazing rates ddaphnig which lead to rapidly diminishing resources, also
demographic effects are responsible for this phenomenopaiticular, delaying ef-
fects induced by the life-cycle of cladocerans intensify tesource overexploitation.

lthe breakdown in daphnid abundance during summer.
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Three different processes are involved in these delayifegtst Firstly, there is a
delay in daphnid reproduction because cladocerans degpesiteggs into a brood
chamber where eggs remain for one molting cycle and embnesie takes place.
Approximately 2.5 (at 20C) to 4.5 (at 18C) days are needed for this embryogenesis
(BOTTRELL et al,, 1976). Thus, current reproduction in terms of newbornsastd
into the population corresponds to the egg productiont@.¢he nutritional status) of
the population about 3-5 days ago. Generally speakingeabéginning of the clear
water phase when food concentration in the environmentdsra@ng critically low
reproduction still proceeds for a couple of days.

Secondly, when resources have been diminished, feedbackamems of food
shortage on the population rate of change are delayed.idiudils can survive a dis-
tinct period of starvation without suffering additional rtedity (LEMCKE & L AM-
PERT, 1975; HENDT, 1989). Starvation resistance also depends on the phgsialo
state of the individual, which might interact with individiage (TESSIERet al.,, 1983;
RoMANOVSKY, 1985).Daphniacan even partly prepare itself for starvation by reduc-
ing fecundity and increasing reserve content of eggE((WERS et al,, 1997). This
switch, which might be viewed as a shift from r-strategy tetkategy, was proven to
be inducible by crowding (CEuvERS et al,, 1997). Thus, as soon as the clear water
phase has been initiated tBaphniapopulation is starving but, however, starvation
related mortality occurs only a couple of days later.

Thirdly, cladocerans need to grow up to a specific size (dizaaurity) before
becoming mature. lDaphnia this juvenile development takes at least 4 days if en-
vironmental conditions are optimal but can be considerpbtyonged if temperature
or food conditions are poor. Hence, there is a delay betweenalease of offspring
and its contribution to population growth. This makes pagioh growth rate strongly
dependent on population demography. A strong cohort ofiddals that is becoming
mature will cause a dramatic increase in population groath + even if environ-
mental conditions are rather constant. This reveals ampiiate between the history
of the population, as memorized in its demography, and theestidynamics of the
population, which consequently are not solely dependertursrent environmental
conditions.
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2.3 Empirical evidence from field observations

Own investigationdof Daphniapopulation dynamics in the eutrophic Bautzen reser-
voir (surface area: 533 ha, mean depth: 7.4 m, for detail&geec et al,, 2005) also
provide strong support for the complex interactions of pafion demography and the
initiation of the clear water phase and a subsequent midsrdetline (Figs. 2.2 and
2.3). At the beginning (08. May) of population developmédrgDaphniapopulation
showed a negative exponential size distribution as tygara¢xponentially growing
populations. In this period the peak cohort was formed, Wwhkmon after its establish-
ment ceased growth due to food limitation during the cleaenphase (16. May). At
that time, individuals of the peak cohort were still immatuAfterwards, increased
mortality, possibly induced by starvation, led to a declifi¢he population until the
end of May. Due to a mass developmenEadgilaria crotonensisn June consisting of
large colonies that were not ingestible Dgphnig recruitment of the population was
low. Consequently, ageing of the population proceededdughd, finally, a large part
of the population died before becoming adult because ofssemee. Additionally, at
the end of June predation by fish increases as indicated lwatiighing of larger size
classes due to positive size-selective predation (comiparg ARO, 1987). Former
studies in the Bautzen reservoir revealed predation by YQ¥lpenDaphniato be
most pronounced during June AGNER et al,, 2004). However, daphnids can cope at
least partially with fish predation by life-history adajat in terms of reduced size
at maturity (MACHACEK, 1991; $AAK et al, 2000) as can be seen in the samples
of July. Afterwards, further population growth was prewehtntil the end of August
possibly due to the dominance of poorly ingestible algaethat time, a mass de-
velopment ofMicrocystis aeruginosaccurred in Bautzen Reservoir. Although some
studies showed that this cyanobacteria can be ingestibls@gport significant daph-
nid populations ([ BERNARDI et al, 1981; BENNDORFet al, 1988) most investiga-
tions haven proven them to be poorly ingestible, toxic, a@ngbor nutritional quality
(LAMPERT, 1982; UNGMANN et al, 1991; DEMOTT, 1999; LURLING, 2003).

2biweekly sampling with tube samplers at 5 depths (0, 3, 5n8,10 m)
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Figure 2.2: Daphniaabundance and biomass in the Bautzen Reservoir in 2003. Values were
calculated as weighted means of sampling depths. Chlorophwils measured
by a fluorescence probe (bbe Moldaenke, Germany).

2.4 Implications for water quality management models

To summarize, the facts mentioned so far indicate that thehameésms involved in
population dynamics of zooplankton are complex and exgsapproaches to the simu-
lation of zooplankton in lake models are far away from acemgyfor this complexity.
Even more, the classical population level approach is nplicgble to this problem
because population dynamics are more than a simple ditferbatween source and
sink terms. In addition to resource limitation and densi&pehdence other factors
come into play (e.g. population demography or individua-history). All these pro-
cesses are already well documented by empirical scietigtgarely recognized by
those working on the development of WQM-models. In particulaee properties of
zooplankton populations appear to be of major concern:

1. life-cycle and individual life-history (e.g. relevantrfjuvenile development,
embryogenesis, life-history adaptations)

2. physiological properties of the individuals within thegulation (e.g. relevant
for starvation resistance, senescence, size-scalingysfghbgical rates)

3. information about population demography (e.g. relefandemographic ef-
fects in population growth, size-selective mortality, noeyneffects)
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To succeed on this line of arguing it explicitly emerges thabmpletely new model
structure is necessary for such a purpose. Instead of prognatfunctional diversi-
fication of the guild of herbivorous zooplankton in WQM-magleds have been im-
plemented by other authors (e.gcA&IA, 1980; HAKANSON & BOULION, 2002),

emphasis should be given to alternative modelling concélps take both informa-
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[ ] Females without eggs

tion from the individual and population level into account.
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In this respect it is worthwhile to review existing modelrfraworks in theoretical
ecology that provide a number of possible approaches toptioislem. More than
15 years ago, theoretical ecologists recognized the lafgeence of individual level
processes on population dynamics and started to develapdundl based models
(KAISER, 1979; DEANGELIS & ROSE 1992; MOOIJ & BOERSMA, 1996; RATTE,
1996; MoolJ et al, 1997). Although the contribution of individual based misde
(IBM) to general ecological theory was less than expecterliy®, 1999) they have
provided a new framework to account for the complexity oflegizal systems and
opened a new perspective in population ecology. Howeverpbthe basic properties
of IBMs is their high computational demand, which limits ifgpdication to scientific
purposes. Large ecosystem models used in applied ecologgyM&M-models, have
to guarantee an efficient simulation in order to provide ltesuithin a relatively short
time. Thus, a higher level of aggregation is required toizead reduced computation
time. One solution to this is the aggregation of similar adsrwithin cohorts or
superindividuals (B Rooset al, 1992; SSHEFFERet al, 1995). In particular, the
concept of physiologically structured population modelsiiE Roos et al. (1992),
which even has been applied to zooplankton populationsjgee a useful approach
because (i) individual and population level are organizeshodules, (ii) all dynamic
processes can be described by ordinary differential egustnaking it conveniently
applicable in WQM-models, and (iii) a comprehensive matheraktheory including
analytical solutions for specific purposes is available @os 1997).

Besides an efficient and more realistic simulation of popahadynamics, the us-
age of physiologically structured population models (P$MMuld possibly act as
a bridge between theoretical and applied ecology. Manyiegdmns to current is-
sues of theoretical ecology have shown the usefulness dfiR8Felated concepts,
e.g. on population dynamics, competition, metabolic ogtion, spatial ecology,
and stoichiometric theory (e.g.IBBET et al, 1989; D Roos et al,, 1992; GUR-
NEY et al, 1996; NOONBURGet al, 1998; D= Rooset al, 2002; ANDERSONet al,
2005; HILSMANN et al, 2005). Unfortunately, theoretical studies are in mosesas
restricted to a clearly defined complex of problems and ddoselactively propagate
the implications of their results to ecosystem functionargapplied issues. More
unfortunately, applied ecologists and scientists workinghe ecosystem level do ap-
ply models that mostly lack the appropriate structure tegrdite recent results from
theoretical and fundamental ecology. It therefore apptat®e important to make
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knowledge from theoretical and fundamental research mas#yeaccessible for sci-

entists working on higher levels of biological organizati@e.g. on the ecosystem
scale). A framework for this idea could be provided by a speadriented model ap-
proach. In general, ecology would take profit if model frarogvg would span over

several levels of biological organization, i.e. from cellsd tissues over individuals
and populations to the ecosystem®& JMAN, 2000). As a first step in this direction,
standard population level approaches may be substitutptysiologically structured

population models. In terms of zooplankton in lake modalshsan inclusion of an

PSPM-approach would allow the simulation of several preeggroven to be relevant
in the field but classical population level models cannotecojith, e.g. size selec-
tive predation, life history adaptations, non-consungtivortality, and physiological

stressors.
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3 An empirical approach to individual
life-history and population

dynamics of Daphnia by using

multiple regression models !

Abstract

Individual based simulations of population dynamics require the availability
of growth models with adequate complexity. For this purpose a simple-to-use
model (non-linear multiple regression approach) is presented descsitningtic
growth and reproduction ddaphniaas a function of time, temperature and food
qguantity. The model showed good agreement with published observafions o
somatic growth1? = 0.954, n = 88) and egg productior? (= 0.898, n = 35).
Temperature is the main determinant of initial somatic growth and food con-
centration is the main determinant of maximal body length and clutch size. An
individual based simulation was used to demonstrate the simultaneous effects
of food and temperature on the population level. Evidently, both temperature
and food supply affected the population growth rate but at food cdratems
above approximately 0.4 mg C L Scenedesmus acutigsnperature appeared as
the main determinant of population growth. Four simulation examples are given
to show the wide applicability of the model: (1) correlation between population
birth rate and somatic growth rate, (2) contribution of egg development time and
delayed somatic growth to temperature-effects on population growth, (3) co
parison of population birth rate in simulations with constant vs. food-degrend
size at first reproduction and (4) costs of diel vertical migration. Due tulats-
sible behavior over a broad range of temperature (Z2€2@nd food conditions

IMain results of this chapter have been published ink&, K. & T. PETZOLDT, 2003: Modelling
the effects of temperature and food on individual growth eetoduction ofDaphniaand their
consequences on the population level: an empirical appraamnologica 33, 293-304.
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(0.1 - 4 mgC 1) the model can be used as a module for more detailed simula-
tions of Daphniapopulation dynamics under realistic environmental conditions.

3.1 Introduction

Studies about population dynamics@aphniahave shown the necessity to investi-
gate individual level processes, which can contribute tsuiibiglly to our understand-
ing of the population level. Well studied examples of sudevant individual level
processes are, for example, size selective predation cegased mortality through
senescence (e.gYhNcCH, 1979; QRNEY et al, 1990; MoolJ et al,, 1997; HiLs-
MANN & WEILER, 2000; HILSMANN, 2003). Therefore, modelling approaches to
these phenomena have to be focused on the individual ledethendevelopment of
such models implies a strong demand for a detailed desmmipfiindividual ontogeny
and reproductive potential. Numerous investigations laiaadt with the description of
daphnid growth and reproduction in relation to environratobnditions (e.g. RCH-
MAN, 1958; HaLL, 1964; VIOVERBERG 1976; LAMPERT, 1978; G.iwiCcz & L AM-
PERT, 1990; GEBELHAUSEN & L AMPERT, 2001) and both processes are, of course,
influenced by a number of environmental factors whose cohgorgve description is
still a challenge for ecologists. Among existing model agwhes the concept of dy-
namic energy budget models (DEB-models, sesoKIMAN, 2001, formerly known
as energy allocation models) appeared to be the most cangiapproach simply be-
cause of its mechanistic methodology (e.gL&HEIMO et al, 1982; KOOIIJMAN &
METZ, 1984; GURNEY et al, 1990; HALLAM et al, 1990). Growth and reproduction
of individuals are modelled on basis of a carbon budget anaildd physiological
information about ingestion, assimilation and metabolisintegrated. Nevertheless,
available DEB-models dbaphniastill display limitations in their applicability to the
simulation ofDaphniapopulations under field conditions because of two reas@ns:
they either were purely focused on food dependent dynamidgasumed a constant
temperature (mostly 2C, e.g. QRNEY et al, 1990; HaLLAM et al, 1990) or (ii)
comprehensive validation of model outputs on independatat llave not been carried
out (e.g. WULFF, 1980; KoH et al,, 1997). Of course, introduction of variable temper-
ature into such models demands very detailed knowledget adoyerature reaction
norms of all physiological rates @aphnig which may be still problematic.

Recently, MoolJ et al. (2003) modelled somatic growth and egg production of

22



Daphnia galeatan the field using a multiple regression approach withoutetkaicit
description of physiological processes like ingestiosiragation or metabolism. With
this empirical approach they successfully simulated threadyics of a field population
under variable conditions of food and temperature. Howeteir approach utilized
food supply only indirectly by an observed standard egg petidn, which is needed
as external forcing data by the model. Therefore, this moaehot be applied to such
situations where egg production data are not available.ifé@pendent applications
that are related to field conditions it would rather be praiée to have egg production
as an explicit output of the model; this would allow the apgiion of food supply
and temperature as independent variables and the cateutstsomatic growth and
egg production as dependent variables. The advantage loasuempirical approach
would be a less exhaustive demand for data describing thencigs of all relevant
processes (which in most cases are not easily availablaharsimplicity of its model
structure allowing a straightforward applicability. Fugtmore, an empirical approach
might release computational resources that can be usethieriatended study aims
(e.g. spatially explicit simulations, community dynan)ids conclusion, many model
studies oDaphnig in particular those focusing on field conditions, do notessarily
require a completely mechanistic approach.

The morphology and thus the ontogenetic development witlacgcompanying
patterns in reproduction differ quantitatively betweeaa@ps within the genuBaph-
nia. Therefore, a model ddaphniahas to be focused on a distinct group of similar
species to minimize the influence of interspecific diffeesidn this study th®aph-
nia galeata/hyalinaspecies complex comprising galeata D. hyaling D. cucculata
and their hybrids (EOSSNER& K RAUS, 1986; SSHWENK & SPAAK, 1995; AAK
& BOERSMA, 2001) have been chosen, which are typical and widespréatbitants
of the pelagic zone of temperate lakes. In particular, theegpecied. galeataand
D. hyalinaare closely related to each other and show similar morpldbgroperties
(WOLF & M ORT, 1986; R.O6SSNER 2000). Consequently, the model was exclusively
developed on growth data of either one of these species niiiarid D. galeatax
hyalina Although the current parameterization is restricted te fpecies complex,
the presented model framework allows the simulation of o#ipecies of the genus
Daphniasupposing adequate individual level data are availablpdoameterization.

The aim of this study was to develop a tool for the estimatibsamnatic growth
and reproduction oDaphnig based on an empirically derived simple-to-use model
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formulation that was calibrated on experimental datB ofiyalina/galeata As a new
outcome, the model allows the quantitative study of thectsfef both food and tem-
perature on individual growth and reproduction as well ap@pulation growth. For
the latter, the model formulation will be applied within axlividual based simulation.
Finally, four exemplary applications of the model will sha® general applicability.
The quantitative view presented should provide a contiobub the understanding of
the dynamic development of individual daphnids and natDegdhniapopulations.

3.2 Methods

3.2.1 Model of growth and reproduction

A non-linear multiple regression approach was chosen fernttodel formulation,
which basically consists of the two components somatic grand reproduction.
Food supply and temperature of the environment have to beda as input vari-
ables and further environmental factors (e.g. food qualigve been intentionally
neglected. Literature data from experimental studies weegl for the construction
and calibration of the model. The increase of body length masdelled as a con-
tinuous process although in reality somatic growth (in twh length increase) of
Daphniaalmost only occurs after molting and thus stepwise. Howekes facilitated

the application of common parameter estimation procedordse calibration of the
model, because model outputs for growth and reproductiea @ontinuous function
of time.

Only parthenogenetic reproduction was considered, whicfintiibe split into the
two subprocesses egg production (clutch size) and the @faweint of eggs into em-
bryos (egg development time). Whereas egg developmebaphniacan be thor-
oughly described as a process solely dependent on tempef@0TTRELL et al,
1976; KERFOOT, 1985; \UNDERS et al, 1999), egg production is not yet charac-
terized satisfactorily. Therefore, our approach of déseg daphnid reproduction is
focused on describing the dependence of egg productiomapetature and food. In
the individual based simulation, egg development time vadsutated according to
BOTTRELL et al. (1976).

The model was constructed stepwise. Firstly, appropriaietional relationships
between independent (temperature, food concentratiahflapendent variables (so-
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matic growth, egg production) were tested and progressiokefined. The goodness
of fit was examined graphically and by using the coefficiendeterminationi®). A
baseline model containing employable functional relaiops - but an inadequate pa-
rameterization - was the result of this first step. In a sectap, the parameterization
of the baseline model was calibrated on a broad basis of iexpetal data in order to
achieve a generalized model formulation that displayecdhtfiadively realistic model
behavior. The statistical computations (explorative AMDMCOVA and parameter
estimation of the non-linear multiple regression via a Gadewton algorithm) were
conducted with the statistical packa@&lHAKA & GENTLEMAN, 1996, R Develop-
ment Core Team: see www.r-project.org).

3.2.2 Individual based simulation

In order to assign the individual level effects of food anuperature to the population
level, an individual based simulation BANGELIS & ROSE, 1992) was carried out.
The simulations (time step 1h) were performed using the JRfguage (Sun Mi-
crosystems). All runs of the individual based model (IBM)t&d with one neonate
Daphniaand simulated the population development over 60 days. @ineonates
was set to 0.65 mm corresponding to observations in the gatldins used for model
calibration. Size at first reproduction was set to 1.5 mmi¢8 & L AMPERT, 1984;
SPAAK et al, 2000; HILSMANN, 2001). Individual life history in the IBM was im-
plemented in accordance wibaphnialife-cycle. Individuals deposit the first clutch
of eggs in their brood pouch at the time they reach size atrémioduction (SFR).
Hatchlings from these eggs were released as neonatesgeé&=@ at the next molt
of the mother. IrDaphnia the time between two molts is about equal to egg devel-
opment time (BTTRELL et al,, 1976; VIaVERBERG 1980). Individual clutch sizes at
that time a new clutch is laid were calculated according éonttodel specification (see
below). No mortality and no density dependent processes agplied to the popula-
tion leading to an exponential growth. The sum of all indiats born in a simulation
indicates the growth potential of the population at the eetipe food and temperature
conditions. Therefore, population birth rdievas used (Eq. 3.1) to assess individual
fitness and is interpreted as an integrated measure of baithdonal somatic growth
(larger animals produce larger clutches) and reproduction
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_ In(X1) =In(X%0)

t1—1o

b (3.1)

Note, that the starting population in this simulation staldgplayed no stable age

distribution, but comprised only of one single neonateviatlial (aget=0), i.e. mim-
icking the conditions in the pelagic zone of temperate lakespring wherDaphnia
starts to build up its population out of a few individu@alé systematic set of combina-
tions of food (in the range of 0.1 - 4 mgC L Scenedesmus acujusnd temperature
(in the range of 2 - 20C) was applied to the simulation.

3.2.3 Model applications

In order to demonstrate possible fields of application anttitecally evaluate quan-

titative outcomes of the model approach four model appticatwere specified, each
focused on rather different fields of current researcibaphnia

1. Correlation between juvenile somatic growth and populatia birth rate: In

experimental studies, the juvenile somatic growth ratefaasd to be strongly

correlated with population birth rate AMPERT & T RUBETSKOVA, 1996); there-

fore, model outputs for population birth rate were comparéti those of in-

dividual somatic growth rate. The model specification fanatic growth was

used to calculate a juvenile growth rg@ccording to IAMPERT & T RUBET-

SKOVA (1996) by using the increment in body mass from the age of Ckay4.
|n(Wa:0) — In(Wa:4)

= 3.2
g ta—g —ta—0 ( )

The individual body weight was calculated using the bodygtarweight rela-
tionship ofD. hyalinataken from GELLER (1989).

. Effects of temperature on population birth rate: At decreasing temperatures,
longer egg development times as well as delayed somatictigrsiwould both
lead to smaller population birth rates. But in reality it i3 possible to separate
these two effects from each other. However, by using the inibike can be

2The starting population is either comprised of survivingiter individuals or of hatchlings from
resting eggs (ephippia).



done by modifying the model specification in such a way thataa growth
took place according to ambient temperature but egg denetaptime was set
to the corresponding value atZD. This modified model specification was ap-
plied at different temperatures and model outputs (i.e.ufadn birth rateb)
were compared with those from the respective standard goenarhis pro-
cedure excluded the influence of egg development time frartemperature
effects on population growth rate, which opens the possilid quantify how
delayed maturity — the solely remaining factor — affectsgbpulation growth
rate. This comparison was carried out at a limiting and a limaiting food
concentration (0.1 and 0.75 mgC1). An important issue of this model ap-
plication is the fact that in population models@aphniathat are often applied
within lake models the well documented temperature-degecel of egg devel-
opment time is used in order to calculate temperature sftacpopulation birth
rate (e.g. ENNDORF, 1979). This is done for the sake of simplicity and because
of difficulties in accounting for delayed maturity due to kened somatic growth
in such models, which are purely focused on the populatigel land cannot
account for individual level processes.

. Food-dependent size at first reproduction (SFR)Experiments by BERSMA

& V II3VERBERG(1995b) demonstrated that SFR decreased with declinird) foo
concentration (data at 17°€ and 0.13, 0.25, 0.5 and 2.5 mg C1). The effect

of this variable SFR on population growth was quantified byparing a sce-
nario using the variable SFR as found imBRSMA & V IJVERBERG (1995b)
with a standard scenario using a fixed SFR.

. Costs of diel vertical migration: The observations of 8cH (1989) provided

a detailed description of the diel vertical migration (DVbFf)Daphnia hyalina

in Lake Constance. Individuals were found in hypolimneti¢ers during day
and in epilimnetic waters during the night. The migratiomdgor is mainly
triggered by fish infochemicals and secondary phototaxiS GRLBERG, 1999;
VON ELERT & POHNERT, 2000) but predation by visually feeding fish was
found to be the ultimate factor of DVM, which is the subjecttioé predator
avoidance hypothesis ARET & SUFFERN, 1976; LAMPERT, 1993a). Costs of
DVM are associated with lower temperature and food conagatr in deeper
water layers (Bwibowicz, 1994). In his study, 8cH (1989) provided tem-
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peratures and food concentrations at the mean populatpghslduring day and
night of the population (data from 15th/16th August 1977 evesed). Food
concentrations were measured as mg carbon per lifP€©af < 30um. Accord-
ing to MULLER-NAVARRA & L AMPERT (1996) this food concentration was
divided by 2 to take roughly into consideration food quaétyd estimate food
in terms of mg C per litre oB6cenedesmus acutuBirth rates of the migrat-
ing population were calculated as time-weighted mean i lbates during day
and night and compared with animals that would have spenwtitde day in
epilimnetic waters .

3.3 Development of the model

3.3.1 Baseline model

We examined the data of AL (1964) in order to find a satisfying set of functions
describing the kinetics of growth and reproduction undeyivg conditions of tem-
perature and food. AL (1964) simultaneously investigated somatic growth and egg
production ofDaphnia galeata mendotae relation to three different temperatures
(11°C, 20°C and 25C) and three food levels. The food supply consisted of a maxtur
of Chlorella and AnkistrodesmusrherebyAnkistrodesmuaccounted for ca. 95% of
individual abundance (D.J. AL, pers. com. Food concentration was expressed as
Klett units (optical density measured with a Klett-Sumnoarphotometer) and three
different food levels were investigated (0.25, 1 and 16 Kieiits). The value of 16
Klett units refers to approximately 106 cellsmhl The data from HLL (1964) offered
the possibility to concurrently investigate effects of fErature and food supply on
growth and reproduction on one consistent data set, whicldest deviations arising
from different experimentalists or experimental setups.

3.3.1.1 Somatic growth

The model of somatic growth was based on the von Bertalantigton (/ON BERTA-
LANFFY, 1957) that is commonly used in models of daphnid somatievtirde.g.
KooIlJMAN, 1986; MoolJet al, 1997):

Lt — LmaX— (Lmax— LO) . eﬁkt (33)
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Here,L; corresponds to the body length(mm) of an individual at the age(t=0 at
hatching) and_max andLo denote the maximal body length of adults and the body
length of neonates, respectively. The von Bertalanffy gnoedefficientk is respon-
sible for the initial slope of the growth curve. For all coméiions of food and tem-
perature the parametép was set to 0.35 mm representing the mean value of the
extrapolated growth curves &0 in Hall's data.

The parametek showed an exponential increase (Eq. 3.4) with temperaiure (
Food concentration appeared to have no significant effeategression residuals
(ANOVA, p = 0.42). In contrast to this, food concentratidf) (vas proven to strongly
influence maximal body length.{,ax) that was accounted for by using a Holling type
Il functional response term plus an additional constantweier, residuals of this
model were still influenced by temperature (ANOVA, p = 0.048)l showed a nega-
tive trend towards higher temperatures. This trend became more obvious when
associating parametgrinstead of temperature (Eg. 3.5). An overall parameter esti
mation procedure (non-linear least squares) succességilfted in a parameterization
(Table 3.1) that displayed a high coefficient of determimatiFig. 3.1,r2 = 0.983,n
=110).

k=by 2T (3.4)
o a-F B
Lmax= atF +ag — ayk (3.5)

3.3.1.2 Egg production

Age-dependent individual clutch size at each factor comtimn of temperature and
food concentration were derived fromadL (1964). Individual body length at the
time of spawning was calculated using the somatic growthehddscribed above.
In accordance with HLL (1964) and further publications (e.gTI8H & L AMPERT,
1984; ARBACIAUSKAS & GASIUNAITE, 1996; HILSMANN, 2001) a linear increase
of clutch size E) with body length ) was assumed (Eg. 3.6).

E=a-L+p (3.6)
An ANCOVA of clutch sizes (body length as covariate revealesigaificant effect

of food concentration on the regressions of clutch size wslybbength, whereas nei-
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Table 3.1: Parameter estimates for the multiple regression model of somatic growth (baseline
model) fitted on the data set ofAdL (1964) using egs. 3.3, 3.4, and 3p ¥
significance level).

Parameter Value Unit Standard error p

al 1.167 mm 0.073 <0.001
a2 0573 mgcL!? 0.103 <0.001
a3 1.42 mm 0.108 <0.001
a4 2.397 d 0.623 <0.001
bl 511.10% d! 4.6-107% <0.001
b2 0.122 cc)~t 0.004 <0.001
Lo 0.35 mm fixed parameter —

*according to KALL (1964)

3 . ] .
11°C 20°C 25°C
1 16 Kiett 1 16 Kiett 1 16 Kiet
2 . g 1
1 . . .
1 o.68° 4 ]
O 4 . 4
T T T T T T T T T T T T T T T T T T
3 . ] .
11°C 20°C 25°C

1 Klett 1 1Klett 71 1Klett

Length (mm)
\

0 B T T T T T T B T T T T T T B T T T T T T
3 _ . _
11°C 20°C 25°C
0.25 Klett 1 0.25Klett 7 0.25Klett
2 . - .
O B T T T T T T h T T T T T T B T T T T T T
0 20 40 0 20 40 0 20 40

Age (d)

Figure 3.1: Comparison of the multiple regression model (lines) and the respectivatgrow
data (points, HWLL, 1964) for different combinations of temperature and food
concentrations. Food concentration is given as Klett units. No data waitatze
for the combination 19C and 0.25 Klett units (overatf = 0.983).

30



— o — +
—A— (.25 Klett +++4
A1 Klett 7
-+- 16 Klett +/+
_ + ot
+ 4.+
[5) + /n
N i A ?‘A
5 doh &
E - ks
O 4 +
| A
JA A
_ g .
T T T T T T T T T T T T
0 1 2 0 1 2

Body length (mm)

Figure 3.2: Linear regressions for clutch size against body length for differenp&gatures
(left) and different food concentrations (right). Data were taken fidm.L
(1964). Slopes of all regressions were highly significgnt:(0.001 in all cases).
Nevertheless, only food has a significant effect on the slopes anaymificcant
effect of temperature could be found (Table 3.2)

ther an effect of temperature nor an interaction was fourdl€r3.2 and Fig. 3.2).
The slopea in Eq. 3.6 was calculated from food concentration by a Hgllippe

Il functional response model (Eq. 3.7). The intercgpin the linear regressions
increased with rising food supply (Eq. 3.8). However, ameixation of the signifi-
cance of these parameters revealed a negligible influertbe paarameteu,; although
this parameter is needed for consistent dimensions. Tdrereh fixed value of 1
(mgC L Y)~1 was applied, i.euc acts only as a unit conversion factor in order to pro-
vide dimensional correctness without providing anothegrele of freedom. Again,
overall parameter estimation (non-linear least squares)s@nducted and displayed
a high coefficient of determination (Table 3.3, Fig. 33z 0.872, n = 99).

- ifsajr":: (3.7)
B = Bmin- (1—eiu°':) (3.8)
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Table 3.2: ANCOVA of individual clutch sizes with body length as covariate (data tdkem

HALL (1964),p = significance level).

Factor df (effect) df (error) F p
Food 2 89 17.58 <0.001
Temperature 2 89 1.76 0.179
Interaction 4 89 213 0.084

Table 3.3: Parameter estimates for the calculation of clutch sizes using Eq. 3.7 and Eq. 3.8

(p = significance level).

Parameter Value Unit Standard error p
Amax 19.94 eggs 1.41 <0.001
Ka 0.36 mgC L1 0.03 <0.001
Bmin -10.15 eggs 2.33 <0.001
Uc 1 (mgcLHt —* —*

“no free parameter

10.25 Klett 11 Klett
301 1
o .
N
% 201 1
E
[&]
5 . .
O
10{ o 1
m (o) 4
o]
0- i

o 1 2 3 0 1 2 3
Body length (mm)

Figure 3.3: Regression lines for clutch size against body length calculated by thénease
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3.3.2 Generalized model

The parameter set obtained by fitting on Hall’s data reptedensuitable solution for
the description of his data set but seemed to lack geneveltign compared to results
from other studies obD. galeatg D. hyalinaor its hybrid. In particular, the usage of
Klett units as a measure of food supply is problematic aniicdlf to associate with
results from analogous investigations. Moreover, a corsparo data on growth and
egg production from other publications revealed that: h@ value forLy = 0.35mm
appeared to be very low (e.g.EDMEESTER& WEIDER, 1999), (ii) the measured
clutch sizes were uncommonly high (e.guEEMANN, 2001) and (iii) the initial slope
of the growth curves was relatively low (e.giABl1, 1991). In order to obtain a more
general parameter solution we calibrated the baseline hoode broader basis of ex-
perimental data. However, the general functional relatgos, i.e. the egs. 3.3-3.8,
were considered to be valid and therefore have been retéondége whole recalibra-
tion procedure. Parameter estimation for the generalizedietrwas performed using
data of four publications (8CH & L AMPERT, 1984; GQ.iwicz & L AMPERT, 1990;
GIANI, 1991; \ANNI & L AMPERT, 1992), which in total led to the recalibration of the
following parametersbs, 0max Ko, andBmin (Table 3.4). All studies employed to this
parameter estimation were usiBgenedesmus acutas food algae and mgCtas a
measure of food quantity. Therefore, the generalized motEiprets the input value
for food supply as mgC t! Scenedesmus acutus

For the recalibration of the somatic growth submodel 12ed#ht growth curves

Table 3.4: Parameter estimates of the generalized model; those parameters not shewn we

equal to the respective values in Table 3.1 and Table 3.3. Model resudtsrfatic
growth ¢2 = 0.954, n = 88) and egg productior? (= 0.931, n = 35) are in good
accordance with observed data< significance level).

Parameter Value Unit Standard error p
Somatic growth

by 1089-103%  d7t 02-10%  <0.001
LO,HaII 0.35 mm —= —*

Egg production

Omax 23.83 eggs 6.39 <0.001
Ka 0.65 mgC L1 0.35 <0.001
Bmin -29.28 eggs 2.61 <0.001

“no free parameter
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taken from 4 studies were usedT(SH & L AMPERT, 1984; G.iwIiCZ & L AMPERT,
1990; GANI, 1991; \ANNI & L AMPERT, 1992). Obviously, size of neonatdsy)
varied markedly in these studies and hence it did not seefaluseapply one fixed
value ofLg to all curves. As a solution, we used the valué_ghis observed in HLL
(1964) as a base value (0.35mm) and included an additive valuto Eq. 3.3 with
AL = Lo observed— LoHail WhereLg gpservediS the actual value of the size of neonates
as observed in the original growth curve (see also Table 3Y)setting the body
length of an individual at the age t = 0 in the model equal tcsibe of neonates in the
respective experimental study, this approach eliminadtedrifluence of different life
histories on the shape of the growth curves. This enabled illastrate the influence
of temperature and food concentration independently @higtory plasticity. Finally,
parameter estimation on the 12 growth curves required ttedibeation of only one
parameterlf;, value shown in Table 3.4). All other parameters of the sangabwth
submodel were kept constant. The recalibrated growth megebduced the mea-
sured growth curves with a high coefficient of determinafign= 0.954, n = 88).

For the recalibration of the submodel of egg production, iffere@nt experiments
taken from 3 studies were usedT(SH & L AMPERT, 1984; G.iwICZ & L AMPERT,
1990; VWNNI & L AMPERT, 1992). It was necessary to recalibrate all involved pa-
rameters (except;). An overall parameter estimation was conducted (Tableehd,
again, the model results were in good accordance with thesuned clutch sizeg{
= 0.931, n = 35). A comprehensive description of the completeeralized model
specification is given in Table 3.5.

Table 3.5: Generalized model specification; Units of parameters see Tables 3.113and 3

Somatic growth

Lt = Lmax— (Lmax— 0.35) - e K+ AL L = body length (mm)

with t = age (d)
Lmax= e +1.42—2.397-k Lmax= maximal body length (mm)
k =0.0109. 21227 AL = additive length term (mm)
AL = Lo observed— 0-35 k = von Bertalanffy coefficient (d?)
Egg production F=mgC L ! Scenedesmus acutus
E=2383F .1 2028.(1-e1F)
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3.4 Results

3.4.1 Individual based simulation

Population size grew up discontinuously during the simaoitet due to synchronized
hatching of siblings. Nevertheless, the development ofifaijon size over large time
intervals follows exponential growth (Fig. 3.4). At the lbmgng of each simula-
tion reproduction was delayed until the starting animab(rage) has reached maturity
(e.g. 6days at 2&«, 1 mgC L1; 12 days at 20C, 0.2 mgC L1; 29 days at 16C, 0.2
mg C L~1). One further egg development time after reaching sizesatriproduction
the first hatchlings were released (e.g. 38 days a€lnhd 0.2 mgC L1, Fig. 3.4).
Population birth raté increased with rising temperature and food concentrafan (
3.5). But at food concentrations above approximately 0.4 mg¥tScenedesmus acu-
tus temperature was the main determinant of population birig. rAt temperatures
below 5C no reproduction was detectable during the simulationogeoif 60 days.
At these temperatures reproduction was limited by slow $iengaowth and long egg
development time. Nevertheless, a simulation longer tltada&/s showed a slight
population growth even at this low temperature. Maximalwation birth rates cal-
culated in the applied range of temperature and food coraténs were about 0.25
d~1. Increasing food concentration led to higher clutch sifég.( 3.6) and larger
maximal body length of the adults (Fig. 3.5) whereas inarepemperature led to
faster egg development and somatic growth but also to gligtduced maximal body
length of the adults (Fig. 3.5).

3.4.2 Model applications

Correlation between juvenile somatic growth and population b irthrate:  Juvenile
growth rateg of individuals was likewise affected by both, temperaturd food con-
centration and showed a response comparable to populattbrrdte in the applied
range of temperature and food supply (Fig. 3.7 A). Howewergtffect of food concen-
tration on juvenile growth rate was more pronounced at hitgmaperatures. Popula-
tion birth rate was highly correlated with juvenile growtite (Fig. 3.7 B2 = 0.95).
However, at very low food concentrations the populatiothbiate showed some de-
viations from the calculated regression line (Fig. 3.7 B,ropiecles). Calculated birth
rates at these low food concentrations were lower than atoiifrom the respective

35



!
<

-
o
o
o

100

No. of Individuals
L

-
o
LLLLi

=
|

| | | |
0 10 20 30 40 50 60

Time (d)

Figure 3.4: Population development in the individual based simulations at differewlittoms

of food concentration and temperature: (100 0.2 mgC L1; (Il) 15°C, 0.2
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values of temperature, food concentration, size at first reproductidrsiae of
neonates during simulations populations showed synchronized growth.
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Figure 3.5: (A) Application of the generalized model in an individual based simulatiop- Po
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ulation birth rateb at different temperature and food conditions as calculated by
the individual based model. (B) Theoretical maximal body length calculated b
the generalized model for different values of temperature and foockodration.



juvenile growth rate, i.e. at strong food limitation juvias can still grow distinctly in
size although they will hardly start, if ever, to reproduce.

Effects of temperature on population birth rate: The contribution of delayed so-
matic growth to the overall temperature effects on popaitahbirth rate ranged from
33% to 78 % (Table 3.6) with higher values in the high food scen As expected,
this contribution increased with decreasing temperatflines, besides longer egg de-
velopment times delayed somatic growth has a consideratileence on population
growth due to later maturation. A complex pattern in the terafure reaction norm
of population birth rate emerged from these simulation ltedaecause several indi-
vidual level processes interact with each other and thesaation changes with food
concentration. The temperature reaction norm of egg dpuedat is different from
that of population birth rate and this difference is eveneraonounced at high food
concentrations.

Food-dependent size at first reproduction (SFR): According to the findings about
the significant effect of delayed somatic growth on popafatirth rate, the model

also proved clear differences in birth rates between seehaith an either fixed or

food-dependent size at first reproduction (SFR). As expeeateelduction of the SFR
at low food concentrations led to higher birth rates due ttieranaturation (Table

3.7). The SFR at the highest food concentration (2.5 mg¥&) was larger than the
reference SFR in the standard scenario. Surprisinglyintbiease in SFR did not lead
to reduced birth rates but to even slightly higher valuess tan only be understood
by taking into account the higher clutch sizes due to larger af animals. Especially
at high food concentrations, individual clutch size stigmgcreases with body length.
Hence, the benefits from an elevated clutch size could cossperthe costs arising
from later maturation.
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Figure 3.7: (A) Juvenile somatic growth rate(d—1) calculated by the generalized model. The
same ranges of temperature and food concentration were applied as B.%ig.
(B) Regression analysis of population birth ratéd—1, open circles and points)
and juvenile growth ratg (d—1). Birth rate is highly correlated with juvenile
growth rate b = 0.416- g— 0.06, r> = 0.95). Open circles mark those rates cal-
culated at temperatures >“IDand food supply < 0.2 mgC1%. Regression and
correlation analysis were conducted by using all data points.
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Table 3.6: Population birth rateb at different temperatures and two food concentrations: a limiting fooderdration (0.1 mgC ') and a

non-limiting food concentration (0.75 mg C L). Birth rates of standard scenarios (Standard: somatic growth andceegppgment
depend on ambient temperature according to the generalized model) ararednajith the manipulated scenario (Manipulated:
somatic growth depends on ambient temperature but egg development time @tfaxealue that corresponds to egg development
at 20°C; see Section 3.2.3 for details). Normalized birth rates are given asnpageeof the birth rate at 20. The effect of
delayed somatic growth at a given temperature was quantified as relativedi# reduction (in relation to birth rate at°Zx)

in the manipulated scenario divided by the relative birth rate reduction in thdasth scenario. For comparison, the rate of egg
developmentd) according to BTTRELL et al. (1976) is given for the specified temperatures (absolute values andnpeges
relative to egg development atn). Egg development rate was calculated as the inverse of egg develkdpmen

Food =0.1mgC L1 Food =0.75mgC L?!
Rate of egg development Standard Manipulated Standard Miarteol
T(°C) e(d™) e (%) b(d™) b(®%) b(dl) b(%) Effect(%) b(d™1) b(%) b(d1) b(%) Effect (%)
5.0 0.057 15 0.000 0 0.000 0 — 0.023 11 0.066 32 76.3
7.5 0.086 23 0.012 14 0.037 44 64.7 0.040 20 0.076 37 78.2
10.0 0.124 33 0.027 32 0.049 59 60.1 0.060 30 0.107 53 67.2
12,5 0.170 46 0.041 50 0.055 67 67.2 0.097 48 0.132 65 67.7
15.0 0.226 61 0.055 67 0.070 85 44.4 0.125 62 0.155 76 62.2
175 0.293 79 0.073 89 0.080 96 33.7 0.162 80 0.181 89 54.0
20.0 0.372 100 0.083 100 0.083 100 — 0.203 100 0.203 100 —




Table 3.7: Population birth rates at different food concentrations with either faameddent
size at first reproduction (SFR) according toBRSMA & V IJVERBERG (1995b)
(left panel) or a fixed SFR (right panel).

SFR according to Fixed SFR
BOERSMA& V IJVERBERG(1995b) (independent of food)
Food (mgC 1) SFR (mm) b(d™1) SFR (mm) b (d~1)
0.13 1.3 0.107 15 0.085
0.25 1.4 0.132 15 0.118
0.50 15 0.154 15 0.154
2.50 1.6 0.182 15 0.178
Costs of diel vertical migration: The example of diel vertical migration 8faphnia

hyalinain Lake Constance is characterized by very different enwrental conditions
of the animals during day (mean population depth at 30t@, ©.07 mgC 1) and
night (mean population depth at 10m,°T4 0.16 mgC L?1). By assuming all indi-
viduals staying in the epilimnion for 24h the population Wbtealize a birth rate of
0.062 d1.At conditions of vertical migration (light:dark = 14h:1Dhhis birth rate is
reduced to 0.026¢L. This reduction of about 40% reflects the costs associatdd wi
diel vertical migration at these environmental conditions

3.5 Discussion

The multiple regression model presented consists of avellasmall set of functions,
which describe the effects of food concentration and teatpez on somatic growth
and reproduction irDaphnia The model is purely empirical, but applicable over
broad ranges of food (0.1 - 4 mgC L) and temperature (2 - 2@). Altogether, nine
parameters were fitted in the multiple regression appropahatneten; does not
provide a degree of freedom). These parameters are conistadtshould be valid
without recalibration in situations within the specifiedgas of temperature and food
supply. Two further life-history parameters (size of nedesasize at first reproduction)
were needed in order to characterize complete individuatdia life history.

In experimental studies, variability in individual sontagjrowth and egg produc-
tion is observed even at conditions of constant temperatmndefood and can be at-
tributed to the plasticity of cladoceran life historiesgteDE MEESTER& W EIDER,
1999). However, it was an intended aim of this study to dsréghe processes in-
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volved herein and consequently no investigations invgh\kairomones in the exper-
imental designs were used for the calibration. Existindged#inces in the daphnid
life histories of the used investigations might be assediatith clonal differences
(DE MEESTER& WEIDER, 1999) or maternal effects AMPERT, 1993b). As there
is still a lack of any quantitative understanding of cladacelife history plasticity
only pragmatic approaches were available. However, wianeto the investigations
of LAMPERT (1993b) concerning maternal effects@&phnia the usage of additive
terms (AL) as done in this study might be a suitable approach. Additignsuch ef-
fects could be integrated into the model by linking the siza neonate to the size of
the mother or their physiological state and further linkihg size at first reproduction
of an individual to its own size at birth and the presence afdkaones. This would
mean that size at first reproduction is not a constant valpkeajto all individuals in
a simulation but that size at first reproduction differs begwindividuals.

In experimental studies, variability in individual sontagjrowth and egg produc-
tion is observed even at conditions of constant temperamdefood and can be at-
tributed to the plasticity of cladoceran life historiesg(eDE MEESTER& W EIDER,
1999). However, it was an intended aim of this study to dsreghe processes in-
volved herein and consequently no investigations invghkairomones in the exper-
imental designs were used for the calibration. Existinded#inces in the daphnid
life histories of the used investigations might be assediatith clonal differences
(DE MEESTER& WEIDER, 1999) or maternal effects AMPERT, 1993b). As there
Is still a lack of any quantitative understanding of cladacelife history plasticity
only pragmatic approaches were available. However, wghneto the investigations
of LAMPERT (1993b) concerning maternal effects@aphnia the usage of additive
terms (AL) as done in this study might be a suitable approach. Additigrsuch ef-
fects could be integrated into the model by linking the sikza neonate to the size of
the mother or their physiological state and further linking size at first reproduction
of an individual to its own size at birth and the presence afdkaones. This would
mean that size at first reproduction is not a constant valpkeato all individuals in
a simulation but that size at first reproduction differs besgwindividuals.

Not only the individual growth but also the population bir#ttes calculated by the
model are in accordance with published valuesBSMA & V IJVERBERG 1995b;

SPAAK et al, 2000; WEBER, 2001). Nevertheless, population birth rates generally

showed certain variability over a relatively wide range atkler investigations re-
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Figure 3.8: Validation of the model on somatic growth data@&phnia galeatax hyalina
taken from DDKSAETER & V IJVERBERG (2001). Experiments were conducted
at1 mgC L1 S. obliquusand at two temperatures (1@ and 18C)

vealed higher values (e.g&RSMA& V IJVERBERG 1995a; Or MEESTER& W EI-
DER, 1999). Clonal differences, the demography of the start ladjom, different
values for size at first reproduction or varying experimes&t-ups (e.g. varying
food quality) might account for these discrepancies. Thelehpredicted a maxi-
mal body length an individual could ever reach under foddrsdéed conditions of 2.7
mm (at 10C), which is in agreement with (©SSNER 2000) forDaphnia galeataor
Daphnia hyalina Furthermore, the calculated values for age at first repotiolu at
different temperatures and food concentrations agreewitllobserved values (e.g.
DE MEESTER& WEIDER, 1999). Application of the model to life-history data that
have not been used for the development of the model as welleshgood agreement
between model outputs and measurements (Fig. 3.8).

Somatic growth, egg production and egg development timedwidual Daphnia
were simulated by the IBM under different conditions of tenapgre and food. The
individual based simulation hereby acts as an integratthese three sub-processes
and provides the possibility to assign the effects of terajpee and food to the popu-
lation level. The population birth ratewas strongly affected by temperature through
its control of egg development time and initial somatic gilewNevertheless, food
had a considerable influence on the population birth rate dancentration fell below
a critical value of approximately 0.4 mgC L. Except at those low food levels pop-
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ulation birth rate and juvenile growth ragewere highly correlated because of their
predominant control through temperature. Furthermore&enifperature is kept con-
stant, the juvenile growth rate and population birth rateensdso correlated due to
their sole dependence on food concentration. Hence, thelnsagported the results
of LAMPERT & TRUBETSKOVA (1996) who found a good correlation between juve-
nile growth rate and population birth rate. However, at Mery food concentrations
population birth rate was lower than expected accordingnéoctlculated regression
line (Fig. 3.7). One reason for this deviation is the usaga @ked length-weight
relationship. UWRABE & WATANABE (1991) showed that individuals &. galeata
grown under different food supplies differed markedly iaitHength-weight relation-
ships, i.e. individuals of the same length grown at high feag@ply were heavier
than individuals grown under food limitation. This effecowd move the deviating
points closer to the regression line in Fig. 3.7. But anotbason for this deviation
is probably the fact that at very low food concentrationiahsomatic growth can be
performed from the energy storage of the egg whereas papulairth rate will be
substantially limited due to very small clutch sizes. Alilgb the application of one
fixed length-weight relationship is problematic, the egyesprage effect might be im-
portant as well, as it is predicted byad®iaMAN (2000) in his concept of dynamic
energy budget models.

The application of a food dependent size at first reprodoc®#R) showed a sig-
nificant influence on population birth rate in comparisorh $tandard scenario with
a fixed SFR (see Table 3.7). Up to now, most individual levetieling approaches
to Daphniaapplied a fixed SFR (e.g. GRNEY et al, 1990; HALLAM et al,, 1990;
Kool1JMAN, 2000). However, this study shows the great importance ad filepen-
dent SFR at the population level. Even more, the model o@pabled a quantitative
view on the adaptive value of this variable SFR because vbde3FR in BDERSMA
& V IIVERBERG(1995b) produced in the simulations always higher birtegahan in
simulations with a fixed SFR. At low food concentrations a rEtuUSFR is adaptive
because of earlier maturation and at high food concentratolarger SFR is adap-
tive due to larger clutch size. Hence, further model apgreashould include a food
dependent SFR. Another point that has to be checked in fuaiglications is the
effect of food-dependent size of neonates on populatigh kate (McCAULEY et al,
1990a).

In the model specification, increased food concentratieti$d an increasing slope
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of the body length - clutch size relationship (see Eq. 3.6¢mnehs the intercept of
this relation decreased (see Eq. 3.8). If these lines argaed over a range of
food concentrations an obvious increase of the intercegpttve x-axis (clutch size is
zero) with increasing food concentrations can be obserseel Fig. 3.6). Further, if
this intersecting point with the x-axis is interpreted asradlof physiological size at
first reproduction, we found an increasing size at first rdpotion with an increasing
food concentration as proven by experimental works (eGe®BsMA& V 1IJVERBERG
1995b; GEBELHAUSEN & L AMPERT, 2001). Moreover, BERSMA et al. (1996)
correlated maximal body size and size at first reproductimh the observed ratio
between size at first reproduction and maximal body size bia@g observed was a
value averaging 0.62. The mean ratio between physiologizalat first reproduction
and maximal body size in the simulations shown above was @Bigh is comparable
with the observations. This accordance is remarkable Isectne ratio between size
at first reproduction and maximal body size was no criteribthe parameter fitting
procedure.

The effects of food and temperature on population growth el particularly
important for populations performing diel vertical migoat (DVM). As this model
scenario showed, migrating populations suffer reduceith bates because of lower
temperatures and food concentrations during the day. Dtleetdominant influence
of temperature on population growth we should expect thaateoh of temperature
as the main limiting factor of the gross population growtteraf a migrating popu-
lation. Indeed, this model indication was found earlier &lgdratory investigations
(DAawiDowicz, 1994; LooSE& DawiDowicz, 1994) that proved the temperature
reduction, and not food reduction, as the main cause of @dsS®¥/M. Moreover,
if the model predictions are sound one should expect an ércegt very low food
concentrations (below approximately 0.4 mgCt.where a further lowering of food
supply during DVM is becoming more costly. IndeedHNSON& JACOBSON(1987)
observed a lack of DVM under low food concentrations in a mesm experiment and
FLIK & RINGELBERG (1993) found comparable results in a field study. With respec
to the model results this pattern must be interpreted asitidance of elevated costs.
Besides, it has to be considered that this critical food coeimagon could varyn situ
due to different food quality.

The development of a given population over time is hard t@ides when an ap-
proach is purely focused on the population leveE([®oos& PERSsSON 2001). There
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are several underlying individual level processes thatatt in a complex manner and
together result in what is called population dynamics. €fae, model approaches
to population dynamics should provide a structure to taksehndividual level pro-
cesses into account — at least when relatively high-orgahmmganisms that display
particular life-cycles are involved. As shown in the seconaddel application (ef-
fects of temperature on population birth rate), classicgytation level approaches
are not able to incorporate this complexity. Therefore,ighthbecome necessary for
many model applications in applied ecology (e.g. wateriguadanagement models),
which should provide quantitative and reliable insights ia given problem, to adapt
to other model approaches. These approaches have to inatapiistinct individual
level processes and have to include information about pdipul demography.

With this multiple regression model a simple-to-use apgpinofar the modelling
of growth and reproduction ddaphniais presented. Effects of food concentration
and temperature could be quantitatively described andiohehl based simulations
resulted in reasonable individual as well as populationadyics. This model can
be applied to detailed simulations Biaphnia population dynamics under realistic
environmental conditions and represents a useful tool fwrEcal scientists who want
to interpret their findings by means of a model.
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4 A mechanistical approach to
individual life-history and

population dynamics of Daphnia by

a bioenergetic model 1!

Abstract

A model framework for the simulation of growth and reproductiorbaih-
nia at varying conditions of food concentration and temperature is presented
The core of the framework consists of an individual level model that sitesila
allocation of assimilated carbon into somatic growth, maintenance costs and re-
production on the basis of a closed carbon budget. A fixed percentagsim-
ilated carbon is allocated into somatic growth and maintenance costs. Special
physiological adaptations in energy acquisition and usage allow realisticlmode
performance even at very low food concentrations close to minimal fapdres
ments. All model parameters are based on physiological measures taken fr
the literature. Model outputs were thoroughly validated on data from a lifle-ta
experiment withDaphnia galeata For the first time, a successful model val-
idation was performed at such low food concentrations. The escalatoabo
train (EBT) technique was used to integrate this individual level model into a
stage-structured population model. In advance to previous applicatiahe of
EBT to Daphniaan additional clutch compartment was included into the model
structure that accounts for the characteristic time delay between eggtaspos
and hatching in cladocerans. By linking two levels of biological organization
this model approach represents a comprehensive framework foiirsgudsph-
nia both at laboratory conditions and in the field. Outputs of the model were

IMain results of this chapter have been published ink®, K. & J. VIJVERBERG 2005: A mecha-
nistical model approach to evaluate the effect of tempegadnd food concentration on individual
life-history and population dynamics Bfaphnia Ecological Modelling 186, 326-344.
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compared with predictions by two other models having analogous parameteriza
tion: (i) another individual level model daphnia(Kooijman-Metz model) and

(i) a classical unstructured population model. In contrast tdXhphniamodel
presented here, the Kooijman-Metz model lacks the structure to accauhefo
optimization of energy acquisition and maintenance requirements by individual
daphnids. The unstructured population model showed different paibépop-
ulation dynamics that were not in concordance with typical patterns odxénv

the field. It is concluded that the model provides a comprehensive totthdo
simulation of growth and reproduction Daphniaand corresponding population
dynamics.

4.1 Introduction

In the temperate regiorDaphnia species are able to control algal blooms and are
preferred food items for zooplanktivorous fish; they are-kpgcies in most fresh-
water aquatic food webs and model organisms in aquatic @¢qBrERNER, 1989;
CARPENTER& KITCHELL, 1993). Therefore, it is not surprising that there is a long
tradition of modelling individual and population level dymics ofDaphnia Nowa-
days, we have an enormous diversity of models regarding haonoe subject, and
methodology. Population level models (e.geNBVDORF & HORN, 1985; SAVIA
etal, 1988; NsBETet al, 1991; SSHEFFERet al,, 2000; QvLIN et al, 2001), some-
times integrated into whole lake models, are mostly dealiity basic aspects of
resource limited growth or predator-prey dynamics whensae recently developed
approaches like structured population modelss@¥T et al,, 1989; DE Rooset al,
1992; McCAULEY et al, 1996, 1999) or individual based modelsuU@\EY et al,
1990; Mo01J & BOERSMA, 1996; RNKE & PETzOLDT, 2003) are also capable of
reflecting demographic effects and size dependent prazesse

The use of individual-based or size-structured models gomant because life
history traits and metabolic rates are generally relatdabtdy size. InDaphnia in-
gestion and respiration rates are strongly influenced hyiohghl size (ARMITAGE &
LEI, 1979; KNOECHEL& HOLTBY, 1986; LYNCH et al,, 1986) leading to size depen-
dent net production ratesYNCH et al,, 1986; LRABE & WATANABE, 1991) and size
related fecundity (e.g. M.L, 1964). Furthermore, reproductionaphniaonly starts
at a distinct body size. Therefore, a distinct proportiothefpopulation, i.e. juveniles,
does not participate in reproduction - a fact that the ata$sion-structured popula-

48



tion models do not take into account. Size is also importamapulation dynamics
owing to close relationships between body size and relatelbgical processes (e.g.
size selective predation, starvation resistance, suoégsedator avoidance;FFERS
1983) and, therefore, reveals an interplay between theiglbgscal properties of an
individual organism and community structure. In cladoogpapulations, size struc-
ture is closely linked to age structure, and thus to demdyrafsome patterns in
population dynamics dDaphniaare attributed to demographic effects. For instance,
cycles inDaphniadensity as often observed in mesocosms and in the field wtithou
any influence of predation are mostly consequences of theyitle ofDaphniaand

the accompanying demography of the populationqSoDKIN, 1954; McCAULEY

& M URDOCH, 1987; McCAULEY et al,, 1999).

Existing individual based and stage-structured populatimdels commonly use
concepts based on energy allocation rules. Most studie®ansed on resource dy-
namics or predator-prey cycles in laboratory experimeints@astant temperature con-
ditions (mostly 20C). In a basal work of MCAULEY et al. (1990b) and GRNEY
et al.(1990) this approach was used to studipegphnia pulexhe allocation of assim-
ilated energy into maintenance, growth, and reproduciitweir approach is convinc-
ing because (i) the closed energy budget represents aedktagichanistic explanation
of previously observed life history phenomena, (ii) all plojogical rates in the model
are based on measurements in laboratory experiments,igridgimodel provides a
framework that opens the possibility to bridge over two Isw biological organiza-
tion (individual level, population level; seedRooset al,, 1997). Almost in parallel,
Kooijman and colleagues @01JMAN & M ETZ, 1984; KOOIIMAN, 1986) developed
the concept of dynamic energy budget models (DEB-modelsijchwis much more
than a growth model oDaphniabut a broadly applicable framework of individual
metabolic organization (&0I1IJMAN, 2000). In contrast to McCauley’s and Gurney’s
idea, he introduced generalized assumptions, e.g. abloatettic scaling relation-
ships and principal energy allocation rulesrule) that made his approach mathe-
matically more tractable (BolJMAN, 2001). In contrast to the McCauley/Gurney
approach, DEB-models follow von Bertalanffy growtoN BERTALANFFY, 1957).
Another novelty in Kooijman’s approach is the introductmra reserve compartment
as additional state variable.

Both models, the Kooijman and the McCauley/Gurney modellimgreach, show
in comparison clear differences although they are bothdaseenergy allocation
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rules. In the McCauley/Gurney-model the commitment of epéngludes complex
kinetics making a further analytical evaluation of the mlodetually impossible.
Model behavior can only be investigated by numerical tegphes (i.e. simulation
surveys) as shown by®Rooset al. (1997). They compared model predictions with
observations oaphniapopulations in the laboratory and showed substantial devi-
ations between model predictions and the obse®apghnia population dynamics,
which were attributed to erroneous scaling relationshipghysiological rates with
body size. The Kooijman modelling approach offers threedrtgmnt advantages com-
pared with the McCauley/Gurney approach: (i) the model stiregrovides analytical
solutions that opens his model framework to comprehensath@matical evaluation
(DE RoOS 1997; KoolJMAN, 2000), (ii) the model is based upon general assump-
tions about scaling relationships and energy allocatiéesrwhich solve the scaling
problems of physiological rates mentioned above, andtfig)framework contains a
defined structure for the incorporation of temperature as/and factor (KooIIMAN,
1986, 2000).

For this approach, a new model structure was used that esgigea combination
of the two model approaches presented by McCauley/Gurne¥aaiiman. By fol-
lowing KooI1IMAN (1986) the scaling relationships between physiologicsand
body size and the basic energy allocation rulesyle) of DEB-models have been
adopted in order to open the model for possible mathemai@dliation. The scaling
of physiological rates with ambient temperature was, ag, \weplied as suggested
for the DEB-models (Kol1amAN, 2000). However, regarding principal energy chan-
nelling the approaches of CAULEY et al.(1990b) and GRNEY et al. (1990) were
followed and assimilated energy were immediately allat#@bdegrowth and reproduc-
tion without the use of a reserve compartment. In order tmagke outcomes of the
individual level model to the population level the model iasher integrated into the
Escalator Boxcar Train (EBT) framework E0Rooset al,, 1992, 1997). This frame-
work allows the inclusion of individual level models intotage-structured population
model, where the population is divided into distinct agassks that are characterized
by individual level properties (e.g. length, age, ingestiate, . ..).

The main purpose of this study was to develop a simulatiandraork that allows
the quantitative simulation ddaphniaunder varying food supply and temperature.
An individual level model based on energy allocation rulggprously validated on
experimental data, constitutes the core of this approachrder to allow an efficient
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simulation on the population level the individual level nebavas integrated into a
physiologically structured population model.

4.2 Methods

4.2.1 Life table experiments (conducted by J. Vijverberg 2)

The experiment was performed with one clone (GAL21)Dafphnia galeatafrom
Tjeukemeer, The Netherlands. This is a well-establishbdritory clone from the
Netherlands Institute of Ecology (NIOO-KNAW) db. galeata(SCHWENK et al.,
2000), which was used in life history studies before (e.gPRa et al., 1998, 1999)
and has proven to be a representative clone in terms of Bfertyi parameters.

Experimental animals were kept individually in 100 ml glgesst tubes at I'C and
a light: dark regime of 16:8 h, as described in detail byHRSMA & V IJVERBERG
(1994b). Log-phase cells &cenedesmus obliqugsown in chemostats were used as
food. Prior to the start of the experiment the animals wesg#all to laboratory condi-
tions at a food concentration of 0.5 mgC1, a food concentration that is well above
the Incipient Limiting Level foDaphnia galeatgdLAMPERT, 1987). The culture was
started with one female, the newborn from the second to ihe Itihood produced by
the third generation were used in the experiment. Five m@iffefood concentrations
were tested: 0.04, 0.11, 0.18, 0.25 and 0.50 mg&. [Each food treatment consisted
of 5 replicates starting with a newborn not older than 24 h.

The animals were inspected and transferred to clean tulibgre@sh medium ev-
ery day. Length growth (length versus time), duration tilmi&iastars and eggs, fecun-
dity (number of eggs), and age and size at first reproductiere noted. Mortality
was in the range of 1-2%d, which is generally the case in well-designBdph-
nia cultures (MJVERBERG 1989). Life table experiments were continued until the
animals reached thé%adult instar.

4.2.2 Parameterization and data management

Information from the literature about significant physgilmal properties oDaphnia
galeatawere included in the model structure. Somatic growth, ggraduction and

2All experimental work of this chapter was performed by Drcalaus Vijverberg, Netherlands Insti-
tute of Ecology, Centre for Limnology, Nieuwersluis, andddly provided for modelling purposes.
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assimilation were expressed in terms of carbon mass perAlathose experimen-
tal studies of which results were used for parameterizaifghysiological processes
were conducted at 2C (reference temperature) and thus could be used withptit
ori temperature correction. Investigations generally useallggneen algaeGhlamy-
domonas Scenedesmyss food that are readily ingestible and properly assieudlat
by Daphnia(URABE & WATANABE, 1991; HEIN et al, 1993).

Size of the neonateSQON in the model system was based on the observed neonate
lengths in the life-history experiments (arithmetic medenergy allocation to gonad
mass is converted into eggs at the end of the molting cycleibgtidg accumulated
gonad mass by the carbon investment per egdddphnig deposition of eggs only
occurs directly after molting and eggs are kept within theolrchamber until the next
molt when they are released as neonates. Thus, the curuéeti size (of adults instar
#n+ 1) represents the egg production over the previous moliokgcof adults instar
#n).

4.2.3 Technical information about simulation tools

Data analysis and all simulations were performed usingRHanguage (HAKA &
GENTLEMAN, 1996, free available dittp://cran.r-project.org/). The
availability of numerical solvers for ordinary differeatiequations, modern statistical
methods, and a graphical user interface within one envissrirmakes it particularly
suited for applications in ecological modelling, as paihteit by RFETzoLDT (2003).
For numerical integration of the differential equationsoarth order Runge-Kutta
algorithm was used with a time step of 0.1 d. Requests for &l R-scripts are
welcome.

4.3 Model

4.3.1 Individual level

In individual level models, it is of crucial importance howertain rates scale with in-
dividual body length. Length dependence of such rates tigestion or respiration
rate is well studied irDaphniabut the published scaling powers differ widely (e.g.
compare IyNCH et al, 1986; LRABE & WATANABE, 1990, 1991). Hence, some as-
sumptions about appropriate scaling relationships aressacy to receive a unifying
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solution for the scaling problem. This can be provided byegahDEB-theory (see
KoolIMAN, 2000). Assuming that the individual does not change itpshauring

growth we can expect weight\) to be proportional to cubic length (Eq. 4.1) lead-
ing to the length-weight relationship given by Eq. (4.2).cAdingly, body surface
area §) should be proportional to squared body length and to wettie power of
2/3, respectively (Eq. 4.3).

w L3 (4.1)
W =al® (4.2)
SOL20OWS3 (4.3)

For Daphnia galeataa large number of length-weight relationships are avaslabl
that altogether show a considerable variability in therapaeters. After careful ex-
amination of existing length-weight regressions thosenfldRABE & WATANABE
(1991) and lyNCH et al.(1986) were considered as most representativBfgaleata
and parametea was adjusted to a value of 1.6 corresponding to their regresgpa-
rameter dimensions are provided in Table 4.1).

Simulated state variables of individuaaphniaare body weightW) and accumu-
lated carbon in gonad®). Assimilated carbon is allocated to gonad mass, somatic
mass and maintenance costs (Fig. 4.1). The carbon flow isibeddy the central
balance equation: assimilation ra#) equals to the sum of maintenance rat),(
somatic growth ratedW/dt), and reproductive ratel &dt):

dWw dR

A=M+ o+ (4.4)

A fixed fraction of assimilatek) is allocated into somatic growth and maintenance
(k-rule, see KOIIMAN, 2001). Thus, somatic growth rate becomes:

dw
G =KA-M (4.5)

KoolJMAN (2000) provided estimates @&f for different species and gave a value of
approximately 13 for Daphnia In the present study, a value of 0.35 was applied. The
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Figure 4.1: Flow chart of energy allocation iDaphnia The compartments indicate carbon
pools and next to arrows relevant processes are declared. AcgdodiDEB-
theory k-rule) a fixed fraction of assimilate is allocated into somatic growth and
maintenancek) and the remaining assimilate €)-is committed to reproduction
and maturation.

remaining assimilatél — k) is channelled into gonad mass leading to the reproductive
rate:

dR
— =(1—-kK)A 4.

= (1K) (4.6)
The effect of temperaturd ( in Kelvin) on physiological rates was modelled with an
Arrhenius scale (KO1IJMAN, 2000):

LA_LA)

f(T) = e(Tref T 4.7)
HereTa refers to the Arrhenius temperature ahgk stands for the reference temper-
ature. KOOIIMAN (2000) stated an Arrhenius temperature of 6400 KDaphnia
Reference temperature is 293K (i.e. °@) representing the temperature at which
physiological rates had been measured. For temperafued®veT,¢, the temper-
ature correction term will bé (T) > 1 and, accordingly, fol < Tt vice versa. If
ambient temperatur€ equals reference temperature (293 K) the temperaturecsorre
tion factor f (T) equals one.

Ingestion ratel() scales with surface area and according to Eq. (4.3) we can as
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sume that:
| = pPingW3 f(F)f(T) (4.8)

By following the measurements ofRABE & WATANABE (1991) parameteping was

set to a value of ®2. The termf (F) corresponds to the functional response in respect
to food concentratior and was modelled with a Holling 1l model (Eq. 4.9). The
half saturation constarg was found to be 0.164 mgCt according to MiCK &
LAMPERT (1984).

F

f(F)= Fike 4.9

Table 4.1: List of model parameters
Parameter Description Value  Unit References
a Length-weight relationship 1.6 pgCmnr3 a,b
K Energy allocation factor 0.35 dimensionless o
Ta Arrhenius temperature 6400 K c
Tret Reference temperature 293 K this study
Ping Ingestion factor 5.02 ugCug Cid! a
ke Half saturation coefficient 0.164 mg ct d
ME max Max. respiration rate 03 d b, f
ME min Min. respiration rate 015 d e,f
EA max Max. assimilation efficiency 0.9 dimensionless a, g
EA min Min. assimilation efficiency 0.5 dimensionless a, g
Ce Carbon investment per egg 1.3 ugCegg? this study
SAM Size at maturity 1.2 mm this study
SON Size of neonates 0.65 mm this study
bottrell.a Egg development time 3.3956 dimensionless h
bottrell.b Egg development time 0.2193 dimensionless h
bottrell.c Egg development time -0.3414 dimensionless h
dy Background mortality rate 0.05 ¢ [
ds Mortality at strong starvation  0.35 |
Pm Critical weight factor 0.6 dimensionless a,f
n Lifespan 25 d [

References are: (a)RABE & WATANABE (1991); (b) LyNCH et al. (1986); (c) KOOIIMAN
(2000); (d) Muck & L AMPERT (1984); (e) BOHRER & L AMPERT (1988); (f) URABE &
WATANABE (1990); (g) PRTERet al.(1982); (h) BOTTRELL et al. (1976); (i) HOLSMANN &
VOIGT (2002); and (j) ®RHRLACK et al.(1999a).
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Ingested food is assimilated with a certain efficier€y, (Eq. 4.10). DEB-theory gen-
erally assumes constant assimilation efficiency. Howetiere is empirical evidence
that assimilation efficiency depends on food concentrat@om a mechanistical view
one can assume assimilation efficiency to be a function ofagitience time leading
to high efficiencies at low food and low efficiencies at higbddEq. 4.11):

A=1-En (4.10)
EA = EA,max— (EA,max— EA.,min) f (F) (4-11)

Maximal assimilation efficienci£a maxWas found to be up to 0.9 and minimal assim-
ilation efficiencyEa min Was set to 0.5 (BRTERet al., 1982; LRABE & WATANABE,
1991). High assimilation efficiencies at low food concetitras increase individual
ability to cope with food shortage.

Maintenance rateM) represents the basal energy requirement of an individual
(e.g. to bear homeostasis, cell renewal, molting) exclytiiose energetic costs aris-
ing from growth, reproduction or maturation. We assumednteaiance rate to be
proportional to body volume, i.eVl scales with cubic length, respectively, with body
weight (Eq. 4.12; see &01JMAN, 2000). However, empirical studies Blaphnia
showed that the maintenance coefficiamtis not a constant but increases with food
supply due to the costs arising from specific dynamic act®dHRER & L AMPERT,
1988). Therefore, maintenance coefficient was defined asaidm of food concen-
trationF (Eq. 4.13).

M = meW f(T) (4.12)

ME = ME min+ (ME,max— ME, min) T (F) (4.13)

The direct measurement of maintenance rate is difficult ahlly approximated
via measurement of the respiration rate. Such an approximistprobably not com-
pletely correct, e.g moulting costs (i.e. periodical loksiatine carapax) that accounts
for a carbon loss of approximately 5-10 % per dayxicH, 1989) are not included in
the estimates. However, after examination of the measuresngenducted by ¥NCH

et al. (1986) and lRABE & WATANABE (1990) maximal maintenance coefficient was
set to a value of 0.30 @d. This maximal maintenance coefficient is significantly
reduced under food shortage and observed reductions are 2% if no food is
available (BOHRER & L AMPERT, 1988; LRABE & WATANABE, 1990). Therefore, a
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minimal maintenance coefficient of 0.15"was assumed that also agrees with the
observations by AMPERT & M uck (1985)

Reproduction irDaphniastrongly depends on body size. At a certain body-size
the daphnid becomes adult and from this size onwards at eatdr a certain amount
of assimilated carbon is allocated into reproduction. Wifoately, there is no exact
definition of the term ‘size at maturity’ and authors havecuien different ways
(compare M\CHACEK, 1991; BBERT, 1992; SIBOR & L AMPERT, 1993). In this
study, size at maturitySAM) is defined as the size at which gonads are becoming ripe
and immature eggs can be distinguished inside the ovandkddirst time, and size
at first reproduction§FR as the size of the instar stage at which eggs are deposited
in the brood chamber for the first time. According to this dé&bn, SAMrepresents
the size of the first adult instar, aisF Rthe size of the second adult instar.

In the present study, energy allocation to reproductiortssta SAMin the first
adult instar. The life-history data used in this study iatkd aSAMof 1.2 mm that
was independent of food concentration. Juveniles whoseisibelowSAM cannot
produce eggs and the energy delivered by reproductive sabsed for maturation
(KoolJMAN, 2001). According to DEB-theory, juveniles become more cemgur-
ing growth, e.g. by development of new organs (reproduatinaehinery) and by
developing more complex regulation system®JIMAN, 2000). Moreover, carbon
investment into maturation during juvenile stage is measlerin terms of yolk pro-
duction (MCKEE & EBERT, 1996; S1BOR, 2002). Adults increase in size, but not in
complexity. In adults, the clutch siz&) at the end of a molting cycle becomes accu-
mulated carbon in the gonadB, (calculated as integral of Eq. 4.6 over one molting
cycle) divided by the carbon investment per egg, Eq. 4.14).

E= R (4.14)
Ce
The conversion of accumulated carbon in the gonads intoisggkted with over-
heads that arise from costs of maintaining the state of ntyatamd the conversion of
assimilates into eggs itself ©I1IMAN, 2000, 2001). Because direct empirical in-
formation about these overheads is not available the samoemqage of metabolic

overheads as for the somatic biomass has been applied. @Gnobaisis, it was as-

3Some authors define size at maturity phenomenologicallyeasize at first occurrence of eggs in the
brood chamber and others prefer a rather physiologicalitefini.e. when yolk production has
started and eggs are prepared for spawning within the gonads
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sumed that the carbon investment per egg is 30 % higher team#asured carbon
content of the eggs. Mean carbon content per egg has beenmeds a number
of investigators, which found egg carbon content in a rathhead range averaging
a value of about 1.0g C (e.g. compare BERSMA, 1995; GQUISANDE & GLIWICZ,
1992). Therefore, carbon investment per egg was estimateel 1.3.g C egg L.

Size of neonatesSON released by the mother after egg development time was
estimated from the life-history experiment and set to 0.6% Memperature dependent
egg development timP was calculated according to an empiric relationship predid
by BOTTRELL et al. (1976) as given in Eg. (4.15). Please note, that this engpiric
equation needs the temperatufe)(to be given as degrees Celsius (and not as Kelvin
as in the energy allocation model).

D = exp(bottrell.a+ bottrell.bin(Tc) — bottrell.c(In(Tc))?) (4.15)

The presented energy allocation rules fully specify indlisl growth and repro-
duction at a given constant food concentration. Individugbw up to a food depen-
dent maximal body size where somatic growth becomes zerbpakhmeters were
derived from physiological measurements or direct obdems (Table 4.1). Two ad-
ditional parameters describing mortality rate and maxihfi@span of an individual
will be introduced and discussed in the next sections.

4.3.2 The special case of starvation

Once food becomes a dynamic variable, situations may ahseerenergy intake does
not meet energy demand and the individual suffers food abertthat is net somatic
growth rate becomes negative. Under such conditions itaali body weight de-
creases whereas body length remains constant beDapsmiacannot shrink. There-
fore, the approach in GRNEY et al. (1990) was adopted and an additional property,
weight for lengthW_, was introduced. The weight for length is that body weiglat th
corresponds to the current body length according to thettewgight relationship
given in Eq. (4.2). In the model systeBaphnia weight for length is an individ-
ual level property that can only change during molting. Coneatly, starvation was
defined as a situation where current weights below weight for lengti\{ .

Under starvation individuals sacrifice reproduction fomsdic growth, i.e. they
give priority to recover body weight HRELKELD, 1987). In consequence, energy
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allocation factoik becomes one (Pseudocode with™as assignment operator):

if (W<W) K1 (4.16)

Although is seems obvious that energy allocation shoulchgbainder starvation in
order to extend survival, an application of a step funct®osamewhat arbitrarily. One
should rather expect a smoother physiological switch ia thspect. Besides that,
an application of a continuous function appears to be essieandle in terms of the
numerical integration of the ODE’s and would have a dampgeffect. However, em-
pirical information about the physiological response totion in terms of resource
allocation is limited and the step function was chosen ferghke of simplicity.

It has frequently been observed tlidphniacan suffer starvation for a distinct
time without dying (EENDT, 1989; RFOHRLACK et al, 1999a) but decrease in biomass.
URABE & WATANABE (1990, 1991) measured length-weight relationships a¢diff
ent food concentrations and showed that body weight at wsvyfdod supply can be
50-70 % of the weight at rich food supply. However, if curreveight falls below
a distinct critical weight\it, starvation mortalityds occurs that has to be added to
background mortality ratd,. The mortality rateds at conditions of strong starvation
was set to 0.35d" ROHRLACK et al. (1999b):

if (W <Werit) d < dy+ds (4.17)

According to LRABE & WATANABE (1990, 1991) critical weighi\,riy was assumed
to be 60 % of the weight for length, thus, factmy was set to 0.6:

Werit = WL Pm (4.18)

Application of this starvation concept produces mean ataom times of 4 days as
observed in ESsSIERet al. (1983).

4.3.3 Population level

Simulation of aDaphniapopulation was performed by means of a stage structured
population model. The escalator boxcar train (EBT) framéwarhich was devel-
oped by Dk Roos et al. (1992), provides a sophisticated approach to this purpose
and was used in this study to allow the application of the éogetic model on the
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population level. Although a thorough description of tl@shnique and an exemplary
application toDaphniais given in DE Rooset al. (1992, Table 1D: food-dependent
size-structured model with continuous reproduction), mreary of this concept is
given in the appendix (see section 4.6) including relevaotgss rates of the EBT-
framework and their assignments to the respective proass of the underlying
individual level model. An implementation of the EBT, whicgwiritten inR, is avail-
able from the author.

The basic principle of the EBT is to divide a population intoistidct number of
cohorts each representing a defined age class of indivifeat®rt width is typically
one day). A cohort itself is characterized by its abundamzk lzy individual level
properties (e.g. body size, clutch size) representing mehres over all individuals
within this cohort. In consequence, a cohort can be proddg#s=an individual and
the above-defined equations of the individual level modallwa applied to describe
the development of a cohort over time (e.g. increase in bad).sAfter numerical
integration of all relevant rates over one day a renumbevjeration of all cohorts
describes the shift in age structure within the populatgonew cohort of neonates is
added at the lower end of the boxcar train and the formerlgsildohort is removed
from the population, i.e. dies through ageing. The cohodre@ation is continuously
filled up with individuals through reproduction in betweertwo renumbering opera-
tions. Mean body size of individuals in this new cohort iscatted with a first order
Taylor expansion term of somatic growth rate (see appenéix 4

Continuous dynamics of all cohorts are given in Table 4.2. ihdevidual level
model specifies physiological rates involved in the cohgrtainics, which directly
accounts for ingestion raté)(and somatic growth ratey). Mortality rate ) of the
cohorts comprises of background mortality rdgeand the starvation related mortality
rateds that acts at conditions of strong starvation as indicatexv@b For the latter,
an additional data structure has to be provided during thelstion in order to store
current values of weight for lengi of each cohort. Simulation of size-selective
predation, i.e. when mortality rate becomes a function afybsize, would require
an additional first order Taylor expansion term for the satioh of abundance in the
cohort in creation (compareRoo0s et al,, 1992). Although a structure to include
size-selective predation into the population dynamicsutation is completely imple-
mented and available within the framework, this study agsienconstant mortality
rate for the sake of simplicity.
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Table 4.2: Escalator boxcar train (EBT) formulation for the individual level model

>

a(F, T,W)
q(F, T,W)

pE(F7T7VVI)

I(F, T,W)

an gW

HF, max
K

Temperature

Food concentration

Egg development time

Number of individuals in théh cohort

Mean size of individuals in theh cohort

Mean clutch size in th&h cohort

Total size mass, relative b, of the individuals in the co-
hort in creation

Body size of a newborn

Number of cohorts (i.e. lifespan if box widths is one day as
in this study)

Somatic growth rate (depends on food concentration, tem-
perature, and individual body size)

Mortality rate (can be defined in dependence of food con-
centration, temperature, and individual body size)
Reproductive rate expressed as produced eggs per time (de-
pends on food concentration, temperature, and individual
body size)

Ingestion rate (depends on food concentration, temperatur
and individual body size)

Derivatives ofq() andg() in respect to body siz&/ (ap-
proximation by first-order Taylor expansion)

Maximal growth rate of food algae

Carrying capacity of food algae

n
Dynamics of the co- %I}.—b = —q(F, T,W,)No — aw(F, T,W,) 1 + ZLZ %Ei Ni
i=

hort in creation (until drp
first renumbering op- dT —

eration)

=g(F, T,W,)No + gw(F, T, Wh) 15 — q(F, T,W,) 1o

— to be continued on next page. —
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Table 4.2 continued from previous page

Dynamics of all %#:—q(F,T,W,)Ni
cohorts in between%V_\n'_g(F’TN\,{)

two renumbering dg 1
= pe(F, T,WM) — =E
operations qt = Pel )—pE
Renumbering opera-Ny(t +AT) « No(t+ A7)
t+ A~
tion and initial val- \y WAt + )<_\M’+N Et—l—A_))
ues for the cohort 0
.  No(t+A7) <0
with newborns (first
To(t+AT) 0

cohort)

Renumbering opera-Ni;1(t+ A1) «— Ni(t+ A7)
tions for all other co- W1 (t+A™) «—W(t+A7)
horts E1(t+AT) — E{t+A")

n
Dynamics of the food gE Fur, maxu Z}—I (F, T,W)N"

concentration

The presentation of the EBT followseEDRoos et al. (1992). All included rates, e.g.
somatic growth rate, reproductive rate, mortality rate, are declared in tividinal level
model including the assumptions about starvation. Parameter values aeartbas for
the individual level model (see Table 4.1); further explanations seeltaddxi indicates
the cohorts each of them representing an age group that was born withitay. Def-
inition of cohorts might be different in other applications, e.g. individualsibwithin
12 hor 2d. Body size is expressed as weight. At renumbering operat®nsed <) as
assignment operator arfi+ A~) and (t + A™) denote state variables immediately be-
fore and after the renumbering operation, respectively. The quamntit/a size measure
in the cohort in creation and expresses the total size mass (i.e. the summedf ralass

individuals) relative to size of neonatég. Technical aspects of the EBT-framework are
further elaborated in the appendix (see section 4.6 on page 76).
* Include the zeroth cohort ikg # O.

Reproductive rate is expressed as eggs produced per ingiyiduday and is cal-
culated by dividing carbon investment into gonads by patanog according to Eq.
(4.14). In the original work of B Roos et al. (1992), reproductive rate is directly
used to fill up the cohort in creation, i.e. produced eggs arverted immediately
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into newborns. This arises from the necessity to model drprtoon as a continuous
process on the population level but deviates fidaphnialife history where eggs are
stored in the brood chamber for one egg development cycl@ulRmon models in
general do not account for this characteristic time lag betwegg production and re-
lease of neonates Daphnia To overcome this shortcoming the EBT framework was
extended and a new cohort property have been introducectluteh compartment
E;. This new compartment represents the eggs deposited mtartiod chamber, i.e.
clutch size. Reproductive rate refills the clutch compartméleonates are released
from the clutch compartment with an egg release rate, wtsdhe inverse of egg
development timd® as given in Eq. 4.15 (calculated according tOTBRELL et al,
1976).

Food dynamics in the population model were modelled as mMRDOS et al.
(1992). Algal growth was simulated as logistic growth witlmaximal growth rate
HUF.maxand a carrying capacity.

4.4 Results and discussion

4.4.1 Individual level

Somatic growth of individuals follows von Bertalanffy grawEq. 4.19) that is body
length L can be calculated directly as a function of age Both parameters of the
von Bertalanffy equation, maximal body lendthax and von Bertalanffy growth co-
efficientk can be computed from the model parameters according to BE@¥))(@nd
(4.21). Body length at age = Q§) corresponds to the size of neonates Wadefers
to the weight of neonate®\p = ax L3).

L(t) = Lmax— (Lmax— |—o)ﬁ‘_kt (4.19)

Lo K f(F) Ping (Ea, max— (Ea, max— Ea,min) f (F)) a3 (4.20)
max ME min + (MF, max— MF, min) f (F) |

2
K— kKf(F) ping<EA7max— (Ea max— Eamin) f (F))W03 —\/\/O(mF,min+ (MF, max— ME, min) f (F))

3aL2(Lmax—Lo) ((T))
(4.21)
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Maximal body size (inug C) is a function of food concentration. It increases
asymptotically towards an absolute maximum of roughly2pC. Note that this
body weight is a measure of somatic biomass only, and thak ¢carbon content of
large adults can be substantially higher owing to carbosemnewithin gonads or
in eggs/embryos in the brood chamber that may make up to 40#tedbtal body
carbon (BDERSMA & V IJVERBERG 1994a). The predicted maximal weight corre-
sponds to a body length of 2.6 mmu@&ssNER 2000). The model considers no effect
of temperature on maximal body size. This arises from therapion that ingestion
and maintenance rate are both affected by an identical Aiukescale as stated in
DEB theory (KoolaMAN, 2001). Nevertheless, several authors described a decreas
in maximal body size with increasing temperature for zooklars (MCLAREN, 1963;
HALL, 1964; MooOREet al, 1996) and it is generally assumed that this phenomenon
originates from faster increasing catabolic rates thaal@rates with rising tem-
perature (MDORE& FOLT, 1993; WEETMAN & ATKINSON, 2004). Evidently, there
is a strong need for more information about temperaturertigoece of physiological
rates to solve this problem satisfactorily.

Temperature markedly influences the shape of somatic grawtles reflecting the
temperature dependence of the von Bertalanffy growth caesftik: The lower ambi-
ent temperature the slower somatic growth (Fig. 4.2). Thtsgon, which was proven
by several experimentalists AL, 1964; MJVERBERG 1980; G0SS& BUNTING,
1983) and model studies (e.gINKE & PETzOLDT, 2003), is also responsible for
an increase in age at maturity with decreasing temperatige (4.3). Food lim-
itation can as well induce delayed maturation owing to slematic growth (Fig.
4.3). Observations of age at maturity at different tempeest and food concentra-
tions closely resembled these predicted patternsi@H, 1992; GEBELHAUSEN &
LAMPERT, 2001).

Size at first reproductiorSF R increases asymptotically with food concentration
(Fig. 4.4). Differences irSFRare due to differences in length increase when the
first adult instar molts into the second adult instar. Lengthease within this instar
depends on food concentration leading to differ8RRat different food concentra-
tions althouglSAMis a constant. Life-table studiesDaphniahave often shown this
asymptotical increase @&FRwith food concentration (MCAULEY et al, 1990a;
BOERSMA& V IJVERBERG 1994a, 1995b; EBELHAUSEN & L AMPERT, 2001) and
this model provides for the first time a mechanistic expliemefor this observation.
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Figure 4.2: Predicted somatic growth @faphnia galeataat different food concentrations and
temperatures. Food concentration is given at the top of each panel.

Besides food-dependence, variability3#& Ris further influenced by several other
factors like predator kairomones (HACEK, 1991; S1BOR, 1992), maternal ef-
fects (LAMPERT, 1993b), and clone-dependent differenceg (MEESTER& W EI-
DER, 1999). However, such factors can be easily incorporatedaar model. For
instance, the effect of predator kairomones on daphniehigéory can be simulated
by changing SAM and the energy allocation facko(see next chapter, ch. 5, and
compare $IBOR & L UNING, 1994).

Comparison of model outputs with the observations from tfestéble experi-

40 4 40 - _— 5°C
3 ! --- 10°C
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5301 S 301 A 15°C
> |5 > o 200C
= i 5 —-— 25°C
= R =
g20—||.l_: \\\~ EZO—
@ t ---------- e — 0.05mgC ri
(4] . (] - -
& 101 (AT EEETITTEERRPRPPPROS 2104 B 828 mgC I_l
e TR .10 mgC |
__________ == 0.20mgC I'"*
0 T T T T 0 T T T - = 050 mgC I_l
00 02 04 06 08 1.0 5 10 15 20 25
Food (mgC I Temperature (°C)

Figure 4.3: Age at maturity of an individudbaphnia galeatan relation to food concentration
(A) and temperature (B).
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Figure 4.4: Body length at first reproduction (i.e. first occurrence of eggs in tbedcham-
ber) as a function of food concentration.

ment showed an excellent agreement (Fig. 4.5). Besides mognatvth and length-
dependent egg production, the model is also able to repecalye-dependent egg pro-
duction, which is the most critical criterion because batbcpsses — somatic growth
and egg production — come here into play. All parameter w#ymplied to this model
run were used as stated above, i.e. no parameter fitting veasfas parameter es-
timation. Hence, the agreement between life-tables ancehmdputs represents an
independent validation of the model. The threshold foodceatration for egg pro-
duction predicted by the model is about 0.04 mgC€ land close to the observed food
thresholds foD. galeatain life-history experiments (Gwicz, 1990; KREUTZER&
LAMPERT, 1999). For the fist time, known so far to the author, an irchial level
model of Daphniahas been validated to such an extremely low food conceumitrati
Other approaches did not address food concentrations tdaaaimal food require-
ments (e.g. RLOHEIMO et al, 1982; KOOIJMAN & M ETZ, 1984; GJRNEY et al,
1990) and, indeed, application of these models revealeblgars due to deviating
model behavior at low food concentrationsg Booset al.,, 1997).

In contrast to original DEB-theory, this approach did notude a reserve com-
partment as an additional individual level state variahle tb limited empirical in-
formation about the energy flow from the reserve compartnm@ntgrowth, main-
tenance and reproduction (seeSSIER& GOULDEN, 1982; TESSIERet al., 1983).
Nevertheless, it should be noted that under conditions $temt resource availabil-
ity, omission of the reserve compartment led to the same hmdeomes because
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Figure 4.5: Model validation (solid line) on life-history data (open circlespaphnia galeata
at different food concentrations as indicated at the top of each coluradeMut-
puts are further compared to the Kooijman-Metz modeb(IMAN & M ETZ,
1984) of Daphnia(dotted line) as used in BRoos et al. (1992). Parameteri-
zation of the Kooijman-Metz model was adapted@phnia galeata The upper
panel denotes somatic growth as body length against age and the follammiag r
shows clutch size as function of body length and as time series, reshedata
of the life-table experiment were kindly provided by J. Vijverberg (NIBEAW,
Netherlands Institute of Ecology, Centre for Limnology, Nieuwersluis).

reserves would be in steady state. Under conditions of digod supply or starva-
tion, however, differences in model outcomes do occur. WdseD#E=B-theory predicts
depletion of reserves under starvation, our approach assantdecrease of somatic
biomass, i.e. decreasing body weight while keeping the dzodg length. This as-
sumption leads to a variable length-weight relationshipogiditions of variable food
supply. Thus, the weight of an individual of a given lengtli differ according to the
food conditions as was shown for both field and laboratoryupsins ofDaphnia
(BOERSMA& V IJVERBERG 1994b).

Model outputs were further compared with correspondingiptens by the Kooij-
man-Metz model oDaphnia(KoolJMAN & M ETZ, 1984) as used in BRooset al.
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(1992) at the five food concentrations applied in the lifstdny experiments (Fig.
4.5). In contrast to the approach presented in this studyKdwjman-Metz model
assumes a constant assimilation efficiency and a fixed nmante coefficient. At
constant food concentration (i.e. steady state of respthese two aspects mark
the difference between both model approaches. From thisamefer that at a given
food concentration a parameterization of the Kooijmanzvebdel exists that exactly
matches those outputs calculated by the approach used isttialy. Accordingly, the
Kooijman-Metz model was parameterized in such a way thaiusatof both models
are identical at a food concentration of 1 mg C{.which corresponds to an assimila-
tion efficiency of app. 56 % and a maintenance coefficient23 @ 1. However, with
this parameterization the Kooijman-Metz model failed tedyct growth and repro-
duction at food conditions below 0.15 mgC 1 (Fig. 4.5). Of course, the reference
food concentration used for model parameterization (i.engiC L~1) was chosen
arbitrarily and one can easily parameterize the KooijmastaMnodel in order to fit
growth and reproduction at such low food concentrations, Bawever, then individ-
ual development at higher food concentrations would deviimm observations, i.e.
would be overestimated. IndividuBlaphniaoptimize energy acquisition and main-
tenance requirements at low food concentrations and thgrKan-Metz model lacks
the structure to account for this. Thus, adaptations to twwdfconditions in terms of
assimilation efficiency (increased) and maintenance aoefii (reduced) appeared to
be an important feature of daphnid performance at such foadentrations and has
to be included in bioenergetic modelsbaphnia(PORTERet al,, 1982; BOHRER &
LAMPERT, 1988; LRABE & WATANABE, 1990, 1991).

4.4.2 Population level

Simulations of the structured population model showeasgles oDaphniaabun-
dance and its algal prey (Fig 4.6, upper panel). Rapidly esirgDaphniapopulation
size at high food concentration was immediately followedatsharp decline of algal
biomass. Remarkably, daphnid abundance proceeded tosedaaa few days when
algal biomass had already collapsed. This overshootii@aphniaabundance is due
to further release of neonates from eggs within the broodhtlea of adult individu-
als. Reproduction, i.e. production of eggs, already ceasedglthis period owing
to food limitation. Individuals even suffered starvatios @uld be seen in decreas-
ing population biomass. Both, high food demand of the sungvopulation and

68



—— Daphnia (biomass) —— Daphnia (individuals) —— Food

1

47120 A
80 -

40

mgC ™

Abundance (Ind |

o
1

o
o
1

-1
mgC |
© © o o
P N W s
L L L L

o
o
1

Figure 4.6: Dynamics of é&Daphnia galeataopulation simulated by the structured population
model (upper panel) in comparison to a simulation using a classical unsedctur
population model (lower panel). Solid lines represBaiphnia biomass (bold
line) and individual abundance (thin line); the dashed line shows algelrdics.
Temperature was set to 17G. Model specification of the unstructured model is
provided in Table 4.3.

delayed reproductive output by adult individuals led toesrtendous overexploitation
of resources byaphnia Finally, the breakdown of algal biomass was followed by
a collapse oDaphniaitself, which was induced by non-consumptive mortalityelik
starvation and ageing. Once tBaphniapopulation has collapsed, algae recover with
high growth rates and even approach their carrying capaetygre a new cycle of
Daphniastarts (prey escape cycles).

Cycles of daphnid and algal abundance were characterizedrélatively long
cycle interval leading to pronounced clear water phasds kwt algal biomass (Fig.
4.6). Duration of this clear water phase was almost threeksvedhe first half of
the clear water phase was associated with fgiphniaabundance, a phenomenon
frequently observed in the field AMPERT et al, 1986; HILSMANN, 2003). The clear
water phase was dominated by individuals that were almdsegnborn during the
end of the exponential growth phase (Fig. 4.7), i.e. pompradynamics oDaphnia
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Figure 4.7: Age structure of th®aphniapopulation in the simulation presented in Figure 4.6
at different times. On day 35 (short before biomass peak) the popusdtoms an
age structure typical for exponential growth. Five days later (aftenbgs peak)
the peak cohort becomes prominent. A population consisting almost only of small
individuals due to starvation and non-consumptive mortality is presentyA4la
(app. 10 days after initiation of the clear water phase).

displayed single generation cycles ¢RBAULEY et al, 1999).

Emerging patterns of population dynamics in the EBT-modelugation (Figs.
4.6 and 4.7) showed a typical sequence of consecutive everponential growth
of Daphnia— formation of a peak cohor- overexploitation of resources> non-
consumptive mortality during the clear water phase. Sudtepes were likewise
found in investigations of the midsummer decline@dphniain the hypertrophic
Bautzen reservoir (HLSMANN & V OIGT, 2002; HILSMANN, 2003) as well as in
mesocosm experiments MCAULEY et al, 1999). In the field, typically only one
such cycle is completed because after the decline daphreddepressed by preda-
tion and shifts within the phytoplankton community towanasdible or toxic species
(SOMMER et al, 1986). It appeared to be a characteristic propertp@bhniapop-
ulation dynamics to overexploit their resources after agaeof very intense repro-
duction. High growth rates and fluctuating demography trarstee interpreted as a
precursor of a tremendous population breakdown. In thige@st is noteworthy that
maximal population growth rates in our simulation were atrizvice as high as max-
imal population growth rates under steady state condiifabsut 0.3 d?), i.e. with a
stable age distribution. In an analysis of long-term dath@biomanipulated Bautzen
reservoir, BENNDORFet al. (2001) found comparable patternsdphniapopulation
dynamics. They argued that in years with slowly increagdaghniapopulations the
following clear water phase was relatively short and a ¢aipkic breakdown of the
population was unlikely. Possible dampening factors dypopulation growth might
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Figure 4.8: Population growth rate computed from the model run of the structured pop-
ulation model (see Fig. 4.6, upper panel). Rates were calculated fromm eithe
individual abundance (thin line) or from total population biomass (bold line)

be lowered temperature, poorly ingestible algae, predairoproduction of resting
eggs (G&iwicz & L AMPERT, 1990; McCAULEY et al, 1999; BENNDORF et al,
2001).

In contrast to unstructured population models this newegogr provided informa-
tion about: (1) population abundance and (2) populatiomss. Contrary to expec-
tations, these two properties did not correlate; diffeesreppeared in population rate
of increase r calculated from either abundance or biomags4(B). These emerg-
ing differences in population rate of increase were causeddmographic effects,
starvation and delayed reproduction. Extreme events srdspect are populations
suffering initiatory starvation, which decrease in biomasit still increase in abun-
dance, or populations that recover from starvation (viasaje By plotting pairs of
population rate of increase against food concentratiog 4F9) the complex interac-
tion of demography and physiological state with populatioowth rate, respectively,
became even more prominent. At a distinct food concentratifferent growth rates
have been realized. The relationship between populatiowtgrrate and food con-
centration is variable and different from those appliedlassical population models
that normally assume a hyperbolic function (Fig 4.9; dadimey.

Considering the logic of unstructured population modelsictvtlassume a fixed
relationship between resource availability and poputagoowth rate, it explicitly
emerges that both approaches should predict differentrdipsa(Figs. 4.9). In order
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Figure 4.9: State diagram of population growth ratderived from the model run of the struc-
tured population model (see Fig. 4.6, upper panel) plotted against porgisg
food concentration. Rates were calculated from either individual anoed(dot-
ted line) or from total population biomass (solid line). A time series of 200 days
was used for the plot. The dashed line indicates the food-dependenapop
growth rater for a classical unstructured population level model as specified in
Table 4.3 and applied in Fig. 4.6 (lower panel).

to investigate the differences between both populatioel lapproaches even further,
simulations of the structured population model were comgavith simulations of
an unstructured population model (Fig. 4.6, lower panepecHication of the un-
structured population model is given in Table 4.3 and ressdiependent population
growth rates correspond to the population model depictdeign 4.9 (dashed line).
Simulations with the unstructured population model shotypdtal predator-prey cy-
cles. Relative differences between minima and maxima wesedeonounced than in
the EBT-model. Cycle length daphniabiomass was about 17 days in the unstruc-
tured population model and markedly reduced in comparisdhe structured model
(36 days). Algal dynamics were dampened in the unstructomedel and displayed
neither prominent overexploitation aphnianor prey-escape cycles. No prominent
clear water phase was visible in the unstructured populatiodel.

Existing models oDaphniathat allow variable food and temperature conditions
mostly belong to the type of classical, i.e. unstructuregyypation models. A detailed
study of temperature effects on phytoplankton-zooplamkiteractions was presented
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Table 4.3: Model specification of the unstructured population model (Fig. 4.9, dbkhe).
X: algae (mgC Lt1); Z: zooplankton (mgC L1).

dX Ka—X . .
— = XumaXA— —ingestionZ
dt Ka

dz . .
i ingestion@Z — (rzZ+mz2)

ingestion=izZ

king+ F
with:
Parameter Description Value Unit
Hmax maximal growth rate of algae 1.2 8
Ka carrying capacity of algae 0.5 mgCL
iz specific ingestion rate of zooplankton 1.8 dimensionless
King half saturation constant for ingestion 0.164 mgC1 L
ea assimilation efficiency 0.6 dimensionless
rz respiration rate of zooplankton 03 H
my mortality rate of zooplankton 0.05 —d

by NORBERG& D EANGELIS (1997), who also used an unstructured model. They cal-
culated equilibrium points for the model states and theil#tabf these equilibria by
means of Eigenvalues. Such techniques represent powedisl for the analytical
investigation of population models. AlthoughelRoos (1997) also developed tech-
nigues for the analytical evaluation of EBT-models, the ggaibn of such techniques

Is rather complicated and in some respects still limited.(ebifurcation analysis).
However, from the empirical perspective it is sometimeslhiarjudge, which results

of such analytical evaluations of simplified models areva for the real system.
Moreover, planktonic systems in particular are believee@cseldom in an equilib-
rium state (HUTCHINSON, 1961; SHEFFERet al, 2003). Although MDRBERG &
DEANGELIS (1997) presented references for the empirical evidencé pheameters
used in their model, they did not compare their model outpuiis relevant observa-
tions, i.e. no model validation was carried out, which digtaterpretation of model
results for empirical scientists. So, one might loose nratitecal manageability when
switching from unstructured to structured population nisteit — at least for the ex-
ample ofDaphnia— one will gain on the other hand a mechanistically based mode
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structure that is more akin to the real system and succéssfproduces such patterns
observed in the laboratory and in the field.

In comparison to the original EBT-model byelRooset al. (1992) the approach
presented here includes two new aspects: (i) the includienvariable temperature
and (ii) the introduction of the clutch compartment, whidlowas to take the clado-
ceran life cycle into account, i.e. the time lag between tHease of eggs into the
brood chamber and the release of neonates out of the broodbeina This delay
in reproduction was implemented earlier bysHET et al. (1989) and MCCAULEY
et al. (1996) in structured population models D&phniaby using delay-differential
equations but these models were developed under the assaoropta constant tem-
perature. Of course, the most adequate model structuredoatfor special life cycle
characteristics dbaphniawould be an individual based model (1J& B OERSMA,
1996, and compare the model approach presented in chapferé&jently presented,
further developed version of the model ofd®1J & B OERSMA (1996) was even suc-
cessfully applied to the simulation of field populations@bljet al., 2003). However,
for this purpose a standard egg production, which is inetegal as a measure of food
availability, is needed as driving factor. Thus, food canication is not included as
a state variable as in this study but has to be given as a fimofitime. Among ex-
isting individual level models oDaphniathat are based on energy allocation only a
few incorporated variable temperature (N\fF, 1980; KOH et al,, 1997). KOH et al.
(1997) even used their model for a population model by usipgréal differential
equation approach. However, thorough validation of modépuats as shown in the
present study is lacking in their paper, which, again, hampay further interpreta-
tion. The model framework presented here overcomes thereants discussed above
and might be a promising tool for the simulation @&phniapopulations even un-
der natural conditions, e.g. in population dynamics stidieas submodel integrated
within ecosystem models.

4.5 Conclusions

The presented model framework provides a general tool tositimulation of individ-
ual and population level dynamics Bfaphniaunder varying temperature and food
concentration. Two levels of biological organization findual - population) are in-
cluded and allow a broad spectrum of possible applicatibest on the individual
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(e.g. life-history theory), on the population (populatidynamics), or even on the
ecosystem level (food web studies). Special physiologdalptations of individual

Daphniain terms of energy acquisition and energy usage have bekmaathat ap-

peared to be important features of growth and reproducti@erg low food concen-

trations. Data from a life-table experiment were used fodet@alidation and proved
that model outputs are consistent with the observationsdeéVistructure is open for
inclusion of further processes and state variables (e grlypmgestible algae).

It was further shown, that population dynamicafphniadisplayed by the struc-
tured population model correspond very well with the patiesbserved in the field
(e.g. HOLSMANN, 2003). In contrast to this, classical unstructured pdpmranodels
were found to be a less suitable approach to the simulatidbaphniapopulations
under field conditions owing to their inability to incorpteademographic effects and
associated processes. Difficulties in simulating zoogtamkith classical population
models have been recognized by some model studies on thgsezosscale (e.g.
BENNDORF& HORN, 1985; HAMILTON & SCHLADOW, 1997; QVLIN et al, 2001).
Altogether it is strongly suggested that unstructured rfeodee not appropriate for
the simulation of organisms displaying a rapidly changieghdgraphy. Aggregation
errors emerging from the transition of a demographicaliyctired population into
a unified average population can be of considerable influenberefore, structured
population models might be a promising approach to increasabilities to perform
a more realistic simulation of organisms with highly dynamiémography lik®aph-
nia. This might be especially appropriate for the zooplanktompartment within
lake models.
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4.6 Appendix

The basis of the EBT-framework is to divide a population intstidct cohorts and
describe their development over time continuously by ODE&® the renumbering
of these cohorts in equidistant time intervals. Each colsdharacterized by the
following states: individual weigh#V, clutch sizeE, and abundanchl. Individual
weightW of cohorti changes over time according to Eq. 4.22. Relevant processes
are assimilation rate’d) and maintenance rat®{ that are specified by Egs. 4.5 and
4.7 — 4.13 of the individual level model and by equation 4 d6the special case of
starvation.

dw

W:KiAi(FaT)_Mi(F;r) (422)

Individual clutch sizeE of cohorti changes over time through production of new
eggs and the release of newborns (Eq. 4.23). Egg produdidescribed by EQs.
4.6 — 4.11 and Egs. 4.14 — 4.16 of the individual level modedteNthat, according
to the individual level model, only cohorts that are matuma produce eggs (see Eq.
4.23). Mature cohorts are defined by a weigWtabove weight at maturity{ AM,
calculated fronSAMaccording to Eq. 4.2). Release of newborns is a first order loss
term of clutch sizeé proportional to the inverse of egg development tilne

dg | © if W < WAM,

dE _ o 4.23
dt (—(1 K')A'_E)Ei if W > WAM. (4.23)
Ce D

Abundance of cohoritis only influenced by mortality, which is a first order loss
term (Eq. 4.24). There is no gain term for the cohorts becallseewborns were
directly released into the cohort in creation (see below)rtility rateq;() of co-
horts is defined by background mortality rakeand starvation-related mortalitg as
described by Eqgs. 4.17 — 4.18, i.e. cohorts suffering stetagration Y < W crit)
are, besides background mortaldy, also affected by starvation induced mortality
ds. Note that for this calculation the current weight for ldmgf the respective cohort
(WL i) has to be provided by an appropriate data structure. In traehstructuréM_;
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Is incorporated as a property of each cohort.

o = —a0N (4.24)

The cohort in creation acts as a pool collecting all newboetesased by the pop-
ulation within one day. Abundance of this cohort increasesummed reproductive
rate over all cohorts and deceases by mortality rate as dedineve (see Table 4.2).
If one might formulate mortality rate as a direct functionbafdy sizeW (e.g. size
selective predation) an additional teqy, which represents the first order-Taylor ex-
pansion ofg(W), has to be included as indicated in Table 4.2. However, iemota
keep the model simple a mortality rate independent of badylsave been used in the
simulations, thus), equals zero.

Body sizeWp of the cohort in creation is hard to describe in a direct wagabee
the value oM\ and its dynamics are undefined at the time that the cohoraitest,
I.e. when itis empty. To overcome this difficulty, individumody weight of the cohort
in creation is described as total size mags This measure is defined as the total
biomass of individuals in the cohort in creation at titrrelative to the size at birtiAf,
(EQ. 4.25 and compare Table 4.2).

To(t) = (Wo(t) —Wb) No(t) (4.25)

Since somatic growth rate changes with body weight, an i@t Taylor expan-
sion termg,, of somatic growth rate has to be included as indicated ineTal.

During the simulation ODEs of all cohorts (including the odfin creation) given
above were integrated over one day (internal integratior tstep was 0.05 d), i.e.
over the period equal to the width of the age classes. Thembaring of all cohorts
is carried out by removing the oldest cohort, incrementimgdohort numbeir of the
remaining cohorts, and transferring the cohort in creatmthe first cohorti(= 1).
According to Eq. 4.25, body weight of the first coh@¢ is calculated by adding4,
to total size mass of the cohort in creation divided by itsralaince (Eg. 4.26).

Wi =W+ @ (4.26)
No
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5 Adaptive value, energetic costs,
and underlying resource allocation
patterns of predator-induced
life-history shifts in  Daphnial

Abstract

This chapter focuses on costs and benefits of life history shifts of wates fl
(genusDaphnig in response to infochemicals from planktivorous fish. For this
purpose, a thoroughly validated dynamic energy budget model is applied to
vestigate the resource allocation patterns underlying the observed lifeyhisto
shifts and their adaptive value under size selective predation in on@ethe
analysis. Using a published data set of life history shifts in response tmfish
fochemicals (2 MEESTER& W EIDER, 1999) it is shown thaDaphniainvests
less energy in somatic growth in the fish treatment. This observation complies
with theoretical predictions on optimal resource allocation. However, the ob
served patterns of phenotypic plasticity cannot be explained by chamges
source allocation alone. The analysis of the empirical data with the dynamic
energy budget model clearly showed additional energetic costs in thiedah
ments. These costs give an explanation why the observed defenaedianible:
the response to fish kairomones only becomes adaptive if the intensity sesize
lective predation surpasses a certain critical level. As far as known tther,
this is the first study that puts resource allocation, energetic costs aptiveda
value of predator induced life-history shifts - using empirical data - intotbee
oretical framework.

IMain results of this chapter are going to be publishedimx®, K., S. HUILSMANN & W.M. M 001J
(submitted)
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5.1 Introduction

A central paradigm of life history theory is that organisrie@ate resources such that
fitness, which is usually measured as the intrinsic rate airahincrease, is op-
timized (STEARNS & KOELLA, 1986; SEARNS, 1992). Especially organisms with
indeterminate growth, likBaphnia constantly face a trade-off in the allocation of re-
sources between growth and reproduction. This 'dilemmanefgy allocation’ stim-
ulated a number of theoretical approaches on the evolutidifieehistories, which
Is viewed as being an optimization process for resourceaiion (e.g. QDGIL &
BOSSERT 1970; KozLOWSKI, 1992; HEINO & K AITALA , 1999; SHERTZER& ELL -
NER, 2002). Indeterminate growth, i.e. growth that continuast pnaturation, is not
easy to explain from an evolutionary perspectivee(kb & K AITALA, 1999); still
it is characteristic for many invertebrate taxa like clamisdocerans and crayfish,
‘lower’ vertebrate taxa like fish and amphibians and manytslain all these organ-
isms the fact that fecundity usually increases with bodg sanstitutes a further trade-
off between current and future reproduction. Additionadiher fithess-related factors
like starvation resistance and survival probability depen size (RTERS 1983). In
particular, predators feeding preferentially on speciize €lasses of their prey, e.g.
planktivorous fish preying selectively on large zooplanktbAzzAaro, 1987), render
survival probability of the prey to be strongly size-depemid

Theoretical approaches to elucidate optimal resourceatilon predict that in
environments with reduced adult survivorship selectioausth favor earlier repro-
duction and increased reproductive effort, i.e. resoulioeation into reproduction
should be increased on the expense of somatic growHzRCK et al., 2004). In
environments with reduced juvenile survival selectiondtidavor an opposite strat-
egy (Law, 1979). Studies on optimal resource allocation in the dadmDaphnia
have been based on the partitioning of net production betweenatic growth and
reproduction (@BRIEL, 1982; TAYLOR & GABRIEL, 1992, 1993). They revealed
an "on-off" strategy being most adaptive under conditionpasitive size-selective
predation as typically exerted by visually feeding fismY{IOR & GABRIEL, 1992).
This means neonates consequently give 100 % of resourciéededowards somatic
growth and as soon as size at maturity is attained resouamatbn is immediately
switched to entire allocation into reproduction. Such atstyy leads to determinate
growth and individuals do not grow once they became adultchviuns counter to
empirical results (kKNcH, 1980). AlthoughDaphniawere proven to adapt its life-
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history to size-dependent mortality regimes, there negeurs a switch from indeter-
minate to determinate growth. Adding seasonality to theehdlhYLOR & G ABRIEL
(1993) found at least slight adult somatic growth under tp@ssize-selective preda-
tion. However, quantitative values of maximum adult sizebofpulexas predicted
by their model still seem unreasonably low compared to doglidata (FANSEN &
WAHL, 1981; WEIDER & PIJANOWSKA, 1993).

More importantly, underlying assumptions of their apptodo not comply with
empirical and theoretical knowledge about resource dilmean Daphniaand other
organisms (see below). On the whole, for a proper understgiad life-history evolu-
tion in organisms with indeterminate growth it is not cororitg to apply a model pre-
dicting determinate growth. This study, therefore, fosuse a new approach to link
resource allocation with life-history by focusing excltedy on observed life-history
shifts and explicitly accounting for the physiological pesties associated with inde-
terminate growth, which circumvents the problematic aggtions of former studies.
By applying this more realistic model to observed life-hisge of Daphnia it be-
comes feasible to study the underlying physiological meidmas, the trade-offs and
costs involved herein, and their evolutionary significance

In comparison to further model approaches, the bioenergeddel used in this
study exhibits three characteristics that account for te&abolic organization of or-
ganisms with indeterminate growth likaphnia Firstly, allocation into reproduction
starts already early in the juvenile stagenGEAGNINI, 1987; EBBERT, 1992) and not
only in the instar preceding the deposition of the first diuds assumed in Taylor’'s
studies. To reach maturity, a certain amount of energy ideéor the development
of the reproductive machinery and its regulation systermss,toverall costs of re-
production appeared to be higher than plain costs for egdugteon and they already
account in juveniles (maturation costsp&IJMAN, 2001). Secondly, general patterns
in resource allocation should be viewed as the result of garasms metabolic orga-
nization that in many species showing indeterminate gralaés not fundamentally
change during life. For example, in 'Dynamic Energy Budgetdels ofDaphnia
(DEB-models, KOOIIMAN & M ETZ, 1984; KOOIJMAN, 2000) the proportion of as-
similated resources directed towards reproduction isrdest by a constant (the-
rule, see KOIIMAN, 2000; RNKE & V IJVERBERG 2005). Moreover, foDaphnia
it was shown that principal energy allocation patterns awdfin the first 24h of life
and afterwards do not fundamentally changeKWLskI et al, 2004). To summarize
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these both arguments, there is no physiological switchabateptually corresponds
to Taylor’s "on-off" strategy. Thirdly, partitioning of ngroduction, as done in Tay-
lor's studies, implies neglecting any effects of mainteseaan individual life-history.
However, we have empirical evidence that maintenance abat®atically change
with body size and that maintenance costs are involved ipisgasomatic growth
(e.g.VON BERTALANFFY, 1957; WEST et al, 2001). Consequently, this study uses
a model that allocates gross production and explicitly $akaintenance costs into
account.

Life histories and their underlying resource allocatiottgras may vary between
populations due to genetic differencese@ick, 1982; RezNIcK et al, 1990) or
within a population as a result of clonal successiongPet al., 1984) or simply due
to phenotypic plasticity (e.g. IRSSEN 1999; TOLLRIAN & HARVELL, 1999). Also
for Daphniait was suggested that selection should favor phenotypiatain in re-
source allocation if the animals can detect the type of goed@AYLOR & GABRIEL,
1993), which indeed turned out to be the case: daphnids ofahee clonal lineage
differentially respond to chemical cues released by poedawhich prefer different
size classes as prey (ESSEN 1999). When daphnids were exposed to water pre-
viously inhabited by fish (which select large individualgproductive effort (per-
centage of net production allocated into reproduction) inaseased while somatic
growth and size at maturity were reduced. When they senseetwate predators like
Chaoborus(which selects small individuals) reproductive effort wasluced while
somatic growth and size at maturity were increasedg8R, 1992; SIBOR & L UN-

ING, 1994; S1BOR & M ACHACHEK, 1998). Nevertheless, most studies on predator-
induced life history shifts did not measure reproductivierefwhich can easily be
related to resource allocation patterns (this study), diltar focused on phenomeno-
logical characteristics like size and age at maturity,atiigize and neonate size (e.g.
MACHACEK, 1991; BOERSMAet al, 1998; DE MEESTER& W EIDER, 1999; SPAAK

et al, 2000; HILSMANN et al, 2004). Focusing on predator-induced responses in
these life history traits may, however, detract from the faat these traits are only
manifestations of the underlying resource allocationgeatand thus provide only mi-
nor information about the involved trade-offs. Indeeds 8tudy suggests that predator
kairomones induce a shift in an individuals general eneliggation scheme and that
in the case of fish kairomones energy allocation to repraoiucs increased, resulting

in slower somatic growth and a reduced size at maturity akagehn increased re-
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productive effort. Concerning clutch size and neonate gizeuist additionally be
taken into account that these traits are themselves sperdent. Consequently,
they may not be directly compared between treatments wtagenids had been ex-
posed to kairomones or not. Rather, their relations with szy may be compared
(MACHACEK, 1991; HILSMANN et al,, 2004). Finally, such a shift in energy alloca-
tion may be associated with costs on the bioenergetic lew@kh are now going to
become quantifiable by the model application.

The aim of this study is to investigate the underlying reseiallocation patterns
that are responsible for observed life-history shift®aphniain response to fish pre-
dation. In contrast to earlier studies A6RIEL, 1982; TAYLOR & GABRIEL, 1992,
1993) it is not intended to find an optimal resource allocatinder a given preda-
tion regime, i.e. to design an optimal, but imaginary, history. Instead, empirical
observations of life-history shifts in several clonedafphnia galeatax hyalinaare
used to evaluate the resource allocation patterns behase thbservations by means
of a mechanistical model of resource allocation. In a sesteq, it is asked if and
how far the observed life history responses to fish can beiders as being adap-
tive. To this end, the observed life-histories were usedatoutate intrinsic rates of
population growth under a broad range of predation regiinasdre potentially ex-
erted by visually hunting planktivorous fish. On the wholes tapproach proposes a
framework to bridge from physiological patterns in res@umtiocation over individual
life-history and its plasticity towards adaptive value gagbulation growth that might
have general applicability.

5.2 Methods

5.2.1 Energy allocation model

Resource allocation iDaphniawas modelled by applying the thoroughly validated
model by RNKE & V IJVERBERG (2005), this model is based on the partitioning
of energy between somatic growth, maintenance, and reptiodu(Fig. 5.1). A
detailed description of the model specification is alreagmgin chapter 4 on page
47 including a complete list of model parameters (see talile &ince no population
dynamics are studied here, the following analysis excélgivefers to the individual
level model in section 4.3.1. Nevertheless, simulationaguation dynamics would
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be easily realizable by applying the population level matésicribed in section 4.3.3.

5.2.2 Patterns in resource allocation with respect to life- history
shifts

To elucidate the effect of varying allocation strategiesratividual somatic growth
and egg production, as a first step, the energy allocatidorfac i.e. the proportion
of assimilated carbon allocated into somatic growth andchteaance, was varied in
the model. This first step aimed at the quantitative undedétg of the relationship
between resource allocation and individual life-histd®gcondly, an examination of
model predictions for reproductive effort was carried aud aompared with findings
from empirical observations. Studies on life-history fieqtly use the reproductive
effort as a proxy for resource allocation towards repraduactin a study oDaphnia
hyaling STIBOR (1992) calculated reproductive effort as egg productiothivwian
instar divided by the sum of somatic mass increment and emgpption (both as dry
weight) within this instar, i.e. reproductive effort cosponds to the percentage of net
production given to reproduction. He provided empiricabewnce that reproductive
effort (i) increases with individual body weight and (ii)slsize-dependent reproduc-
tive effort is augmented under exposure to fish infochemi@le@iromones). In order
to compare model outputs with his findings, somatic growtinement and egg pro-
duction per instar for a range of individual body weights walkculated. For the latter,
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a carbon content per egg of Qug C (BOERSMA, 1995) was assumed. Model outputs
for body size increment and egg production were further eded into dry weight by
assuming a percentage of carbon per dry weight of somatis erakeggs of 44% and
50%, respectively (HSSEN 1990).

Previous studies have shown that life-history responsgz@dator infochemi-
cals are diverse and some of these differences have be#utait to clonal diver-
sity (BOERSMA et al, 1998; DE MEESTER& WEIDER, 1999). These clonal differ-
ences were taken into account by parameterizing the modlédoistory data of nine
clones ofDaphnia galeatax hyalinataken from DE MEESTER& W EIDER (1999).
Data provided in this study were considered particularlgrapriate for our model
approach because: (i) they studied relevant life-histemameters of several clones,
and (ii) they used preconditioned animals whose motherg ladso been exposed
to kairomones. The latter is important because kairomonesatso affect size of
neonates and one would measure a transitional state wheg nsonates from con-
trol animals previously not being exposed to kairomone [ WEESTER& W EIDER,
1999). In their study, B MEESTER& W EIDER (1999) distinguished clones showing
a behavioral response to fish kairomone ('risk-averseipftilose without a behavioral
response (‘risk-tolerant’). The latter group exclusivetyployed life-history shifts in
response to kairomone exposure. Consequently, these nmesatomprising the risk-
tolerant group were used for the analysis . ExperimentsoMEESTER& W EIDER
(1999) were conducted at 2 and a food concentration of 1 mgCt

The following life-history characteristics were provideyl DE MEESTER& W EI-
DER (1999): size at first reproductiéifSFR), size of neonatesSON), age at first re-
production AFR), and number of eggs in first clutcNEFC). Length measurements
were carried out from the top of the eye to the base of thepaikesEL). This length
measure was converted into total body length (TL, from tophefhead to the base
of the tail spine) — the respective length measure in theggnaifocation model —
on basis of own measurementl(= 1.07- EL, r? = 0.998,n = 55). All model pa-
rameters involved in resource acquisition and maintenamce assumed to be equal
for all clones. Only two parameters had to be adapted in dalsimulate observed
life-histories: the energy allocation facterand carbon investment per egg. Pa-

2According to the definitions given in chapter @F Rdescribes the size at which the first clutch of
eggs are deposited into the brood chamber, whe3dddis defined as the size at which gonads are
becoming ripe, i.e. egg production in the gonads startssd definitions also account f&FRand
AAM, respectively.
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rameterk was estimated using Eqgs. (4.19-4.21) by finding a value thiafes the
requirement to reacBFRat the age oAFR with the body lengtitSONat age zero
(least squares). The respective valuesSBR AFR andSONwere taken from
MEESTER& WEIDER (1999). For estimating the carbon investment per @ggne
first has to define the size at maturigyAM). As explained in chapter §AMis de-
fined as the size when gonads are becoming ripe and carboanseled into egg
production. This is the case during two instars (commonlysatered as juvenile or
preadult instars) before eggs are deposited into the brbacthber for the first time
(ZAFFAGNINI, 1987). Since a’juvenile’ instar duration is roughly hadflang as adult
instar duratiorD (corresponding to egg development timey/BRELL, 1975), age at
maturity (AAM) is calculated from:

AAM = AFR— D (5.1)

OnceAAM is known,SAMcan be calculated by Egs. (4.19-4.21). Finally, total
carbon in the gonads accumulated over the duration f&él to AFRwas calculated
and divided by the number of eggs in the first clutch in ordexdioieve an estimate of
Cg.

1 AFR
=— 1-kK)-A(SAMF,T 2
CE = NEFC Jany (1K) -A(SAMF, T)dt (5.2)
The termA(SAM F, T) refers to assimilation rate, which is a function of curreodyp
size. i.e.SAM and ambient food concentratio)(and temperaturerl().

5.2.3 Size selective predation and population growth

Fish feeds selectively on large zooplankton prey and salkyxobability of the prey
declines with increasing size (MRNER & HALL, 1974). In order to account for
size selective feeding of planktivorous fish, a sigmoidtreteship between body size
and mortality rate was assumed (compasJOR & GABRIEL, 1992; $AAK et al,
2000). Mortality rated was calculated as a function of body length:

d = backgroundmort + deflectionmort<1+ tanh(slopemort(L — Lmid))> (5.3)

wherebackgroundmort is non-selective background mortalitye flectionmort de-
scribes the deflection of the tanh-functisippemort is the slope in the sigmoid
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function, and_,jg depicts the point of inflection. In all scenarios a backgbuoror-
tality of 0.05d! and a slope of 3.0 was applied, which corresponds to obsemngat
by KOPKE et al. (1988). The remaining two parameters are well interpretabln
ecological sense and, therefore, were varied over a reblsorzange in order to reflect
different predation regimes (see Fig. 5.2). Parametsflectionmort was consid-
ered to represent the intensity of predation, thus beirgtedlto the abundance of
planktivorous fish in the habitat. The paramdigjq is related to the turning point
indicating the size from which on prey is positively selelGtee. per capita death rate
becomes higher than mean death rate averaged over all bhagiyrde One might as-
sociate the value df,jq with the length at which electivity indices where found to
switch from negative to positive values in field studies (KgPKEet al, 1988). The
smallest size class of water fleas that is positively setdayehe fish depends, besides
species specific differences, on ontogenetic changes ynsgtection. The most dra-
matic changes occur in young of the year (YOY) fishes whiclgape-limited during
their first weeks of life and progressively feed on largerypas they grow (VWHL

et al, 1993; MEHNER et al, 1998b), while at the same time their total consump-
tion may increase considerably AGNER et al., 2004). According to several studies,
YQY fish exert the major predatory impact on daphnidsiuiM & FORNEY, 1983;
CRYER et al, 1986). Empirical evidence thus strongly suggests thatdisldation
on Daphniavaries considerably with the season both with respect tdgien in-
tensity (represented by variation @é flectionmort in our model) and size-selection
(represented by variation fyq).

Finally, life-histories for each of the nine clones haverbealculated by using the
resource allocation model with the derived parameteonatis explained above (at
20°C and 1 mgC L1 as in DE MEESTER& WEIDER, 1999). This provided infor-
mation about somatic growth and clutch size in each aduthingith the latter being
equivalent to the maternity functiomy. Survival probabilityl, of the consecutive
instars was calculated by integrating size-dependentatityrtated over agea. Be-
cause body length of individuals change with aga, time mortality rated becomes
a function of age and the survival probability can be exméss:

|a:/n d(L(a))da (5.4)

=0

wheren is the lifespan of the individual, which was set to a valuewihg each clone
to release 9 clutches over its life. Finally, populatiortibrateb can be numerically
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Figure 5.2: Plot of size-dependent predation risksdiphniain the predation regimes ap-
plied: the bold line depicts the standard scenario from which the diffeegies
were derived by varying either the predators sikei(e. selectivity for prey size)
or the predators abundand®, {.e. predation intensity).

derived from the Euler equation:

1=3 lamae 22 (5.5)

5.3 Results

5.3.1 Linking resource allocation to life-history

Life-history characteristics like somatic growth and atppendent egg production are
closely linked to the underlying resource allocation siggtinherent in a giveBaph-
nia clone (Fig. 5.3). In this respect, the energy allocatioridag acts as a central
descriptor of metabolic organization that provides a gtetnte expression of the un-
derlying allocation strategy and, therefore, is a seresipigrameter in the determina-
tion of individual life-history. Lowering the value @, which corresponds to a higher
allocation of resources to reproduction, i.e. the expesteshario in response to fish
kairomones, resulted in reduced growth and a lower maximdy Isize an individual
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Figure 5.3: Somatic growth &) and egg productionB) of Daphniahaving different energy
allocation strategies as reflected in the energy allocation factakll other pa-
rameters correspond to the standard parameterizatidd. fgaleata Values ofk
are indicated at the upper end of the lines (at@@nd 1 mgC L?; for effects of
temperature and food concentration on life-history see chapter 4).

will potentially reach (Fig. 5.3A). Accordingly, such aategy leads to lowered size
at maturity. On the other hand, clutch size at a given lergthigher because more
energy is channeled into reproduction (Fig. 5.3B).

There is also a direct control of the energy allocation fagt@mn reproductive
effort, which by definition can be immediately calculatednfrthe outputs of the en-
ergy allocation model. For example, lowering the valuecdirom 0.32 to Q27 in
the standard parameterization for galeataresulted in a shift in reproductive effort
that corresponds to observed shifts in reproductive effor. hyalinawhen exposed
to fish kairomones (Fig. 5.4). Focusing on somatic growtlchsa decrease iR is
associated with a reduction of maximal body length from 8.2.0 mm.

5.3.2 Resource allocation patterns and associated costs in

observed life-history shifts

The model application to the life-history data recorded lByNDEESTER& W EIDER
(1999) revealed a reduced resource allocation towardstgograwth in animals ex-

89



100
S 90 - ey,
= 4 N A a
- AN
£ A - AA a o
o 80 Ass N .-
) A ‘A &% A p--"
= s Lp —"%’ A
b3 A/ A
S 70 N N
o - A
o N
o 60
o A Fish kairomone
50 A Control

T T T T T T T
8 10 12 14 16 18 20

Weight (ug C)

Figure 5.4: Comparison of calculated reproductive effort by the energy allocaticshehfor
different energy allocation strategies (solid lime= 0.27; dashed linex = 0.32;
other parameters correspond to the standard parameterizatibndateatg and
reproductive effort ofDaphnia hyalinain animals exposed to fish kairomones
(black triangles) and control animals (open triangles) as measuredigp®
(1992).

posed to fish infochemicals (Table 5.1). All nine clones shwa consistent response
in the fish treatment by reducing the energy allocation faktavhen compared with
control conditions (paired t-test, 4 0.001; n =9, Fig. 5.5A-B). However, although
all clones showed a reaction in the same direction, the sitienf this response was
rather variable and in the case of one clone even appearedrtedigible (clone 7).
As a consequence of this differential response of the clamembility of phenotypes
increased in the fish treatment. Surprisingly, six out oerglones also showed an in-
crease in the carbon investment per egg (paramgjetthough all clones consistently
reduced the size of their offspring in the fish treatment.(Bi$ C-D). Thus, only the
remaining three clones showed a response in paramgetiat is expected from the
respective change in size of neonates. On average, paracget@s significantly in-
creased in the fish treatments (paired t-test, p = 0.046; n K@% increased carbon
investment per egg in the fish treatments revealed overhesid associated with the
life-history shift, which appeared to be particularly highclones showing a strong
shift in resource allocation as given by the change in enaliggation factok. These
results point out that observed life-history shiftsdphniacannot be explained by
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Table 5.1: Measured original data from®MEESTER& W EIDER (1999), estimated parame-
ters according to the procedure explained in the text and derived p@ramealcu-
lated from these data by applying the energy allocation model.

Measured data Estimated parameters Derived parameters
Clone Treatment SFR SON AFR SFC « Ce Lmax SAM
(mm) (mm) (mm) (mm) —  gCegg') (mm) (mm)

1 control 137 056 551 470 0352 1.29 2.589 1.03
1 fish 126 055 6.14 401 0.296 1.53 2.175 0.99
2 control 138 055 564 525 0352 1.18 2.588 1.04
2 fish 1.30 055 551 525 0.328 1.08 2.412 0.98
3 control 140 056 564 572 035 1.10 2.620 1.06
3 fish 122 054 6.64 3.02 0.275 210 2.024 1.00
4 control 142 057 551 497 0.366 1.27 2.691 1.06
4 fish 127 056 651 251 0.289 2.64 2.125 1.03
5 control 143 057 551 6.21 0.368 1.01 2.707 1.06
5 fish 1.24 054 6,51 .98 0.281 1.59 2.070 1.00
6 control 145 055 551 6.97 0.379 0.89 2.788 1.07
6 fish 1.28 052 534 300 0.334 1.73 2.455 0.94
7 control 149 057 538 6.71 0.395 0.94 2.907 1.09
7 fish 142 054 501 648 0.394 0.82 2.898 1.00
8 control 149 055 538 6.71 0400 0.92 2.946 1.08
8 fish 1.28 050 489 525 0.357 0.86 2.627 0.89
9 control 150 057 526 6.97 0.403 0.89 2.963 1.08
9 fish 140 055 514 574 0377 0.97 2774 101

a shift in resource allocation alone because in most cloddgianal energetic costs
have been detected in the fish treatment.

To unravel the consequences of these costs on the bioeindeyet for the popu-
lation, the model outputs were used to calculate populaowth rates for all clones
and treatments under the assumption of a constant backdyroartality of 0.05 d!
(i.e. no size-selective predation). These population groates varied over a con-
siderable range (0.17 - 0.32° and this variability was not attributable to external
factors like resource level or temperature but only to plygrio plasticity. In fact,
seven out of nine clones realized a reduced population groate in the fish treat-
ments. If the calculated population growth rates were castpavith the respective
energy allocation factok, it emerged that there is a trend to higher growth rates with
increasingk, which is reflected in a high correlation between these twasuees
(r>=0.88, p < 0.001, n=18, fig. 5.6A). Consistently, there was alsgrificant neg-
ative correlation between population growth rate and thilbarainvestment per egg
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Figure 5.5: Evaluation of the somatic growth displayed by the 9 clones mNDEESTER
& WEIDER (1999) with the energy allocation model. Boxplots (A) and clone-
specific responses (B) of the energy allocation fagtan both groups of treat-
ments. Figures C and D show the respective responses in the paramgtar-
bon investment per egg); treatments: F = animals exposed to fish kaironne; C
control animals; n = 9; boxplots mark median, first and third quartile ancerahg
the data.

(r>=0.92, p < 0.001, n=18, fig. 5.6B) reflecting the consequencesecddists on the
bioenergetic level. These results indicate that such sldnat reduce their somatic
growth to a very low level in response to fish kairomones, iealizing a lowk, do
suffer elevated costs on the bioenergetic level, i.e. lgpaimigh carbon investment
per egg, that lead to a severely reduced population grov¢hwader conditions of
non-selective predation.

5.3.3 Adaptive value of life-history shifts

In order to explore whether the observed life-history shafte adaptive under positive
size-selective predation, population growth rates weteutzted for all clones and
for both life-history strategies per clone under a rangeasisible predation regimes.
For this purpose, either the midpoint (analogous to vanmain size-selection) or the
deflection (analogous to predation intensity) of the sighfonction of predation risk
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Figure 5.6: (A) Linear regression between energy allocation fagtoand the population
growth rater of each clone and treatment as calculated by the model (
0.93x— 0.06,r% = 0.88,n = 18, p < 0.001). Separate linear regressions calcu-
lated for fish and control animals were not significantly different frocheather
(ANCOVA, p (slope) = 0.20, p(interc.) = 0.35). (B) Linear regressi@tmeen
parametece and the population growth rateof each clone and treatment as cal-
culated by the modely(= —0.08x+0.37,r2=0.92,n= 18, p < 0.001). Separate
linear regressions calculated for fish and control animals were not siymtify
different from each other (ANCOVA, p (slope) = 0.47, p (interc.) = (.28

(see Fig. 5.2) was varied while keeping the other factorstzomn. Population growth
rates decreased with increasing predation intensity atid progressive selection of
smaller individuals (Figs. 5.7 & 5.8). Due to the large phgpa variability of the
clones their performance in the predation scenarios diffe@onsiderably from each
other.

On the whole, one can categorize the clones into three dass®rding to their
response to predator infochemicals. For three clones (NG. ahd 8) the observed
life history responses to fish infochemicals were found tallbeys adaptive, i.e. the
population growth rate was always higher in the presencesbf fio matter which
predation scenario was applied. These clones were foundue ho or negligible
costs arising from the life-history shift. They even rediitieeir carbon investment per
egg in the fish treatment, which means that no overhead costedioenergetic level
have been detectable. In a second group of clones (No. 3, 8)aqdte the opposite
was observed and life history responses to fish were hardiytae since was found
to be higher for the life-history displayed under contrahdions (midpoint scenario,
see Fig. 5.8). However, in the deflection scenario the lifesad both life-history
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strategies did cross at high predation intensities fordloésnes, indicating that under
very intense predation the life history shifts did effeetiwbecome adaptive (Fig. 5.7).
Costs of life history shifts in these clones are considerablech is reflected by the
fact, that the carbon investment per egg is roughly doubtethe fish treatments.
In a third group of clones (No. 1, 5 and 9) an adaptive advantddish-induced life

history shifts can be found under specific predation scesaHere the lines afcross

both in the midpoint and in the deflection scenarios at leaseawithin the range
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Figure 5.7: Clone-specific population growth ratesat varying predation intensities as dis-
played by the predation model paramederflectionmort. A value of zero for
deflectionmort corresponds to non-selective predation. Lines represent differ-
ent life-history strategies of the clones: either the life-history exprassashtrol
treatments (no kairomone, dashed line) or the life-history expressed imdath
ments (with kairomone, solid line).
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of parameters applied. The induced life-history is alreadgptive at intermediate
predation intensities and, thus, costs can be categoribding intermediate, which
again is indicated by a moderate increase of the parametarthe fish treatments.

The fitness consequences of fish-induced life history shetserally were less
sensitive to variations of the midpoint of the predationdtimn than to variations in
deflection. In those clones where life history responseg abkvays or never adaptive
variation of the midpoint had obviously no influence on thécome of our analysis.
Only in three out of nine clones did variation of the midpafthe predation model
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Figure 5.8: Clone-specific population growth rategt varying size selection behavior of the
predator as displayed by the predation model paranigtgr Lines represent
different life-history strategies of the clones: either the life-history esped in
control treatments (no kairomone, dashed line) or the life-history e>gutésgish
treatments (with kairomone, solid line).
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Figure 5.9: (A) Relative changes in the energy allocation faeand the carbon investment
per eggce of the nineDaphniaclones in response to fish kairomone (points) and
the corresponding linear regression (dotted line; —4.49x + 5.28, p = 0.02,
n=9). Numbers close to data points indicate the critical predation intensity, i.e.
surpassing this critical predation intensity turned the life-history shift toimec
adaptive. (B) Critical predation intensities (isolines.jlof an average individual
calculated from a simulation study over a range of possible life-history shifts a
defined by the respective relative change in the parametansice over the trait
space covered by the niaphniaclones.

turn an advantageous life history shift into a disadvantaigéace versa. Note, how-
ever, that midpoints< 1.2 mm generally resulted in population declines within the
chosen parameter range.

These results show that the observed life-history shiftsagtDaphniaclones ap-
pear to be associated with overhead costs on the bioerelgadl. In consequence, a
distinct size-selective predation intensity is necestaatthese costs do pay off. This
critical predation intensity necessary to turn the lifstbry shift to become adaptive
varies between clones and scale with the extend of the cadrbests (Fig. 5.9A).
Particularly such clones that showed a strong reductiohe@f&hergy allocation into
somatic growth, i.e. lowering significantly, on average also suffered higher overhead
costs, and therefore realized an adaptive value of theihigtory shift only under
rather high predation intensities. There is, in fact, adratf between changing the
resource allocation by reducing i.e. to minimize the effective predation window on
the population by reducing somatic growth, and emergingrmaed costs as expressed
in an increased carbon investment per egg. In order to draara generalized picture
of this trade-off, the trait-space realized by the nine ekbowas extensively evaluated
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by a simulation study. This was done by defining an averageithal from the con-
trol animals in D MEESTER& WEIDER (1999) and simulating different possible
life-history shifts of this average individual by applyidiifferent relative changes in
the parametergs andcg. Finally, for all these life-history shifts the critical gaation
intensity having equal population growth rates for boté-hiistory strategies was cal-
culated. The emerging pattern showed that strong changesaurce allocation do
only pay off if size-selective predation in the environmisnhtense. However, there is
still a large region in the trait space where a life-histdmiftds not costly and always
adaptive under size selective predation. This region isicesd to such clones that
reduce theik by not more than ca. 10-15 % when exposed to fish kairomones as i
dicated by the isoline for a critical predation intensityzefo, which separates costly
(above this isoline) from non-costly life-history shiftse{ow this isoline). However,
the fact that the majority of clones realized a costly lifstbry shift indicates that in
the environment of these clones such high predation intteasire prevailing.

5.4 Discussion

5.4.1 Bioenergetics of life-history shifts

This study gives strong support to the hypothesis that poedaduced phenotypic
life history responses result from a shift in the underlyiagource allocation as rep-
resented by the parameterin the applied model. It is suggested that in response to
fish kairomones the allocation of resources to somatic draswlecreased (by reduc-
ing K), resulting in slower somatic growth, reduced size at nigtand an increased
reproductive effort, which corresponds to empirical olsagons (e.g. $IBOR, 1992).

In fact, principal shifts in most life-history traits commly observed in experimental
and field studies, e.g. size and age at maturity, reprocueffort, or somatic growth
rate, may all arise from the same basal switch in metabogiardzation that is re-
flected by the parameter. However, by using observations of life-history shifts in
nine clones oDaphniafor a quantitative evaluation of the underlying resourde-al
cation pattern it explicitly emerged that a change in thegnallocation factok was
only in three clones sufficient to explain the observed lifgtory shifts. In the re-
maining six clones, besides a chang& jrtonsiderable costs on the bioenergetic level
have been detected that appeared to be associated witfethéstiory-shift. Since the

97



costs rise when a strong shift in the energy allocation takese this finding reveals
a trade-off involved in the life-history shift. These cosscame only quantifiable
due to the methodology of this study to model the life-higtioy means of a closed
energy budget and provide an explanation why the defenseligible. The applica-
tion of resource allocation models, therefore, providesiéying framework for the
research associated with life-history variation, phepiatplasticity and the evolution-
ary processes involved therein. Such models do not onlyustdor shifts in resource
allocation and facilitate the quantification of potentiatissociated overhead costs;
they even enable to interpret the consequences of all thdsadual level processes
in terms of fithess and by this allowing an interpretationnresolutionary context.

Within this framework, the energy allocation parametgrovides the quantitative
expression for the underlying shift in resource allocatéan observed life-history
variation. The pioneering work on dynamic energy budget @l®ély KOOIIMAN,
who firstly introduced the-rule, by using a strain dDaphnia magnaevealedk to
vary in the range between 0.30 and 0.33>(KHIMAN & M ETZ, 1984; KOOIIMAN,
2000). In this study was found to vary in a slightly broader range from 0.28 to 0.40
which has to be attributed to genetic variation and phenoylasticity of individuals
involved in this analysis, but still rather closely matchies values provided by Kooij-
man’s group. In addition, the standard parameteriza#os 0.35) of the model used
in this study was proven to describe life-history variatioer different conditions of
food concentration and temperature quantitatively corf@iNKE & V 1IJVERBERG
2005). Nevertheless, the assumption to model resourceatibm with a constant is
not easy to support from an empirical perspective becauskekethe opportunity
to track the involved processes (ingestion, assimilatisaue growth, embryogenesis
etc.) over an individuals lifespan. However, recent experits by MKULSKI et al.
(2004) support the assumption that principal energy afionds rather fixed for an
individual and is determined early during an individualsageny. They studied the
resource allocation iDaphnia magnay exposing individuals of different age to fish
infochemicals and found that only newborns switched thesource allocation strat-
egy while older individuals did not. Furthermore, the quiatitve agreement between
model predictions for reproductive effort and measuresmenDaphnia hyalina(Fig
5.4) supports the application of a constant energy allondéictor over an individuals
lifetime. Concerning this model output it is important to etthat reproductive effort
increases with body size despikdeing a constant. This is because the model explic-
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itly accounts for maintenance costs that compete with sengabwth for resources
and increase faster with body size (they scale Wwiththan resource acquisition rate
(which scales with_?): the larger an individual would be the more energy is needed
to meet maintenance and therefore less resources areddeddasomatic growth.

5.4.2 Costs of induced life history shifts and adaptive valu e

In six out of nine clones the life-history shift in responedish kairomones was asso-
ciated with overhead costs. As a consequence of the appbel@lrparameterization
procedure these costs are reflected by an increased canmstnment per egg (pa-
rametercg). In fact, the employed application is able to quantify thessts on the
bioenergetic level but is not suited to exactly localize piwsiological process that
caused the costs. It might be that alternative processabandtimate cause of the
costs, e.g. alower resource acquisition rate, less effidigastion or additional losses
in anabolic processes. Variations in resource acquisiittncould potentially account
for fitness variation between clonesgRNICK et al, 2000). However, comparative
physiological investigations have found individual radéggestion, assimilation and
respiration not to be affected by kairomones and therefarelated to induced life
history shifts (TOLLRIAN, 1995; S1BOR & M ACHACHEK, 1998). But nevertheless,
one can hardly draw final conclusions from these findingsesegach of the studies
were performed on a singl@aphniaclone and from this study we know that the over-
head costs do not necessarily arise in all clones. In thpgectst is not surprising that
RAMCHARAN et al. (1992) indeed found a reduced ingestion rat®aphnia pulex
when exposed to kairomones frd@ihaoborudlarvae. Although it remains uncertain
wherefrom the bioenergetic costs in the fish treatmentyreaginated, this approach
provides the methodology to detect and quantify these cd&tse also that another
way of parameterization would lead to a different localmatof these costs, e.g. in
terms of a reduced ingestion rate in the fish treatment, butdwoot lead to different
conclusions about underlying resource allocation padtéerg. a reduced investment
in somatic growth in the fish treatments) or the adaptivityhef observed life-history
shifts.

In an environment without size-selective predation theifistuced life-history on
average yielded a lower population growth rate than theesponding life-history
in the absence of fish. This was explicitly the case in severobuaine clones and
reflects the costs of the induced life-history shifts forsthelones. To a large ex-
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tend these costs on the population level arise from the eegrlcosts detected on the
bioenergetic level. A second cause of costs is the reducedtsogrowth in the fish
treatments since net production Daphniais strongly size-dependent (e.gvNCH

et al, 1986) and a lowered somatic growth will therefore redudgoneduction in fu-
ture. In consequence, a certain intensity of size-sekeptigdation has to be surpassed
in order to turn the life-history shift to become adaptive.principle, this result cor-
responds to the theory of inducible defenses, which statmsdefenses are costly
and therefore not continuously expressedRMELL, 1990; TOLLRIAN & HARVELL,
1999).

However, in two clones costs for the defenses seemed to bigibegyand de-
fenses were even advantageous anyway, which contradexsetital predictions. It
was further shown that there exists a large region in thé¢ $pce where no costs
of the life-history shift occurred (Fig. 5.9). The phenoraerof no apparent costs
of induced life history shifts is puzzling and immediatedatls to the question why
these defenses are inducible and not continuously exgre3$e most likely expla-
nation is that there are further trade-offs involved in thieshistory shift which were
not taken into account sofar but which have played an imporale in the evolu-
tion of this defense. One can only speculate about this jdsuel would like to
propose the following trade-offs to be possibly of impodarior the observed life-
history shifts. Firstly, sincdaphniareduced the size of their offspring in the fish
treatments (Table 5.1), neonates suffer reduced hatchougss and juvenile survival.
Survival of neonates was found to be positively correlatéti ®gg size and size of
newborns (ELL, 1983) and large offspring were proven to be more resistesirés-
sors like starvation (GwICz & JACHNER, 1992; A EUVERSet al, 1997; SIBOR &
MULLER-NAVARRA, 2000). Secondly, a reduction of the energy allocationofakt
implies not only slower somatic growth and a reduced maxbodl size but also less
energy available for maintenance. In an analysis aimed ®@gdlculation of minimal
food requirements (R* according tolllMAN , 1982) for differentDaphniaspecies,
HULSMANN et al. (2005) showed that such a reductionwois associated with an
increased minimal food requirement. It therefore could ygeothesized fish induced
life-history shifts making the individuals less competitifor food. Thirdly, vulnera-
bility of individuals to predators with different size pegénces in the environment is
increased (DLLRIAN, 1995). To slow down an individuals somatic growth would be
costly when predation turns out to be negatively size-sgksowhich is typically the
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case when invertebrate predators likeaoborusor Leptodoraare abundant (E{NCH,
1979). Therefore, in environments with alternating prestategimes or where fish
and invertebrate predators coexist, which has been reptotaifferent water bod-
les (e.g. SIBOR & L AMPERT, 2000; WAGNER et al, 2004), a life-history shift to-
wards slower somatic growth is harmful. A similar situatioight arise when juvenile
fish, which are still gape-limited, are the main predator®aphnia(MEHNER et al,,
1998a,b). Since daphnids do not differentially respondsto, fivhich are gape-limited
or not, the induced life history shifts indeed may be malégdapHowever, due to in-
teractive effects of food conditions and kairomone expeshie costs associated with
this mismatch between induced response and actual predateat were supposed to
be low (HOLSMANN et al,, 2004).

From the fact that life history shifts in single clones tuntoi an adaptive advan-
tage at quite different predation scenarios, especialth wespect to predation in-
tensity (critical predation intensity), one should expadifferent sensitivity to fish
kairomones. Although it is known th&aphniaclones differ in general responsive-
ness to infochemicals (ErRsMA et al, 1998) and that the strength of the responses
depends on the concentration of the kairomonegBE, 1995), | am not aware of any
study demonstrating differing thresholds of responsigerie kairomones in different
clones. Differential sensitivity to kairomones may alsodoebable since the infor-
mation derived from the kairomone is always associated withstinct uncertainty:
the response is not directly related to the ultimate fagter,in our case to size se-
lective predation. The exampl@aphniafish in this context is of particular interest
because the daphnids cannot differentiate between difféish species\ON ELERT
& POHNERT, 2000). Consequently, not all kairomone in the environmeessarily
has to stem from planktivorous fish. Alternatively, suchré&aiones could poten-
tially be released by large predatory fishes, which of cowseld not exert positive
size-selective predation ddaphnia Hence,Daphniaclones from lakes differing in
the structure of their fish community may have different cesiveness to fish cues.
However, such a variable responsiveness would also protinetevolution of differ-
ent critical predation intensities as observed in thisstuhis, of course, presumes
that the predation intensity in the original habitat of aegivclone at least sometimes
surpasses the critical predation intensity of that resgeectone.

In conclusion, the framework presented in this study prdedzk a suitable tool to
investigate resource allocation patterns underlyinggaeinduced life history shifts
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and to quantify costs and benefits associated with this ediutefense. As far as
known to the author, this is the first study that puts resoalicgation, energetic costs
and adaptive value of predator induced life-history shiftsing empirical data - into
one solid theoretical framework. Further applicationsh&f methodology presented
here should be used to study the performance of the respetbines at different food
concentrations, or even better, in dynamic simulationsititdude the food dynamics
(for technical details seeIRKE & V 1JVERBERG 2005). With 9 coexisting clones and
a variety of conceivable predation regimes the number o$iptes model scenarios
is virtually countless. The most promising approach woulgstbe to adopt a well
defined scenario from a field study, which provides inforora@bout the life history
strategies and the frequencies of coexisting clones asawa@bout the predominating
predation regime in the environment.
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6 General Discussion

This thesis provides a comprehensive and thoroughly akbienodel system for in-
dividual and population level dynamics Dlaphnia The underlying concept of this
approach is considered to be 'species-oriented’, i.e.gaddent of a specific problem
or a distinct model application to a well-defined researgicto Instead, the whole
model system is aimed on providing a nested, prototypefld@mework with multiple
possible interfaces in order to allow its application tostige exercises in applied and
basic limnology. The model structure is open for extensamdfurther modifications
by other scientists who may adapt this system for their owpgees. Its architecture
enables a direct coupling of this model system to other epcdd models. Particu-
lar attention is payed to interactions between the indizidevel and the population
level, e.g. mediated by life-cycle characteristics or dgraphic effects. Moreover,
physiological properties of individuals are taken into@att enabling a mechanisti-
cal concept for modelling individual life-history on basisa closed carbon budget of
the individual. In general, special emphasis is given taadhgh validation of model
outputs on independent empirical data, which ensures ditptawe interpretation of
any model application.

An example documenting the advantages of a species-aliembelel framework
has been given in chapter 5. The model system was used torexpi® link be-
tween physiological properties of an individuals metabaoliganization and the re-
spective phenotype of the individual. Phenotypic variates commonly observed in
life-history shifts ofDaphniain response to predator cues, has been explained by a
shift in the underlying resource allocation strategy. Rernnore, empirical data from
nine clones enabled a quantitative analysis of underlymgsiological processes in-
volved in observed life-history shifts. All clones showed@nsistent response in
their resource allocation strategy but individual resgsngiffered in their intensity
and the nine clones covered a broad trait space of possip@mses. By applying
size-selective mortality regimes it was even possible ¥estigate the adaptive value
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of the observed life-history shifts by calculating popidatgrowth rates. In con-
clusion, this application of a species-oriented modelesystiocumented its specific
advantages: (i) the model system links information fronfiedént levels of biological
organization spanning from physiological processes aweividual life-history to-
wards the population level, (ii) it allows a quantitativédrpretation of model outputs
enabling scientists to comprehensively investigate t@ftieand their evolutionary
context, (iii) a specific analysis can be easily expandethket to other research top-
ics. In this case, for example, the effect of ambient fooccentration on the adaptive
value of life-history shifts can be investigated or consswes of life-history shifts on
consumer-resource dynamics may be explored.

6.1 Alternative species-oriented approaches

Two different approaches to a species-oriented model sykieDaphniahave been

developed in this thesis. In a first step (chapter 3), an ecapiapproach was devel-
oped whereas chapter 4 deals with a mechanistical moded lnssenergy allocation
rules. Consequently, these alternative approaches diffembstantially from each
other in terms of their methodology. However, regardingrtiqe@antitative outputs

both approaches are expected to produce comparable results

6.1.1 Similarities and dissimilarities between approache s

Differences between both approaches are considerableoadhnical level. Whereas
the approach in chapter 3 uses a multiple regression motdel 6 empirical data to
calculate individual life-history, the competing apprbadn chapter 4 is based on a
mechanistical energy allocation model that includes a detegarbon budget, phys-
lological processes and a feed-back on the resource deridiy second approach
is more complex and takes properties and processes elypiitid account that are
viewed as a 'black-box’ in the first approach. In the emplraggproach an individual
based model was used to perform dynamic simulations on tpalg@on level. In
contrast to this, population level dynamics of the mechanisodel (chapter 4) were
simulated by a physiologically structured population modBut nevertheless, re-
garding their model outputs both approaches produce cabf@gquantitative results
for important characteristics like minimal food requiremianaximal body length or
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Table 6.1: Quantitative comparison of characteristic model outputs, either calculatéteby
empirical model (chapter 3) or by the energy allocation model (chapter 4).

Empirical model Energy allocation model

Model output for Unit (chapter 3) (chapter 4)
maximal body length (mm) 2.40 2.50
minimal food requirement (mgC1!) 0.05 0.04
maximal birth rate (db) 0.30 0.32

maximal population birth rate (Table 6.1). This indicateshapproaches being rather
interchangeable to each other in terms of their outputs.

Despite clear differences in their technical realizatiothbapproaches can, how-
ever, be categorized as being derived from the same pratatypdel structure (Fig.
6.1). Both include a distinct individual level model delivey necessary information
from the individual level (somatic growth and egg produc}iand a certain method-
ology to assign these model outputs to the population modethe first approach,
an individual based model is used and in the second approsicaciured population
model. The latter implies the aggregation of individual®inohorts, which finally
leads to a more efficient simulation of population dynamkéswever, it is important
to note that both simulation approaches are interchangeaél one might use the
energy allocation model within an individual based simolafor specific purposes
or, the other way round, the empirical growth model with acaéetor boxcar train
formulation. The system of choice depends on the specificeinmarpose; each of
both offering certain advantages and disadvantages.

6.1.2 Advantages and disadvantages of both approaches

If a given approach turns out to be advantageous almost aldegends on the in-
tended application in mind of the user. Therefore, the atdges and disadvantages
discussed below may be somewhat arbitrarily — however, tia@yprovide a guide-
line for potential users to decide, which of the approackesare suited for solving
their respective problem.

The empirical approach in chapter 3 is easy to apply, noreiffiial equations
have to be solved and all calculations can be done withotitpiar knowledge about
numerical techniques. Since its computational demand m®nguch an approach is
well-suited for individual based simulations, in part@ufor computation intensive
applications in spatial ecology (e.g. diel vertical migyatof Daphnia see RNKE
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& PETzoLDT, 2002) or in simulations with large populations. Such lapggula-
tions may be applied if certain traits of the model organisres associated with a
high variability or if competing ecotypes or morphotypes simulated. However, the
empirical approach is not suited for modelling the feed baic®aphniaon its re-
sources. Consequently, no density-dependent processbs taken into account and
ambient food concentration is needed by the model as an (mith not necessarily
means that food has to be constant in time). In contrast sodbes the mechanisti-
cal approach given in chapter 4 explicitly account for dgndependence via a feed
back on resource density. This approach, therefore, iscplatly suited to study
consumer-resource dynamics. Its ability to simulate dgr#pendence is achieved
by accounting for relevant physiological processes (iigesassimilation, mainte-
nance), which opens another field of possible applicatidnsconclusion, only the
mechanistical approach provides a framework spanning frieysiological processes
over the individual level towards the population.

One might argue that all simulations the empirical appraaatapable of, could
also be done by the mechanistical approach. Consequerglgntipirical approach
should be viewed as being obsolete. However, due to its asea computational
demand the application of the mechanistical approach maynbaited for specific

Empirical model (chapter 3) Mechanistical model (cha  pter 4)
Population Population
Cohort
Individual Individual

egg production
empirical
model
somatic

growth

temperature temperature‘
food concentration food concentration

Figure 6.1: Comparison between the two model approachd3agthnia
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purposes as already indicated above. Besides this, anaittesHfould be taken into
account: a mechanistical energy allocation model requeeg detailed information
about underlying physiological processes. Of course, suohmation are available
for Daphniabut probably will be hardly available for most other orgamss Thus, the
empirical approach in chapter 3 may also provide a convéei@ample how to model
individual level dynamics of an organism without havingadketd information about
its physiology.

6.2 Complex transient dynamics on the population

level

Observed dynamics of field populations Daphniaare complex and classical un-
structured population level models failed to reproducedhgatterns. In this respect,
the particular importance of demographic effects has dyrbaen stressed in the sec-
ond chapter (see page 9) and it was a basic motivation of thik 1@ provide a model
framework where individual level processes potentiallgiact with population dy-
namics. Indeed, the population dynamics achieved by dymaimiulations with the
structured population model showed different patternsapupation dynamics than
classical population level models (chapter 4). Howeveshduld be noted that this
comparison was carried out by using a model run of the stredtpopulation model

—— Daphnia (biomass) —— Daphnia (individuals) -—- Algal biomass
80 A

- 0.3

Ind L!

0 50 100 150 200
Time (d)

Figure 6.2: A time series of a simulation run showing transient dynamics of the consumer-
resource dynamics (algal carrying capacity: 0.2mg¢€,Lmax. algal growth:
1d7%, lifespan: 30d, temperature: 176, all other parameters according to the
standard parameterization).
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in which the dynamics almost immediately converted to thgmgotic model be-
havior (limit cycles of consumer and resource). Such a rapivergence towards
the asymptotic model behavior is characteristic for sitoites with high carrying ca-
pacities and regrowth rates of the algal resource, and fiaulations with rather low
mortality rates. However, in systems with elevated losssrat less enrichment a pro-
longed period of transient dynamics frequently occur. Aaregle of typical transient
dynamics is given in Fig. 6.2. There are still cyclic osd¢itas in the abundance of
consumer and resource but amplitude and frequency of thikatisos are quite vari-
able. Depending on starting values and model parameterizéitese transient state
can persist for long periods of a simulation (e.g. about 1@&gs in the simulation
shown in Fig. 6.3).

Transient dynamics of model simulations have been seldaimeiiscope of mod-
elling studies. They normally depend strongly on the ih@@nditions of a simulation
and hence it is somewhat arbitrary to focus on these dynar8idsmost theoretical
ecologists prefer to study equilibrium conditions or asyotip model behavior, which
can be nicely done with classical population level modelg.(see KRETZSCHMAR
et al, 1993; NORBERG& D EANGELIS, 1997; Vos et al, 2004). However, there are
good reasons to question whether the outcomes of such stdigeally relevant for
the dynamics that we observe in the real world. Non-linesrinh species-interactions,
seasonality, short-term variability of environmentaltéas, spatial heterogeneity, in-
ternal chaotic attractors and other factors force most sgsitems to stay far from
equilibrium (HUTCHINSON, 1961; GASWELL, 1978; HIISMAN & WEISSING, 1999;
HASTINGS, 2001; S HEFFERet al,, 2003) and already in 1988,A$TINGS argued to
focus on transient dynamics in order to improve our undeditey of observed pop-
ulation dynamics. He also pointed out to introduce addgitructures into existing
models, e.g. spatial structure or age structure, and disited classical, unstructured
Lotka-Volterra-like models. This thesis follows this lioéreasoning and clearly in-
dicates that age structure and physiological propertiesgiwen population can lead
to prolonged transient dynamics.

Transient dynamics potentially show chaotic behavion@rant chaos, seelHs-
MAN & WEISSING, 2001). In the seminal work of HISMAN & W EISSING (1999)
it was shown that already rather simple consumer resouraeinaend to behave
like chaotic systems and hardly reach an equilibrium stateéheir model no exter-
nal forcing factors like seasonality or spatial heterogigngere necessary to invoke
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Figure 6.3: State diagrams of a simulation performed with the physiologically structured pop-
ulation model (chapter 4) for a period of 10000 days (algal carryinmpciy:
0.2mgC L1, temperature: 20C, all other parameters according to the standard
parameterization). State diagrams are drawn either for the whole simulation pe-
riod (A & B), i.e. including the transient dynamics, or only for that simulated
period showing asymptotic limit cycles (C & D; starting from day 1300). De-
picted state variables are indicated as axis annotations.

the chaotic behavior and, therefore, the chaotic dynangpsaed to be an intrinsic
characteristic of such biological systems. This fact haallfirled to the conclusion
that there is a fundamental unpredictability of the dynanatplanktonic communi-
ties (HUISMAN et al, 2001). The model system presented in this thesis repseaent
two-species approach (algazaphnig. However, due to the subdivision of tBaph-
nia-population into distinct cohorts and the fluctuating denaplpy over time this
system can also display transient chaotic behavior. If argsimulation is repeated
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Figure 6.4: Deviations inDaphniabiomass between two simulations with slightly changed
initial values for the food concentration are drawn as time-series (abstiffee
ence in the initial value of the food concentration:~1p The relative deviation
(upper panel) as well as the absolute deviation (lower panel, logarithmi) sca
progressively increase with time. Model parameters: temperature2Q,/thax.
algal growth: 1.0d?, algal carrying capacity=0.2 mgC L, lifespan=30d.

with slightly changed initial values for one state varialdey. food concentration,
the emerging dynamics progressively deviate from the waigsimulation (Fig. 6.4).
Such an amplification of errors is a characteristic propefthaotic systems. In con-
clusion, it can be stated that the structured populationehiodeed shows a tendency
to transient chaos (see Fig. 6.3 A & B).

In addition to the intrinsic potential of the model to digplaansient chaotic dy-
namics, a variable ambient temperature would likely fotoe ¢haotic behavior of
the dynamics. Generally speaking, an application of thislehto field populations
will almost always result in complex transient dynamics ikl potentially lead to
chaotic behavior. Under field conditions, ambient tempeeais highly dynamic due
to variability within (seasonality) and between years asd due to pronounced verti-
cal temperature gradients as usually prevailing in lakesaservoirs of the temperate
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region. Thus, it can be hypothesized that already minor gbsim the temperature
regime may induce considerable changes in the populatinardics ofDaphnia In
fact, there is empirical evidence tHaaphniapopulation dynamics are comparatively
sensitive to temperature. For example, the timing of thengprlear water phase was
found to be dependent on the temperature regime during sprigg. This temper-
ature regime is affected by the north atlantic oscillatidid@), which consequently
led to a synchronization of the clear water phases in manypean lakes on a conti-
nental scale (SHEFFERet al, 2001; SRAILE, 2002). Furthermore, long-term inves-
tigations in Bautzen Reservoir showed that temperature tondiduring winter and
early spring potentially affect the population dynamicsDafphnia during summer
(BENNDORF et al, 2001). Interestingly, elevated temperatures in wintet aarly
spring were often associated with a dramatic midsummerirgecif the Daphnia
population later in the year. The mechanisms that mediasetdevelopments were
related to a faster population development early in the iesaing to higher abun-
dances in spring and, consequently, to an intensified resawerexploitation later
on. This strong resource overexploitation led to a pronedratear water phase with
elevated non-consumptive mortality DRphnia A simultaneous occurrence of this
non-consumptive mortality and predation by YOY fish in sucrnwv years ultimately
induced the observed midsummer declind®aphnia It was further pointed out that
that observed population dynamics cannot be understodutifocusing on pop-
ulation demography and its development over tim&i(BMANN & W EILER, 2000;
HULSMANN & V 0IGT, 2002; HILSMANN, 2003), i.e. demographic effects have to
be taken into account. Since temperature effects stronggyact with demographic
effects (individual somatic growth and egg developmentstrengly controlled by
temperature), detailed model simulations should supperhipothesis that elevated
temperatures in early spring lead to a more pronounced resoverexploitation.

Simulations of a defineBaphniapopulation at different temperatures have shown
consumer resource dynamics to be strongly affected by arhbeenperature (Fig.
6.5). Although equal initial values for daphnid abundance biomass as well as for
algal biomass have been applied, the emerging dynamicdeadycdifferent from
each other. The effect of increasing temperature does mpiysiead to faster dynam-
ics but also shifted the qualitative character of the coresumsource dynamics. Most
obviously, at the lower temperature the consumer-resodycamics became more
irregular and a prolonged transient phase occurred. Inr&sinto this, an elevated
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temperature leads to cycles with an increased amplitudecamsequently, minimal
Daphniabiomass were lower and thus closer to extinction. Thesdtsasay indicate
a destabilizing effect of elevated temperatures on thewsoes resource dynamics of
Daphniaand its algal prey. With respect to recent developmentsamgtbbal climate
and the ongoing tendency towards higher temperatures (|RG@1) it appears to be
an important issue of future investigations to clarify thx¢eat of these temperature
effects on plankton dynamics.

The factors causing the high sensitivity to ambient tentpeeaare related to (i)
different temperature scalings for algae aaphnia (ii) delaying effects within the
life-cycle, and (iii) memory effects mediated by populatidemography. The latter
factor is a characteristic property of structured popal&isince the population de-
mography contains information about the population stateeé past. In this example
a lifespan of 30 days was applied, which means that eventsthe past 30 days can
potentially affect the current state of the population @adlynamics.

However, in order to realize a more sophisticated test verelie model is capable
to reproduce the temperature-driven processes obseni@enyDoRFet al. (2001) it
will be necessary to explicitly account for field conditiofhis can only be achieved
by including the model system into a community level modeé(sext section), e.g. in
a water quality management model. Such models can accauthtef@ccompanying
dynamics in phytoplankton succession, nutrient availgéind top-down effects by
predators.

6.3 Extensions of the model system

The presented model systems consist of an individual lewslah) including either
empirical or mechanistic descriptions of relevant phymiadal processes, and an as-
sociated population level model allowing the simulatiorpopulation dynamics. Be-
sides possible extensions that aim on introducing moreldeeta the existing model
structure, e.g. introduction of diapause (individual Iee sexual reproduction (pop-
ulation level), it also appears useful to extend the modgtkesy by linking it to further
levels of biological organization. Such extensions wouwddrbline with the concept of
a species-oriented approach and would, moreover, enhadderaaden its ability to
combine existing knowledge. This section, therefore, @étgstion to possible model
extensions that lead to the inclusion of further levels ofdgical organization.
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Figure 6.5: Transient dynamics fobaphniaabundance (upper panel), biomass (center) and
algal biomass (lower panel) are plotted for three simulations at different tem-
peratures (23C, 20°C, 17°C). Model parameters: max. algal growth at°Z0
1.0d™%, Arrhenius temperature for max. algal growth: 3378 K (accordingtte E
LIOT etal, 2000; REYNoLDsS et al,, 2001), algal carrying capacity=0.2 mgC1,
lifespan=30d.

6.3.1 Sub-individual level extensions

A mechanistic strategy to realize model extensions bernbatimdividual level would
demand to focus on tissues, cells and, finally, genes. Atthalie necessity to bridge
over all these hierarchical levels has already been rezedna comprehensive under-
standing of the involved processes is still lackinggBET et al., 2000). In comparison
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to the well studied interactions between the individuakleand the population level,
for example, we have a rather incomplete picture about tieedntions between genes,
cells, and tissues — at least in terms of their implicatioftkiww an ecological context.
However, recent research &aphniaprovided evidence for important sub-individual
level processes that potentially could be linked to a speaieented model system.

Growth and individual ontogenesis does not only depend dmerhtemperature
and food quantity but also demands essential compoundsler tw preserve home-
ostasis. Daphniagrowth was shown to be potentially limited by the availapilf
phosphorus (stochiometric theory, seeNDOTT et al,, 1998; GAEDKE et al, 2002;
HESSENet al,, 2005) or by essential organic compounds (poly-unsatdifatéy acids
or sterols, se&ON ELERT & WOLFFROM, 2001; MULLER-NAVARRA et al, 2003;
VON ELERT et al, 2003). In order to account for these potential limitingtfas it
would be necessary to include such compounds in the chegooaposition of the
daphnids and their food. In fact, there are already modelcaguhes available that
take these details into account. A complex individual leweldel by HaLLAM et al.
(1990) allows to simulate the individual mass budget ofgatiein and carbohydrates
for Daphnia And a comparable approach byNAERSON et al. (2005) focuses on
the stoichiometric composition @aphniaand its algal food with special emphasis
on phosphorus. Both approaches indicate promising oppbesimow the existing
model system could be extended in order to account for theteaal limiting nutri-
tional compounds. An inclusion of these food quality efemt individual ontogenesis
of Daphniawould be particularly interesting since this extendedeystvill allow to
investigate the emerging effects on the population leveickvcannot be done with
the existing models by HLLAM et al.(1990) and AIDERSONet al. (2005).

In this context it has to be emphasized that such extensi@ysrequire the in-
troduction of a reserve compartment on the individual lesrete organisms show a
certain potential to store essential nutrients. Carbon usliysstored in fat droplets
in Daphnia(TESSIER& GOULDEN, 1982; TEssIERet al,, 1983) and nitrogen can
be stored in proteins (GSANDE & GLIwWICZ, 1992). The capability oDaphniato
store phosphorus is certainly much lower, however, dapRambntent was at least
proven to be variable to some extentgdOTT et al, 1998). According to the ar-
gumentation of KOIIMAN (2001), all nutrients are firstly channelled into a reserve
compartment from which they are distributed further intovgth, reproduction and
maintenance (for a more detailed description see alsoiBMAN, 2000). Although
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this is undoubtedly a defendable assumption, it appeatdgmatic to parameterize
the nutrient/energy flow from the reserves into further peses since empirical data
about the relevant processes are still lacking.

Another attractive extension will be to link certain indlvial level traits to specific
genetic markers. Although we do not yet have explicit infation about the genetic
control of a given trait it is obvious that observed traitea change over evolutionary
time due to selection between competing genotypesIQ&R, 1984; DE MEESTER
et al, 1995; AAK & RINGELBERG, 1997a; FhIRSTON et al,, 1999; DE MEESTER
et al, 2002). Fortunately, these evolutionary processes cambdated without ex-
plicit information about the genetic basis by the applmatdf genetic algorithms
(e.g. GskE et al, 1998; HisEet al, 1999). Successful applications have proven the
ability of these algorithms to simulate artificial evolutiand they definitely provide a
powerful tool to understand behavioral or life-history pt#dions ($IERTZER& ELL -
NER, 2002; SRAND et al,, 2002). The application of genetic algorithms require the
representation of a given trait in terms of a distinct par@mealue (or a parameter
combination), e.g. the value a&f as used in chapter 5 in order to represent a distinct
resource allocation strategy. During the simulation, takie of this parameter of a
given individual is inherited from its mothkr However, with a defined probability
the parameter value of the offspring can be slightly modibgdnutations. The sur-
vival probability of an individual depends on the respezfihenotype of the trait and
ambient environmental conditions, i.e. survival diffeeteeen genotypes. This en-
ables selection of the best adapted genotype over time. €8 dbaindividual based
simulations such genetic algorithms can easily be intredunto the existing model
system in order to enable a simulation of dynamic evolutippaocesses. Of course,
such modelling attempts would become even more powerfubas as we know the
relevant sub-individual level processes regulating agethye trait (e.g. the genetic
control ofk).

6.3.2 Beyond the population level

In contrast to the limited knowledge available about theriplay between genetical
and physiological processes, scientists have accumudaliedad body of mechanis-
tical information about dynamics on the community and estay level. Almost

20 years ago, limnologists started to give an axiomaticcgss-oriented description

Lor from its parents if non-parthenogenetic organisms atkedrscope of the study
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of the observed dynamics in lakesd@MER et al,, 1986). As mentioned in chap-
ter 2, these information were also used for a quantitatisemigtion by developing
dynamic models of whole lake ecosystems (e.gNBDORF & RECKNAGEL, 1982;
HAMILTON & SCHLADOW, 1997; ARHONDITSIS & BRETT, 2005). Besides scien-
tific purposes also economical reasons associated withr wasge have motivated a
relatively quick and diverse development of these watefityumanagement models
(WQM-models, see chapter 2). In order to expand the speciested model system
to the community or ecosystem level it therefore appeamniaog to connect it to a
WQM-model. Such a coupled model would include all necesdaugtsires to account
for the environmental complexity within the ecosystem aiiltlemable an application
to field situations. This will provide the opportunity to cpare the outputs of the
Daphniamodel with observed population dynamics in the field. Asiadyin chapter
2, a coupled model should solve existing problems in the mipon compartment
of current WQM-models.

Such an inclusion would certainly increase the computatidamand of a WQM-
model considerably. For that reason the necessity maytar@®ange the architecture
of the structured zooplankton model in order to increasetmeputational efficiency.
In principle, there are two possible ways to realize thi:dé@crease the number of
cohorts within the population by increasing the cohort Wwialbove 1 day (i.e. decrease
demographic resolution), and (ii) decrease the spatialugsn of the WQM-model.
However, such model changes will be associated with an gggom error and it has
to be carefully checked whether this error will cause unptadgde deviations.

Another consequence of including a structured populatiodehofDaphniaspec.
into a WQM-model will be that at least one further functionabplankton group be-
sidesDaphniais required. This is necessary, of course, since zooplartammuni-
ties of lakes are not always dominated by daphnids. For ebamater bodies with
a low trophic state are often dominated by calanoid copegeds MUCK & L AM-
PERT, 1984; MAIER, 1996; ADRIAN, 1997; KASPRZAK & K OSCHEL, 2000) whereas
hypertrophic lakes with filamentous cyanobacteria are kntmannhabit large popula-
tions of cyclopoid copepods or small-bodied cladoceracisgde.g. ®MMER et al.,
1986; MAIER, 1996; FULTON, 1988; KASPRZAK & K OSCHEL, 2000). Trophic inter-
actions of these zooplankters can be diametrical to thosevkrirom daphnids (e.qg.
LYNCH, 1979; LAZZARO, 1987; S MMER et al, 2001; Kacami et al,, 2002). How-
ever, since grazing effects on the phytoplankton by copgpod small cladocerans
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are normally less strong than those exerte@®hphniag a simple solution of this prob-
lem may be sufficient. To implement just one further functicmooplankton group
into the WQM-model, which may represent copepods, by usingmadard popula-
tion approach appears as being a good compromise betweesi cowdplexity and a
lifelike model structure.

An inclusion of this model system into a WQM-model will alsalute dampening
effects on the consumer-resource dynamics betvidghniaand its algal prey. On
the one hand, detritus and components of the microbial |bapté€ria, protozoans)
provide alternative food sources@@phnia In Bautzen Reservoir, KMJUNKE et al.
(1999) have shown that the microbial loop significantly citmited to the nutrition of
Daphniaduring the clear water phase. Detritus is mostly of pooréritenal value
(SAUNDERS, 1972; QJLATI et al, 2001) leading to lower assimilation efficiencies
and slower growth. Such processes should weaken the n@uwomive mortality
in the simulations during times with very low algal abundan©n the other hand,
badly ingestible algae can interfere wilaphniagrazing (HORN, 1981; SSMMER
etal, 2001; LURLING & VAN DER GRINTEN, 2003) and, thus, reduce their ability to
quickly exploit their resources. In conclusion, resourgerexploitation byDaphnia
should be less extreme than in the isolated systeBaphniaand one well ingestible
algae (see Fig. 4.6). This dampening effects of detritustaly ingestible algae
can also be observed if consumer resource dynamics in massagithDaphniaand
well ingestible algae are compared with those dynamicsrabdan the pelagic zone
of lakes (compare MCAULEY & M URDOCH, 1987; MCCAULEY et al,, 1999).

From a scientific point of view a coupling of the existing sipseoriented model
system with a WQM-model would also be interesting since thergmg model would
allow to investigate top-down effects within the food-webnmnore detail. By intro-
ducing an age- and size-structure in the population, a nmestiasimulation of size-
selective predation by fish could be conducted and its caresexgs on lower trophic
levels might be explored. Studies in the Bautzen reservoivel that fish predation
alone is not sufficient to explain the population breakdowrbaphnia (MEHNER
et al, 1998a; WAGNER et al, 2004, e.g.). However, as soon as fish predation is not
only viewed as a loss term on the population level but alsodtssequences on pop-
ulation demography are explicitly taken into account theype may change. From
simulation studies emerged that positive size selectigeairon by fish can have se-
vere consequences on population dynamid3aghniaby removing adult individuals
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(MEHNER, 2000). Top-down effects by planktivorous fish are key ma@@ras in
the concept of biomanipulation (e.gH8PIRO & W RIGHT, 1984; BENNDORF, 1990;
DEMELO et al, 1992) and therefore of particular interest for scientificl applied
purposes. In consequence, there is a strong need for eeosysbdels that are capa-
ble of taking the relevant processes explicitly into ac¢odrhis can be be achieved
by an inclusion of the model system presented into a WQM-model
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/ Summary

The scope of this thesis was to develop a comprehensive rsgsieim of the genus
Daphnia a key organism in the pelagic food web of lakes and reseamid a widely
used model organism in experimental and theoretical egolddthough its central
role in applied and basic research in aquatic ecology iscafsyithere are still fun-
damental problems in modelling the observed dynamiddayhnia (for details see
chapter 2). Therefore, a basic motivation of this work wasde scientific results ob-
tained in independently conducted research for developingpdel that brings these
results into context. Instead of following a ‘problem-mtied’ paradigm applicable to
a single, well defined problem or scientific hypothesis, theaulying concept of the
emerging model system was considered to be ‘species-edenthus, various rele-
vant processes are included into the framework in ordemulsite the dynamics of
daphnids displayed on different levels of biological origation. To facilitate its ap-
plication to various problems in ecological research orgigeusDaphniag the model
system fulfills the following three important properties:

e model outputs are thoroughly validated on experimentad dabrder to guar-
antee sound quantitative outputs of the model system

e the system spans over different levels of biological orgation with special
emphasis laid upon the individual level and the populatewel

¢ the model’s architecture follows a nested design with a ddfindividual level
model that is integrated into a population level model

The whole model system is able to describe an individualeld@ment over time
on basis of physiological properties of the organism andh&rmore, how these in-
dividual level processes interact with the dynamics on thigufation level. Due to
its nested design, applications of separate submodelstke.gqdividual-level model)
are possible.
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Two different approaches have been realized in this thesiadhieving a species-
orientated model dbaphnia Firstly, an empirical model of growth and reproduction
was developed on basis of a multiple regression model (eh&)t This individ-
ual level model was applied within an individual based seioh in order to assign
model outputs to the population level. Quantitative oudpaftthis empirical model
were proven to be in accordance with experimental obsenapublished by other
authors (somatic growthr? = 0.954, n = 88; egg productionr? = 0.898, n = 35).
Ambient food concentration and temperature are input bisof the model. How-
ever, no density-dependent processes are incorporagedya. feedback of daphnid
grazing on its algal food can be simulated. The model can pkeapto predict in-
dividual fithess and population growth under given envirental conditions. The
applicability of the model has been documented by four sitmh examples in chap-
ter 3: (i) correlation between population growth rate anajile somatic growth rate,
(i) temperature scaling of population growth rate, (ioptd dependent size at first re-
production, and (iv) quantification of the costs of diel i@t migration ofDaphnia
The model displayed plausible quantitative outputs ovepadbrange of temperatures
(2...20C) and food conditions (0.1... 4 mgC L) and appeared to be well suited
for computation intensive individual-based simulatiaag, in spatial ecology. Due to
its straightforward model architecture this model is gasédnsferable to other animal
species.

Secondly, a mechanistic model of growth and reproductiodaghniabased on
energy allocation rules was developed (chapter 4). Thisr@agetic approach, which
follows the theory of dynamics energy budget models (DEB-at&dKOOIIMAN,
2000), calculates individual somatic growth and egg prtidnoon basis of a closed
carbon budget. It explicitly includes the quantitativeatgsgtion of physiological rates
and thus provides an approach that links individual lifstdriy to underlying physio-
logical processes. Quantitative outputs have been vatida independent data from
a life-table experiment obaphnia galeata For the first time, known so far to the
author, an individual level model dbaphniawas validated to very low food con-
centrations close to minimal food requirements. Specigsathogical adaptations to
low food conditions have been taken into account (reducekhter@ance costs and
improved assimilation efficiency). Such adaptations wes# documented in experi-
mental studies but, surprisingly, have not been regardeabitielling attempts so far.
Outputs of the bioenergetic model were compared with ptiedis from another in-
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dividual level model ofDaphnia(Kooijman-Metz model, see &I1IJMAN & M ETZ,
1984), which neglects these special adaptations to foodagfe Simulation results
showed that the Kooijmann-Metz model is not able to corygmttdict individual life-
history under very low food concentrations.

The bioenergetic model was further integrated into a stireckt population model
in order to allow the simulation of population dynamics. §hew population level
model included density-dependent effects and enablediti@ation of consumer-
resource dynamics. The emerging dynamics were shown terditbm those ob-
tained from classical, unstructured population models.sBes for these differences
in the consumer-resource dynamics are straightforwaesgsatal, unstructured mod-
els cannot account for demographic effects. Recently puiddisletailed observations
of Daphniapopulation dynamics in the Bautzen Reservoir (Germany) dwpring
and early summer have proven the importance of demografffieictein the field.
These studies documented a number of consecutive evehgatemirrored by sim-
ulations of the structured population model: (1) exporamowth during spring; (2)
rapidly decreasing food concentrations (3) formation oéalpcohort at the end of the
exponential growth phase (4) pronounced clear water ptageaonsequence of re-
source overexploitation (aphniapopulation suffers from starvation (6) increased
non-consumptive mortality. It can be concluded that umstmed population models
are not suited for simulating the dynamics of populatior@ashg rapidly fluctuating
demography as, for exampBaphnia

In chapter 5, the model system was used to study resourceatitio patterns
and the adaptive value of life-history shifts Baphnia Since shifts in individual
life-history imply a change in the underlying physiolodipaocesses the bioenergetic
model from chapter 4 was applied for this purpose. Obseifedistory shifts in re-
sponse to fish kairomones can be reproduced by shifting #rgallocation towards
increased investment into reproduction. This happens@axpense of energy alloca-
tion to somatic growth leading to slower growth. Life-histahifts of nine clones of
Daphnia galeatax hyalina measured in experiments of other authors, were used to
parameterize the model. All clones showed a consistenbnsgpto fish kairomones
by reducing the energy allocation towards growth and maaree (reflected by the
parametek). However, in six out of nine clones this shift was not suéfitito explain
the observed life-histories. Additional energetic costidlte bioenergetic level have
been detected in these clones when exposed to fish kairomshieh explains why
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this life-history adaptation has evolved as an inducibkeee. The adaptive value of
the life-history shifts displayed by the nine clones wasifi@d by calculating popu-
lation growth rates under a range of possible positive setective predation regimes.
All observed life-history shifts appeared to be adaptivewlver, clones having high
additional costs on the bioenergetic level realized antdagalue of their life-history
shift only under very intense predation. As far as known dhthor, this is the first
study that puts resource allocation, energetic costs aapitizd value of predator in-
duced life-history shifts - using empirical data - into ohedretical framework.

In conclusion, the species oriented model system presémta thesis can con-
tribute to our understanding of observed individual andypaion level dynamics
of Daphnia The model structure is well documented and outputs aresitluand
thoroughly validated. Due to its nested design the modeesyss easily expandable
and can be coupled to other models with relatively low effdet.g. integration into
water quality management models). This system opens a liiedddf future model
applications in basic and applied research relatddphnia
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