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Chapter 1

General introduction

1.1 Introduction

The living world is characterized by an overwhelming diversity of species. Each species has
its own specific way to survive and reproduce. The diversity of species, and the diversity of
relations between the species and the abiotic environment leads to an enormous complexity
which is too large to grasp immediately.

The individual organism is a relative simple object to study amidst this world of com-
plexity. I take here a realistic viewpoint in which natural objects, as individual organisms
are, are directly accessible to us. The study of the individual therefore takes a central place
in this thesis. The individual is used as point of reference for further investigations into
uptake, elimination and internal compartimentation of xenobiotics in individuals and into
population dynamics of individuals.

First, I will give a brief introduction into the history of the notion ‘individual organism’,
together with some ideas concerning the central role of ‘individual organism’ in biology.
After this I will amplify the notion of ‘individual organism’ by an introduction into the
theory of Dynamic Energy Budgets (DEB) for individuals [125].

1.1.1 History of Biology: the concept individual

Current biological knowledge and theory is founded to a large extent on the study of
individual organisms. What we now call natural history together with anatomical study
of individuals has dominated biological science throughout the greater part of its history.
These disciplines initially focused their attention merely on the pure structure of the object.
The discovery of the blood circulation by Harvey in 1628 is a landmark in the integrative
study of structure and function. Physiological knowledge has increased in the next few
centuries by coupling structure and function. A gradual shift in attention has occurred from
static structures to dynamic processes. The functional approach has implicitly introduced
the notion of time (physical time) into biology. The introduction of the ‘idea of time’
superimposed on the ‘idea of structure’ has changed biology.

9



10 CHAPTER 1. GENERAL INTRODUCTION

The word ‘organism’ as the locus of synthesis of structure and function has been used
for the first time in the early eighteenth century, by the German anatomist E.G. Stahl
(1660-1734). He describes the living body as ‘organism’ which is composed of different
organs, with each their own function and structure, which in their turn are composed
of different parts. The discovery of the ‘cell’ in 1665 by R. Hooke and M. Malpighi in
1675, the cell nucleus in 1831 by R. Brown and other cell organelles, proteins etc. in the
twentieth century has resulted in a cascade of ‘organizational levels’ down to the smallest
parts. On the other hand a cascade up to the biggest entities starts with early studies
of populations by Malthus (1798) and Verhulst (1838), stepping stones to the notions
of ecosystem, community and global systems. This development resulted in a diverging
amount of subdisciplines arranged according to their hierarchical level of organization. The
notion of ‘organism’ ended up as one of the many levels of organization in biology.

The ‘idea of time’ has changed considerably by the introduction of the ‘idea of evolution’
by Darwin (1859). The physical notion of time as ‘something passing by’ is altered by the
‘idea of evolution’ into a notion of ‘change’ or ‘transition’. The ‘idea of evolution’ has
been a very fruitful one and has developed into an autonomous branch of biology by the
rediscovery of the Mendelian inheritance laws and the discovery of DNA as the locus of
inheritance. While the time-scale of evolution is in terms of many generations, is the time-
scale physiology is operating on, geared to cell division cycles, heart strokes or individual
development.

Thus we end up with a hierarchy of structures with fractions at each level. Relations
between structures and between hierarchical levels are in first studied as qualitative func-
tional relations. Functional relations are insufficient to lead to a full comprehension of
relations acting on structures. Therefore quantitative notions of ‘relation’ have to be in-
troduced in order to comprehend more completely the relations between structures. The
first quantitative notion recognized is the law of conservation of masses found by Lavosier
which states that during chemical transformations no mass gets lost. The second notion
is the law of conservation of energy, which states that no energy gets lost. These two
notions makes it possible to trace and quantify relations between structures and between
hierarchical levels. I define relations quantified in this way as processes. The notions of
hierarchy, structure, and relation can be summarized in the ‘idea of organization’ which is
‘a hierarchy of structures with fractions at each level which are in qualitative and quan-
titative relation to each other’. The ‘idea of organization’ has to be fleshed out with the
different notions of time i.e. the physical constant time (‘passing by’) and the biological
changing time (‘active time’) summarized in the ‘idea of evolution or change’.

These two ideas are manifested in each entity of the hierarchy i.e. genes, cell, tissue,
organism, population etc. These entities can be regarded as the intersections between the
‘idea of organization’ and the ‘idea of change’. Only some entities strike us as selfsustaining.
These entities conserve their organization and pass it over through time (generations). By
choosing the individual organism as point of reference one has the additional advantages
that it is directly accessible for observation and experimentation, it is somewhere midway
in the hierarchical structure and it is already studied a long time in biological history.
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1.1.2 The Dynamic Energy Budget model

Kooijman is one of the first who explicitly developed a model of individual (organismal)
organization based on energy dynamics which aims to serve as point of reference for both
sub- and supra-organismal organization [125]. This individual model is non-specific and
can be used to analyze populations and food chains/webs on the basis of individuals. The
individual model synthesizes (physiological) subprocesses underlying the parameters of the
model. The Dynamic Energy Budget (DEB model) can therefore be used as framework of a
research program for regauging biological dynamics. A brief description of the DEB model
is given below.

The energy flows through an animal according to the DEB model are shown in figure 1.1.
The DEB model describes the energy flows, and changes therein, in environments with
varying food densities and temperatures. The DEB model distinguishes three life stages:
embryos which do neither feed nor reproduce, juveniles which feed but do not reproduce
and adults which both feed and reproduce. The model distinguishes also three main body
fractions for an animal: (1) structural biovolume (somatic tissue) (2) stored energy reserves
and (3) gonads and/or stored energy reserves allocated to reproduction. The contribution
of these body fractions to total biovolume changes with time although homeostasis for each
fraction is assumed. The food uptake rate hyperbolically depends on the food density in
the environment, it is a type II functional response according to Holling.

The proportion of incoming energy stored is proportional to the surface area of the
structural biovolume with a constant turnover (assimilation efficiency) of food into energy.
Energy utilization from these reserves is allocated to (a) growth, (b) maintenance and (c)
reproduction. A fixed fraction of the utilized energy (1 — &) is allocated to reproduction
while the remainder is allocated to growth and maintenance (k). Energy demands for
maintenance have priority over those for growth, which ceases when food densities are low.
The energy costs of maintenance are proportional to structural biovolume. At constant
food densities, the stored energy reserves are in equilibrium with the environment and
consequently growth of structural biovolume is a weighed difference between surface area
and volume.

Energy allocated to reproduction is used for maturation in embryos and juveniles,
while in adults it is used for maintenance of the degree of maturation and egg production.
When the animal becomes adult, the energy spent on development of a certain degree of
maturation is then used for reproduction. This energy may be stored temporarily in a
buffer which is emptied at oviposition [268].

Because body size and reserves play an important role in the DEB model, a more detailed
discussion on body size is appropriate here.

1.1.3 Body size measures

The volume of the organism consists of the structural biovolume, the volume of the stored
energy reserves and the volume of reproductive storage or eggs. It depends on the biology
of the organism how size measures should be interpreted. Two conditions have to be
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Figure 1.1: Energy flow through an organism. Rates: 1 ingestion (uptake), 2 defecation, 3 as-
similation, 4 demobilization, 5 mobilization, 6 utilization, 7 growth, 8 maintenance, 9 maturation
maintenance, 10 maturation, 11 reproduction. The rounded boxes indicate sources or sinks, the
squares indicate state variables.

fulfilled before size measures can be interpreted in a simple way. Firstly, the contribution
to total volume of stored energy reserves and reproductive storage or eggs has to be small
compared to structural biovolume. Secondly, the shape of the organism must not change
during development. More realistic assumptions about the contributions of reserves to
volume and/or weight have been worked out [125], but complicate the interpretation of
body size. Size can be measured under these two conditions as length or wet weight, i.e.
the weight of a living organism without adhering water. Wet weights can be converted to
volumes by division by a fixed specific density which is generally close to 1 g.cm™®. An
appropriate length measure can be converted to volume when length is multiplied by a
fixed dimensionless shape coefficient and the result is raised to the third power. The shape
coefficient, which is defined as volume'/®.length~!, is specific for the particular way the
length measure has been chosen. A simple way to obtain an approximate value for the
shape coefficient is to divide the cubed root of wet weight by the length measure under
the assumption that the specific density is 1 g.cm™. The shape coefficient is a measure
for the surface area/volume ratio of the organism.
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1.2 Aims of research

The aims of research in this thesis were to test the practical applicability of the DEB model.
The practical applications reported in this thesis have been instigated by demands from
the Dutch government. The first application concerns the extension of the DEB model to
uptake, internal distribution and elimination of xenobiotics in the marine mussel Mytilus
edulis (L.) in estuarine environments. The second application concerns the development
of a population dynamic model of the potato cyst nematodes Globodera pallida (Stone)
and Globodera rostochiensis (Woll.), major soil-borne plant pathogens, as an alternative
for existing population dynamic models.

1.2.1 The marine mussel and its xenobiotics

The Western Scheldt estuary is a severely polluted estuary. The ministry of Transport,
Public Works and Water Management has initiated a major research project (System Anal-
ysis Western Scheldt Estuary, SAWES ) at the Tidal waters Division (now National Institute
for Coastal and Marine Management, RIKZ) in close cooperation with Delft Hydraulics in
order to evaluate effects of reductions of loads of different components varying from sewage
effluents to heavy metals and organochlorines. The system analytical approach aims to in-
tegrate the current knowledge of hydraulics, chemistry and biology in a simulation model
for the Western Scheldt estuary. This simulation model has been used for calculation of
different scenarios of load reduction for the Western Scheldt estuary. These scenario stud-
ies have been used in the negotiations between The Netherlands and Belgium concerning
the water treaties.

The DEB model suits the analysis of complex interactions between the marine mussel
and ambient xenobiotics and available nutrients. The entwining of xenobiotic kinetics
with the individual mussel physiology can only be disentangled by using a physiologically
structured model as the DEB model.

The model predicts, for example, the cadmium concentration in the mussel as a function
of ambient dissolved and particulate adsorbed cadmium fairly well, see chapter 3. It
also appeared from model studies that the bioconcentration factor (BCF) is a function
of variables of the model. The BCF depends on the physiological variables size, stored
energy density and the reproductive phase of the mussel together with the physico-chemical
properties of the xenobiotic. The BCF therefore can not be applied to toxico-kinetic studies
of organisms inhabiting highly dynamic environments such as estuaries.

Monitoring studies such as the Mussel Watch are hampered by the physiological inter-
action of the mussel with its environment. Usually mussels are sampled in length cohorts
in order to reduce the variability between different locations. The variability, however,
is still considerable. Model studies show that it is produced by different growth rates of
mussels of the different locations. Combination of the current monitoring procedures with
measurements of growth, as for instance annual rings on the mussel shells, should improve
the interpretation of monitoring results. Ambient xenobiotic concentrations can straight-
forwardly be reconstructed with the additional growth measurements and the developed
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DEB based toxico-kinetic model.

1.2.2 Management of the potato cyst nematode

The potato cyst nematode (PCN) is a highly persistent soil borne pathogen in Dutch agri-
cultural practice. Yield losses of the potato crop up to 80% have been recorded due to
PCN. Control of potato cyst nematodes highly depends on chemical soil disinfection, crop
rotation and growing of resistant potato cultivars. Despite this intensive control PCN re-
main problematic, due to multiplication on volunteer potatoes (plants growing from potato
tubers left behind), loss of resistance to virulent populations and insufficient effectiveness
of chemical disinfection.

Although the use of disinfectants have been reduced considerably, pesticides still play a
dominant role in control of PCN. Soil disinfectants are the main pesticides used for arable
farming in the Netherlands (10.2 million kg active ingredients on a total of 20.0 million
kg in 1988 and 6.8 on a total of 15.9 million kg a.i. in 1992 [101]). Public awareness of
environmental problems of pesticide application in Dutch agricultural practice, especially
its effects on surface and ground water, urged the Dutch government to initiate the Multi-
Year Crop Protection plan. Reductions of the use of soil disinfectant fumigants are set at
48% in 1995 and 75% for the year 2000. Preventive soil disinfection will be forbidden in
1997 [4]. As a result of this policy the control of PCN will increasingly rely on crop rotation
and the use of resistant potato cultivars.

Development of such cropping systems requires knowledge of the plant-nematode in-
teractions and its environmental dependency. Recorded multiplication rates of PCN on
susceptible potato cultivars varies between 2.5 and 150 times in field experiments [214].
This variation is largely unexplained. Schans [204] has initiated system analytical research
towards an improved understanding of the plant-nematode interaction in order to reduce
the observed variability. His research counterbalances the wide-spread use of purely de-
scriptive models which were developed in the mid-sixties [161, 216, 215]. Schans has focused
his research on the early events of the infection process from the plants perspective. His
crop growth model is further developed by van Oijen [158, 160, 159]. The DEB model is
applied to infection process from the PCN perspective. The DEB model can be used in
combination with potato crop growth models as extended by van Oijen [158] and Schans
[204].

Application of the DEB model has shown that individual based modelling is feasible
for pcN. Population dynamics of PCN is predicted properly in both mesocosm and field
conditions. Properties of individuals, such as growth and fecundity measured in controlled
laboratory conditions, can be extrapolated straightforwardly to predict population dynam-
ics in the field. Experimental methods have been developed in cooperation with the Centre
of Plant Biotechnology and Biochemistry of the University of Leeds, UK, in concordance
with the DEB model to assess individual growth and fecundity for different host plants
under controlled laboratory conditions.
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1.3 Summary

Chapters 2 and 3 show the application of the DEB model to toxico-kinetics of xenobiotics
in the marine mussel M. edulis. Chapter 2 shows the application to the physiology of
the mussel preceding the development of the toxico-kinetic model. Filtering, ingestion,
assimilation, respiration, growth and reproduction are successfully described in terms of
the DEB model. The relation between oxygen consumption rate and ingestion rate has
been derived from elementary model assumptions. Parameters of the DEB model which
are estimated for laboratory situations are applied to field data. The varying growth
rates in the field have been described by taking account of changes in food density and
quality, and temperature, on the basis of the Arrhenius relation. A methodology is given
to reconstruct ambient food densities from observed growth curves. This can be used to
assess the nutritive value of measured substances such as POM (particulate organic matter)
or chlorophyll. The concept of Scope For Growth is discussed in terms of the DEB model.

The DEB model is applied to describe uptake and elimination kinetics of xenobiotics in
the mussel M. edulis in chapter 3. A multi-compartment pharmaco-kinetic model is used
in simultaneous non-linear regression analysis of existing experiments. Data on Cd, PCB’s
and PAH’s are analyzed. The contribution of physiologically determined variables as body
size and tissue composition are evaluated on their influence on the pharmaco-kinetics of the
xenobiotics. Internal partitioning over body fractions is related to octanol-water partition
coefficients (log K,, values) of the organic compounds. Values of the bioconcentration
factor (BCF) are evaluated in relation to physiologically determined variables such as body
size, stored energy reserves and accumulated reproductive output.

Chapters 4, 5, 6 and 7 show the application of the DEB model to population dynamics
of G. pallida. Chapter 4 shows an overview of the possibilities of the DEB application.
Individual growth and fecundity is directly given by the DEB model. Population dynamics
is based on a simple model for resource partitioning between competing females. In this
model it is assumed that each nematode ingests a constant fraction of the available nutrients
which decreases progressively with increasing numbers of nematodes.

Growth curves of vermiform nematodes and the saccate sedentary plant parasitic ne-
matode, G. pallida are compared in chapter 5. They are based on the DEB model and the
von Bertalanffy growth model derived from it. Saccate females of G. pallida internally cu-
=ulate the energy investment allocated to reproduction with a change in their form during

&' th which accommodates this process. Morphometrical data for the female provide a

?\Zsst')f defining modified growth curves of the Bertalanffy type. It is proposed that many

measu‘gyars of G. pallida can be ranked with respect to their level of resistance from
Feeditts of ultimate size made on adult females. ‘

the fluorestes of the potfmto cyst nen.la.tode are st..udled by apoplastic apgllcatlon f’f

fluorescence 'We_ fluorescein to the apical root meristem (chapter 6). 'I?he increase in

stem, which ity is studied by low-lux cameras attached to a digital image analysis

- y apoplas«weal-time analysis of the processed signals. It is found that G. pallida

takes up P i : Bt i
by an one-comparied fluorescein. Fluorescent tracer uptake by G. pallida is described
-acer uptake model. Estimated tracer uptake rates are assumed

‘__‘
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to be equivalent to nutrient ingestion rates since ingestion is the only likely tracer uptake
route. The measured ingestion rates of adult females are found to vary between 0.16 and
0.75 mm?®.d~'. The measured ingestion rates are compared with predicted ingestion rates,
based on diameters of the feeding pump in the metacorpal bulb and the feeding pump
pulsation frequency. It has appeared that the predicted ingestion rates are lower then the
measured ingestion rates. A possible source of error for the predicted ingestion rates is the
neglect of pressure differences between syncytium and nematode.

The DEB model is used to analyze the population dynamics of the potato cyst nematode
G. pallida and to reveal the modes of intraspecific competition (chapter 7). A partitioning
model for plant resources that are available to the nematodes is developed which is based
upon root growth dynamics and adverse reactions of nematodes on the plant. This model
is applied to experiments performed in the field and a mesocosm for different initial popu-
lation densities and on host cultivars differing in nematode resistance and tolerance. Final
population densities and size distributions at these densities are determined after the grow-
ing season. The combined models of resource partitioning and individual energy dynamics
are applied to these data. It appears that for the interaction with potato cultivar Darwina
the model gives a good fit for both the population dynamics and the size distributions
of the individuals. The fit for the interaction with potato cultivar Elles is satislying for
the population dynamics but the size distributions are not predicted correctly. Possible
reasons for the disagreement are discussed in relation to intraspecific competition.
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The marine mussel
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Chapter 2

Mussel Energetics

appeared as publication:

R.J.F. van Haren and S.A.L.M. Kootjman,

Application of a dynamic energy budget model to Mytilus edulis (L.), Netherlands Journal
of Sea Research, 31(2):119-133 (1993)

2.1 Introduction

The dynamics of the energy budget of Mytilus edulis (L.) are of interest for several reasons.
It is an important species in estuarine environments, which calls for a close analysis of
its role in terms of energetics. It is commercially valuable, so it is useful to elaborate
harvesting programs that can be maintained for long periods. The species is also used as
a monitor organism for environmental pollution. The uptake and elimination behaviour of
xenobiotics, especially the lipophilic ones like PCB’s, depend on feeding conditions, and
so on energetics [131]. Results of environmental monitoring programs such as the "Mussel
Watch Program” [81, 172, 17] are therefore difficult to interpret without a toxico-kinetic
model based on physiclogy which can handle fluctuating conditions in the environment.

Modelling physiological energetics in M. edulis is usually based on the widely applied
Scope For Growth (SFG) concept and allometric relations between body size and phys-
iological rates [16, 23, 248, 14, 124]. The SFG concept is based on the energy balance
of a mussel in steady state conditions. The amount of energy gained by the individual
under such conditions equals the amount of energy lost due to maintenance, growth and
reproduction. The SFG is the difference between energy gained by feeding and energy lost
by respiration (supposedly a measure of maintenance). When this difference is positive,
energy is available for growth and reproduction, when it is negative, there is a (dry) weight
loss due to the utilization of energy reserves [23]. One problem with this approach is that
it does not distinguish storage of energy reserves (i.e. lipids, glycogen) from ‘structural
biomass’ in its standardization for body weight.

The necessity to distinguish energy reserves from structural biomass is particularly felt
in modelling seasonal variations of body composition. At reproduction mussels experience

19



20 CHAPTER 2. MUSSEL ENERGETICS

a dramatic drop in lipid content. Size increase of lipid-rich biomass costs obviously much
more energy than of lipid-poor biomass. This type of qualitative differences can only be
modelled by separating storage from structural biomass.

The basic difference between ‘structural biomass’ and storage is that storage materials
do not require maintenance and are readily available for use for maintenance, growth and
reproduction [129]. This is most easily illustrated by a freshly produced egg, which consists
of a relatively large amount of energy reserves and an infinitesimally small amount of struc-
tured body mass. As is shown for the pond snail Lymnaea stagnalis (L.), such an egg does
hardly respire [102]. Structural biomass on the other hand does require maintenance, i.e.
energy used for recycling of proteins, regulation of chemical composition and circulation. It
is not as readily available as an energy source for production. Another problem in the ap-
plication of SFG concerns the interpretation of respiration rates. Although measurements
of the energy balance of a particular individual take such a short period that the change in
size is negligibly small, the energy invested in growth can be substantial [258, 115). So part
of the respiration measured with a standard conversion to energy is connected with growth,
while in the SFG, it is fully assigned to maintenance. This problem can be solved by using
a dynamic energy budget (DEB) model, which considers an individual as an input-output
system with size and stored energy as state variables.

The purpose of the present paper is to show how the DEB model can be applied to
M. edulis under submerged conditions. The anaerobic metabolism of littoral individuals is
not considered. Originally, the model was developed for Daphnia magna Straus [127, 60]
and successfully applied to L. stagnalis [269] and micro-organisms [130]. It permits the
description of embryo development [129, 270], growth [128] and body size scaling relations
(126, 128]. Ross & Nisbet [201] argued that it is necessary to modify the model to obtain
consistency with published data on mussel physiology. We reanalyzed these data and used
additional ones to test the unmodified DEB model. We will first present a brief description
of the model and consider the different processes which are relevant for the energetics.
Subsequently we will test it against data from the literature and some unpublished data.

2.2 The DEB model

We will restrict the present discussion to the feeding stages, which can be splitted into a
juvenile stage which cannot reproduce and an adult one. In these stages, the mussel does
not change its shape to any significant extent. The chemical composition of the structural
biomass and of stored materials is taken to be constant, so homeostasis is assumed for
structural biomass as well as stored materials. Since the composition of stored materials
will differ from that of structural biomass, and the storage density can fluctuate, home-
ostasis is not assumed for the combination of structural biomass and stored materials. A
list of frequently used symbols is given in table 2.1.

Two state variables, volume, V' (length®), and storage, E (energy) are distinguished.
The choice for storage as a state variable is motivated by the observation that animals
undergoing a sharp change in food density adapt only gradually to a new growth rate.
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This implies that there is an energy buffer [127]; see also the section on growth.

Uptake is assumed to follow a type II Holling functional response and is taken pro-
portional to surface area (of the filtering apparatus and/or gut), so the ingestion rate
is

I = {I,}fV*? with f = X/(K + X) (2.1)

where X is the food density, K the saturation constant and {/,,} the maximum surface
area—specific ingestion rate. The filtering rate is /' = I/ X, on the assumption that there
is complete retention of particles. The maximum filtering rate is thus V¥3{I,}/K. If
the digestive system remains filled with processed food, and has a capacity of V,, the gut
passage time is V, /I [60]. The food-energy conversion is taken to be constant, {A,}/{I.},
so the assimilation energy, i.e. the total energy input, equals {A,.} fV?*?, where {A,.} is
the maximum surface area-specific assimilation rate. The incoming energy adds to the
reserves. When expressed as density, [E] = E/V, so energy reserve per volume of body,
the reserves follow a first order process. From the assumption of homeostasis for energy
reserves it follows that the energy reserves in equilibrium are independent of the length of
the mussel i.e.

de _ —1/3

e VT (f —e) (2.2)
where e = [E]/[E,.], where [E,;] is the maximum storage density and v = {A,, }/[E,.] is by
definition the energy conductance (length.time™!). The latter concept is well known from
plant physiology ([156] p393). The rate at which energy is utilized from the storage, is

dE de dv
g = =3 Lpg-E p-eE
dt |, ( dt|,_, dt)
= e[En] (vV”a - Cil—i:) (2.3)

A fixed fraction & of the utilized energy is spent on growth plus maintenance. The latter
quantity is taken to be proportional to volume, [M]V. So kC = [M]V + [G]4r, where [G]

is the volume-specific costs for growth. Substitution gives

AV V*Pey —Vgm

=t = 24
dt e+g (24)

where the dimensionless investment ratio, g = [G]/&[E,], and the maintenance rate coef-
ficient, m = [M]/[G] are compound parameters. Growth ceases when the energy reserves
drops below e = V/®mg/v. If the food density is constant long enough, equation 2.2 states
that e tends to f and remains constant as well. This turns equation 2.4 into the well known
von Bertalanfly growth equation, having the solution

V(t) = (VA2 — (VY5 - VgP)e ™) (25)
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where V/* = fx{A,}/[M] is the ultimate volume'/? and v = (3/m + 3V.2/3/v)~1, the von
Bertalanffy growth rate. The maximum volume!/? is thus V1/3 = x{A,}/[M] = v/gm,
which can only be reached at prolonged exposure to abundant food. The von Bertalanffy
growth rate is then minimal and equals % ;i;.

Back substitution of equation 2.4 into the storage utilization rate, equation 2.3 gives

¢ = LEn] (V7 + mV) (2.6)
e+ g
In the absence of feeding and digestion, respiration is taken to be proportional to this
utilization rate.
The maximum starvation time, i.e. the time until death by starvation, is found by
setting the utilization rate in equation 2.2 equal to the maintenance rate for f = 0. Ne-
glecting the small size increase, for a well-fed individual, we arrive at a starvation time of

yi/3 v/
o A7

The energy drain to development plus reproduction equals (1 — k)C. The maintenance
of a certain degree of maturation is taken to be :=%[M]min(V,V;). This choice, which is
an alternative way of defining x, makes the costs of development independent from the
feeding conditions. The implication is that the cumulative energy drain to reproduction in
adults, i.e. in individuals of a body volume larger than V;, amounts to

Ro(ts,t) = [: 1—x e(s)

. Kk e(s)+g

GOV () +mV(s)) ds — ——“[M)(t —t,)V; (27)

When growth ceases, the cumulated energy drain to reproduction in animals that continue
to allocate energy to reproduction under these circumstances becomes

1—«

Re(t1,t) = /1:(8(3){%}"(5)2’3 — [M]V(s))ds — [M](t - t)V; (2.8)

K
In animals like Mytilus, the energy feeding the drain to reproduction accumulates during
the non-reproductive seasons inside the animal, but it is assumed to be not metabolically
available for other purposes, see the section on reproduction. So, glycogen and lipid in
the storage pool differs from that in this one in its availability. Reproduction is upon
some internal or external stimulus. For the calculation of the actual reproduction, the
cumulated energy has to be divided by the energy investment into a single sperm or egg.
See Kooijman, 1986¢, Zonneveld & Kooijman, 1991 for expressions of these costs on the
assumptions that the initial embryo volume is negligibly small and that the energy density
at hatching equals that of the mother at egg formation. At spawning, we assume a reset
of R, to zero.

2.3 Size

Frequently used measures of size of mussels are shell length, wet weight, dry weight and
ash free dry weight. For animals like mussels, wet weight, W, relates in a simple way to
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body volume, assuming a constant specific density close to d,, = 1 g/cm®. The rationale
is that storage compounds replace water [175] and have about the same specific density.
For isomorphs, shell length relates to volume as d,, L = V/3, where d,, is called the shape
coefficient. Figure 2.1 confirms this relation. The data represented imply that the shape
coefficient d,,, = 0.333 (SD 0.097). Kooijman [128] estimated a shape coefficient of 0.394
based on the intra shell volume.

The advantage of length above wet weight is that it allows an easy and accurate mea-
surement which is not destructive. Dry weight or ash free dry weight of the soft parts is
a weighted sum of volume, V| storage materials, E, and cumulated reproductive material,
R.. Both latter compounds vary with habitat and season [175, 267]. dry weights of the
soft parts of a 4.0 cm M. edulis take values as extreme as 130 mg and 630 mg, and beyond
[116].

The largest mussels found in nature tend to occur in subarctic and arctic regions because
of the high food densities [186]. Theisen [236] and Thompson [238] report mean shell
lengths of 9.2 and 9.4 cm in Greenland and Newfoundland respectively. Theisen reports
shell lengths exceeding 9.2 em. Unfortunately he gave no actual lengths because these
shells went lost during the meal. The theoretical maximum will doubtless be higher,
because plankton densities fall in winter.

2.4 Temperature

Acute and long-term responses of M. edulis to temperature changes have been described by
several authors; for a review see Bayne [16] (p141) and Jgrgensen [115] (p50-51). Knowledge
of long term-temperature responses is needed for comparing experiments carried out under
different temperature regimes. The long-term temperature response is also needed for
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applying the model to field conditions with seasonally fluctuating temperatures.

The way rates depend on temperature is usually well described by the Arrhenius relation
within a species—specific tolerance range [128]. In M. edulis the range is 5-20°C [256, 255].
At lower temperatures, the actual rates are lower than expected because the animal remains
in a kind of resting phase until the temperature rises again [128]. At higher temperatures,
animals usually die. Lethal temperatures for sublittoral M. edulis vary from 27°C to 40°C
as a function of the exposure regime [16] (p181).

The Arrhenius temperature is estimated using growth rates of larval shell length (fig-
ure 2.2). We assume that, as a first approximation, all physiological rates are affected
in the same way with deviations at temperatures exceeding 20°C. Nielsen [155] and Wid-
dows & Bayne [256] report decreasing growth rates of (juvenile) mussels with increasing
temperatures, which is in contrast with the expected increasing growth rates (figure 2.2).
The explanation might be in the depletion of food at higher temperatures due to elevated
metabolic rates.

Results of Widdows [254] and Widdows et al. [257] suggest that there is no long—
term effect of temperature on filtration rates of M. edulis when rates are corrected to a
standard weight of 1 g dry weight. However, during the season, food tends to covary
with temperature, so does the reserves and thus the dry weights. Standardization on
the basis of dry weights therefore obscures the effect of temperature, if the change rate in
reserves matches with that of temperature. We use an Arrhenius temperature correction for
filtering rates as well, the Arrhenius temperature being 7’4 = 7600 K. The rate at absolute
temperature T} is thus obtained from that at T, according to vy, = vToeT‘“m’_UT‘).
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2.5 Food

Since energy uptake depends on food availability and quality, some remarks on food for
mussels are in order, because it is hard to characterize.

Suspended particles in natural conditions are mixtures of organic and inorganic com-
pounds which vary in size. If larger than 4 pm in diameter, they are fully retained by M.
edulis whereas a 50% retention is reported for particles of 1 pm in diameter [246, 147].
Particles less than 1um are poorly utilized [262, 85]. Field monitoring programs frequently
use the 0.45 pm mesh sieve to distinguish ‘dissolved’ from particulate or suspended matter
(SM). This criterion is also used in the following sections. Thus M. edulis will be able to
retain most of the particulate matter suspended in the water column.

Particulate organic matter (POM, defined as SM minus its ash weight) is the major
food component for M. edulis. Laane et al. [135] distinguish a refractory fraction which
can not be utilized by metazoans. The non-refractory fraction of POM mainly consists of
phytoplankton and detritus. POM in estuaries originates from autochthonous production
and allochthonous sources, vs rivers and coastal waters. The detritus concentration in es-
tuaries and coastal waters far exceeds the concentration of phytoplankton [135]. Rodhouse
et al. [199] explained high length growth rates of M. edulis in winter by allochthonous
detritus input into the estuary.

The nutritive value of POM can be estimated by the protein, carbohydrate and lipid
contents [257, 135]. The nutritive value expressed as energy per mg SM varies considerably
among estuaries and seasons. Typical yearly ranges are 22.2-24.8 J.mg SM~! (Lynher
estuary, U.K., [257]), 0.29-15.9 J.mg SM~! (Gironde, France, [135]), 0.18-5.9 J.mg SM™!
(Ems-Dollard estuary, the Netherlands, [135]). The nutritive fraction of SM follows a
seasonal cycle, similar to that recorded for percentage ash- free material of SM [257]. The
POM concentration in water can be used as a measure of food energy for M. edulis after
conversion of POM to its mean energy equivalent of 20.3 J.mg POM™! [20].

2.6 Feeding, ingestion and assimilation

High SM concentrations (2.6-5 mg.dm=2, [257]; 3.2-7.4 mg.dm™2, [21]) induce the produc-
tion of pseudofaeces, consisting of material cleared from suspension but rejected by the
mussel before ingestion. Selection for the digestible fraction of SM is demonstrated by
Kigrboe et al. [123], who used mixtures of resuspended sediments with cultured algae in
their experiments. However, Foster-Smith [70] and Widdows et al. [257] found no selec-
tion. The labial palp plays a role in sorting incoming material, which is conveyed to the
mouth or to the rejection tracts [16] (p.143-144). Theisen [237] has shown that palp size
increases with increasing SM concentrations in water. He suggests that large palp size is
an adaption to live in turbid waters.

Food intake is a function of body size, particle concentration, and pseudofaeces pro-
duction [261]. A retention efficiency of 100% for POM is assumed here. This is realistic
under most field conditions. We also assume that the fraction of POM 1n pseudofaeces is
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Figure 2.3: Left: The filtration rate as function of shell length, L, at constant food density (40-10°
cells.dm™3 Dunaliella marina) at 12°C. Data from Winter [260]. The least squares fitted curve is
{F}(dmL)?, with {F}= 0.041 (SD 6.75 10~*) dm®.h~'.cm~2, which does not differ significantly
from the best fitting allometric one 0.039L%% on the basis of the likelihood ratio test (p =0.66).
Right: The filtration rate, F', as function of food density, X, for different shell lengths, L. Rates
are corrected to 15°C and shell lengths are (from bottom to top) resp. 0.85, 2.65, 4 and 5.65 cm.
Data from Winter [260] and Schulte [210] (4 cm only). The simultaneously least squares fitted
curves are F = {Fmlnl with {F,.} = 0.83 (SD 0.098) dm®.cm~2h~" and K = 76 (SD 42)
106 cells.dm 3.

negligibly small. Filtration and ingestion rates are closely related for food densities low
enough to prevent pseudofaeces production. At such densities, all the filtered material is
ingested.

Foster-Smith [71] found that the square root of the gill area is proportional to shell
length. Figure 2.3 shows that filtering rate is proportional to squared length. Since no
pseudofaeces occurred, ingestion is likely to be proportional to squared length as well.
Winter [261] and Mghlenberg & Riisgard [148] reported scaling parameters for wet weights
of 0.73 at constant food density of 40-10° cells.dm=> and 0.66 at different food densities.
In Winters’ review [261] scaling parameters are reported to vary between 0.27 and 0.82 for
dry weights.

At high food densities, the food handling organs (cirri, gill filaments, mucus strings,
labial palp and gut) become saturated. Foster-Smith [70], Riisgard & Mghlenberg [191] and
Riisgard & Randlgv [192] observed decreasing filtration rates at increasing food densities.
This decrease has obviously the function of providing the ingestive system with limited
amounts of food it can handle. Figure 2.3 shows the fitted filtration rates at four different
shell lengths as a function of food density. The rates are corrected to 15°C.
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Figure 2.4: Left: The ingestion rate, I, as function of food density, X, for different shell lengths,
L. Food is added as mixtures of algae or organic matter with silt (anorganic particles). Rates
are corrected to 15°C and the shell lengths are resp. (from bottom to top) 1.75, 2.5, 4.25 and 4.8
cm, data from resp. Kigrboe et al., [122]; Bayne et al. [21]; Bayne et al. [20] and Smaal (pers.
com.). The simultaneously least squares fitted curves are I = {I,, }(d,, L)X /(K + X)), with {I,,}
= 3.0 (SD 1.0) mg POM.cm~2.h~! and K = 2.4 (SD 1.3) mg POM.dm—2.

Right: The gut passage time as a function of ingestion rate for a 2.5 cm mussel feeding on a
mixture of [sochrysis galbana, Phaeodactylum tricornutum and ashed silt at 14°C. Data from
Bayne et al. [21]. The least squares fitted curve is T = V, /I, with gut content V, = 1.48 (SD
0.077) mg POM.

In very dilute suspensions M. edulis ceases filtering [16](p139). Riisgard & Randlgv [192]
reported a threshold food concentration of 1.5-10° Phaeodactylum tricornutum cells.dm™3
for a 2 cm mussel (=~ 0.024 mg dry weight.dm™3, [122]), below which no filtration occurs
due to shell closure. After a period of 24 days at a constant low or high food level, M.
edulis reacts within an hour to changes in algal concentrations by opening or closing its
shell.

Figure 2.4 shows the ingestion rate as function of food density at different shell lengths.
The maximum ingestion rate coincides with the threshold concentration at which pseudo-
faeces production starts. Bayne et al [21] reported an maximum ingestion rate for a 2.5 cm
mussel of 1.8 mg POM.h~1 (corresponds in his experiments with a SM concentration of 7.43
mg.dm~2, 14° C) which is close to the calculated value of 1.64 mg POM.h~! based on the
fitted curves in figure 2.4. So the assumption of 100% sorting efficiency is corroborated by
these results. Figure 2.4 confirms that the gut passage time is inversely related to ingestion
rate, which implies that the food loading of the digestive system remains constant.

The assimilation efficiency of food in the gut depends on food density [16] (p.457) or
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as a function of ingestion rate for
mussels ranging from 1.75 to 5.7 cm.
Data from Bayne et al. [20, 21];
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ingestion rate [70, 35]. When data from several sources are combined, these dependencies
are not obvious, see figure 2.5. The presented assimilation rates were obtained by multipli-
cation of the assimilation efficiency of Conover [42] with the ingestion rate and the ‘mean’
energy equivalent of POM. This leads to an average food—energy conversion of {A,,}/{I.}
= 11.5 J.mg POM~!, which is 0.57 times the ‘mean’ energy equivalent of POM.

2.7 Respiration and maintenance

The oxygen consumption rate as function of length at constant food densities is shown in
figure 2.6. On the basis of the DEB model, we expect a proportionately of the oxygen
consumption rate to V + V?3u/m, which closely resembles frequently postulated one to
WO based on weight [127, 60]. The scaling parameter for M. edulis varies between 0.595
and 0.930 at different temperatures and dry weights [16] (p.161). Hamburger et al. [87]
found a scaling parameter of 0.903 for veliger larvae and 0.663 for adult mussels. They
based their calculations on dry weight instead of wet weight or shell length which bias
the estimation of the scaling parameters by the fact that energy reserves do contribute
substantially to dry weights, while not requiring energy for maintenance.

Three different levels of oxygen consumption rate of M. edulis have been empirically
identified by Thompson & Bayne [239] in relation to changes in food density. The standard
oxygen consumption rate is defined in the absence of food when the oxygen consumption
rate declines to a steady state. The active oxygen consumption rate is reached when a
starved mussel is fed. Between the limits of standard and active oxygen consumption
rates the mussel can show several routine oxygen consumption rates [16]. Thompson &
Bayne [240] showed that the oxygen consumption rate depends hyperbolically on the in-
gestion rate. This is consistent with the DEB model, if the contribution of filtration,
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Figure 2.6: Left: The oxygen consumption rate as function of shell length, L, at constant food
density at 15°C. Data from Kruger [133]. The least squares fitted curve is O, = [Oo](L® + % L?)
with [Op] = 0.022 (SD 0.0074) cm® Oz.cm™*.h~! and % = 26.5 (SD 14.8) mm.

Right: The oxygen consumption rate as function of ingestion rate, I, for the shell lengths, L, 2.5
and 4.5 cm. Data from Bayne et al. [20, 21]. Rates are corrected to 15° C. The simultaneously
least squares fitted curves are O, = (d?,.'}f)a .’m“T’“)‘{‘_‘ti’;”{‘Im} with O,(dm L)%= 0.056 (SD 0.025)
em?® O2.h~'.em™2, v/m= 5.3 (SD 6.5) mm, g{I,n} = 0.16 (SD 0.07) mg POM.cm~2.h~!.

ingestion and digestion to respiration is negligible [258, 115]. Substitution of equation 2.1
into equation 2.6 leads to O, = O,% WL_:,—E% where the proportionately constant O,

(em® O,.h~1) stands for the standard oxygen consumption rate of an individual. This is
so because a prolonged ingestion rate of {I,,}VV,7'/3 just balances the maintenance costs
V[M]/k. At maximally prolonged ingestion, when I = {I,,}V?/3, the oxygen consumption
rate thus becomes O, = O, ﬂ-ql_ﬂ—”ﬂ This corresponds with the active oxygen consump-
tion rate of Thompson & Bayne [239]. In figure 2.6 the oxygen consumption is related
to ingestion for mussels of different sizes. The estimated parameters are not very useful
because a slight deviation in the shell lengths causes a large deviation in the parameter
estimates.

After the cessation of growth, oxygen consumption, O,, during starvation is propor-
tional to the energy spent on maintenance plus reproduction. It decreases exponentially
at a rate proportional to body length [126, 60] in animals that do not change their storage
dynamics and continue to allocate energy to reproduction :

t) = {0} V3 exp{—vtV~1/?} (2.9)

where {Op} is the proportionately constant (cm® Oz.cm™2.h~!) which depends on the food
history at the start of the experiment. The oxygen consumption rate and carbohydrate
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weight as a function of starvation time at two different body sizes is shown in figure 2.7.
Respiration rate and dry weight decrease concomitant during starvation. Standardisation
of respiration rate on dry weight of the mussel obscures the effect of starvation on res-
piration and results in a ‘constant’ respiration rate. The estimated value of the energy
conductance v at 15°C, 0.25 (SD 0.009) mm.d™! is close to the value of 0.22 (SD 0.018)
mm.d~! estimated with data of decreasing lipid weights during starvation [1].

2.8 Growth

Age is usually determined in the field on the basis of rings in the shell [140, 188], size
frequencies [25], or it is known in experimental setups [119]. When food density is constant
or when food is abundant, the von Bertalanffy growth curve, equation 2.5 should fit. The
fit is mostly satisfying, see figure 2.8 and table 2.2. This implies that the yearly means
of food density and temperature remain more or less constant at the sites of sampling
(exposed rocky shores in Yorkshire, U.K., Seed, 1969b).

Sigmoid growth curves, like the age-based Gompertz growth curve, sometimes fit avail-
able data better [236, 25]. Variations in food density and/or temperature affect growth
such that the solution of equations 2.2 and 2.4 can take almost any shape [128]. Kautsky
(120, 119] measured the mussels individually in cages (¢10 cm) at a depth of 15 m in the
Baltic at 7 S°/,, salinity. These data, see figure 2.8, clearly show the annual cycle in
growth. Assuming that the rates depend on temperature in an Arrhenius way and that
the change in food density is slow enough to approximate the energy reserves with e = f,
equation 2.4 can be used to reconstruct the (not measured) food density. So, the predicted
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Figure 2.8: Left: The von Bertalanffy growth curves fitted to length—time data, as reported by
Seed [211] on intertidal North Sea mussels. The parameter values are listed in table 2.2.

Right: The reconstruction of scaled functional response since 1 august from mean length-time
data as reported by Kautsky [119], given a cubic spline description of the measured temperature.
Initial lengths were 4.3, 10.4, 17 and 26 mm. Parameters: L, = 100 mm, ¢ = 0.13, my5 = 0.03
d-1, T4 = 7600 K.

length is found from

4y TnfO =D ) > 1) Tatabs=itm) (2.10)

dt 3(f(t) +9)

where my; denotes m at 15°C. We used a cubic spline function to describe temperature
T(t). The reconstruction of scaled food density f(t) from the length- time data then
amounts to the estimation of the values at chosen time points. In view of the scatter,
which increases in time in the upper size class in the original data, the fit is acceptable.
This illustrates that there is no need to modify equation 2.4 to describe sigmoid growth
curves. The von Bertalanffy growth rate at f = 1 is 0.42 y~! at 15°C on the basis of
the parameter values given in figure 2.8. The ratio of the peaks of the scaled functional
responses is 1.66. The peak temperatures differ 4°C, which corresponds with a factor 1.45
in the maximum surface-specific uptake rates of mussels as well as algae. The remaining
difference in primary production could possibly be explained by an increase in received
solar radiation with temperature.

Stromgren & Cary [233] found decreasing shell length growth rates during starvation.
This can be described by equations 2.2 and 2.4. During the experiment, the mussels in the
range of 12-22 mm grew 0.75 mm. When we neglect the change in length, equation 2.2
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gives e(t) = egexp{—7;}. Substitution into equation 2.4 gives

dl. vexp —ﬁ} - dmmeo-

dt 3dn(exp{—32¢} + %)

(2.11)

Figure 2.9 shows a good fit. The parameter values loose a bit of their value by the broad
length range of the mussels and the way they are selected for measurement.

We finally consider growth in situations where temperatures and food availabilities
changed and have been measured; see figure 2.10. The estimation of food density during
the season from field data is difficult, therefore a smoothed cubic spline function is used.
A length data set of M. edulis is chosen from available data in the Oosterschelde (Dutch
Delta area). The predicted shell lengths based on the forcing functions of temperature and
food are shown in figure 2.11.

The deviation of the measured shell lengths from the prediction approximately amount
to a factor of 2. This deviation is mainly caused by the few measurements of actual food
densities in the field, see figure 2.10, and the differences in food qualities between laboratory
and field [233]. The energy content of algae cultured in the laboratory is generally lower
than from those grown in the field. It is difficult to mimic the nutritive quality of POM in
the laboratory unless fresh seawater is used. Values of the saturation constant K and the
energy conductance v are affected by differences in food quality. When a free fit of these
parameters is allowed, the length growth curve fits satisfactorily with the measured shell
lengths. The adjusted parameter value for the saturation constant K is 1.69 (SD 0.628) mg
POC.dm~2 (which is equivalent to 4.23 mg POM.dm™?) and for the energy conductance v
is 0.59 (SD 0.07) mm.d~! at 15°C.
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Figure 2.10: The measured temperature (left) and POC concentrations (right) in the Ooster-
schelde estuary (near the Storm Surge Barrier) during 1985 and 1986. Data from the Ministry
of Public Works and Transport, Tidal Division. The curves are a least squares fitted sinus and a
cubic spline.

2.9 Reproduction and spawning

Seed [212] reports lengths of fully mature mussels of 6-7 mm in areas of rapid growth and
lengths of 2 mm in areas of exceptionally slow growth. Kautsky [120] reports that maturity
in the slowly growing Baltic M. edulis is reached at sizes smaller than 6 mm. Pilar-Aguirre
[176] observed lengths of fully mature mussels of 35 mm on the Spanish coast. Zonneveld
& Kooijman [269] observed that the size at first maturity in the pond snail L.stagnalis
depends on day-length. Simultaneous changes in growth and reproduction could be used
to deduce that day length only affects the partition coefficient £ and so the energy available
for maturation.

M. edulis has a pronounced annual cycle for gametogenesis with one or several spawn-
ings in spring and summer [16] (p22). The annual cycle is usually described by discrete
stages of gonad development, viz. resting stage, the ripe gonad and the spawning gonad.
Observations by Zandee et al. [267] and Pieters et al. [174] showed that energy investment
into spawning is a continuous process. They found that the lipid level in mantle tissues,
where the gonads are located, increases steadily after spawning. Total lipid accounts for
up to 30% of the egg dry weight [174].

Bayne et al. [19] carried out experiments with labeled *C to measure carbon incor-
poration in mantle tissue of mussels fed a low and high ration (non-growing and growing
mussels respectively). Their results show that more *C was transferred to the eggs at
low than at high rations. This is to be expected on the basis of the DEB model, which
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squares estimated parameters were I T R G M, VO s W
K= 1.15 (SD 0.38) mg POC.dm™3 85.5 BS.6 BS.7 B5.8 ©5.8 66
and v15=0.59 (SD 0.07) mm/d. Year

assumes an energy drain to reproduction, even under non-growth conditions. Mussels in
prolonged non-growth conditions continued to develop new gametes, but some regression
and resorption occurred in conditions of severe stress [22]. When gametogenesis is at an
early stage, Bayne et al. [18] found that carbohydrates in the mantle connective tissue
are reallocated for routine metabolism. When the development is advanced, however, the
reallocation does not occur.

The ration level of adults is apparently important for the condition of their offspring.
Bayne et al. [19] observed that larvae developed from the gametes of adults fed a low ration
had a lower growth rate than larvae from well fed adults. This is qualitatively consistent
with the DEB model [129]

Somatic production has an optimum at an intermediate age of the mussel while go-
nadic production increases with increasing age [25, 238, 198]. The DEB model implies
that, at constant food density, the maximum body growth occurs at V_,8/27 (Koois86a).
Figure 2.12 shows the data and the curves fitted on the basis of the DEB model for three
populations, in Stony Brook Harbour, New York (USA) [198], and in the Lynher and Cat-
tewater estuaries, Morecombe Bay (U.K.) [25]. The fitted curves represent the shell length
and yearly somatic and gonadic production which are fitted simultaneously with four free
parameters. The trends in the data are well described by the DEB model.

The fraction & shows marked regional differences. The value of & in the British pop-
ulations are 0.94 (SD 0.0067) and 0.99 (SD 0.0095) respectively, while the population in
Stony Brook Harbour has a value of 0.71 (SD 0.050). These differences might be explained
by a genetic control of fecundity [198, 99, 72].
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2.10 Discussion

The DEB model provides a framework to describe a wide variety of physiological processes.
Many data from the literature could not be used to test the theory and estimate the pa-
rameters, because essential information for their interpretation had not been provided.
Differences in parameter values obtained from data taken from the literature are due to
differences in experimental methods, temperature, salinities, water depths and food condi-
tions and, to some extent, genetic variation. The following parameter estimates summarize
the results for the tests against experimental data: g = 1.03, m = 0.00517 d~*, and v =
0.23 mm.d~! at 15°C. This gives a maximal length of 13 cm and a maximal starvation
time of 114 days for a 3 cm mussel. It is not known to which extend populations differ
genetically in their parameter values or how the parameter values depend on environmental
variables like salinity.

The early budget studies simply describe growth as proportional to the difference be-
tween assimilated and respirated energy. The SFG concept conceives growth as the sum of
somatic and gonadic production. These approaches do not allow for variations in internal
states such as storage, which makes it impossible to accommodate results like those pre-
sented in figure 2.9. When SFG is expressed on a dry weight basis, changes in the energy
buffer affect the SFG which give a false impression of actual growth in transient situations
such as recovery from starvation. No concept seems so simple as body size at first glance
and proved to be so difficult afterwards. The DEB model is based on volume, in which
light the custom of standardization to fixed dry weights gives misleading results.

The models developed for mussel or filter feeder growth are usually based on allometric
scaling relations and SFG calculations. Ross & Nisbet [201] modified the DEB model in
order to explain the observed length and dry weight patterns in the size range 5-35 mm,
to account for sigmoid growth. They dropped the proportionately of assimilation rate to
surface area. The data here tested against the DEB model gave no reason to alter the
underlying assumptions. Sigmoid growth curves are expected on the basis of the DEB
model when food densities and temperatures vary through the seasons.
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Table 2.1: Variables, primary and compound parameters
symbol dimension interpretation
variables
i time time
X weight.length—3 food density
Vv length® body volume
E energy energy storage
e energy.length= scaled energy storage density: E/[E,,]V
R, energy cumulated energy investment into reproduction
primary parameters
Vi length?® volume at birth
V; length? volume at start reproductive stage
K weight.length® saturation constant
{F»} length®length~2.time~! maximum surface area-specific filtration rate
{I.} weightlength—2%.time~! maximum surface area-specific ingestion rate
{A;,} energylength~2.time™! maximum surface area—specific assimilation rate
[E,] energy.length—3 maximum storage density
[M]  energy.length=3.time™!  volume-specific maintenance costs per unit of time
[G]  energy.length—2 volume-specific costs for growth
K fraction of utilized energy spent on
maintenance plus growth
dm shape coefficient

compound parameters

v
m

g

length.time™!
time™!

energy conductance: {A,,}/[Ey]
maintenance rate constant: [M]/[G]
energy investment ratio: [G]/k[E.n]
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Table 2.2: Ultimate shell lengths and von Bertalanffy growth rates (with SD).

source sample temp. L G
methodj°C cm d

11 9.60 (0.157) 2.9510~* (1.13 10~°)
11 7.46 (0.296) 3.45 10~* (2.53 107%)
11 6.01 (0.429) 3.39 10~* (4.38 10~%)
14.8  9.07 (0.043) 5.26 1073 (5.45 1075)
10 10.8 (2.61) 3.74 10~* (1.30 10~%)
3.46 (0.282) 2.56 1074 (3.61 10~°)
4.70 (0.360) 2.24 10~* (2.80 10~9)
3.97 (0.461) 4.14 10~* (7.96 107%)
7.48 (0.313) 2.48 10~ (1.81 107%)
6.19 (0.485) 3.52 10~* (4.56 10~°)
12.2 (1.74)  2.05 10~ (3.89 107%)
7.68 (0.245) 5.44 10~ (3.87 10~%)

Rodhouse et al. [199]

Page & Hubbard [167]
Bayne & Worrall [25]
Seed [211]

o0 00000 Do 0D

i estimated mean temperature at site of sampling
t a: size frequency; b: measured age; c: shell rings
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Chapter 3

Mussel toxico-kinetics

appeared as publication:

R.J.F. van Haren, H.E. Schepers and S.A.L.M. Kooijman,

Dynamic energy budgets affect kinetics of zenobiotics of the marine mussel Mytilus edulis,
Chemosphere, 29(2):163-189 (1994)

3.1 Introduction

Interpretation of environmental monitoring and ecotoxicological data is improved by knowl-
edge on the relationship between concentrations of xenobiotics in the environment and in
tissues of biota. Most of the studies on the uptake and elimination kinetics of xenobiotics
assume implicitly steady-state conditions for the other physiological processes in the organ-
ism. Experimental and field monitoring data are therefore most of the time analyzed with
one-compartment uptake and elimination models. These models do not always give a good
fit with data, especially in those conditions where the organism changes its physiological
condition (i.e. size, energy reserves and reproductive cycle) at a rate comparable to the
uptake/elimination of the xenobiotic [145].

Monitoring programs, like the ‘Mussel Watch’ [82], are subject to fluctuating conditions
of the xenobiotic but also in large extent to fluctuating food densities and temperatures.
The kinetics and concentrations of the xenobiotic are affected by the changing physiological
condition of the mussel Mytilus edulis through the seasons [171], [2], [145], [45], [165]. So
reconstruction of ambient xenobiotic concentration based on xenobiotic body burden is only
feasible when the effect of food density and/or temperature on the physiological condition
of the mussel is known.

Many physiological variables affect for instance the cadmium burden of M.edulis. Bor-
chardt and Riisgard, [105], [34], [35], [190], report correlations of cadmium burdens in
mussels of the same size with food densities. Cadmium body burden is also affected by
temperature [171], size [223], [45], [32] and reproductive cycle [223], [165], [45]. Cadmium
concentrations in the mussel are usually expressed on tissue dry weights. Since tissue dry
weights covary with season and temperature [92], seasonal variations of cadmium concen-

39
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trations are hard to interpret. Fisher [65] proposed to relate cadmium body burden to
shell weight which is less variable then soft tissue dry weight. Shell weight is determined
mainly by size of the mussel, while soft tissue dry weight reflect partly gonad and stored
energy condition and partly size of the mussel.

Organic micro contaminants like PAH’s (Polycyclic Aromatic Hydrocarbons) and PCB’s
(PolyChlorinated Biphenyls) accumulate quite easily in mussels [76], [235], [118], [145] due
to their lipophilic character. Variation in lipid content during the season in the mussel
obviously affects PCB concentrations [145]. Increasing lipophility of individual PCB con-
geners expressed as the n-octanol-water partition coefficient, causes decreasing elimination
rates for the specific compound in the green-lipped mussel Perna viridis [235]. Steric prop-
erties also affect toxico-kinetics. Non-ortho chlorine substituted coplanar PCB congeners
exhibit slow uptake and clearance relative to many other PCB isomers [118]. In addition
PCB body burden increases with increasing shell length [134] and decreases with spawning
of gametes [104].

The uptake/elimination model that was proposed by Kooijman & van Haren [131] has
been designed to account for change in the physiological (feeding/lipid) conditions of the
organism. It rests on the Dynamic Energy Budget (DEB) model, [127], [128], [125], which
describes growth, energy dynamics and reproduction as function of body size.

Uptake is via food and/or directly from the environment and elimination is via repro-
duction (gametes) and/or directly to the environment. The uptake and elimination rates
depend on lipid content, that can change in time, so the body burden can change in time,
even when the ambient concentration is constant [131].

The purpose of the present paper is to show how the DEB-based model for xenobiotic
kinetics can be applied to M.edulis in laboratory and field conditions. The applicability
of the DEB-model to M.edulis has been demonstrated in van Haren & Kooijman [92].
Data from uptake-elimination experiments of cadmium, several PAH and PCB congeners
are used to estimate the compound-specific parameters of the model. The model is then
applied to interpret field data.

It is here assumed, for simplicity’s sake, that the physiological condition itself is not
effected by the compounds. Although the DEB-based model offers a useful basis to de-
scribe such effects [125]. Exposure of 16.5 mm mussels to 100 pg.1=! cadmium for 17 days
has no effect on physiological processes like ingestion, respiration or growth [177]. The
concentrations for cadmium considered in this paper are much less.

Biotransformation of organic xenobiotics can affect elimination kinetics [130]. Organ-
isms with MFO (Mixed Function Oxygenase) systems have the possibility to transform
organic xenobiotics. MFO and BaPMO (Benzo(a)Pyrene-MonoOxygenase) activities in
the mussel Mytilus galloproviciales correlate with a PAH pollution gradient [154]. This
indicates that biotransformation might occur. Biotransformation increases the complexity
of the analysis of the already complicated toxico-kinetic studies. Therefore, to simplify the
analysis we start to study toxico-kinetics without biotransformation.
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3.2 The DEB model

To make the paper self contained, a summary is first given of the DEB-model and DEB-
based kinetics as far as relevant to the present application. For more detailed accounts we
refer to [131], [92] and [125).

3.2.1 Physiological energetics

The present discussion is restricted to the feeding stages, which can be splitted into a non-
reproducing juvenile stage and a reproducing adult stage. Four separate body fractions are
distinguished as is shown in figure 3.1: the aqueous fraction (e.g. blood), the structural
component of the body, stored energy reserves, and a component set aside to reproduction
(mussels loose 40-70% of their wet weight at spawning, which they restore during the
rest of the year) . The chemical composition of the structural biovolume, and of stored
materials, is taken to be constant, so homeostasis is assumed for structural biovolume as
well as stored materials. Since the composition of stored materials will differ from that of
structural biovolume, and the storage density can fluctuate, homeostasis is not assumed
for the combination of structural biovolume and stored materials.

Uptake of food is proportional to the surface area (of the filtering apparatus and/or
gut) of the mussel and is assumed to follow a type II Holling functional response [266]:

X
= KixX (3.1)
where f denotes the scaled functional response, X the environmental food density and K
the saturation constant. The food-energy conversion in the gut is taken to be constant.

The incoming energy adds to the energy reserves, which follow a first order process:

where e is the scaled storage density, V is structural biovolume (length®) and v is the
energy conductance (length.time™') (i.e. a resistance measure for the energy flow from
energy acquisition to energy utilization).

Energy is utilized from storage in which a fixed fraction & is spent on growth plus
maintenance. Maintenance is taken proportional to structural biovolume. Consequently,
growth is given by a weighted (*fference between surface area and volume:

VBey — Vgm

ety (33)

d
Al

where g is the dimensionless investment ratio (costs for new biovolume relative to maxi-
mal available energy for growth plus maintenance) and m the maintenance rate constant
(time™!) (ratio of costs for maintenance and biovolume synthesis). Growth ceases when
the energy reserves drop below:

e < V'mg/v (3.4)
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A fraction 1 — & of the energy that is utilized from storage is spent on development
plus reproduction. Maintenance of the mature state is taken to be (1 — )gmV;, where V;
is the size at first maturation (length®), (see Kooijman, [125], and Zonneveld & Kooijman,
[270], for arguments). From this allocation rule it follows that reproduction investment is
given by:

d , (1-=k)e 2/3

;&R = “‘W (ng + ng) it (1 = n)gml{} (35)
and for non-growing organisms:

%R = ewV?¥? — kgmV — (1 — k)gmV; (3.6)

where R is the volume of gonads and gametes (length®). Reproductive output is first stored
in a buffer, that is emptied once a year at spawning. This causes substantial change of
lipid content over the seasons inside the mussel. The cumulated reproductive output, R,,
is not metabolically available for other purposes, so:

td
R.(t) = | —R(s)ds (3.7)
t, di
where ¢, denotes the time of the latest spawning. The reproduction volume density, r =
R/V while the change in reproduction volume density is:
d d d d

d
R WO P 7 bsatey o [ o Liorl LR -2
T =V HVZR-RZV)=V'2R—RV—V (3.8)

3.2.2 xenobiotic kinetics

The xenobiotic compounds are, once taken up in the aqueous fraction, instantaneously
partitioned over the body fractions according to the chemical affinity of the xenobiofic,
see figure 3.1 and [131] for an extensive discussion. Uptake as well as elimination are
assumed to be proportional to the surface area, V?/%, of the organism. So uptake via water
(e.g. gills) and uptake via food (e.g. gut) are both proportional to the surface area. The
resulting differential equation for the concentration on basis of wet weight is (#.mass™! in
which # denotes number or weight of molecules):

d TYauCq+ rpafcp id 1 d = —1 d

_ _ — Cy e V —V 1 o 3-9
G = Titatsnvie stV gV e +n)7gr ) (39)
r4, and 7, are the uptake rate constants for water and food respectively and r,q is the
elimination rate constant (length.time™!). The constants d, and a, are the specific density
of soft tissue and the maximum volume of energy reserves as fraction of body size. The
compound variable h equals:

h=+(Pu—1)e+ Pear (3.10)
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Figure 3.1: Schematic representation of the energy flow (upper figure) through and xenobiotics
partitioning (lower figure) in the body compartments of an individual.
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in which P., is the partition coefficient of a xenobiotic between the aqueous fraction and
the stored energy body compartment and ~ is a compound constant in which the parti-
tion coefficient of a xenobiotic between the aqueous fraction and the structural biovolume
compartment is incorporated. When P,, > 1 then

h=7+Pale+r) (3.11)

The variables ¢4 and ¢, are the environmental dissolved and particulate adsorbed xenobiotic
concentration (#.length=). The dimensions of the dissolved and particulate concentrations
can be chosen as pg.l™! or #.(gram C)~! for instance. These concentrations can taken to
be forcing functions for generating smoothed input variables during relevant periods.

3.3 Parameter estimation

3.3.1 Estimation procedures

The data are obtained from tables in the literature, or by means of a x,y tablet from fig-
ures. We use a fourth order Adams Predictor-Corrector method [37] to integrate equations
3.2-3.9 and cubic hermite spline, to interpolate between time points of integration. The
derivatives of total sum of squares (TSS) with respect to the parameters (i.e. the normal
equations) are approximated by the forward difference method. The roots of the normal
equations are solved with the Gauss-Newton method for systems of nonlinear equations
[189]. Standard deviations of the parameters are estimated according to the large sample
theory of maximum likelihood estimators [46], where a normal distribution for the scatter
around the deterministic model is assumed. When data are available for more than one
set of environmental conditions (xenobiotic concentration, food density, temperature etc.),
a simultaneous fitting procedure is applied.

The number of parameters is reduced assuming that P,, > 1 in equation 3.9. Since P,
can be interpreted in terms of the n-octanol-water partition coefficient for the xenobiotic
(which are of many orders of magnitude larger than 1, especially for lipophilic compounds)
this assumption seems appropriate. By dividing r,4 and the compound parameter A by =,
two new compound parameters are formed r,q/y and P../7v) and r.q disappears as a free
parameter as long as P, > 1. The new equation then becomes:

ic _ TaaCatTpafcp
dt ™ dy(1+ a7t + 1)V
_ rad/Y nll o i el
Cuyw ((1 + P /y(e +1))V1/3 +¥ dtV +(14+a'+7) dtr (3.12)

The parameters of equations 3.2-3.6 are estimated separately from data concerning
physiology only in van Haren and Kooijman [92] and are set at fixed values when fitting
the parameters of the toxicant kinetics. The parameter values are listed in table 3.2.
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Table 3.1: The parameters and main variables of the xenobiotic and the energy budget
model.
# denotes the number (moles) or weight (g) of molecules, see for further details [131]

Par. Var. Dimension Interpretation
c4 # length~ concentration xenobiotic in water
G #.length™® concentration xenobiotic food (as volume)
Caiis #.mass™! concentration xenobiotic in mussel on basis of wet weight
Qm # amount of xenobiotic in mussel: @y = Cypw Viw
Pda length.time™! uptake rate from water
P length.time™! uptake rate from food
Taa length.time™! elimination rate constant
Y - partition coefl. energy reserves/aqueous fraction
v - compound parameter
i - functional response: f = F{‘f
X mass.length™ food density
|4 length?® structural biovolume
Viow mass wet weight of mussel: V., = d,V(1 + a.(1 + 1))
L length shell length: V., =~ d,(d,L)?
e - energy reserves/max.energy reserves
R. length® reproductive investment
T - scaled reproduction density: r = 7“1
K mass.length™ saturation constant
v length.time™ energy conductance
g - costs of growth/x max.energy density
m time™1 maintenance rate constant
K - fraction utilized energy to growth 4+ maintenance
o, . max.vol.reserves /vol.body
d, mass.length™ specific density of the body
d,, - shape coefficient
Vi length® body size at hatching
V; length® body size at first maturation

i time time at spawning or reproduction, r = 1,2, ..
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Table 3.2: Values of parameters of the Dynamic Energy Budget model

Parameter values at 15 °C, estimated in van Haren & Kooijman [92]

description dimension value
g  investment ratio = 1.03
m  maintenance rate d-1 0.00517
v energy conductance cm.d™! 0.023
K  saturation constant mg POM.1™! 2.4
I, max. ingestion rate mg POM.d™! 72
V; mature size cm 1.2
K - 0.95
d,, shape coefficient - 0.33
d, specific density g.cm™3 1
T4 Arrhenius temperature correction | Kelvin 7600

The xenobiotic kinetics model has two additional physiological parameters: d, and a..
The specific density of the soft tissue of the mussel d, is close to 1 g.cm™3. The maximum
volume of energy reserves as fraction of body size e, is derived by dividing the maximum
storage density of the mussel of 30 kJ.cm™ with the lowest calorific content of a mussel
during the season (after spawning) which amounts 1.43 kJ.cm™ [267] plus the maximum
storage density: a, = SO-I-% = 0.95.

The relation between wet weight V,,, of a mussel with the structural biovolume V is

by definition, see [131], [125]:

wa = d;V(] + O.’e(l + T')) (313)
The wet weight can be approximated by
Voo = dy(d L)® (3.14)

in which d,, is the shape coefficient and L is the shell length. The shape coefficient is
estimated to be 0.33, for an extensive discussion see [92].

3.3.2 Temperature correction

All rate constants depend on the temperature and are continuously adjusted by an Ar-
rhenius type correction with an Arrhenius temperature of T4 = 7600 K, which would be
approximately the same as a correction with a @y of 3. The estimates are given for a
reference temperature of 15°C. A typical rate parameter p, is adjusted for temperature T,
(in K) as follows:

P(T) = pref exp{Ta(T g — T7')} (3.15)

The rate constants v and m in the physiological equations, and ry,, rp, and r,q in the
toxico-kinetics equation are corrected for fluctuating temperatures.



3.4. CADMIUM 47

3.4 Cadmium

The main cadmium species that are taken up by the mussel are the water dissolved species
[34], [190], [95]. Borchardt [34] and Riisgard [190] suggest that uptake of particle adsorbed
cadmium species, ingested via food, is of minor importance. The bioavailable dissolved
cadmium species depends on the mechanism of uptake. Passive diffusion [95] or facilitated
diffusion via Ca?t-channels [247] across the lipid bilayer are believed to be the most likely
uptake processes. So the main cadmium species to consider are the small ionized forms, the
chlorides and hydroxides [222] [142]. Once inside the organism (cell), cadmium is complexed
to specialized proteins, the metallothioneins (MT), or proteins with active sulfhydryl groups
[100], [247], [250], [249], [200]. Cadmium is subsequently internally distributed. Specialized
structures (tertiary lysosomes) inside the kidney are the main sinks [73], [75], [74].

3.4.1 Cadmium kinetics in the laboratory

Cadmium kinetics of mussels of different size classes and at different feeding regimes are
re-analyzed with the present model. Therefore, data from two uptake and elimination
experiments of cadmium, from Borchardt [34], [35] and Adema [1], have to be combined in
the parameter estimation procedure. Starving mussels of 4.5 cm shell length are exposed
to dissolved cadmium for 25 days and allowed to eliminate for 7 days [1]. Different radio
tracer labelled dissolved and particulate adsorbed cadmium is used in another study using
17-18 mm shell length mussels. This differential labelling technique was used to distinguish
the different uptake routes of cadmium [34] [35].

Regression analysis is first performed on available physiological data: mussel growth
[35] and lipid decrease [1] during the experiments. Results are shown in figure 3.2. The
length increase of the feeding mussels at different food amounts and the lipid decrease of
the starving mussels are described by equations 3.3 and 3.2, with f = 0 for the starving
mussels. The scaled functional responses, f, for the fed mussels are: 0.11, 0.076, 0.051,
0.034, 0.023, 0.015. The estimated values of the energy conductance v and the product of
maintenance rate constant and energy investment ration, grm, are in agreement with the
‘mean’ estimates for the mussel [92].

The results of the regression on data of the two uptake/elimination experiments are
also shown in figure 3.2. The small mussels are exposed to water containing radio active
labelled dissolved Cd-115m and adsorbed Cd-109 on food particles. The seawater was
replaced after 33 days with clean water and the mussels were subsequently kept in it for
42 days. Borchardt [34] gives regression functions of the dissolved and adsorbed cadmium
concentrations during the experiments that are based on the food quantity, FQ, added
daily to the mussels. The dissolved cadmium concentrations are given by two functions in
which FQ is respectively: 120.0, 80.0, 53.3, 35.6, 23.7, 15.8 x 108 Isochrysis galbana per
day per mussel and 1 is the time in days:

Coarsm(t) = 0.0403exp (—37.10~* — 31.10"2FQ)¢ pgml=!  (3.16)
Cearo(t) = 5.9.1073(—38 + 10.10"°FQ)t°>™ /14406 ngml™'  (3.17)
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The dissolved Cd-109 originates from desorption of the particulate bounded cadmium
supplied via the algae. The Cd-109 concentration adsorbed to the algae is 1.36 pug.g™! dry
weight.

The 4.5 cm mussels are exposed to cadmium in filtered seawater with dissolved con-
centrations of respectively 0.0010 and 0.0034 pg.ml~' during uptake and 0.0004 pg.ml™?
during elimination. The uptake period is 25 days and the elimination period is 8 days [1].

The data in figure 3.2 are expressed as an amount of cadmium per mussel, Q,,, where:

Qm = Quwvww (3.18)
The change in the amount of cadmium per mussel is:

d d d

EQm — wa'('i;cwm + Quwavww (3.19)
The mussel wet weight is given in equation 3.13, so the change in mussel wet weight is:

d d d d

g1 Vow = d(V +ae((L+7) 5V + Vo)) (3.20)

Substitution of equation 3.20 and equation 3.12 in equation 3.19 results finally in:
Tad

)= @m V31 + E’;n(e +1))

d
7 Om = VP (raaca + rpafe (3.21)

The uptake and elimination from cadmium out of water and food are simultaneously
estimated on these data. Regarding the complexity of the experimental system the fit is
quite satisfactory. This fit is an example in which the ordinary 1-compartment models fail
to predict the uptake/elimination process.

A lack of fit of the Cd-115m uptake data in a first analysis indicated the involvement
of an additional process. So an instantaneous adsorption of the dissolved Cd-115m on
the daily added algae was assumed. The partition coefficient of Cd-115m with the algae is
taken to be 483 which is the same as derived for Cd-109 adsorption [34]. The bioavailability
of the instantaneous adsorbed Cd-115m and the equilibrium adsorbed Cd-109 differ, so two
uptake constants for food derived cadmium has to be used. The instantaneous adsorbed
food uptake rate constant is a factor 50 larger then the equilibrium adsorbed food uptake
rate constant. This fact can be explained by differences of the cadmium ad/absorption to
the algae. The equilibrium adsorbed cadmium might be incorporated in the algal cell or
cell walls while the instantaneous adsorbed Cd-115m is only bound to the easily degradable
mucus layers on the cell walls of the algal cells.
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Figure 3.2: Upper left: Growth of 17-18 mm mussels at 15 °C and 6 food regimes. Estimated
values are v = 0.036 (SD=0.0065) cm.d~!, gm = 0.0045 (SD=0.0018) d~' with a fixed value of g
= 1.05 and a max. ingestion rate of 60 mg.cm~2.d~!. Upper right: Lipid decline of 4.5 cm mussels
at 15°C. Initial lipid amount is 68.5 (SD=2.30) mg and the decline rate is 0.016 (SD=0.0017) a7t
Lower left and right: Accumulation and elimination of cadmium in mussels of different size and at
different ambient food levels. Cadmium, Cd-115m, is shown left and cadmium, Cd-109, is shown
right. Uptake of Cd-115m is mainly via water and uptake of Cd-109 is mainly via food, see text
for further explanation. The regression analysis is performed on these 14 curves simultaneously
with aerge = 12.15 (SD=0.18) ecm.d™}, @Tpacaros = 0.00116 (SD=1.65 10~*) ecm.d~!.g.cm™3,
QeTpa,cansm = 0.0536 (SD=0.00275) cm.d=t.g.em™3, 7o/ = 0.0112 (SD=0.00430) cm.d~! and
P../v = 8.83 (SD=5.25) dimensionless.
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3.4.2 Cadmium kinetics in the Western Scheldt estuary

The change of cadmium concentration inside the mussel can be reconstructed from inci-
dental measurements throughout the year on the basis of our model. Monitoring data of
ambient temperature, food density and cadmium concentrations are used from location
Terneuzen in the Western Scheldt estuary (Dutch Delta area) [95] [234] [271]. The data
are obtained from the Ministry of Public Works and Transport, Tidal Waters Division,
Netherlands (Dutch ICES contribution).

Smoothed forcing functions are obtained from incidental measurements by regression
of cubic splines for particulate organic matter (POM), particulate adsorbed and dissolved
cadmium see figure 3.3. The forcing function of water temperature is a cosine function, see
figure 3.3. POM is calculated as difference between weight of suspended matter and ash
weight of suspended matter. POM adsorbed cadmium is calculated as difference between
total cadmium concentration and cadmium concentration after filtration (0.45 ym mesh
size) divided by POM concentration in water.

The cadmium concentrations in the mussel are given as mean cadmium concentration in
different length classes. To reconstruct the seasonal cadmium fluctuations of various length
classes, we calculated the cadmium concentrations for the isoclines of the mean length of
each length class, see figure 3.4. The simplifying assumptions that are appropriate for
the laboratory experiments are not appropriate for the field experiments, where we have
to account for reproduction and changes in lipid content prior to spawning. We here
assume that the storage and reproduction compartments are allowed to vary and cumulate
through the seasons depending on food and temperature. The spawning of gametes is in
the first week of May. The reproduction compartment is set to zero while the cadmium
concentration jump due to the clearance of the reproduction compartment is adjusted
according (for P, > 1):

1+a7l +r(ty) 1+ Bse(t})
T+a7t 14 Eafe(ty) +r(3))

Cwu(ty) = Cun(ty) (3.22)
in which ¢, denotes the time of spawning.

The largest mussels tend to have the largest cadmium concentrations [234]. Exceptions
occur several times in the presented data, see figure 3.4. The fitted isoclines show a
dynamic shift during the season of this tendency. The shift depends on food history and
ambient cadmium concentrations in relation to the internal partition coefficient P.,. It is
not possible to reconstruct this trend in an exact manner because detailed observations of
available food and cadmium concentrations are lacking.

The contribution of the different uptake routes to total cadmium burden is evaluated
for field conditions. Cadmium contribution from food to total body burden depends on
the environmental conditions. The ratio of uptake rates from food and water varies from
0.002 - 0.005 [34], 0.0015 [190] under laboratory conditions and from 0.27 - 1.74, under
field conditions (see figure 3.4. The huge difference between laboratory and field conditions
are due to the limited food availabilities in the laboratory and its low cadmium load. The
data reported in figures 3.2 and 3.3 relate to loadings that differ by a factor 10.
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3.5 PCB’s and PAH’s

Uptake of organic micro contaminants (OMICO’s) from the environment is either from
water (bioconcentration) or from food (biomagnification). The bioavailable fraction of the
OMICO’s is believed to be freely dissolved [209]. Uptake via food is also considered to be
significant for OMICO’s, since they are extremely hydrophobic and have high food sorption
coefficients [163].

The uptake mechanism is passive diffusion through the biological membranes of gill
tissue [57] [97] [164] as well as the gastro-intestinal tract [80]. Extremely hydrophobic
OMICO’s are not accumulated in several bioconcentration experiments. Opperhuizen [164]
hypothesized that these chemicals are not able to cross membranes because of their size,
that exceeds a cross section of 0.95 nm or lengths of 5.3 nm [163].

Physicochemical properties of OMICO’s are of relevance to toxico-kinetics. Solubility
of a chemical in fat is an important property because of the partitioning processes that
occur between the aquatic phases of the body and lipid rich tissues. Fat solubility is
correlated with the n-octanol/water partition coefficient [58]. Bioconcentration factors
(BCF) (concentration in (lipid) tissue divided by ambient concentration in water, see e.g.
[251]) are often related to log K,, values in order to predict bioconcentration of new
chemicals [76]. Chessels [41] argues that triolein (glyceryl trioleate) is a better model
compound for lipid than octanol. Different extraction methods for lipids give each different
lipid fractions and lipid amounts [207] [182]. The phospholipid-free fraction of extractable
lipids give the best correlation with PCB burden [207].

Pruell et al [181] exposed uncontaminated mussels to resuspended sediments that were
contaminated with PCB’s and PAH’s. The exposure and depuration periods lasted both
40 days. The exposure concentrations of particulate adsorbed and dissolved PCB’s and
PAH’s, were sampled by two step filtering of water of the exposure systems. The first filter
retained the particulate adsorbed PCB and PAH, while the second filter (polyurethane
foam plugs) retained dissolved PCB and PAH only. The exposed mussels, with shell
length 3.0-4.6 cm, partially depleted their lipid reserves caused by poor feeding conditions
during the experiments, see figure 3.5. The scaled functional response f was estimated to
be about 0.17 in the experiments. The initial value of the scaled reserves was assumed to
be 0.3.

Due to the large uncertainties in the measured exposure concentrations of PCB’s and
PAH’s, only the dissolved (retained by foam plug) concentrations are used in the analysis.
The dissolved PCB concentrations of the penta- and hexachlorobiphenyls are estimated as
fraction of the total PCB concentration in accordance with their fractions in Aroclor 1254,
see table 3.3. The dissolved total PCB concentration is 1.81 ng.l™!. The dissolved 4 ring
PAH concentrations (BaA, Benz(a)Anthracene and Chry + Tri, mixture of Chrysene +
Triphenylene) are respectively 0.43 and 0.59 ng.1™".

To reduce the number of parameters, the uptake and elimination constants are taken to
be equal for the penta- and hexachlorobiphenyls and for the 4-ring PAH’s since the molar
weight and steric properties are more or less equal. The internal partition coefficient P., is
assumed to be different for each compound. The results of the regression analysis are shown
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Table 3.3: Fractions of individual PCB congeners in commercial Aroclor mixtures.

Source: Mullin, [153] using DB-5 cappilar column.
PCB numbers according to IUPAC

Aroclor 1242 | Aroclor 1254 | Aroclor 1260
PCB 28 0.1431 - =
PCB 101 0.0044 0.0706 0.0264
PCB 128 - 0.0192 0.0052
PCB 153 0.0029 0.0622 0.1058

Table 3.4: Log K,,, values of PCB and PAH compounds.

compound | log K, | source || compound | log K, | source
PCB 101 7.07 (183] || BbF 6.57 [98]
PCB 128 6.96 [183] || BKF 6.84 [98]
PCB 153 7.75 [183] || BaP 6.35 (98]
BaA 5.91 98] | IP 7.66 (98]
Chry+Tri 5.86 [98] BgP 6.90 (98]

in figure 3.6. The model describes the system although the estimated parameter values
are poorly determined due to the large standard deviations. The large standard deviations
might be caused by the large size range of the mussels (3.0-4.6 cm which corresponds with
a wet weight of 1-3.6 g), the large deviations in measured dissolved OMICO concentrations
and unknown size of the reproductive body compartment.

The internal energy reserves/aqueous fraction partition coefficient log P., can be com-
pared with the log K,,, partition coefficient, as is shown in figure 3.7. The log K., of the
compounds are given in table 3.4. The relationship of log BCF with log K, is given for
comparison, data are from Geyer et al [76]. The BCF is reached when OMICO concen-
trations in mussels are in equilibrium with their environment (i.e. non-growing, non-
reproducing, non-starving) [131]. So, the exact comparison of BCF with P., holds only in
equilibrium. The dashed line is based on BCF while the drawn line is based on P.,. The
deviation from conditions of equilibrium of the measured mussels might cause the different
slopes of the two regression lines. However the different slopes of the lines might also be
caused by differences in the physiological condition of the mussel and by differences in
solubility in fat and octanol for extreme lipophilic compounds [41]. P,., values for other
xenobiotics can be derived by interpolation of the drawn line.

Predicted P,, values of 5 and 6 ring PAH’s based on the relation from figure 3.7 are
used for estimation of the ambient PAH concentrations in the experiments performed by
Pruell [181]. These PAH’s could not be detected in the foam plugs. The estimated ambient
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concentrations are of the same order of magnitude or smaller than measured 4 ring PAH
concentrations. The estimated concentrations reflects the total bioavailable concentration
of both the dissolved and sediment adsorbed fractions.

Data concerning shell length and PCB concentration in soft tissues can be used to
estimate ambient PCB concentration, as can be seen in figure 3.8 from [134]. The estimated
parameters of total PCB in figure 3.6 are used to reconstruct this curve and to estimate
dissolved total PCB concentration. The functional response f has to be fixed on 0.7 because
data on growth or food densities are lacking. The reconstruction of ambient dissolved total
PCB can be improved when the food density in the environment is measured and/or when
the growth is measured, possibly via annual rings on the shells. The functional response
can be reconstructed from the growth curve of the mussel, [92], which makes the dissolved
PCB concentration reconstruction more reliable.
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Figure 3.3: Measurements and forcing functions for input variables for reconstruction of cadmium
concentrations in mussel in the Western Scheldt (Dutch Delta area) at location Terneuzen. Data
are from Dutch contribution to ICES and provided by the Ministry of Public Works and Trans-
port, tidal Water Division. Upper left: Particulate Organic Matter (POM) (location Terneuzen).
Smoothed cubic spline function with knot values which are estimated at days (since 1/1/1986)
-107, 0, 100, 200, 250, 300, 400, 450, 500, 770, 800, 900 and 1070. Upper right: Temperature
with sinusoidal interpolation function: T(¢) = 10.7 — 7.7 cos 2fr‘_3§'3, time in days. Lower left:
Dissolved cadmium concentrations. The knot values are estimated at days (since 1/1/1986) -107,
100, 250, 400, 550, 650, 750, 850, 950 and 1070 . Lower right: Particulate (POM) adsorbed
cadmium concentrations. Knot values of adsorbed cadmium are calculated at days -107, 0, 100,

250, 400, 600, 750, 850, 950 and 1070.
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Figure 3.4: Left: Cadmium concentration for length isoclines in mussels of 2.8 (¢ and —), 3.5
(O and ..),4.1 (Aand ...),5.0 (7 and...) and 5.9 (M and . . .) cm respectively. Regression
analysis is performed on these 5 curves simultaneously with rg, = 213 (SD=92.2) cm.d™1, rp, =
1.40 107 (SD=1.53 107%) cm.gpom.d~".cm™ and r,q/y = 0.0964 (SD=0.148) cm.d~" with v =
0.059 cm.d~!, gm = 0.0045 d~! g = 1.05, K = 3 mg POM.I"!, x = 0.75 and P,,/y=8.83.
Right: Uptake rates of both uptake routes (dissolved (—) and food(: - -)). The mean contribution
of food adsorbed cadmium to total tissue burden is a fraction of 0.278 (minimum 0.0382 and
maximum 1.74).
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Figure 3.6: PCB (left) and 4 ring PAH (right) uptake and elimination in mussel, data from
[181]). Equation 3.9 is used. The PCB congeners are: total PCB o, PCB101 O, PCB128 A
and PCB153 7. The estimated parameters are: rg, = 13395 (SD=2514) em.d~!, r,q = 2713
(SD=3E8) cm.d™!, log P,, is respectively 4.78, 5.29, 5.11 and 5.27 (SD for each 4.7E3). The
PAH’s are BaA ¢ and Chry + Tri O. The estimated parameters are: r4, = 11336 (SD=3772)
em.d™1, 7,4 = 3176 (SD=3E7) cm.d~! and log P., is respectively 4.42 and 4.56 (SD for each
4.4E3) and v = 10. The initial values for e and R are 0.3 and 0.8 respectively.
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Figure 3.7: Left: Relation between log P,, or BCF and log K,y,. LogP,, values are estimated in
figure 3.6 while BCF is given in Geyer [76]. The regression lines are y = az + b with y is log P.,
or log BCF and z is log K, The estimated values are: BCF: a = 0.90 (SD=0.096) and b =
-1.06 (SD=0.41) (--- and +); Peq: a = 0.48 (SD=0.077) and b = -1.72 (SD=0.52) (— and O)
Right: Accumulation and elimination curves according to equation 3.9 of 5 and 6 ring PAH’s,
source [181]. The following PAH’s are used: BbF o, BKF O, BaP A and IP 7 BgP K.

The estimated parameters are: r4, = 6897 (SD=3026) cm.d™', r,g = 6216 (SD=744) cm.d™!
and the dissolved PAH concentrations are respectively: 0.66 (SD=0.29), 0.31 (SD=0.14), 0.35
(SD=0.16), 0.035 (SD=0.021) and 0.066 (fixed) X 103 ng.cm~> and 4y = 10. The initial values
for e and R are 0.3 and 0.8 respectively.
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3.6 Discussion

The model, equation 3.9, is basically a simple one-compartment model:

d

—Cyw = kdacd - kadcww (3.23)
dt

where ky, and k,4 are the uptake and elimination constants respectively, ¢,,, is the internal

concentration and ¢z the ambient xenobiotic concentration. The bioconcentration factor is

thus

Cuw . kda
BCF =% = ;® (3.24)

Equation 3.9 differs from this simple model by allowing for different uptake routes , changes
in lipid contents and size of the animal.

These differences work out such that the coefficients of the one-compartment model are
no longer fixed, but change in time. Figure 3.9 (left) shows the BCF of cadmium as function
of scaled storage density e and shell length L. The BCF increases with increasing size and
decreases with increasing storage density e. The decrease of BCF with increasing storage
density is caused by growth dilution of the xenobiotic due to high growth rates at high
stored energy densities. Figure 3.9 (right) shows BCF as function of scaled reproductive
density r and partition coefficient P.,. The dot in both plots represents the common point
(the intersection point of the two planes in 5-D hyperspace). The BCF is, as can be
seen, not a constant value but varies with changing physiological conditions. Xenobiotics
with fast pharmaco-kinetics relative to physiological rates are likely to follow a simple one
compartment model with fixed coefficients more closely.

The kinetic model presented in this paper is successfully applied to various experiments
and field data sets. The estimated parameters are sometimes poorly determined, due to
a lack of physiological data, especially size and reserve dynamics. The analysis can be
improved when more physiological data on the mussel during the experiments are available.
The physiological condition of the mussel influences the kinetics of xenobiotics significantly,
especially when it is slow and if the xenobiotic is hydrophobic.

The successful reconstruction of cadmium concentration in soft tissues of mussels of
different length classes encourages the application of the DEB-based model in scenario
simulation studies for management purposes. Its simple structure allows the reconstruction
of ambient xenobiotic concentrations. The typical shape of shell length-PCB concentration
curve reveals essential information on the internal partitioning of the xenobiotic, but this
analysis could be improved when the annual rings in the shell were available. Therefore we
recommend the measurement of growth in monitoring programs as the ‘Mussel Watch’.

The advantage of the model applied in this paper above other toxico-kinetic models,
[13], [36], [95], [108], [226], [157], [251], is its tight coupling between bioenergetics and
toxico-kinetics which results in a parameter sparse model. The DEB-model can be and
has be tested without any connection to toxico-kinetics [92]. This facilitates interpretation
of toxico-kinetic studies in which the animal changes its physiological condition. It also
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Figure 3.9: Bioconcentration factor, BCF from equation 3.23, as a function of physiological
variables of the DEB model (equation 3.12). The uptake and elimination constants r4, and roq/7
are for cadmium, see figure 3.2.

Left: BCF as a function of scaled storage density, e, and shell length, L, for a mussel with P, /v
= 8.83 and r = 0.1. The dot in (right) corresponds to this parameter combination.

Right: BCF as a function of scaled reproductive density, 7 and partition coefficient, log Pe, /7,
with L = 5 ¢cm and e = 0.4. The dot in (left) corresponds to this parameter combination.
Physiological parameters: v = 0.023, gm = 0.00533, a = 1.03, x = 0.95 and a. = 0.95

opens the possibility to evaluate toxic effects of xenobiotics on growth, reproduction, res-
piration or feeding as function of xenobiotic tissue concentration [130].
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Growth curve analysis, I
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economics, eds J. Grasman and G. van Straten, Kluwer, Dordrecht, 1994, pages 172-184

4.1 Introduction

Sedentary plant parasitic nematodes are major pests of many world crops. For instance
the need to limit economic loss from the two potato cyst nematode (PCN) species Glo-
bodera rostochiensis and Globodera pallida (Heteroderidae) impose restrictions on agri-
cultural practices in The Netherlands and many other countries. In common with several
other genera, cyst nematodes induce modified host plant cells from which the animals feed.
Such feeding sites are essential for development of females which cause most of the plant
damage. Large densities of the parasites present at planting cause subsequent loss of crop
yield or even death of the host [55]. Restrictions on the use of nematicides to control PCN
are being enforced in many countries such as the Netherlands. As a consequence changes
in pest management must be made to accommodate a greater dependence on integration
of rotation and resistant cultivars. This requires improvements in the scientific basis for
management and this is the motive underpinning the development of the approach in this
work.

The development of a nematode on a plant depends upon a number of both abiotic
and biotic factors. The influence of the host plant in the absence of resistance have been
examined for Meloidogyne javanica [29]. Here it is established that different host species
support dissimilar reproductive performances by M.javanica. There is an influence of host
nutritional status and also a density dependent relationship between the growth rate and
ultimate nematode biomass [28]. Such effects probably occur for cyst nematodes but that
of host species is potentially more discernible for Heterodera schachtii (beet cyst nematode)
with a wide host range than for PCN with its comparatively narrow host range.
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Host differences influence the growth and reproduction of G.pallida because a range
of cultivars exists that vary from highly susceptible to partially resistant. Resistance is
usually assayed experimentally, using test cultivars in canisters or pots and the plants are
challenged by an inoculum of different nematode populations or densities [69, 132, 55,
8]. The ratio between the density of eggs present before and after parasite reproduction
provides a measure of host resistance. This approach does not discriminate among effects of
host finding, penetration and subsequent parasite development. Also, it does not determine
directly the reproductive performance of those individuals that establish on the plant. A
more direct approach can be pertinent when resistance is expressed against the established
feeding nematode. This is the principal of this work. We use a standard protocol [195,
12, 11] to control unwanted sources of variation before studying growth rates of sedentary
nematodes.

A thorough study of growth rates requires a basis for analysis. We decided to examine
the potential of a Dynamic Energy Budget (DEB) model [125] for the analysis of growth of
sedentary plant parasitic nematodes. The model considers an individual as an input-output
system with size, stored energy and reproductive output as state variables. Originally,
the model was developed for Daphnia magna Straus [129, 60] and successfully applied to
Lymnaea stagnalis [269), Mytilus edulis [92] and micro-organisms [130]. It permits the
description of embryo development [126, 270], growth [128] and body size scaling relations
[127, 128].

The DEB model is first described and then applied to growth curves for both Meloidog-
yne on different hosts and G.pallida on different cultivars of potato. Our intention is to
investigate the relationship between body size and reproductive output. So, if resource
acquisition is coupled to growth then there are consequences at the population level that
may be usefully modelled for assessing host suitability and resistance.

4.2 DEB model for individuals

We will restrict the present discussion to the feeding stages of the nematodes dividing
them into two groups of non-reproductive juveniles and reproductive adults. Males are
uncommon for most Meloidogyne species and they are very small in size in comparison to
females in both this genus and other Heteroderidae. Their development has little patho-
logical effect on plants compared with that of females. Therefore the DEB model in this
work considers only the development of females.

It is assumed that growth of the structural volume and the swelling of the posterior
part of the nematode body, caused by reproductive structures, is isomorphic. Due to
different growth characteristics, the combined growth of structural and reproductive volume
is not isomorphic. The chemical composition of the structural biomass and of stored
materials are each taken to be constant, and not necessarily identical. Homeostasis is
assumed for structural biomass as well as stored materials. Since the composition of stored
materials will differ from that of structural biomass, and the storage density can fluctuate,
homeostasis is not assumed for the combination of structural biomass and stored materials.
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The symbols that are used frequently in the equations are listed in Table 1.

Three state variables, volume, V (length®), storage, E and reproductive investment
R (number eggs) are distinguished. Food uptake is assumed to follow a type II Holling
functional response and is taken proportional to surface area (of the stylet and/or gut), so
the ingestion rate is

I = {I,}fV*? with f = X/(K + X) (4.1)

where X is the food density, K the saturation constant and {I,} the maximum sur-
face area—specific ingestion rate. The food-energy conversion is taken to be constant,
{An}/{I.}, so the assimilation energy, i.e. the total energy input, equals A = {A,,} fV?/3,
where {A;,} is the maximum surface area-specific assimilation rate. The incoming energy
adds to the reserves. The reserves follow a first order process when expressed as density,
[E] = E/V, i.e. energy reserve per body volume. From the assumption of homeostasis for
energy reserves it follows that the energy reserves in equilibrium are independent of the
length of the nematode i.e.

% =V Y3(f —¢) (4.2)
where ¢ = [E]/[E,.], where [E,,] is the maximum storage density and v = {A,,}/[E.] is
by definition the energy conductance (length.time™'). The rate at which energy is utilized
from the storage must obey the conservation law of energy:

g = A———([E] -4-ve [E] [E]%V

e[Em] (vvm ‘ii‘:) (4.3)

A fixed fraction & of the utilized energy is spent on growth plus maintenance The latter
quantity is taken to be proportional to volume, [M]V. So xC = [M]V + [G]4£, where [G]
is the volume-specific costs for growth. Substitution gives

VBey — V
By e SUR (4.4)
dt e+g

where the dimensionless investment ratio, ¢ = [G]/«[E,.], and the maintenance rate coeffi-
cient, m = [M]/[G] are compound parameters. If the food density is constant long enough,
(2) states that e tends to f and remains constant as well. This turns (4) into the well
known von Bertalanffy growth equation, having the solution

V() = (VA2 = (V® = VP exp{—nt})’ (4.5)

where V1/3 = fx{A,.}/[M] is the ultimate volume'/* and v = (3/m + 3V}/3/v)~1, the von
Bertalanffy growth rate. The maximum volume'/? is thus V3 = k{A,.}/[M] = v/gm,
which can only be reached at prolonged exposure to abundant food.
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Back substitution of (4) into the storage utilization rate (3) gives

_ &Y[En] (2
e = (vV?° + mV) (4.6)

So, the storage utilization rate depends only on the volume of the organism and the
energy reserves and not directly on food density. The energy allocation to reproduction
equals (1 — x)C — 1=2[M]V; This is a continuous energy investment. The costs for the
production of an egg can be written as Ey/q, where the dimensionless factor g~! between
0 and 1 relates the overhead involved in the conversion from the reserve energy from the
mother initial energy available for the embryo, see [270, 125] for discussion. Substitution
of equation 4.6 leads to a mean reproduction rate of:

dR q ge
— = 1-& oV 4 mV) — gmV; 4.7
- (2 )~ gm¥, (1)
When growth ceases, the cumulated energy drain to reproduction in animals that continue
to allocate energy to reproduction under these circumstances, becomes

dR ¢

& = om (VAP — kv — (1 - R)V;) (4.8)

The energy feeding the drain to reproduction accumulates during nematode development,
but it is assumed to be metabolically unavailable for other purposes so R, = ff; R'dt, where
t; denotes the time of maturation and ¢, the time of death of the female. So this energy
pool differs from that in the storage pool in its availability. In PCN, eggs are retained
within the body wall of the female, which protects eggs after death of the female.

4.3 Individual growth and reproduction

The feeding site, which functions as a nutrient conducting complex, is induced by the
nematode upon a specific action which degrades cell walls or enlarges the initial feeding
cell [111]. Bird [29] has measured feeding sites on different host plants and the body sizes of
the nematodes grown on it. Large feeding sites result in large nematodes and small sites in
small ones. The contact area of the feeding site with the vascular tissues of the plant host
determines the conducting capacity of the feeding site itself. The cumulative amount of
nutrients for the parasite is therefore determined by the maximum size the feeding site can
reach. Host status is therefore assumed to be equal to the ‘mean’ scaled functional response
f, which is determined by the nutrient density in the feeding site. This is preferred to other
estimates such as assimilation efficiency {A,,}/{I,»} or energy conductance v because the
latter parameters are linked to intrinsic properties of nematodes.

Measures of size during development are the body width at the mid point of the oe-
sophageal procorpus (oesophageal region width), length, maximum mid-body width, sur-
face area and the volume of the nematode. The oesophageal region width is taken as a



4.4. COMPETITION FOR SPACE IN THE ROOT SYSTEM 67

measure of structural volume, V, while the mid-body width provides a measure of the
accumulated reproductive output, R..

Growth of G.pallida on potato cultivars of different host status Multa (partial resis-
tant) and Maritta (susceptible) is shown in Figure 4.1. Bertalanffy growth equations,
equation 4.5, are fitted to measures of the oesophageal region width during development.
The fit is satisfactory for both of the cultivars, implying a more or less constant food den-
sity throughout development. PCN developed on the resistant cultivar Multa are about a
factor of 2.7 smaller than individuals developed on the susceptible cultivar Maritta. In ad-
dition PCN that developed on Multa failed to reproduce. This may result from insufficient
energy uptake to maintain a female reproductive system.

Different host species can also have effects on growth as is shown for volume growth,
Vi(t), of M.hapla in Figure 4.2. The fitted equation is:

Vilt) = (iVim — (fiVim — Vi) exp{—t/(3/m + 3£:Vin 0)})?

with f; the scaled functional response for the i-th cultivar. M.hapla fail to reproduce on
plants when the functional response f; is about 2.3 — 2.7 less than for susceptible hosts.
This suggests that either maximum oesophageal region width or scaled functional response
provides a measure of host ability to support fecund females.

Ingested energy is according to the DEB theory partitioned to three main processes:
growth, maintenance and reproductive growth. The reproductive output is determined
when the growth curve is known. Figure 4.3 shows the parallel growth of the oesophageal
region width and mid-body width. Equations 4.4, 4.7 and 4.8 are integrated using a
Douglas Adams fifth order predictor corrector [37] with the assumption that the food
density remains constant during development. This assumption is realistic because growth
is of the von Bertalanffy type, see figures 4.1 and 4.2. The parallel action of changes in
width of the oesophageal and mid body region with time confirms the supposition of a
direct coupling between structural volume growth and reproductive output.

4.4 Competition for space in the root system

The feeding site induced by a nematode occupies a root volume associated with the vascular
cylinder in the root. It is assumed that the nematode ingests a fraction s of the available
transported nutrients, X, in the vascular cylinder. The amount of available nutrients in
the root system decreases progressively with increasing numbers of nematodes, as is shown
for certain essential amino acids [86]. The carrying capacity of the plant for nematodes
depends on the initial amount of available nutrients X and on the nutrient conducting
efficiency s of the feeding site. The amount of nutrients available after the n-th feeding
site is characterized by X, which is:

X, = (1 —38)"Xo = Xoexp{—én} with § = —In(1 —s) (4.9)

This function describes a density dependent individual resource partitioning which af-
fects the scaled functional response f, . Decreasing functional responses affects the egg
production of PCN as is shown in Figure 4.4
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Figure 4.1: Oesophageal region width of G.pallida grown on 2 potato cultivars Multa (resistant)
o and Maritta (susceptible) O at 20 °C. Fitted curves are L(t) = Lo, — (Lo — Lo)exp{—7t}.
Initial oesophageal region width Lg is a in common estimated parameter: 0.012 (SD=6.1 10~%)
mm. The other estimated parameters are for the susceptible interaction: Lo, is 0.074 (SD=3.3
1073) mm and v is 0.026 (SD= 2.6 10~) d~!. For the resistant interaction: L, is 0.027 (SD=4.1
10~2) mm and 7 is 0.059 (SD= 0.030) d~'.

Figure 4.2: Volume growth of M.hapla on ten host species varying in host suitability for the
nematode. Fitted curves are cubed Bertalanffy growth equations, equation 4.5 with scaled food
density as unique parameter per curve. No egg production was measured at values of f;: 0.20,
0.22 and 0.23. While egg production was measured following parasitism of all eight hosts pro-
viding f; values between 0.34 and 0.53. Data are from F.A.Al-Yayha, Centre Plant Biochem.&
Biotech.Univ.Leeds.

Figure 4.3: Growth of oesophageal
region width (—) and mid-body
width (---) of G.pallida on potato
cultivar Bintje at 20 °C. The equa-
tions are 4.4, 4.7 and 4.8 for oe-
sophageal region width and mid-
body width respectively. The es-
timated parameters are m=0.070
(SD=0.034) d~1, g= 6.2 (SD=1.7)
and £=0.09 (SD=0.13) with the en-
ergy conductance v is fixed on 1.3
107* m.d~! and f = e is fixed on
0.8. Time, days

Mid-body width, 1@8~% m

Oesophageal reglon width, 18 ™4 m
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Plant yield itself is affected by large nematode burdens of the root system. The in-
creasing damage of PCN on potato cultivar Bintje is shown in Figure 4.5. It is assumed
that the damage to the plant is proportional to the amount of nutrients withdrawn by the
feeding sites, so equation 4.9 can be used.

Plant tolerance to nematodes is defined as the capacity of a host to withstand a certain
burden of nematodes [243]. The factor é in equation 4.9 can be considered to indicate
tolerance since it defines a ‘resource extinction’ for nematodes.

The interaction between sedentary plant parasitic nematodes and its host can be char-
acterized by two parameters: the scaled functional response, f, which can be regarded as
a measure for of host suitability and é which can be regarded as measure of tolerance of
the plant to a specific nematode population. Figure 4.6 shows the classification in respect
of resistance and tolerance of a few potato cultivars and their properties for PCN in the
é — f plane.

The simulated population dynamical consequences of different plant properties (6§ — f)
and intraspecific competition of the nematodes is shown in figure 4.7. The left figure
shows the effect on the egg production per female (cyst) while the right figure shows the
same relation but now expressed as nematode egg production per plant. The maximum
population reproduction rates are at intermediate initial population densities when the
negative effects of nematodes on their resource outgrow the initial population density.

4.5 Discussion

This work establishes the potential of DEB for analyzing the individual growth curves of
plant parasitic nematodes. It suggests that the energy available to the nematode from the
feeding site it induces in the plant, determines its growth rate and fecundity. Apparently
the animals are unable to rectify an inadequately forming feeding site by further stimu-
lation of the plant. Consequently the growth rate of the nematode and its body size are
compromised by biotic factors that influence the size of their feeding cells with the direct
consequence of either a fall in fecundity or even a prevention of egg laying (Figure 4.1).

The DEB model provides a comprehensive approach that accommodates differences
in host status of plants and both tolerance and resistance of different cultivars to one
species of nematodes. With further development the model could have a range of uses.
It could be of value within pest management schemes for Meloidogyne spp. to optimize
cropping regimes when a number of crops of dissimilar host status are used in combination.
It can also be used in a similar manner for a cyst nematode such as H.schachtii which
may be offered different hosts such as oil seed rape and sugar beet within a rotational
scheme. It has important potential for optimizing the utilization of partially resistant
cultivars of crops such as potato showing at least some resistance post-establishment of
PCN. A future research program could use the DEB model to provide an improved basis for
ranking partially resistant cultivars or for determining the relative reproduction of different
nematode populations (i.e. virulence) on one partially resistant cultivar.
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Figure 4.4: Number of eggs per cyst (female) as function of increasing population densities on
different potato cultivars. The fitted curve is Q@ = Q. + Qoexp{—6N}. With @ the egg content
per cyst and N the initial population densities. The estimates are respectively for potato cultivars
Irene and Darwina: Q.. = 235 and 149 (SD= 11 and 9.7) eggs/female; Qo= 138 and 123 (SD=
8.6 and 7.6) eggs/female; §=0.029 and 0.039 (SD= 0.0040 and 0.0068) g soil/egg. Data are from
Seinhorst [218].

Figure 4.5: Yield of potato cultivar Bintje as function of initial population density. The fitted
curveis Y = Ypexp{—4&N} with ¥ the tuber yield per area. The estimates are respectively:Y;=5.0
(SD=0.14) kg/m? and §=0.029 (SD=0.0020) g soil/egg. Data are from L.Molendijk, Governmen-
tal Crop Research Station, PAGV, Lelysta;db'le"i;e Netherlands.
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Figure 4.6: Scaled functional re-
sponse f;, defined as resistance and
tolerance é; of different potato cul-
tivars (1) susceptible: 0O, Irene;
o, Bintje (2) partial resistant: x,
Multa; A: Darwina (3) tolerant: 57,
Ehud and o<, Astarte. The esti-
mates are from figures 4.4 and 4.5. @ IS S S S S S S S
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Figure 4.7: Left: egg content per female as function of initial population density, N;, and of
combined resistance and tolerance for the i-th host. The equation is: f;Qoexp{—6;N,} — P. In
which P is proportional to the immature volume V;.

Right: final population density N;4; as function of initial population density,N;, and of combined
resistance and tolerance. The equation is :¢N, f;iQoexp{—6;N;} — P in which ¢ is the fraction
invading nematodes in the root. The properties of the plant (Y-axis) are a combined function of
resistance and tolerance corresponding with the straight line in figure 4.6.
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Table 4.1: Variables, primary and compound parameters

symbol dimension interpretation
variables
t time time
X weight.length—3 food density
f - scaled functional response: X/K + X
v length® body volume
E energy energy storage
e energy.length—3 scaled energy storage density: E/[E,,]V
R, number eggs cumulated number of eggs

primary parameters

Vi length® volume at birth
V; length? volume at start reproductive stage
K weight.Jength® saturation constant

{I,} weightlength~2.time~! maximum surface area-specific ingestion rate
{A,} energylength~%.time™! maximum surface area-specific assimilation rate

[E..] energy.length™ maximum storage density
[M] energylength~®.time™'  volume-specific maintenance costs per unit of time
[G]  energylength™ volume-specific costs for growth
K - fraction of utilized energy spent on
maintenance plus growth
q - mother—egg energy conversion overhead
s = nutrient conducting efficiency
é weight.ind. ™! resource extinction for nematodes

compound parameters
v length.time ™! energy conductance: {An,}/[En]
m time™! maintenance rate constant: [M]/[G]
g - energy investment ratio: [G]/x[E,]




Chapter 5

Growth curve analysis, II

submitted: R.J.F. van Haren, F.K. Arntzen and H.J. Atkinson
Growth of vermiform nematodes compared with growth and fecundity of the potato cyst
nematode Globodera pallida on different hosts, a model approach

5.1 Introduction

Nematode growth is usually measured from changes in cross-sectional area, chemical oxygen
demand, dry weight or volume. The latter may be obtained indirectly from morphome-
tric measurements [3, 193]. Another approach is to quantify nematode development for
instance by monitoring first appearance of a specific developmental stage. This approach
is frequently combined with determining the effects of temperature. Temperature influ-
ences growth and development of poikilothermic animals within lower and upper limits.
Usually growth and development increases from the lower threshold to an optimum before
declining at the upper temperature limit. Temperature affects development of Meloidogyne
javanica, Heterodera avenae, H. cajani, Globodera pallida and G. rostochiensis in this way
[66, 137, 106, 149, 224]. A model can be developed that is based on the product of time
and temperature above the basal minimum and time (a day-degrees concept). This allows
development to be modelled in relation to environmental temperature but it assumes a
linear relationship between temperature and growth below the optimal for development
[106, 224). This approach is not suited for quantifying changes in size which are important
for nematode fecundity.

A second approach to study growth of nematodes is to analyze body size directly
against time. When the lethargus before a moult is of significant duration, inflection points
occur in the growth as for Aphelenchus avenae [67]. Therefore analysis has sometimes
been restricted to growth for a single stage of development [31]. Discontinuous growth
is particularly noticeable for M. javanica species because after establishment the animal
moults without intermediate feeding from the second-stage juvenile to the adult female
[27]. Maximum size achieved by the nematode is influenced by quantity of food available
to Caenorhabditis briggsae [205, 206] and it is also likely to be influenced by both food

73
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quality and intraspecific competition as occurs for M. javanica 28, 29] and H. schachtii
[109]. Maximum size is also influenced by host plant species [29, 5] and by cultivars differing
in levels of partial resistance [31, 179, 187, 259].

Growth over a period of continuous growth is usually modelled with a range of em-
pirical curves including logistic, Gompertz, and Chapman-Richards [180, 205, 146]. These
models envisage growth as an autonomous process without any relationship to energetic
constraints. Even more complex models in which energetic constraints are incorporated
still consider growth as autonomous without links to energetics [146, 179].

Atkinson [10] suggested that energetic constraints imposed by trophic form may in-
fluence the body size of plant parasitic nematodes. Recently we have begun to address
energetic requirements for growth of the plant parasitic nematode, G. pallida by applying
a Dynamic Energy Budget model [90]. This approach is based on the work of Kooijman
[125] whose models have been previously applied to a range of invertebrates [92, 184, 269].
The DEB model distinguishes three main body fractions for an animal: (1) structural
biovolume (somatic tissue) (2) stored energy reserves and (3) gonads and/or stored energy
reserves allocated to reproduction. The contribution of these body fractions to total biovol-
ume changes with time although homeostasis for each fraction is assumed. The proportion
of incoming energy stored is proportional to the surface area of the structural biovolume.
Energy utilization from these reserves is allocated to (a) growth (b) maintenance and (c)
reproduction. A fixed fraction of the utilized energy is allocated to reproduction while the
remainder is allocated to growth and maintenance. Energy demands for maintenance have
priority over those for growth, which ceases when food densities are low. The energy costs
of maintenance are proportional to structural biovolume. At constant food densities, the
stored energy reserves are in equilibrium with the environment and consequently growth of
structural biovolume is a weighted difference between surface area and volume. Previous
application of the DEB model to sedentary cyst nematodes [90], assumed that G. pallida
experiences constant food densities once established as a parasite. This simplifies the DEB
model and in these conditions growth of the structural biovolume follows the Bertalanffy
growth curve,

Within a species, size is often related to fecundity [170, 125]. This effect has been
reported for M. incognita and correlated with the resistance status of the cultivar of alyce-
clover genotypes [178] but not vines [146]. Plant resistance to nematodes is defined from
parasite reproduction and may be either qualitative or quantitative in nature [43, 243].
Qualitative resistance of the potato to G. pallida and G. rostochiensis is considered to
indicate a single gene for resistance whereas that of a partial nature has a polygenic basis
[243]. Receatly a cultivar of potato, Multa has been developed which provides monogenic
resistance to certain populations of G. pallida [6] which correspond to Pa2 forms on the
European pathotyping scheme [132]. Resistance to nematodes is usually assessed from the
multiplication factor i.e. ratio of the initial and final population densities after growth on
a host plant which for G. pallida is estimated from the encysted egg number [48]. Such
measurements do not distinguish between resistant responses that influence the frequency
of female establishment from those that act later to reduce her fecundity.

We have applied the DEB model to analyze the quantitative growth patterns of several,
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vermiform nematodes to verify this approach to analysis of nematode growth. Following
this, we have developed a form of the model for females of G. pallida beyond the position
reached in our previous work [90]. In particular we have applied the model to define the
influence of host status on body size and fecundity of G. pallida during both a compatible
and incompatible interaction with potato cultivars. Our objective is to consider the value
of the approach for assessing quantitative resistance.

5.2 Materials & Methods

5.2.1 Growth of G. pallida under experimental conditions

G. pallida (population ’Rookmaker’ designated as Pa3, Research Institute for Plant Pro-
tection) were reared in a glasshouse on susceptible cultivar Irene in 10 dm® pots. Cysts
were recovered from the soil and stored using standard procedures [225]. They were soaked
for one week in tap water prior followed by potato root diffusate at 20 °C [225]. Nematodes
hatched 1-3 days later were used for experiments. Explants of potato cv Bintje from tissue
culture of about 3-4 cm were supplied by the NAK, Emmeloord, NL. They were added to
autoclaved growth pouches (Northrup King, Vaughan’s Seed Company, USA) containing 8
em?® Steiner feeding solution. Four pouches were placed in each autoclaved sun transparent
tissue culture bag (44.0 x 20.5 cm) which was equipped with 24 mm 0.02 mm filter disc
(SIGMA Chemical Company). After adding 50 cm?® sterile water, the bags were closed
and placed in a phytotron (20 °C, 80% relative humidity, 16/8 LD and 1.26 MJ.m~2.h™!
light energy). Roots of about 5-8 cm were developed after 6-8 days. The growth pouches
were opened and circular 9 mm Whatman GF /A glass microfiber filter was placed beneath
the growing root tip. Thirty nematodes in about 15 mm® were pipetted on the root tip
which was covered by a second filter and incubated as before. The filters were removed
after 24 h to provide a limited infection-period. Infected roots were sampled each week
and nematodes were stained in-situ by boiling them in 0.05% cotton blue lactophenol [225].
Differentiated root tissue with nematodes were transferred to 50% glycerol in water, desic-
cated and mounted permanently in pure glycerol [225]. Nematodes were measured using a
differential interference contrast microscope (200 x magnification Zeiss Axioskop) equipped
with a drawing tube and a xy-tablet digitizer (MiniMop, Kontron Bildanalyse). Surface
area, length, oesophageal width and mid-body width were measured. Oesophageal (region)
width was measured at the proximal base of the medium bulb of the oesophagus.

5.2.2 Growth of G. pallida on different cultivars

Tubers of potato cvs Bintje, Elles, Darwina, Multa and Maritta were allowed to chit in
the dark. A wedge shaped region (3 ecm long, 2 cm depth, 1 em width) around one shoot
of 1 em long was excised with a sterile scalpel and allowed to dry for 1 h. It was sterilized
in 1% hypochlorite solution with tween for 7 minutes, washed in running tap water for 1
h and placed in the pouch. Plants were established in the phytotron and infected with
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twenty J2’s of Pa3 on cvs Bintje, Elles and Darwina and thirty J2’s of Pa2 populations
D236 (virulent against Maritta only) or P2-22 (virulent against both Multa and Maritta)
on cvs Multa and Maritta [6]. Filters were removed after 24 h and the plants were grown.
Four pouches were harvested weekly, nematodes were again stained inside the root and
oesophageal width of individuals was determined as before. The number of developed
females per root were counted for Pa3 on cvs Bintje, Elles and Darwina after 45 and 52
days of development (harvests 7 and 8).

Excised sprouts of cvs Multa and Maritta were grown on 20 cm® 2% bacto agar in tap
water in 8.5 cm diameter petri dishes and infected as before. Petri dishes were stored in
the dark. After 13 days post-infection, the roots were harvested and stained as before. The
number of penetrated nematodes were counted and their developmental stage and sex were
determined. The cross-sectional area of each nematode was measured using the calibrated
xy-tablet.

5.2.3 Cyst size and fecundity of G. pallida

Cysts of the Pa3 population used above (reared on cv Irene) were sieved through a bank of
16 sieves ranging in mesh size from 0.250 mm to 0.750 mm in steps of 0.025 — 0.100 mm.
Twenty full cysts from each fraction were crushed and the eggs suspended in 10 cm® from
which egg numbers were counted for two replicate samples of 1 cm?®.

5.2.4 Model description

Growth of the structural biovolume follows, under conditions of constant food densities,
the Bertalanffy growth curve:

L(t) = Loo — (Lo — Lp) exp {—7t} (5.1)

In which L is a length measure of the structural biovolume, L., is the ultimate length
achieved, L; is length at birth and t is time. The parameters L., and 7 of the Bertalanffy
growth curve for G. pallida can be interpreted in terms of the DEB theory, see van Haren
[90]. The growth rate v (d~!) can be rewritten as:

_gm (3  3dnln =
"‘3(f+g)‘(5+ v ) -

with f is the scaled functional response, v is the energy conductance, g is the energy
investment m is the maintenance rate constant and d,, is the shape factor for a nematode,
see [90] for an extensive discussion and [125] for derivation of the model.

The maximum length, L., = fL,, of the nematode can only be reached at optimal
environmental conditions and can be written as:

L = g_f:; (5.3)
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At sexual maturity, with size L,, sedentary cyst nematodes cumulate the investment
of energy into reproduction inside their bodies. The cumulated energy investment into
reproduction between times t, and t; is given by Kooijman [125] (page 147-148):

0 if L(t)< L,
et ={ o g (537 17(s) ~ B) ds it L(t) > L, i

where { = fL[L is the scaled length and gg is the scaled reproduction rate.

The basic growth pattern for nematodes is isomorphic vermiform. We assume saccate
nematodes do not differ from this basic growth pattern and effectively superimpose their
gonads and the relative high energy reserves allocated to reproduction on the surface area
of the structural biovolume. This can be idealized as a cylinder, see figure 5.3. The
oesophageal width provides a measure of structural biovolume because it is hardly used
for storage of energy reserves. Mid-body width L4(t) is the sum of oesophageal width L(t)
and twice the gonal length Lg(0,1) at each site. Gonads and stored energy allocated to
reproduction are deposited around the cylindric shape of the nematode so the increase in
width is proportional to the energy cumulated for reproduction. On this basis gonal length
Lg(t) is:

. 0 if L(t) < L,
01 t = m f(akile) g2 s)-12 5 . 55
R( ) Vrar Jro( E-p{!)ﬁ (s) ;p)d if L{i) > Lp ( )

where the volume Vg is a constant which converts the scaled cumulative reproductive
energy per squared oesophageal width into the contribution to the total width. Mid-body
width is consequently the sum of oesophageal width and twice the gonal length:

L4(t) = L(t) + 2Lgp(0,1) (5.6)
The cross sectional area of the nematode A is proportional to L% + 2LgL:
A(t) aL?(t) + 2BLgp(t)L(t)
a1?(t) + 25210,
(a — B)LA(t) + BL(t)(La(t)
o' L*(t) + BL(t)La(t) witho' =a—p (5.7)

The final number of produced eggs R, at the end of the growing season at t = t; is
proportional to the total energy allocated to reproduction, so R. = Vger(0,t), where
Vi is egg content per unit volume. The relation between mid-body width and number of
produced eggs can be derived after substitution of R, in equation 5.5 and 5.6:

VaR.
VeL(t4)

Il

Il

I

La(ts) = L(t;) +2 if L(t) > L, (5.8)

Re= S E (Lt IA(ty) = I(1) i L) > L, (5.9)
R
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It is assumed that all physiological rates are in the same way affected by temperature
of the body. This implies that the rate constants 4, v and m (dimension time™!). are
function of temperature, T'. For a specific temperature range the (non-linear) Arrhenius
temperature correction is usually applied [125]:

K(T) = ck(T) exp {%‘L N %} (5.10)
where T is the absolute temperature (in Kelvin), T} a chosen reference temperature and &
a physiological rate. The physiological rates are reduced at low and high temperatures due
to inactive enzyme configurations at these temperatures. This means that the physiological
(reaction) rate has to be multiplied by the fraction of the enzyme that is in its active state.
According to this fraction c:

7. T 1 =1
c=(1+exp{$—%}+exp{ TA‘;H— ;;H}) (5.11)

where Ty, and Ty relate to the lower and upper boundaries of the temperature tolerance
range and T4 1 and T4 gy are the Arrhenius temperatures for the rate of decrease at both
boundaries.

5.2.5 Data analysis and parameter estimation

The data was collected from values or figures (using the x-y tablet) in the literature and
by experimentation. The derivatives of total sum of squares (TSS) with respect to the
parameters (i.e. the normal equations) are approximated by the forward difference method.
The roots of the normal equations are solved with the Gauss-Newton method for systems of
nonlinear equations [189]. Standard deviations of the parameters are estimated according
to the large sample theory of maximum likelihood estimators [46], assuming a normal
distribution for the scatter around the deterministic model. When data are available
for more than one set of environmental conditions (food density, temperature etc.,), a
simultaneous fitting procedure was applied.

5.3 Results

5.3.1 Temperature and development rates

The effect of temperature on development of G.pallida was re-analyzed with equations 5.10
and 5.11, using previously published data [149, 137, 204], see figure 5.1. The lower and
higher temperatures of the temperature tolerance region were fixed at 3 and 33 °C. These
figures are realistic since Stanton [228] found development and hatch of G. rostochiensis at
5 and 30 °C. Small differences in the temperature tolerance region has a minimal impact
on the fitted parameters. The optimum temperature for development rates appears to be
approximaly around 22 °C.
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Figure 5.1: Arrhenius temperature cor-

rection for stage specific development

rates of G. pallida. Simultaneous regres-

sion analysis with equations 5.10 and 5.11

is applied on data from [149] (- - ) on max-

imum development rates (first nematode

completing development) and from [137] 8.2
(+++) and [204] (—) on median development
rates. The estimated parameters are: T4 3 0¥
is 8033 (sd=561) K, Ty is 298.3 (sd=0.37)
K. The estimated maximum development
rates k are respectively for J2-J3: 4.84
(sd=0.29) days O, J2-J4: 8.96 (sd=0.21)
days A, J2-male: 14.4 (sd=0.15) days
M and the estimated median development
rates are, embryo-J2: 7.03 (sd=0.31) days
o, J2-13: B.95 (sd=0.22) days +, J2- @.a4 |
female: 18.4 (sd=0.12) days x. The refer-
ence temperature is 20 °C (293.15 K) and
the parameters T, Tar,Tay are fixed at . L L L N 4
respectively 276.15 K, 16158 K and 37372 e e 28 3e

K. Temperature, °C

5—1

Development rate

5.3.2 Growth of vermiform nematodes

The growth curve of C. briggsae at constant food density fits a Bertalanffy curve ( figure 5.2)
with differences in food density influencing the final weights of the nematode, the largest
experiencing the highest food densities. A vermiform plant parasitic nematode which
conserve its shape throughout development is shown in figure 5.2. Aphelenchus avenae
grows according to a common estimated growth rate 4 for both length and width. This
apparent constant proportionality between the two linear measurements implies isomorphic
growth.

5.3.3 Growth of G. pallida

Females of saccate species show a clear change in shape as they grow. We suggest mid-body
width is a size measure for fecundity and oesophageal width is a measure for the structural
part. The cross-sectional area, A, is composed of a both structural part and a gonal part of
the biomass. In figure 5.4, the cross-sectional area is plotted against the oesophageal and
mid-body width and decomposed into its discrete parts, according to equation 5.7. The
estimated shape parameters a and 3 have been used in simultaneous regression analysis to
provide figure 5.5 which indicates growth for both the parts of the body. Figure 5.5a shows a
Bertalanffy curve for the oesophageal width. It is a smooth (Bertalanffy) growth indicating
that oesophageal width is an isomorphic measurement throughout growth. The satisfactory
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fit also implies that food density remains constant during development. Mid-body width
increases with time (figure 5.5b) a few days after establishment. The oesophageal width
is around 0.022 mm when mid-body growth commences and this is assumed to be the
minimum size for sexual maturation: L,. The nine parameters given in the legend of
figure 5.5 describe the morphological and energetical growth of G. pallida on potato cultivar
Bintje.

The relation between size and fecundity from equation 5.9 is given in figure 5.6. Fe-
cundity was measured for cysts, oesophageal width and as a consequence could not be
measured directly because this region is often lost during removal of cysts from plants.
Therefore it is calculated using the parameter values given in figure 5.5. The minimum
mid-body width (diameter cyst) for egg-bearing females is estimated to be about 0.22 mm.
This corresponds with an oesophageal width of about 0.04 mm.

5.3.4 Growth of G. pallida on different hosts

Results for growth of Pa3 on partial resistant cultivars Darwina and Elles is shown in
figure 5.7. Female development occurs with estimated final oesophageal widths smaller
than of Bintje. The predicted fecundities differ considerably, as can be seen in table 5.2.
The differences in fecundity are also reflected in the differences in cross-sectional area. The
fractions of established and developed females relative to the initial inoculum of 20 J2’s of
the partial resistant cultivars are lower relative to cv Bintje, see table 5.2. The product of
fraction developed females and their fecundity can be regarded as the ratio between initial
and final population density i.e. the multiplication factor. The multiplication factors are
respectively for Bintje, Elles and Darwina: 456, 112 and 107. When ranked relative to cv
Bintje the values are 1x, 0.25x and 0.23x respectively.

Results for growth of Pa2 populations D236 and P2-22 on cvs Maritta and Multa
are shown in figure 5.8. The susceptible cv Maritta supports a large final length of the
oesophageal width for both populations of G. pallida. The estimated final oesophageal
widths, L., differ by almost a factor of three between the compatible and incompatible
interactions of D236 with cv Maritta and Multa respectively. Final oesophageal width of
P2-22 on Multa appeared to be smaller relative to Maritta, indicating a possible source of
partial resistance, which is confirmed by pot experiments [6]. Experiments performed in
petri dish, confirmed that cv Multa supports only development of males (table 5.3). The
final oesophageal width of males developed on Multa are the same as for males developed
on cv Darwina: about 0.027 mm.

5.3.5 Host suitability ranking

Final oesophageal width (L) is plotted against both final width and the Bertalanffy
growth rate 4 in figure 5.9. The relation between the data points seems to be linear but
this requires confirmation by further study with more nematode-host plant interactions.
“The predicted fecundity (from figure 5.6) is plotted against L., for oesophageal width in
figure 5.9. The dark grey region in figure 5.9 represents the oesophageal width range below
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which only male development occurs. The light grey region represents a transition zone,
due to uncertainty, between the minimum female oesophageal width below which no repro-
duction can occur (from figure 5.6) and the final male oesophageal width. Further study
with more nematode-host plant interactions might give a better estimate for minimum
female oesophageal width final male oesophageal width.

5.4 Discussion

Qur analysis of previously published data for growth of vermiform nematodes suggests
that Bertalanffy growth curves can be applied to the species we considered. Vermiform
nematodes remained basically isomorphic during development. This implies that eggs
production by mature females is constant over a period of time as is shown for A. avenae
[68] and C. briggsea [205, 206].

In contrast, the saccate nematode G. pallida cumulates the energy allocated to repro-
duction and the resultant retention of eggs is associated with a change in body shape. The
oesophageal region is not involved in the storage of eggs or energy reserves and so remains
isomorphic during development. This body region can therefore be analyzed with the same
Bertalanfly growth curves as used for the vermiform nematodes. Equation 5.1 suggests a
body length for a hypothetical vermiform, female G. pallida of about 3.1 mm which is
larger than corresponding estimates for A. avenae (1 mm) [67] and D. dipsaci (1.3 mm)
[31]. The body length of vermiform G. pallida males derived in the same way as for the
vermiform female is between 0.8 — 1.1 mm. This is in close agreement with actual data of
vermiform males of 1.0 — 1.2 mm [229]. The figure for G. pallida provides an estimate of
the extent that the trophic form of G. pallida via specialised feeding cells supports a larger
body size than achieved by vermiform plant parasitic nematodes that do not modify plant
cells.

The overall relationship between cyst size and fecundity found in this work has been
suggested previously from experiments with susceptible and resistant cultivars [152]. A
more comprehensive data set with cysts of various G. pallida populations, virulence groups
and reared on various susceptible cultivars [7] supports the conclusion of this work that
there is an overall relationship between these two factors. There is also an overall rela-
tionship between oesophageal width and mid-body width for nematodes grown on different
cultivars, which demonstrates the direct relation between somatic tissue size and fecundity.

Our work demonstrates that host ranking for G. pallida suitability from oesophageal
width provides a simple and reliable experimental system for comparative measurements
of growth. The direct relation between size and fecundity enables estimates for fecundity
based on size measurements alone. In combination with the number of established females
predictions of the multiplication factor Ny,/N, can be made. Different methods for as-
sessing the multiplication factor can be compared by scaling the multiplication factor on
a reference cultivar [173]. Comparison of the scaled multiplication factors obtained by pot
experiments (1, 0.24 and 0.13 for respectively Bintje, Elles and Darwina at 0.4 egg.g soil!
[93]), are in agreement with those found in this paper (1, 0.25 and 0.23) and show the same
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ranking.

Thg particular advantage of measuring oesophageal width is its direct relation with the
energy uptake by the nematodes. The estimated parameters m, g, Vrgq, and L,, can be
used for establishing the energy budget of the nematode [92, 125] and in further analy-
sis for modelling population dynamics of G. pallida on different hosts and different initial
population densities. Furthermore the Bertalanffy growth curve can be applied to the data
providing the growth conditions remain constant. This facilitates parameter estimation for
comparative research on host suitability. As resistance is currently measured from egg pro-
duction, we suggest that sources of resistance that do not effect nematodes as we describe
affect processes other than growth. For instance, nematode population increase could also
be reduced by the frequency of success in establishment rather than by influencing subse-
quent growth of females.
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5.4. DISCUSSION

Table 5.1: Variables and parameters

symbol dimension interpretation
variables
t time time
T temperature temperature
f = scaled functional response
L length length structural biovolume
A length? cross sectional area
Vv length?® structural volume
I o scaled length structural volume: f‘:
Lg length cumulated gonal length
L4 length total length (mid-body width): L +2Lg
R, # cumulated number of eggs at t = 4
e - scaled energy density
en - scaled energy density into reproduction
paramelers
Ly length length at birth
L, length length at start reproductive stage
L, length maximal length
Lo, length ultimate length: fL,,
Vrqr length® conversion cumulative energy investment
reproduction to contributed gonal length
Vi # length=3 volume specific egg content
t time time of end of growing season
v length.time™1 energy conductance
m time™1 maintenance rate constant
g = energy investment ratio
T4 temperature Arrhenius temperature, K
T temperature lower temperature threshold
Ty temperature upper temperature threshold
Tar  temperature Lower Arrhenius temperature
Tapy temperature Upper Arrhenius temperature
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Figure 5.2: Left figure: Growth of Caenorhabditis briggsae at different food (bacterial Es-
chenchm coli) concentrations, data are from Schiemer [205]. The fitted curves are V1/3 (V1/3

)exp{ 7i(t — d;)} with a time delay d; at the onset of growth and i the counter for each
food density. The fitted cuberoot weights (in pg!/3) are: VUB—O 207 (sd=0.0141), V.}/*=1.00

m,1=

(sd=0.0277), V,/3=0.869 (sd=0.0262), V,/3=0.835 (sd=0.0593); the growth rates (in d~') are:

71=0.467 (sd=0. 0493), 72=0.396 (sd=0. 0592}, 73=0.265 (sd=0.0682); the time delays (in days)
until first feeding are: dy=0.682 (sd=0.0827), d,=0.770 (sd=0.141), d3=1.41 (sd=0.303).
Right figure: Growth in length and width of Aphelenchus avenae feeding on the fungus Rhi-
zoctonia solani, data are from Fisher [67]. The simultaneous fitted curves are L;x — (Ljx —
L;_1x)exp{—y(t — d;)} with j the counter for the developmental stages and k representing the
counters for length and width respectively. The fitted body lengths and body width (in um)
for each developmental stage are: L;=224.6 and Lo, =14 (fresh hatched, second stage, fixed
values), Ly =402 (sd=21.4) and L;,,=21.0 (sd=4.81) (final length and width third stage, initial
length and width fourth stage), L,;=881 (sd=44.5) and L;,,=36.0 (sd=4.34) (final length and
width fourth stage, initial length and width adult stage), L3;=1035 (sd=21.6) and Lj,,=41.7
(sd=8.45) (final length and width adult stage), the growth rate y=0.465 (sd=0.0588) d~!, the
acclimatization time do=0.0758 (sd=0.0837) days and the development times d; and d until the
fourth larval stage and the adult stage are respectively 2.29 (sd=0.103) and 6.02 (sd=0.668) days.

Width, um
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Figure 5.3: Morphometrics of A. avenae, see figure 5.2 and G. pallida, see figure 5.5, are drawn
on the same scale. A. avenae is drawn at t=0, {=2.29, t=6.02 and {=8 days which corresponds
with the length and width of the moulting periods. L,, and L; correspond respectively with 41.7
and 1035 pm. G. pallida is drawn at t=0, t=12, t=29 and {=63 days. Cross-sectional area is sum
of structural (aL?) and gonal area BLgpL, see equation 5.7. L, and L correspond with 60 um

and 470 pm respectively.
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Figure 5.4: Relation of oesophageal width, L (left), and mid-body width, L; (right), with cross
sectional area A of G.pallida grown on the susceptible cv Bintje (experiment 1). The simultaneous
(left and right) fitted curves are A = a’L?(t) + BL4(t)L(t) with o/=20.2 (sd=3.97) and $=>5.10
(sd=0.51). The dashed line in the left figure represents the contribution of structural area to the
cross sectional area.

Table 5.2: Mean oesophageal width, mid-body width and cross sectional area of Pa3 after 52 days
development on different cultivars with fraction of developed females, estimated final oesophageal
width, L, and maximal predicted fecundity, see also figure 5.7.

cultivar  oesoph. width mid-body area fract. females L,  pred. fecund.

mm mm mm? mm  eggs.cyst ™',
Bintje 0.0608 0.532 0.249 44 0.076 1037
sem 0.00237 0.0130 0.0115
Elles 0.0565 0.434 0.179 .18 0.069 624
sem 0.00130 0.0223 0.0147
Darwina 0.0540 0.409 0.175 13 0.073 830

sem 0.00156 0.0248 0.0184
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Figure 5.5: Growth of the morphometric variables oesophageal width L, mid-body width Lg,
and surface area A, of G.pallida and the relation between oesophageal and mid body width on
cultivar Bintje. Fitted equations are 5.1 and 5.6. The morphometric parameters a and 3 from
equation 5.7 are estimated separately in figure 5.4. The estimated parameters are m=0.0624 d—!
(sd=0.012), g=1.26 (sd=0.616) and Vrqr=.00288 (sd=3.07 10~*). The next parameters are fixed:
Loo=0.0987 mm, L,=0.022 mm, L;=0.0161 mm, f=0.8, «=20.2 and #=5.1. The dashed line in
the bottom right figure represents the contribution of oesophageal width to mid-body width.
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Figure 5.6: Diameter cysts of G.pallida
and its egg content. Cysts are classified
in cohorts of 30 um distance and the egg
content of 20 cysts is determined. The fit-
ted curve is equation 5.9 with an offset £
corresponding with the size at start of the
reproductive stage: R. = 6(LaL? — L3) —
§. Since only mid-body width could be
measured reliably, the corresponding oe- 2 L
sophageal width L was reconstructed from
calculations based on figures 5.4 and 5.5.

Number of eggs, x188
o
T

The estimated parameters § and £ are re- a . s
spectively 2363 (sd=148) eggsx 100.mm 8 e.2 8.4 8.5 e.s
and 0.660 (sd=0.251) eggsx 100. Diameter cyst, mm

Table 5.3: Cross sectional area, sex ratio and developmental stage of populations Pa2 D236 and
P2-22 grown on cultivars Maritta and Multa after 13 days at 20 °C
cultivar population area mm? +sem n female male

Maritta D236 0.02225 4.47E-4 185 159 61
Maritta P2-22 0.02564 5.74E-4 93 137 21
Multa D236 0.01799  5.20E-4 28 0 33
Multa  P2-22 0.02691 4.24E-4 95 119 46
total number individuals and per developmental stage
cultivar population total J2 J3 J4 adult
Maritta D236 342 17 78 214 33
Maritta P2-22 238 17 56 143 22
Multa D236 164 41 89 34 0

Multa  P2-22 330 4 107 189 30
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Figure 5.7: Growth of G. pallida Pa3 on Bintje (¢) and the partial resistant cultivars Elles
(&) and Darwina (4). The lower right curve represents male development on cv Darwina (X).
Fitted curves are L(t) = Lo — (Loo — Lo)exp{—~t}. The final length, L, and growth rates, v,
are respectively for Bintje, Elles, Darwina and Darwina, male: L,=0.076 (sd=.0068) mm and
1=0.027 (sd=.0058) d~'; L.,=0.069 (sd=.0053) mm and 7=0.030 (sd=.0059) d~'; L.,=0.073
(sd=.012) mm and y=0.023 (sd=.0082) d~'; L..=0.028 (sd=.0017) mm and y=0.087 (sd=.040)
a1,
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Figure 5.8: Oesophageal width of G.pallida population D236 (left) and population P2-22 (right)
grown on potato cultivars Multa (o, —, resistant for D236) and Maritta (O, ---, susceptible) at
20 °C. Fitted curves are L(t) = Loo — (Lo — Lo) exp{—~t}. Initial oesophageal width Lo is an in
common estimated parameter for population D236: 0.012 (sd=6.1 10~*) mm and for population
P2-22: 0.016 (sd=4.7 10™*) mm. The other estimated parameters are for population D236 grown
on Maritta: L.=0.074 (sd=3.3 10~*) mm and v=0.026 (sd=2.6 10~2) d~'. For population D236
grown on Multa (only male development): Lo,=0.027 (sd=4.1 1073) mm and y=0.059 (sd=0.030)
d~1. The other estimates for population P2-22 grown on Multa are L., =0.057 (sd=1.7 10™%) mm
and v=0.043 (sd=3.9 10~?) d~!. For population P2-22 grown on Maritta: L.,=0.067 (sd=3.9
107%) mm and y=0.029 (sd=4.5 1073) d~1.
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Figure 5.9: Left figure: Classification of performance of different populations of G. pallida on
different host cultivars. The data points used, are the estimated parameters from figures 5.7
and 5.8. The relation between ultimate length of the oesophageal width L., and inverse Berta-
lanffy growth rates 1/v is according to equation 5.2: 1/y = a 4+ bLs. The estimates are for a
and b respectively: -2.1 (sd=5.3) d and 550 (sd=83) d.mm™~!. Right figure: Predicted fecundity
of female G. pallida. The prediction is based on the estimated parameters in figure 5.5 and 5.6.
The boxes (0O) refer to the same estimated final oesophageal widths, L, as in the left figure. No
egg production occurs in the shaded areas below oesophageal widths of 0.04 mm, see figure 5.6.



Chapter 6

Measuring feeding rates

submitted: R.J.F. van Haren
Quantifying feeding rates of the potato cyst nematode Globodera pallida by Image Analysis

of apoplastic applied fluorescein

6.1 Introduction

Cyst-forming nematodes induce syncytial feeding cells in roots of their host plants. These
modified plant cells function as transfer cells, providing the nutrients essential for the
nematodes’ sedentary parasitism. The role of the syncytium as efficient exchanger of
solutes has been deduced from structural and ultra structural studies in which cell wall
protuberances adjacent to conducting elements are found [114, 111]. This is predominantly
adjacent to xylem vessels, but ingrowths can be found when syncytia contact sieve tubes
[114]. The bulk of solutes is likely to enter the syncytium from the apoplast via the wall
ingrowths because plasmodesmatal frequency of the syncytium with neighbouring cells is
low [111]. Moreover it is found that the beet cyst nematode Heterodera schachtii does
not develop normally when the syncytium fails to make contact with xylem elements as is
found in resistant interactions [83, 141].

Root knot nematodes, Meloidogyne spp., feeding on syncytial analogue structures, giant
cells, act as strong carbon sinks for *CO; when exposed to leaves [30, 144], implying a
transport pathway of photoassimilates via the phloem. Dorhout [54, 53, 51] has found
apoplastic as well as symplastic transport pathways for selected fluorescent tracers into
Meloidogyne incognita induced giant cells. Dorhout [54, 51] suggests large transport rates
for both pathways, despite the low plasmodesmatal frequency [114, 111]. He also confirms
the existence of the proton (H+) pump mediated transport in the plasma membrane at
wall ingrowths adjacent to xylem elements [51]. Sijmons [220] stresses the importance of
amino acid porters acting in symport with the proton pump for efficient removal of nitrogen
compounds from the apoplast.

The quality and quantity of the withdrawn nutrients might affect nematode develop-
ment. The nematode feeds from the syncytium in regular cycles of respectively ingestion,
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resting and salivation [263]. Nutrients are withdrawn from the syncytium through feeding
tubes which are established at each feeding cycle and probably act as a sieve [203, 263].
Molecules of a maximum Stokes radius between 3-4 nm are ingested, while larger molecules
are excluded. This has been found by in situ microinjection of fluorescent dextrans dif-
fering in molecular weight [33]. Concentrations of ATP (adenosine triphospate), G-6-P
(glucose-6-phosphate), glucose and free amino acids are elevated in syncytial tissue com-
pared to growing root tips [84]. X-ray microanalysis [44] has revealed differences between
mineral content of syncytium and unmodified host tissue. Syncytia induced by Globodera
rostochiensis have less Na and S than other plant cells [44]. Single free amino acids are
important for nematode development as is demonstrated by Grundler and Betka [86, 26].
Glutamine appears to have positive effects on development while methionine, phenylala-
nine, lysine, and tryptophan have negative effects on development.

The quantity of withdrawn nutrients is hard to detect. Attempts have been made by
Miiller [151] to estimate ingestion rates by means of time-lapse film analysis of defecating
nematodes. Wyss [263] however states that this estimate is not reliable and should be
improved by calculations of volume changes in the pump chamber (valve system) during
median bulb pulsation and the frequency of bulb pulsations c¢f. Seymour [219]. Sijmons
[221] has calculated in this way an ingestion rate for a J4 female Heterodera schachtii of
0.4-0.6 times and for an adult female of four times the syncytial volume per day.

Ingestion rates of G. pallida are studied in this paper with aid of the apoplastic flu-
orescent tracer fluorescein. It is assumed that uptake rates of the fluorescent tracer is
equivalent to uptake rates of nutrients i.e. ingestion rates. This assumption is only valid
when 1) uptake via food is the only uptake route and 2) diffusion of the fluorescent tracer
via the nutrients uptake route is negligible relative to ingestion rates. Dorhout [53] has
demonstrated that fluorescein is able to accumulate inside giant cells and root knot nema-
todes when applied apically to the xylem. In this study attempts are made to quantify
the ingestion rates of adult females by image analysis with low-lux video cameras, see e.g.
[143], when similar procedures are followed. These measurements are compared with cal-
culated ingestion rates based on measured diameters of the pump chamber of the median
bulb.

6.2 Materials & Methods

6.2.1 Plant growth

G. pallida (population ‘Rookmaker’ designated as Pa3, Research Institute for Plant Protec-
tion) were reared in a glasshouse on susceptible cultivar ‘Irene’ in 10 dm® pots. Cysts were
recovered from the soil and stored using standard procedures [225]. They were soaked for
one week in tap water prior followed by potato root diffusate at 20 °C. Nematodes hatched
1-3 days later, were used for experiments. Explants of potato cv Bintje from tissue cul-
ture of about 3-4 cm were supplied by the NAK, Emmeloord, NL. They were added to
autoclaved growth pouches (Northrup King, Vaughan’s Seed Company, USA) containing 8
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cm?® Steiner feeding solution. Four pouches were placed in each autoclaved sun transparent
tissue culture bag (44.0 x 20.5 cm) equipped with 24 mm 0.02 mm filter disc (SIGMA
Chemical Company). After adding 50 cm? sterile water, the bags were closed and placed
in a phytotron (20 °C, 80% relative humidity, 16/8 LD and 1.26 MJ.m~2.h~" light energy).
Roots of about 5-8 cm were developed after 6-8 days. The growth pouches were opened
and 9 mm Whatman GF/A glass microfiber filter was placed beneath the growing root
tip. Ten to fifteen nematodes in about 15 mm?® were pipetted on the root tip which was
covered by a second filter and incubated as before. The filters were removed after 24 h to
provide a limited infection-period. Plants were allowed to grow until the female nematodes
appeared outside the root. They were then used for fluorescein uptake studies.

6.2.2 Calibration imaging system

Fluorescent images were made with a Leitz DM RB epifluorescence microscope equipped
with a Zeiss 20x LD Achroplan objective, a 50 W mercury lamp, an 13 ‘blue’ filter set (BP
450-490/RKP 510/LP 515) and an low-lux PLT 450 CCD camera (Adimec, Netherlands)
attached with a 0.3x C-mount. Fluorescein has a green fluorescent in buffered tap water
with an emission maximum at 515-520 nm [53)].

Video images were digitized using the frame grabber of an image analysis system (GOP-
302, Context Vision, Sweden with SUN3 host). The captured images are processed and
corrected for camera deviations before analysis. The linearity of response to the fluores-
cent was determined by measuring the light output from solutions of sodium fluorescein
in NaOH buffered tap water (pH=7.8). Known dilutions of this solution were placed in
a haemocytometer (depth 0.200 mm) with the epifluorescence in place. Fluorescence val-
ues were determined in duplicate from a fixed area in the field [15] after 15 seconds of
photobleaching.

The photobleaching power was determined with the same haemocytometer filled with
3 uM sodium fluorescein in buffered tap water exposed to continuous excitation. The
images are integrated 23x, captured and processed each second plus the time necessary
for completing the image acquisition program.

6.2.3 Dye application and uptake measurement

Plants were carefully removed from the pouch and transferred to a 9 cm diameter petridish
with 5 cm® 0.1% agarose (SeaKem, LE, FMC corporation). One healthy root with nema-
todes was carefully laid apart and fixed in position with plasticine. About 1-2 ¢m of the
root tip was placed on parafilm and decapitated with a razorblade. Immediately after
that a 100 mm?® pipet tip (5 mm of top removed) filled with 0.03 mM fluorescein in tap
water and sealed on one side with plasticine was connected to the root and sealed with
silicone grease. Subsequently the system was transferred to the microscope. A bright field
image was grabbed by the image analyzer and the shape of the nematode was outlined
manually. The number of frames of the camera was adjusted to the emitted light in maxi-
mal 5 seconds excitation. Subsequently 1-2 images were taken after 20 minutes each, with
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15 seconds excitation. The outlined (nematode) area was analyzed for its intensity (grey
values). The plant system was then transferred to the phytotron and kept in dark for until
the next measurement (24, 48 and 72 hours later).
Controls followed the same treatment, but in stead of fluorescein, tap water was used.
Volumes, V, of the nematodes were determined by dividing the IA captured images in
40-50 cross sections of 11.74 um thickness, h. The volume was calculated according:

V=) nhr} (6.1)
i=0

Photographs are made directly from the screen of the image analysis system with a
Polaroid Freeze Frame Video recorder on Kodak Ektachrome 100 ISO colour slides film,
from which black and white reproductions are made.

6.2.4 Data analysis

The mean intensity I of the outlined area is calculated by the total sum of single grey values
g; multiplied by the number of pixels p; and subsequently divided by the total number of
pixels of the area:

256
Jam S 00N (6.2)
i=1Pi
The linearity and of the low-lux camera and the calibration of the imaging system is
tested with the following equation:

I=aF[C]+b (6.3)

with I is the mean intensity, grey value.pixel™!, F' the number of frames, [C] the con-
centration, mM, « the proportionately constant, grey value.(pixel.frame.mM)~" and b the
offset, grey value.pixel™!. The intensity of the outlined area (ranging between 0 and 256
grey values) was transformed according the calibration to fluorescein concentration:
I-b%
Cl=—— 6.4
=2 (64)
Uptake of the dye is analyzed with a one compartmental model with first order kinetics

of tracers [213]:

Q(t) = Qoexp{—kut} + 1e(1 — exp{—kut}) (65)

in which Q is the concentration of the dye inside the nematode pmol.mm™2, @ the con-
centration of the dye at t=0 (including autofluorescence), ¢ the concentration of fluorescein
in xylem, pmol.mm™2, k, the elimination rate d~! and k, the uptake rate, mm®.mm=>d~"

The intensity decreases during measurements due to photobleaching. It is assumed
that decay of intensity due to photobleaching has a similar mathematical formulation as
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the decay of an radio active isotope. Since ingestion during the 15 seconds measurement
can be neglected, only decay of the tracer is of importance. So the total experiment can be
represented by two equations, one for the decay only and one for the uptake/elimination:

B Qoexp{—kst} during measurement: k, > k, 6.6
Q) = Qo exp{—k.t} + %:c(l — exp{—k.t}) otherwise: k, =0 (6.6)
in which k, is the photobleaching rate d=*.

6.2.5 Measuring diameter of valves in median bulb of oesoph-
agus

The diameter of valves in the median bulb was determined with fixed and in glycerol
mounted G. pallida used in growth and development experiments, described in [89]. A Zeiss
Axiovert 10 inverted microscope equipped with differential interference contrast (DIC) and
Zeiss ACE analog contrast enhancement was used. Images were printed on a Sony UP-
811 video graphic printer. Diameters of the feeding pumps were measured manually from
the printed images. Magnifications up to 2950x were reached in this way. Oesophageal
(region) width was measured at the proximal base of the median bulb of the oesophagus.

Photographs were made with a Contax camera attached to the Sony video graphics
printer on Kodak Plus-X-Pan 125 ISO black and white film.

6.3 Results

6.3.1 Calibration

The response of the imaging system to fluorescent light emitted by solutions containing
various concentrations sodium fluorescein in tap water was at least linear over the range
0.3 uM to 30 uM, as can be seen in figure 6.1. The sensitivity of the camera was ad-
justed by changing the number of integration frames, which could vary between 1 and
999 frames. The estimated parameters, given in figure 6.1, were used to calculate the
fluorescein concentration inside the nematode.

Photobleaching of the tracer is an important process as can be seen in figure 6.1.
Therefore a standard period of 15 seconds of photobleaching was taken in order to reduce
small differences in opening of the aperture of the excitation light beam. The estimated
parameter k, was used in further analysis of the experiments.

6.3.2 Fluorescein uptake

Fluorescein applied apically to the root was transported rapidly upwards by xylem ele-
ments. Within 1-2 minutes the fluorescein had reached the feeding site of the nematode.
Xylem transport however was not always successful probably due to disrupting the vascular
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Figure 6.1: Left: Calibration of low-lux camera with fluorescein. Fitted function is: I = aF[C]+
b. Regression analysis is performed on non-transformed data. The estimated parameters are: « is
2246 (SD=12.87) (grey level.[pixel.frame.mM]~!) and b is 9.755 (SD=0.6428) (grey level.pixel~!).
The number of integration frames, F, is respectively 3 (o) 9 (O) 15 (A) 21 () 31 (M) 43 (x)
and 55 (+) times.

Right: Photobleaching of fluorescein measured in standard volumes at 3 uM. Four series are
measured. Time steps are 1 second with the time necessary for completing the program loop.
Each time step is around 6.8 seconds. The number of integration frames is 23. An exponential
decay function is fitted: e(t) = coexp{—kst} with ¢y is 4.67 (SD=0.066) uM and k is 0.199
(SD=3.69 10~2) time steps.

tissue by handling. Nineteen individuals have been followed in time, two were used as con-
trols, nine accumulated fluorescein and the others were discarded due to lack of transport,
leakage or otherwise.

Uptake of fluorescein by an adult female is shown in figure 6.2. Digitized images,
in which the amount of whiteness (intensity) is proportional to the concentration of flu-
orescein inside the female are shown. The background intensity at t=0 was caused by
autofluorescence of the nematode. The colour of the autofluorescence is yellowish. The
autofluorescence was more intense on the outline of the nematode image suggesting that
it was associated with the cuticula of the nematode. The intensity at t=1, 2 and 3 was
located inside the nematode which implied an increase of fluorescein. The colour of the
fluorescent inside the nematode was greenish, corresponding with the greenish colour of
fluorescein.

Intensity of the outlined area of nematodes can be quantified as is shown in figure 6.3.
Frequency distributions of pixels (area units) with a certain intensity are given. Inten-
sity was transformed with equation 6.4 to its corresponding fluorescein concentration, in
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which autofluorescence was assumed to be ‘background’ fluorescein concentration. The
positive shift of frequency distributions in cause of time is obvious, implying an increase
of fluorescein concentration.

The mean concentration inside the nematode was calculated by equations 6.2 and 6.4
and plotted in figure 6.4. Two possibilities of data analysis are shown, an overall up-
take/elimination neglecting photobleaching and a detailed description of the processes
during experimentation. Increase of fluorescein was apparent in the first day and reached
steady state later. This overall trend could be described by equation 6.5, see figure 6.4
(left). The uptake process was closely matched when correction for photobleaching was
applied according to equation 6.6, see figure 6.4 (right). The parameter k,/k. was in-
creased when correction for photobleaching was applied. The latter more likely matched
the uptake process.

Two more uptake patterns are shown in figure 6.5. The top figure represents a prolonged
fluorescein uptake, in which the nematode reached slowly its steady state. The lower figure
represents a fast uptake pattern. The fluorescein uptake rate in this figure was during the
first hour larger than the photobleaching rate.

Sometimes during the experiment fluorescein was visible in the gelatinous matrix on
the anterior end of the nematode. Figure 6.2 shows a bright field and an intensity image of
the nematode used in the experiment shown in figure 6.5, top. The fluorescein was visible
(greenish colour) after two days of fluorescein application. The intensity of the fluorescein
was not diffused through the entire matrix but localized in a region near the anus/vulva.
This implies that the fluorescein was complexed or bound in the matrix material and that
production of matrix material lasted several days.

Concentration in root system

The concentration of fluorescein in the xylem was measured by outlining manually the
vascular tissue within the pericycle. Figure 6.2 shows a bright field image and an intensity
image of the root just above the nematodes’ feeding site. The fluorescein concentration
as function of time of two root experiments is shown in figure 6.6. Fluorescein remained
constant for about 1-2 days in the xylem tissue indicating a continuous functioning of
the transpiration stream. The root ceased functioning after these 1-2 days so uptake
measurements were reliable only during the first two days.

Autofluorescence

(. pallida exhibits a yellowish autofluorescence when excited with ‘blue’ light, see figure 6.2.
The highest intensities were reached on the outline of the nematode suggesting that the
autofluorescence was correlated with cuticulous compounds. The intensity decreases when
water was applied instead of fluorescein as can be seen in the second image of figure 6.2.
The decrease in intensity is also shown in the intensity histograms in figure 6.7. The left
figure shows a shift to left of the intensity at start and after one day of water uptake.
This shift was probably caused by the photobleaching power of the ‘blue’ excitation. After



100 CHAPTER 6. MEASURING FEEDING RATES

Figure 6.2: Bright field and grey value images of fluorescein intensity. Length bar in photo 6
corresponds with 200 pm. Photo (1): Bright field image at t=1, Photo (2)-(5): Accumulation of
fluorescein inside G. pallida after t= 0, 1, 2 and 3 days of exposure, correspond with intensity
histograms of figure 6.3. Photo (6) and (7): Bright field image and fluorescein intensity imaged in
root. Photo (8) and (9): Bright field and fluorescein intensity (21 integration frames) imaged in
gelatinous matrix on the posterior end of the nematode after two days of fluorescein application,
fluorescein uptake is shown in figure 6.5, top. Photo (10)-(12): Background intensity of G. pallida
imaged at start and after one day control (water) exposure, corresponds with figure 6.7.
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Figure 6.3: Histograms of fluorescein intensity of exposure at t= 0 and 1 (left) and t= 2 and 3
days (right) in the nematode. The straight lines (—) represent t=0 and t=2, while the dotted
lines (- --) represent t=1 and t=3.

one day however the autofluorescent intensity appeared to recover. The reason of this
recovery is unknown but it might be related to reduced functioning of the root after one
day and concomitant formation of autofluorescence substances by root tissue [9, 197]. The
nematode might be able to ingest these substances.

The patterns of decrease in autofluorescence of two nematodes are shown in figure 6.8.
Photobleaching of the autofluorescence was apparent over the first day. The subsequent
increase in intensity is represented by dashed lines because of the unknown reason of
this increase. The intensities however did not exceed the level of intensity at start of
the experiment. So the intensity increase of the controls was of minor importance when
compared to intensity increase due to fluorescein uptake.

A summary of rate constants and the calculated ingestion rates are given in table 6.1.
The ingestion rate per individual was assumed to be the product of measured nematode
volume, V, and the fluorescein uptake rate, k,. The volumes, V, are also given in table 6.1.
The mean ingestion rate for adult females was about 0.42 mm?®.d~" xylem fluids per ne-
matode. The amount of fluorescein withdrawn per day per nematode was the product of
the ingestion rate and the concentration of fluorescein in xylem fluids, cVk,. The mean
amount of fluorescein withdrawn per day per nematode was 0.62 pmol.d~'.

6.3.3 Diameter feeding pump and ingestion rates

The diameter of the feeding pump of G. pallida was determined in order to validate the
uptake experiments. The diameter of the feeding pump increased with increasing size of
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Figure 6.4: Increase of fluorescein concentration in the nematode during measurement. The left
figure shows the uptake curve when no photo bleaching is assumed and only the second images of
each measurement are used: equation 6.5. The estimated parameters are Qg is 1.01 (SD=0.186)
pM ke is 4.94 (SD=8.25) d~! kq/ke is 0.848 (SD=0.0342) dimensionless. The measured fluorescein
concentration in the root ¢is 2.61 uM, see figure 6.6. The right figure shows the uptake curve when
photo bleaching is incorporated in the uptake process, equation 6.6. The estimated parameter
ka/ke is 1.10 (SD=0.0646) dimensionless. The following parameters are fixed Qo is 1.18 uM, k.
is 4.94 d™1, Ky is 32.19 d™! and e is 2.61 uM.

the nematode as can be seen in figure 6.9. The feeding pump of an adult female is shown
in figure 6.10. Size of the nematode was measured by determining the oesophageal width
since this part of the nematode was proportional with the somatic tissue of the nematode,
see van Haren [90, 89] for an extensive discussion.

Seymour [219] proposed the model V,,., = (D/2)*V/3 for the volume of the feeding
pump of Dytilenchus dipsaci based on shape arguments, in which D is the diameter of the
feeding pump. Depending on the pump frequency and the amount of time in the pumping
phase, the ingestion rate could be calculated. H. schachtii exhibited 5-8 pump pulses per
second and is between 60% and 70% of its time between moults in the pumping phase
[263]. These estimates were used for calculations shown in the right figure of figure 6.9.
The mean ingestion rate for adult females based on the diameter of the feeding pump was
between 0.022-0.035 mm?®.d~".

6.4 Discussion

It is found in this paper that fluorescein applied apically to xylem vessels can be taken
up by G. pallida. The uptake of fluorescein is a measure for ingestion of nutrients when
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Table 6.1: Estimated rate constants of fluorescein accumulation and elimination and ingestion
rates of adult female G. pallida.

summary of rate constants
uptake elimination bleaching nematode ingestion

rate rate rate volume rate

figure ka k. ks Vv Vk, cVk,

mm®.mm~—>3d ™! d-! d-! mm® mm®d~' pmol.d~?
6.4 5.43 4.94 32.2 0.029 0.16 0.41
6.5 (top) 5.52 0.882 32.2 0.066 0.36 0.32
6.5 (down) 25.9 14 4 32.2 0.029 0.75 1.12
6.8 (top) = 5 1.50 0.012 - -
6.8 (down) - 5 229 0.019 - -

Table 6.2: Relative increase/decrease of fluorescent concentration after exposure to fluorescein
or water after 1 and 2 days, based on second images of each measurement.

figure day 1 day 2
6.4 216 213
6.5 (top) 149  1.57
6 5 (down) 1.09  1.22

8 (top) 0.77 0.72
6 8 (down) 0.88 0.91

it is entering the nematode only via the stylet at a rate equivalent to the ingestion rate.
Diffusion for instance of fluorescein via the stylet into the nematode alters uptake and
ingestion rates. The effect of diffusion might probably be neglected because diffusion acts
only when the nematodes pumping chamber is open. The pumping chamber is open only
when the nematode is in the pumping phase, so uptake of fluorescein is a measure for
ingestion.

The syncytium mediates between the apoplastically available fluorescein and the nema-
tode. Therefore fluorescein has to cross the plasmolemma of the syncytium before entering
the symplast from which the nematode is feeding. Fluorescein, a membrane permeable
weak acid, pK, & 4.9, remains partially undissociated at physiological pHs and passes
the plasmolemma at an appreciable rate by passive diffusion [162, 53]. The passage of
its dissociated anion is very slow because the octanol/water partition coefficient, log K,
is 3-4 units lower than its corresponding undissociated acid [162]. Fluorescein has in its
undissociated form a green fluorescent [52]. The fluorescent inside the nematode appeared
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greenish, implying that the nematode ingests fluorescein in its undissociated form. It is
for the mathematical analysis of ingestion rates in this paper assumed that fluorescein is
only taken up in its undissociated form and that the concentration of fluorescein inside the
syncytium is in (pseudo) equilibrium with the concentration inside xylem vessels.

The mean ingestion rate of 0.42 mm3d~" xylem fluids for adult females can now be
compared with the ingestion rates calculated with the diameter of the feeding pump: the
pumping ingestion rates. Pumping ingestion rates for H.schachtii and G. pallida are given
in table 6.3 and are a factor 12-19 lower than the fluorescein ingestion rates measured
in this paper. ‘Pumping’ ingestion rates neglect the passive ingestion caused by pressure
differences between feeding cell and nematode. The low pressured nematode has only to
open its pump lining for passive feeding as is found for the plant parasitic nematode Hez-
atylus viviparus [50]. Syncytia of H.schachtii have high turgor pressures (10°Pa) [33], which
also opens the possibility for sedentary nematodes to feed passively. Ingested volumes in-
crease with increasing pressure differences. The calculations based on ‘pumping’ ingestion
rates are therefore minimum estimates since they neglect the pressure differences between
syncytium and nematode. The estimate of ingestion rate by means of fluorescent probes
matches therefore more likely the actual ingestion rate.

An adult G. pallida female ingests 16-114 times the syncytial volume per day when
estimates of syncytial volumes of H. schachtii are used (see table 6.4). The syncytial volume
does not decrease during ingestion, so the transport rate into the syncytium matches
the nematode ingestion rate. The transport rate or the solute diffusion rate across the
syncytium can be calculated using the estimate of 10 times surface area increase by cell wall
protuberances [113, 112]. The surface area of a 0.026 mm?® syncytium is than 0.00878 cm?,
while the thickness of the syncytium is proportional to its cubed root. A mean transport
rate of 0.42 mm3d~!, see table 6.1, results in a solute diffusion rate D=1.6 10~ cm?.s~!
which is about 300 times slower than free diffusion in water (D=5 10~® cm®.s™') [245]. For
example the average diffusion coefficient of carboxy-fluorescein through the annular pore
of plasmodesmata is about D=5.4 10™® cm®.s™! [244] and the apoplastic solute diffusion
of sulphorhodamine in nanopaths of wheat leaves is between D=8-9.5 10~® cm?®.s™" [38].
The in this paper measured solute diffusion rates are of the same order of magnitude as
the other diffusion rates.

The function of the connection of syncytium with xylem elements is uptake of selected
nutrients. Nitrogen rich compounds as amino-acids, amides and ureides are of importance
for protein synthesis inside the syncytium. Plant species vary in their xylem fluid compo-
sition. The nitrogenous fraction can be transported either as nitrate or as organic nitrogen
compounds [169]. The site of reduction of nitrate is essential for the feeding nematode to
establish its feeding site. Considerable levels of nitrate reductase activity (NRA) are found
in potato roots [168], comparable to the high NRA levels of field pea [169]. It is therefore
likely to assume that the feeding nematode has access to organic nitrogen compounds.

The possibilities for application specific fluorescent probes for quantifying apoplastic
and symplastic transport to the developing syncytium are promising, since many specific
fluorescent probes exist. The technique developed by Dorhout [51] and further extended in
this paper should be combined with the micro-injection experiments of Bockenhoff [33] in
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order to reveal the nutrient uptake dynamics of both the nematode and its syncytium. This
powerful combination is in principle capable of gaining inside in this intriguing parasite-

host interaction.

Table 6.3: Calculated ingestion rates (pumping ingestion rates) based on diameter of feeding
pump in median bulb and 5 or 8 pulses per second of H. schachtii and G. pallida

Ingestion rates

stage H. schachtii G. pallida
Wyss [263] this paper

¢ pump ingestionrate n ¢ pump  ingestion rate

pm mm?.d~! pm mm?3.d~?
J2 2.3 0.00069 0.0011 5 2.3 0.00074 0.0012
J3 3.6 0.0031 0.0050 2 3.9 0.0036  0.0058
J4 5.2 0.0091 0.015 1 4.9 0.0072  0.011
A female 7.8 0.031 0.050 10 7.1 0.022 0.035

Table 6.4: Estimates of syncytial volumes of H. schachtii during development

Estimates syncytial volume H. schachtii

stage Kerstan [121] Caswell [40] Golinowski [83]
mm? mm?® mm?3
J2 0.0021
J3 0.014
J4 0.026 0.0038
A female 0.0037 0.026
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Figure 6.5: Two other fluorescein uptake patterns are shown. The left figures are fitted with
equation 6.5 without photo bleaching, while the right curves are fitted with equation 6.6 with
photo bleaching. The estimated parameters from the upper left figure are Qg is 1.78 (SD=0.168)
pM k. is 0.882 (SD=0.751) d~! k, /ke is 3.74 (SD=0.721) dimensionless. The measured fluorescein
concentration in the root ¢ is 0.871 uM. The estimated parameter k,/k. from the upper right
figure is 6.26 (SD=0.507) dimensionless. while the next parameters are fixed Qg is 1.78 uM, k. is
0.882 d~1,ky is 32.19 d~! and c is 0.871 uM. The estimated parameters from the lower left figure
are Qg is 1.72 (SD=0.227) uM k. is 14.4 (SD=13.6) d=1 k, /k. is 1.49 (SD=0.0443) dimensionless.
The measured fluorescein concentration in the root ¢ is 1.49 pM. The estimated parameter k,/k.
from the lower right figure is 1.80 (SD=0.125) dimensionless. while the next parameters are fixed
Qo is 1.75 uM, k. is 14.4 d7 1k is 32.19 d~! and cis 1.49 uM.
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Figure 6.6: Concentration of fluorescein measured in the root after 24, 48 and 72 hours of
exposure. The measured concentrations of the second images of the first and second day of the
left figure are used in the data analysis of figure 6.4. The mean concentration is 2.61 uM.
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Figure 6.7: Histograms of autofluorescence of the control exposure at t= 0 and 1 (left) and t=
2 and 3 days (right) in the nematode. The straight lines (—) represent t=0 and t=2, while the
dotted lines (- --) represent t=1 and t=3.
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Figure 6.8: The autofluorescence of nematodes exposed to tap water instead of fluorescein. The
constant photo bleaching over the first days is fitted with equation 6.6, (—). After one day an
unknown autofluorescence component is taken up which process is fitted with equation 6.6, (- - -).
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Figure 6.9: Diameter of feeding pump, D, in relation with oesophageal width, L (left) and the
calculated ingestion rate (right). The regression line in the left figure is given by D = a + pL?
with p is 1.6 1073 (SD=1.9 10™%) um~! and a is 2.3 (SD=0.42) um. The right figure shows the
calculated feeding rate based on 5 or 8 pump pulses per second. The pumped volume V,ymp =
(D/2)3V/3, see text for further explanation.
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Figure 6.10: Oesophageal regions with median bulb and feeding pump of an adult female of
G. pallida photographed with ACE-DIC contrast enhancement. Bars are 10um. The upper
photograph shows the measured oesophageal width at the proximal base of the median bulb.



Chapter 7

Population dynamics

in preparation: R.J.F. van Haren, H. Regeer and M. van Oijen
Modelling population dynamics of potato cyst nematodes based on individual energy budgets
and potato root dynamics: a study into intraspecific competition

7.1 Introduction

The logistic growth model for intraspecific competition between individuals in single pop-
ulations originates from Verhulst in 1838 [208]. This model and its derived versions treat
individuals as identical objects. However individuals within a single population are known
to differ in size and weight. Bioenergetic processes as ingestion of nutrients, growth, main-
tenance and reproduction are strongly size-dependent [170, 139, 125] and cause differences
in allocation of nutrients between individuals.

Differences in size on the other hand are caused by different amounts of ingested nu-
trients [125]. Unequal resource partitioning, an aspect of intraspecific competition, leads
to size differences between individuals. Determination of the degree of intraspecific com-
petition by determination of the amount of nutrients ingested by an individual in a group
is technically very difficult [139]. However, reconstructions of the amount of ingested nu-
trients of individuals, can be made when individual size measures are known [92, 125].
Analysis of size frequency distributions of individuals for determination of the population
resource partitioning is not feasible since similar distribution functions may result from dif-
ferent underlying processes [138]. Therefore size distributions can only be used for testing
predictions based on processes which are determined separately at the individual level.

An individual based model [49, 117] is, for these reasons, suited for studying resource
partitioning between individuals. The main processes at the individual level determining
individual growth and reproduction are related to energy acquisition, its storage and its
use in an individual [125]. Resource partitioning in a population can be reconstructed by
bookkeeping the resource utilization for individuals.

Sedentary organisms are relatively easy to study especially when these organisms are
distributed along a resource gradient. An example of such a system is the interaction
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of sedentary plant parasitic nematodes of the family Heteroderidae (order Tylenchida)
with their host and each other. The root knot nematodes Meloidogyne spp. and potato
cyst nematodes Globodera spp. are well known plant pathogenic species and are therefore
studied extensively [55]. These species locate a growing root tip in soil, penetrate root
tissue and establish themselves around the vascular tissue of the plant root which provides
them with nourishment. Females remain sedentary and protrude the root cortex when they
mature. Females of cyst nematodes retain eggs inside their cuticula which hardens after
death. These species have usually one generation a year in temperate regions. Nematodes
moult four times before reaching the adult stage. The four juvenile stages are numbered
J1-J4 in which the second juvenile stage (J2) is the infective stage.

Population dynamics of Meloidogyne and Globodera have been studied extensively in
the past and the importance of intraspecific competition for population regulation has been
stressed several times [161, 216, 110, 63, 40, 217]. The models which are developed hitherto
can be roughly separated into the logistic equations [161, 215, 216, 110] and the simulation
models [61, 62, 64, 252, 39, 204]. Some individual based models are developed hitherto
[10, 146, 179, 90, 89]. The majority of these models for population growth describes
only highly aggregate population level variables such as population size, and as result
can account for intraspecific competition due to increased population density in a strictly
qualitative manner [47].

The dynamics of nematode populations resemble the incomplete contest competition
sensu Lomnicki [139]. This mode of competition is characterized by unequal relations
between larger individuals which can limit the resource intake of smaller individuals and
smaller individuals which are unable to limit the resource intake of the former [139]. This
in contrast to the scramble mode of competition in which smaller sized individuals can
limit the resource intake of larger ones.

The aim of this paper is to evaluate the population consequences of the individual
dynamic energy budget for growth and fecundity of individual potato eyst nematodes Glo-
bodera pallida [90, 89, 88]. A model for the plant-nematode interaction is developed. This
model describes the resource partitioning for G. pallida which is based on nematode estab-
lishment, root growth dynamics and the adverse reactions of the nematode on the plant.
The resource partitioning model in combination with the DEB model is used to predict
population dynamics and its associated size distributions at different initial population
densities. The results are tested against experimental data which are for this purpose
performed in field and mesocosm at different initial population densities. Size distribu-
tions and final population densities are determined after the growing season. In addition,
experiments from literature are analyzed to estimate parameters.
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7.2 Materials & Methods

7.2.1 Field experiments

Field experiments were performed in the NE area of the Netherlands during the growing
seasons of 1991 and 1992. The fields were infected with G. pallida. These experiments
were described in detail elsewhere [160, 159, 91]: a summary follows of relevant details.

Potato cultivars Darwina, partially resistant to G. pallida and Elles, tolerant to G.
pallida, were planted on the 15th of May, 1991 in disinfected and non-disinfected soils with
severe G. pallida infestations. Soil was sampled by taking 6-7 kg soil per plot of 1.5 m? in
about 35 soil probes. The air dried soil was processed and cysts were collected after flotation
in water on a 250 um mesh filter. Viable eggs were determined in a hatch test by putting
cysts in potato root diffusate and counting the number of emerged second stage juveniles
(J2’s) after the test was finished. The test ended when the controls with weekly counted
emerged J2’s yielded relative few J2’s. The number of nematodes was determined in the
root system during the growing season by differential staining with lactophenol cotton blue
of root tissue [225]. The size of the root system was measured by minirhizotron observation
tubes in soil and by core sampling. Further details are given in van Oijen [160, 159] and
van Haren [91].

7.2.2 Mesocosm (pot) experiments

Shoots of cultivars Darwina and Elles were planted in pots of 5 dm® with 10 kg (dry weight)
of standard soil, a mix of yellow sand, 50 g lavalite (2-4 mm diameter) 30 g fertilizer
(NPK with trace elements, Nutriflora, Rijnvallei Netherlands) and 70 g sterilized dried
cow manure (Asef) on the 14th of May 1993. Plants were grown outdoors in a herbivore
protected area. G. pallida designated as Pa3 population ‘Rookmaker’ was inoculated in
nylon filter bags (mesh size 25um) with 3-375 cysts per bag. The viable egg densities were
0.4, 2,10, 50 and 100 eggs.g soil~'. Five bags were used in the mesocosms with 0.4 egg.g ™,
while the other densities had 10 bags per mesocosm. Darwina was grown in respectively
3, 11, 3, 3 and 11 pots for each density and Elles in respectively 3, 7, 3, 3 and 7 pots.
Egg viability was assessed by crushing cysts and counting visually its viable egg content.
Plants were watered daily when necessary during the growing season. After 106 days the
potato plants were cut off above ground and left dry for several weeks. The air dried soil
was processed and cysts were collected after flotation in water on a 250 pgm mesh filter.
New cysts were counted and its egg content was assessed by crushing all the cysts the
mesocosm yielded with a maximum of 300 cysts.

Size distributions were determined by automated Image Analysis of all the new cysts
present in a mesocosm. One mesocosm per density of 0.4 and 100 egg.g~' were analyzed.
About 20-50 cysts were put in counting chambers of 1 em? with transmitted light and
their images were digitized using the frame grabber of an image analysis system (GOP-
302, Context Vision, Sweden with SUN3 host). The captured images were processed and
corrected for camera deviations before analysis in order to obtain square pixels. Cysts
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were distinguished from non-cyst particles on shape and size. Neighbouring cysts were
separated digitally by a ‘watershed’ operation which identifies maximum intensity values
between closely connected objects and makes a division at this intensity maximum.

7.2.3 Pouch experiments

Potato shoots of the cultivars Bintje, Elles and Darwina of about 1 cm in length with a
wedge shaped region around the shoot were placed in autoclaved growth pouches (Northrup
King, Vaughans’s Seed Company USA) and established in a phytotron, as described before
[90]. After 6-8 days 20 hatched juveniles in 15 mm?® were inoculated on the root tip on glass
fibre filter which was removed after 24 hours as described before [90]. Series were made
with respectively 1, 2 and 3 inoculations per growing root resulting in roots with varying
nematode number. Controls were made with 1 inoculation of 15 mm?® in tap water. Roots
with more then 1 inoculation were allowed to grow for 1 day before the next inoculation
occurred. Root length growth was measured at each inoculation and at 4 days after the
last inoculation. The inoculated roots were drawn on the transparent polyethylene of the
growth pouch and measured afterwards with a xy-tablet digitizer.

7.3 Model development

7.3.1 Nematodes in soil

The population dynamic model of the nematodes is derived with the aim to link it with
crop growth models of potato developed by van Oijen [158, 160, 159]. For this reason,
root growth is assumed to be logistic, since root growth is usually found to obey a sigmoid
relation with time:

Y

d

Here is Y total root length (length.plant™'), r root growth rate (time=') and Z the max-
imum length the plant can achieve at optimal environmental conditions (length.plant=').
D is assumed to be the inhibitional effect of nematodes on the root growth of the plant
(length.time™'.plant='). Main variables and parameters are summarized in tables 7.1
and 7.2. There is no definitive identification of a damage mechanism by nematodes; see
Schans and van Oijen for an extensive discussion on this topic [204, 160, 159].

Three possible kinetic damage measures, ), can be formulated, which can be related
to specific mechanisms.

1. The most straight forward damage measure is to take it proportional to the number
of nematodes in the root system D = s;N,, with s; is root length reduction rate
per nematode (length.time™'.nematode™) and N, the number of root established
nematodes (number.plant™!). Each nematode has in this case a detrimental effect
on root growth by either nutrient uptake, physical damaging of the plant vascular
system, or both.
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2. The second measure is based on the assumption that damage is proportional to
number of penetrating nematodes, D = s;% N, with s; is root length reduction per
nematode (length.nematode™!). This hypothesis corresponds with the induction of
abscisic acid (ABA) upon each nematode establishment and subsequent photosynthe-
sis reduction.

3. The third measure is based on the assumption that damage is proportional to the
total biovolume of the nematodes inside the root system: D = s3 [; N.(a)V(a)da in
which ss is the root length reduction rate per nematode biovolume (length.time™!
length=2).

Dormant nematode eggs, Ny, in the soil are activated by root exudates from the plant
[253]. Root exudates are mainly produced by growing root parts [185] and are broken down
due to microbial activity or otherwise [136, 204]. The soil volume in which root exudates
are active, is assumed to be proportional with the explored soil volume of the root system
(defined here as the rhizosphere): so all dormant eggs within the rhizosphere, N,, can be
activated and hatch proportional to root growth rate dY/dt. Growing roots increase the
volume of the root system and incorporate dormant eggs inside. The change in the number
of eggs in the rhizosphere, N, is:

L. (ﬁ - kN,) By= (E - k”"y) By (7.2)
dt p di p p dt

where ny is the dormant egg density in the soil outside the explored soil volume (number.
length™2), k the hatch stimulation activity per root length (length™') and p is the specific
root density in soil (length.length™®). The density of eggs within the rhizosphere is by
definition: n, = pN, /Y. Differentiation and substitution in equation 7.2, leads to:

L— . l}i
an,—{y n.,(k—l-y) diY (7.3)

The same procedure can be followed for the number of hatched, J2, nematodes N,
inside the rhizosphere. The number of hatched J2’s increase by hatching and decrease due
to either inactivation by starvation [195] or establishment inside the root. Hatched J2’s de-
plete their lipid reserves and loose their motility. Motility is also affected by environmental
conditions, such as soil pore size, soil moisture and temperature [231, 232, 194, 195, 196].
The effects of environmental variables other than temperature are not considered in this
paper. The infective capacity of J2’s decreases concomitantly with decreasing lipid reserves
as is found by Robinson [195]. For reasons of simplicity it is assumed that decrease of in-
fective capacity (inactivation rate) is proportional with the number of hatched J2’s and
their lipid content. Nematodes invade root tissue just behind the growing root tip in the
region of elongation, close to the meristematic zone [265, 264]. So the number of invading
nematodes is also proportional to the root growth rate %Y and the density of hatched
nematodes n, in the soil. The change in the number N, of hatched J2’s is consequently:

d d png d

1
aNu —kN,.EY‘*uN“ — P EY—;

d d
(kn..YEY —ungY — pnaa}’) (7.4)
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with u is the inactivation rate (time™'), and p is the fraction of nematodes which succeed
in root finding and subsequent establishment. The density of active J2’s in the rhizosphere
is by definition: n, = pN,/Y and its change is:

d u 14p\]| d

Ena —{knr_na (%—Y-FT)}EY (7.5)
The change in number of established nematodes is:

d pn, d

ENC = TEY (7.6)

The nematode density n. (nematode.length™) inside the root is by definition: n, = N./Y
and its change is:

d png dYy
"= (T "=) va (1)

7.3.2 Resource partitioning amongst individuals

Invaded nematodes initiate a feeding cell close or attached to the vascular system. The
feeding cell develops to a multicellular syncytium which functions as a transfer cell, pro-
viding nutrients essential for nematode development. Apoplastic and symplastic transport
pathways of solutes into the syncytium are identified [30, 54, 51, 88]. Nutrients transported
by the vascular system are therefore likely the main nutrient sources for the nematodes.
Since root growth rate is proportional to the amount of nutrients provided by the plant, it
can be assumed that nutrient availability at the site of nematode establishment is propor-
tional to root growth rate, £V

Upon feeding cell initiation, J2’s loose their mobility and become sedentary. It is
frequently found that the initial feeding cell may be destroyed by other migrating J2 in
the root tissue [263]. Whenever this occurred the J2 has to find another initial cell in the
vicinity of its cell or in case of failure starve to death [263]. The probability of this kind of
interference increases with increasing nematode densities. The amount of nutrients X is
therefore proportional to the ratio of root growth rate and the number of invaded juveniles:
X(t) x £Y/£N..

It is assumed that nematodes inside the root system compete with each other and/or
their host for nutrients. Intraspecific competition and host suitability are affecting sex ratio
of the invaded second stage juveniles [242, 202, 241, 150, 86]. The decision about future
sex of the juveniles is made in the second juvenile stage of root established nematodes
(at least 3 days of feeding after invasion) [26, 86]. Food quantity and/or food quality are
identified as the main causes of future sex determination [26, 86].

There are thus three density dependent processes identified, which affect resource parti-
tioning: (1) damage and/or nutrient withdrawal to the plant, (2) interference upon feeding
cell establishment and (3) density dependent sex ratio shift.
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Food quality (biochemical composition of phloem and/or xylem fluids) is assumed to be
constant over the entire root system but might differ between host cultivars. The amount
of ingested nutrients per nematode is assumed to be proportional to the scaled Holling type
II functional response, f(t) = X(¢)/(K + X(t)) [88], in which K is the saturation constant
of the functional response where nutrient intake of the nematode is half its maximum value.
The probability of an invaded juvenile for becoming a female ¢;, can be assumed to be
equivalent to the functional response of the nematode, so:

o5(t) = £(t) = - T&Ne et (78)
A K+4y/EN, ~ K+ 2= ‘

pna(t)

where K has the dimension (length.nematode™!). Equation 7.8 implies that with increasing
density of hatched nematodes the functional response decreases. The number of developing
females is now:

d d 4y
ENC‘! = ¢!‘J£Ne = W (7.9)
Let ¢, be the fraction of developed males: ¢,, = 1 — ¢y, then:
K
P = = (7.10)
K+ pna(t)
The sex ratio ¢s/ ¢, is then:
4y 1
Pr_ & P (7.11)

o KEN ~ K2l ~ Kpn,(0)

See Thornley [241] for an equivalent derivation of a saturation kinetics based sex ratio
model.

7.3.3 Dynamic Energy Budget (DEB) model for individuals

Determination of sex ratio based on nutrient availability connects intraspecific competition
with individual energetics of established nematodes. Energetic requirements for growth of
the nematode has been modelled before [90, 89, 88] on the basis of the theory of Dynamic
Energy Budgets (DEB) [125]. The DEB model distinguishes three body fractions of the
animal: (1) structural biovolume V/, (2) stored energy reserves, e and (3) gonads and/or
energy reserves allocated to reproduction, R. The ingested energy is proportional to the
surface area of the structural biovolume. Energy that is utilized from these reserves is allo-
cated to (a) growth (b) maintenance and (c) reproduction. A fixed fraction of the utilized
energy is allocated to reproduction and development while the remainder is allocated to
growth and maintenance. Maintenance has priority over growth, so growth ceases when
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food density is low. The energy costs of maintenance is proportional to structural biovol-
ume. The incoming energy adds to the reserves, which follow a first order dynamics when
expressed as density:

d
—e=vV3(f —¢) (7.12)
dt
where e is the scaled energy density, v is the energy conductance (length.time™"), f the
functional response and V the structural biovolume.
The above leads to the growth of the structural biovolume:
V23
4, _ eVl —gmv (7.13)
dt e+g
where m is the maintenance rate constant (time™') and g the energy investment ratio (di-
mensionless), see [125] for an extensive discussion and development of this model, including
tests against experimental data.
The infective J2 stage in the soil does not feed, consequently the J2 depletes its en-
ergy reserves. The functional response is in this case f = 0. The energy reserves drop
exponentially as:

E(t) = Epexp{—vtV 13} (7.14)

Previous application of the DEB model to sedentary cyst nematodes [90, 89, 88], revealed
that G. pallida experiences constant food densities once established as a parasite, so we
take e = f. This simplifies the DEB model and under these conditions growth of the
structural biovolume (equation 7.13) follows the Bertalanffy growth curve. The structural
biovolume can be measured as length according to: V = (d,,L)* in which L is a length
measure for the structural biovolume and d,, is a shape constant that is specific for the
species under consideration and the choice of the length measure. Oesophageal (region)
width is used as length measure for the biovolume, see van Haren [89] for the underpinning
of this choice. Equation 7.13 can now be solved and written as:

L(t) = Loo — (Lo — L) exp {—~t} (7.15)

In which L is a length measure, L., is the ultimate length achieved and L; is length at
birth and ¢ is time. The parameters L., and v of the Bertalanffy growth curve for G.
pallida can be interpreted in terms of the DEB theory, see van Haren [90, 89] and Kooijman
[125]. The growth rate v (d™!) can be rewritten as:

atia = (et ) o

At sexual maturity, with size L,, sedentary cyst nematodes cumulate the investment
of energy into reproduction inside their bodies. The cumulative energy investment into
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reproduction between times ¢; and t; is given by Kooijman [125] (page 147-148), see also
[89]:

0 if L(t) < L,
er(ty ) = { grm [ (2H9) f2(s) — B) ds if L(t) > L, (7.17)

where | = fL/L., is the scaled length and gp is the scaled reproduction rate.

Females retain their eggs at the posterior end inside the body, so fecundity is propor-
tional to the diameter of the posterior end of the body i.e. mid-body width L;. Mid-body
width is the sum of oesophageal width and twice the gonal width: Li(t) = L(t) + 2Lg(t)
in which Lg(t) is:

0 if L(t) < L,
Lg(0,t) = m [ (2242 12(e)—13 ) ds 7.18
r(0,1) Viarm [ ( ﬁ{t)ﬂ’n B s rLys L, (7.18)

where [ = fL[L,, is the scaled length ¢g is the scaled reproduction rate and Vg is propor-
tionately constant.

The final number of eggs produced per female R, at the end of the growing season at
t = t; is proportional to the total energy allocated to reproduction; so R. = Vgeg(0,t;),
where Vg is egg content per unit volume. The relation between mid-body width and
number of produced eggs is, see also [89]:

Ve

Rczm

(La(ty) L2(ty) — L*(ty)) if L(t) > Ly (7.19)
which can be rewritten as: R, = §{La(t;)L*(t;) — L*(t1)} — ¢ with § is the amount of egg
per unit volume (egg.length=2) and ¢ (eggs) a measure corresponding with the minimum
size for female maturation.

The cross sectional surface area A is a function of both oesophageal width and mid-
body width: A(t) = aL?(t) + BL(t)L4(t) with a and § the proportionality constants, see
also [89].

Temperature is an important variable in determining physiological rates of ectothermic
organisms. Temperature correction functions are applied for studying individual growth
and population dynamics in field or mesocosm experiments. The Arrhenius temperature
correction is chosen because of its direct relation with enzyme kinetics [125, 89]. It is as-
sumed that all physiological rates are in the same way affected by temperature of the body.
This implies that the rate constants (dimension time™') are a function of temperature, T

K(T) = ck(T}) exp {% - %} (7.20)
where T4 is the Arrhenius temperature (Kelvin), T is the absolute temperature (in Kelvin),
T, a chosen reference temperature and k a physiological rate. Reconstruction of tempera-
ture time series can be done with sinusoidal interpolation functions [94]
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7.3.4 Nematode population dynamics in the root system

The host of the potato cyst nematode is an annual crop. The growing roots activate
dormant eggs which hatch subsequently and establish themselves in root tissue. Age of
the established nematodes increases thus with the time elapsed since establishment in the
root tissue concomitantly with the age of the root tissue at the site of establishment itself.
Let N, s(a)da denote the number of females with an age after invasion somewhere between
(a,a+da) where da is an infinitesimally small time increment. The total number of females
N, s is thus Ny ; = fo! N, s(a) da. where t; is the time at the end of the growing season
which also marks the end of the invasion and development of the nematodes.

The total number of eggs produced per plant (root system) R (eggs) is :

R= fo" N. ;(a)R.(a) da (7.21)

where R, is defined in equation 7.19. From equation 7.21 the mean number of eggs per
female R. can be derived: R. = R/A. ;. The egg density of the newly formed eggs na(t)
in the rhizosphere is: n4(t;) = pR/Y, in which Y is the final root length at ¢ = ¢;.

The size frequency distribution F based on cross sectional surface area A is now

g | " N ;(a)A(a) da (7.22)

7.4 Results and discussion

The individual based population dynamic model has many parameters. The parameters
describing individual growth, development and reproduction were estimated on the basis of
experiments described elsewhere [89]. These parameter values were used in this study for
population dynamics. The parameter values of the individual model are given in table 7.3.
The remaining parameters are given below.

7.4.1 Temperature reconstruction

Soil temperatures which have been measured weekly at 10 cm depth are shown in figure 7.1
for the field experiment in 1991 and the mesocosm experiment in 1993. The maximum esti-
mated soil temperature was 18.7 °C in 1991 and 16.2 °C in 1993. The estimated parameters
of the sinusoidal interpolation function were used in analysis of the measurements in the
field and in a mesocosm with an Arrhenius temperature of 8033 [89].

7.4.2 Infectivity, damage and sex ratio

Analysis of literature data, provided parameter estimates of infectivity, damage and density
dependent sex ratio. Robinson [195] found a decreasing infectivity of J2 juveniles together
with a decrease of juvenile lipid content. His data are shown in figure 7.2 with a curve
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Table 7.1: Variables of soil, resource partitioning and individual model

symbol dimension interpretation
t time time
Y. root length.plant™"  root length per plant
N, number number eggs in rhizosphere
N,  number number (active) hatched juveniles
Ne number.plant~! number established nematodes in root
ny number.length—3 density eggs in rhizosphere: pN, /Y
Ta number.Jength=23 density hatched juveniles: pN,/Y
Ne number.Jength~! density established nematodes in root: N./Y
f - scaled functional response
X length.nematode™  root length available for feeding
of - fraction juveniles becoming female
Pm = fraction juveniles becoming male
Vv length® biovolume individual nematode
L length oesophageal width
Ly length mid-body width
e - scaled energy density
{ - scaled length
R, number.nematode™  cumulated number of eggs per female
A length? cross sectional surface area
T temperature temperature
N, number number females per plant
R number number of eggs produced per plant
F number.length? size frequency distribution

fitted according to equation 7.14. The estimated inactivation rate of 0.11 d=! was used in
the population model as inactivation rate of the active juveniles, n, in soil.

Upon invasion plants had a reduced root growth. The results of growth pouch ex-
periments on growing root tips are shown in figure 7.3. The variation between different
series has been large; so for reasons of consistency only the series with three subsequent
inoculations are shown. The variation might be caused by size differences of the shoots
between series. The data were analyzed with damage curves according to hypothesis (1)
and (2). Both of the damage curves could be fitted on these data, therefore the simplest
hypothesis, i.e. the linear one was chosen for parameter estimation.

From these data it appeared that cultivar Bintje was the least reduced in root growth
per inoculated J2 compared to cultivars Darwina and Elles. Cultivars Elles and Darwina
had the highest initial root growth rates with few inoculated J2’s. The controls of the
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Figure 7.1: Soil temperatures measured at 10 cm depth of the field experiment in 1991 (left)
and the mesocosm experiment in 1993 (right). The sinusoidal interpolation function T(t) =
1+ ocos 2#%': is applied for both time series. The estimated values for p,o and ¢, are in 1991
respectively: 9.59 and 9.07 °C and 63.6 days and for 1993 respectively: 12.44 and 3.73 °C and
65.2 days.

cultivars, not shown here, had the highest root growth rates, with Elles the fastest growing
and Bintje the slowest growing cultivars.

Density dependent sex-ratio of G. pallida and G. rostochiensis on respectively cultivars
Bintje and Aran Banner is shown in figure 7.4. Equation 7.11 described fairly well the
data obtained from Mugniery [150] and Trudgill [242]. The saturation constant K of the
functional response could be calculated from the estimated parameter ¢ and the specific
root densities p.

7.4.3 Root growth and nematode establishment in field

Root growth and nematode establishment were monitored simultaneously during the field
experiments in 1991, see [160, 159] for further details. Root growth curves of cultivars
Elles and Darwina in nematicide treated soil and untreated soils together with nematode
densities in roots are shown in figure 7.5. This kind of nematode dynamics in root systems
was observed before [59, 230], where maximal nematode densities occurred between 30 and
70 days after potato planting. The parameters of equations 7.1 through 7.3 were estimated
by simultaneous regression analysis per cultivar of the data.

Root growth was suppressed in soils with an initial egg density n; of 13.4 egg.cm™3.
This corroborates the measured root growth reduction in the growth pouches, see figure 7.3.
The root growth curve was described by the logistic growth curve, equation 7.1 with
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Figure 7.2: Decrease of lipid con-
tent (o, —) and penetration ca-
pacity (+,:--) of infective juveniles
of G. rostochiensis in moist soil
(pF=1.66). Data are from Robin-
son [195] The curves are: Q(t) =
Q(0) exp{—wt} with Q(0) is respec-
tively 66.4 (SD=4.73) lipid units
and a fraction of 0.57 (SD=0.052)
and w is 0.113 (SD=0.014) day~.
The estimated rate parameters w

when each curve is treated sep- [ 7w H
arately are respectively for lipid - O T N T LA O A

decrease and penetration 0.108 e 4 8 12 16 28 24

(SD-_—0.0?O) and 0.116 (SD=0.021). Starvation time, days

48

Lipid content of J2
Fraction penetrated J2s

28

temperature correction and the linear damage hypothesis (hypothesis 1). The estimated
parameters are given in table 7.4. The damage induced by nematodes on cultivar Darwina
was not described properly by the logistic growth curve and the linear damage hypothesis.
Therefore two separate estimates of the logistic growth curve were made for Darwina one
without nematodes and one with nematodes, the estimates are given in table 7.4.

The nematode density in the root increased first, reaching its maximum close to the
inflection point of the logistic growth and decreased subsequently. The decrease was caused
by adult males leaving the root and by root protruded females which were lost during
sampling. Therefore an additional loss term has been added to equations 7.6 and 7.7, in
which the nematode loss rate is proportional to its density, this leads to:

d _ g 1 d
e = {? - (k+ ?)}—Y-nn,. (7.23)

with 7 the loss rate (d~1).

7.4.4 Nematode population dynamics

The establishment of nematodes was studied together with root growth in the previous
section. Now the population dynamics of G. pallida is considered in mesocosm experi-
ments with several initial egg densities. The number of females per plant, number of eggs
per female and the size frequency distribution of the females were determined in these
MESOCOSMS.

The individual growth model, equations 7.15 and 7.19, was combined with the equa-
tions describing nematode establishment, as discussed in the previous section. The results
are shown in figure 7.6 and 7.9. The upper graphs of each figure show density dependent
female establishment and fecundity for the cultivars Darwina and Elles. The parameter
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estimates of these curves are given in table 7.4. These curves show that the overall popu-
lation dynamic aspects can be explained by the individual growth model with intraspecific
competition.

The size frequency distribution at low initial densities (0.4 egg.g™") could not be pre-
dicted properly because of the stochastic nature of nematode invasion at very low densities,
which was not modelled. At high initial densities (100 egg.g™!) the frequency distribution
for cv. Darwina was predicted satisfactory. The positively skewed distribution might there-
fore be caused by unequal resource partitioning which provides the first established females
with the largest proportion of the resources relative to later established females. The lat-
ter is clearly demonstrated in figure 7.7 where cross sectional surface areas are given for
female nematodes which are established at respectively day 1, 25, 55 and 90 in the root
system of cultivar Darwina. The final cross sectional surface area of the females decreased
due to intraspecific competition and due to differences in moment of establishment where
differences in moment of establishment had the largest impact.

The final cross sectional surface area of 0.28 mm? of the female established at day 25
corresponded with the maximum cross sectional surface area found in the mesocosm ex-
periment at an density of 0.4 eggs.g™". The cross sectional surface area of 0.35 mm? of the
female established at day 1, corresponded with the largest female found at 100 eggs.g™?,
see figure 7.6. The probability for an early female establishment increased with increasing
initial egg densities. The correspondence of these predicted cross sectional areas with the
measured areas confirmed the parameter estimates of the individual growth model.

The reconstructed scaled functional response f, a nutrient measure, decreased with
increasing number of active nematodes in soil which were competing for establishment
in the root. After about sixty days the functional response increased again because the
number of active J2 in soil decreased. The number of active J2 dropped after sixty days
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Figure 7.4: Density dependent sex-ratio
of G. pallida (O) and G. rostochiensis (¢)
on susceptible cvs. Bintje and Aran Ban-
ner respectively. Data are from Mugniery
[150] and Trudgill [242]. Curve is accord- L . . . L . L
ing to equation 7.11: sex ratio = /N with e 18 28 38
©=2.00 (sd=0.099) (number.cm~1). Larve!| density, number.cm root ™'

Sex ratlio, females/males

since less J2 hatched and active J2 lost their infective capacity due to starvation. The hatch
of J2 decreased after sixty days because root growth diminished. This caused reduction in
the root exudate production which reduced the hatch rate of J2’s. These interconnected
sequences are shown in figure 7.8. Only 20 % of the encysted eggs in the rhizosphere
appeared to hatch in the model. Reports in literature gave values between 60-90 % [59].
The dynamics of decrease of eggs in the rhizosphere corresponded with the dynamics found
in fields where the main hatch occurred within a month [166].

Although the number of females per plant and the number of eggs per female were pre-
dicted properly, the size frequency distributions of G. pallida grown on cultivar Elles did not
agree with the observed data, see figure 7.9. The observed data resembled approximately
an homogeneous distribution while the predicted distribution resembled approximately a
normal distribution. The homogeneous size distribution pointed to less competition and/or
interference between individuals then was assumed in the model. Potato cultivar Elles is
tolerant to G. pallida so its crop yield is not severely affected by nematodes. This corrob-
orates the homogeneous size distribution.

The predicted final population density n4(t;) as function of initial population density
ng(t) is shown in figure 7.10. The curve for cv. Elles closely matched the observed data.
The curve for cv. Darwina deviated at higher initial densities from the observed data. This
was caused by the high egg content per female found in the mesocosm relative to low initial
densities.

The final length of the total root system as a function of initial density is also shown
in figure 7.10. These damage curves correspond with damage curves found by Elston for
yield reduction of potato crops in field [56]. The estimate of the explored soil volume by
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the roots in the mesocosm was, at an initial egg density of 0.4 egg.g™", close to the 5000
cm?® of the mesocosm itself. The estimate of the explored soil volume at 100 egg.g™! was
2023 and 2400 cm?® for Elles and Darwina respectively, which implied that only half of the
soil of the mesocosm was occupied by the root system.

Size was demonstrated to depend on the cumulative amount of nutrients withdrawn
by the established nematodes. Consequently, resource partitioning between individuals
could be represented by ranking individuals according to size, where the largest individual
was ranked as number one. The upper two graphs of figure 7.11 show the measured size
rankings at respectively 0.4 and 100 eggs.g~! of females developed on Darwina and Elles.
The predicted size rankings for females at 100 egg.g™" are shown in the lower graphs for
Darwina and Elles respectively. The correspondence of the predicted and measured curves
for Darwina was evident while the curves for Elles did not agree. The resource partitioning
between females at 0.4 eggs.g™! appeared to be similar for both of the cultivars since the
negative slopes of the measured curves were similar. The resource partitioning at 100
eggs.g~! differed for females grown on cv. Elles compared to cv. Darwina. The amount
of available resources of high ranked (low rank number) individuals at 100 eggs.g™' was
comparable to the amount of resource of high ranked individuals at 0.4 eggs.g™"' because
the initial slopes correspond with the slopes at 0.4 egg.g™'. Higher ranked individuals
appear not to be affected by lower ranked individuals for each cultivar.

7.5 Conclusion

Population dynamics of potato cyst nematodes can be directly derived from individual
properties as shown in this paper. The size distributions are a posteriori results from
detailed description of resource partitioning of a population of nematodes in one root
system. The predicted size distributions reflect therefore the unequal resource partitioning
amongst individuals as described by the model.

The approach presented here is one of the possibilities of analyzing resource partition-
ing as given by Lomnicki [138]. Lomnicki gives two possibilities for deriving population
dynamics from resource partitioning. The first approach is based on a priori resource
partitioning distributions, the second approach, which is applied in this paper is based on
a posteriori resource partitioning distributions. The second approach is biologically more
meaningful since hypotheses concerning sub-processes can be tested against observed data
for these subprocesses.

The different distributions found for the two potato cultivars reflect differences in
nematode-host interactions. The resource partitioning model derived in this paper ex-
plains partially the observed size distributions. The size distribution at 100 egg.g™' for
cv. Darwina is predicted properly by the resource partitioning model. Unequal resource
partitioning is mainly caused by differences in time of establishment which protects earlier
established females from later established females. The rank of the individual is deter-
mined by the moment at which the individual has invaded the root tissue and becomes
established. This corresponds with the definition of contest competition given by Lomnicki
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[139, 138].

The model derived in this paper, does not describe the homogeneous size distribution
and the size ranking for cv. Elles properly. In contrast to the individual level variables
[89] and the aggregated population level variables as mean number of eggs per female
and number of females per plant which are described well. The biological information
incorporated in the individual-based model allowed interpretation of more phenomena and
testing of hypotheses. This illustrates the more powerful approach of individual-based
modelling.

Three possible causes for this deviation are conceivable. First, root growth appears to
be a dominating factor in resource partitioning, therefore alternative root growth models
and /or nematode damage models (e.g. the three damage hypotheses) should be evaluated
for their effect on resource partitioning curves and finally nematode size rankings. The
impact of root growth on population dynamics of other soil borne pathogens has been
recognized before [103, 107]. The second cause of deviation might be the interference be-
tween individuals which is here modelled only as the destruction of feeding sites by other
migrating nematodes. Improvement can possibly be obtained by neglecting this type of
interference since it is only observed in very thin translucent root tissue [263], whereas
roots found in the field or mesocosms are much thicker. The third cause of deviation might
be the assumption of constant food quality over the entire root system. The biochemical
composition of xylem and/or phloem fluids might change by effects induced by invaded or
established nematodes. Specific single amino-acids are identified either to improve nema-
tode development (glutamine) or inhibit development (methionine, phenylalanine, lysine
and tryptophan) [26]. The concentration of the beneficial amino acid glutamine tends to
be higher distal to the syncytium then proximal to the syncytium (with reference to the
root tip) whereas concentrations of the harmful amino acids are either higher or lower
[26] suggesting selective removal of specific compounds from the plants vascular system
by the nematode. This invalidates the assumption of constant food quality. Reduction
of food quality over the root system induced by nematodes leads to an additional density
dependent process. This additional density dependent process might differ between cul-
tivars, since cultivars differing in resistance are known to differ in chemical composition
(77, 79, 78].

Simplification of the model developed in this paper is possible by working out the for-
mulations in section 7.3.4. The final potato root lengths which are reached at the end of
the growing season at the different initial population densities can be used as a basis for
further simplification. The total number of established females and the total number of
eggs produced per plant can be regarded as a function of total root length. The simplified
model can be used in potato cyst management programs where the parameters underlying
the population dynamics can be estimated under controlled laboratory conditions.
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Table 7.2: Parameters of soil, resource partitioning and individual model

symbol dimension interpretation

time™! root growth rate

r

A length.plant~! maximal root length

D length.time™'.plant™" root growth rate

$1 length.time™!.nemat~!root length reduction per nematode

ng number.length=3 dormant egg density outside rhizosphere
p length.length—3 specific root density in soil

k length~? hatch stimulation per root length

u time™! nematode inactivation rate

p - fraction nematodes which become established
K length.nematode™! saturation constant functional response
T time™! root growth rate

L,  length maximal oesophageal width

L., length final oesophageal width

L; length oesophageal width at maturation

Ly length oesophageal width at birth

- o @
- 3
=

NS S ST R

]

length.time™!
length.time™!

time™!

length®

egg length™3
egg
time™
temperature

1

energy conductance

maintenance rate constant

energy investment ratio

Bertalanffy growth rate

conv. cum. repro. energy to gonal volume
morphometric biovolume coefficient
morphometric gonal volume coefficient
number eggs per total volume

trade off

nematode loss rate

Arrhenius temperature
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Table 7.3: Parameter values at reference temperature of 20 °C of the individual growth model
estimated by van Haren [89]

parameter dimension Darwina Elles
Ly mm 0.0908 0.0860
Ly mm 0.0161 0.0161
L, mm 0.0220 0.0220
m e 0.0624 0.0624
g 1.26 1.26
Vrqr mm 2.88 103 2.8810°3
@ - 20.2 20.2
B : 5.1 5.1
) egg.mm™> 236 10°  2.36 10°
¢ egg 66 66
Ty Kelvin 8033 8033

Table 7.4: Estimated parameter values, with reference temperature 20 °C, of the model equations
based on field and mesocosm data shown in figures 7.5, 7.6 and 7.9

Field Mesocosm
Darwina Elles Darwina Elles

par. dim. value SD  value SD | value SD  value SD
r d-! 0.211 0.37  0.008 0.22 0.014 0.34 0.020
T at 0.27% 0.018
VA m 1099 1995 32 150 431
Z m 3952 39
s d-! 0.079 0.0075
81 m.d~!.nem™! 0.0071 6.3E-4 0.045 0.0026
P . 1 - 1 -1 0.039 0.0041 0.019 0.0020
p m.cm™? 0.030 0.28 0.086 0.79 | 0.030 0.014 0.086
n d-! 0.067 0.35 0.057 0.49
ng  nr.em”? 13.4 13.4
K m.nem ™! 0.012 0.0063 0.016 0.010
k m™! 0.0079 0.092 0.0060 0.080 | 0.0079 0.0060
u " 0.11 0.11 0.11 0.11

(1) without nematodes and not corrected for ambient temperatures
(2) with nematodes, reference temperature 20 ° C
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Figure 7.5: Root length and nematode density in root in the field experiment of 1991 of cultivars
Elles (top) and Darwina (bottom). Equations 7.1, 7.3, 7.5 and 7.23 are used together with
the interpolated temperatures and the Arrhenius temperature correction. See the text for further
details. Root lengths are given in the left figures in which roots without nematodes are represented
by straight (—) lines while roots suffering from nematodes are represented by dashed lines (---).
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Figure 7.6: The number of developed females per plant and mean number of eggs per female as
function of initial egg density on cultivar Darwina. Predicted and measured size distributions at

0.4 and 100 egg/g soil.
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Figure 7.7: Scaled functional response f of female G. pallida grown on cultivar Darwina at the
five initial egg densities imposed in figure 7.6. Cross sectional areas of females established at 4
different times, after 1, 25, 55 and 90 days, at two initial densities , the straight (—) lines in the
right figure refer to an initial density of 0.4 eggs.g™! and the dashed lines (---) to an density of
100 eggs.g™!.
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SAMENVATTING

Het onderzoek beschreven in dit proefschrift betreft de toepassing van een Dynamisch
Energie Budget, DEB, model op verschillende concrete situaties. Het DEB model is on-
twikkeld door Kooijman en recent uitgebreid beschreven [125]. Volgens het DEB model
functioneren alle dierlijke organismen op een gelijke wijze. Het basale patroon is dat ze
voedsel opnemen, dit verteren en het onverteerde voedsel weer uitscheiden. Opgenomen
voedingsstoffen worden opgeslagen in een energie voorraad van waaruit het gebruikt wordt
voor groei, onderhoud en voortplanting van het individu. De kwantitatieve regels voor deze
processen zijn toepasbaar op vele organismen en kunnen daarom als uitgangspunt dienen
voor verdere studie van een bepaald organisme in zijn omgeving.

De eerste toepassing betreft het werk aan de zoutwater mossel Mytilus edulis. Deze mos-
sel wordt voor consumptie gekweekt en veelal in het buitenland verkocht. Om deze redenen
wordt er veel onderzoek gedaan naar de groei van de mossel en naar de lichaamsvreemde
(giftige) stoffen in het mosselvlees.

De mossel kan vrij snel lichaamsvreemde stoffen uit het water opnemen via zijn kieuwen
maar ook via het voedsel. De chemische eigenschappen van deze stoffen en de hoeveelheden
in het water bepalen samen met de grootte en de fysiologische conditie van de mossel
de opname en uitscheidingssnelheid van deze stoffen. Er is een onderscheid te maken
tussen zware metalen als cadmium en kwik, en organische verbindingen (veelal gechloreerde
koolwaterstoffen) zoals PAK’s en PCB’s. PCB’s zijn olie-achtige stoffen en een algemene regel
is dat hoe olie-achtiger een chemische stof, des te sneller wordt deze stof opgenomen. Voor
zware metalen geldt de oplosbaarheid als bepalende factor voor opname.

De fysiologie van de mossel is belangrijk voor de opname, de opslag en de uitscheiding
van de chemische stoffen. Om deze reden is eerst het fysiologisch DEB model voor de mossel
ingevuld. Gegevens van experimenten die in de wetenschappelijke literatuur beschreven
zijn, zijn opnieuw geanalyseerd en gebruikt om de constanten van het DEB model te bepalen.

Een mossel blijft gedurende zijn ontwikkeling op één plaats vast zitten. De chemische
stoffen die door de mossel opgenomen zijn, kunnen een lange tijd in de mossel aanwezig
blijven. Daarom is de mossel te gebruiken als ‘bewaker’ van de waterkwaliteit. Regelmatige
bemonstering is dan voldoende om een inzicht te krijgen in de hoeveelheden chemische
stoffen in het water. Belangrijk is echter wel dat ook de hoeveelheid voedsel voor de
mossel of de groei van de mossel gemeten wordt, de conditie van de mossel bepaald immers
de hoeveelheid chemische stof in het mosselvlees.

Op verzoek van het Rijksinstituut voor Kust en Zee RIKZ van het ministerie van Verkeer
en Waterstaat is het DEB model uitgebreid om de opname en afgifte van de lichaamsvreemde
stoffen in de mossel te beschrijven en te voorspellen. Het model is toegepast op de situatie
in de Westerschelde. De reconstructie van de cadmium concentraties in mosselen verzameld
bij Terneuzen is goed. Ook de reconstructies van andere stoffen zoals PAK’s en PCB’s is
bevredigend.

De tweede toepassing van het DEB model betreft de populatiedynamica van het aardap-
pelcysteaaltje. Aardappelcysteaaltjes Globodera pallida en G. rostochiensis zijn de oorzaak
van aardappelmoeheid. Aardappelcysteaaltjes zijn kleine glasachtige rondwormen (nema-
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toden) die in het infectieve stadium 0.02 mm breed en 0.5 mm lang zijn. In het infectieve
stadium dringen ze de wortel binnen en maken ze een overdrachtcel aan die ze van voedsel
voorziet dat uit de vaatbundels van de wortel gehaald wordt. De aaltjes hechten zich aan
deze cel vast en kunnen zich vervolgens niet meer verplaatsen. De aaltjes ontwikkelen zich
verder tot of bolvormige vrouwtjes, met een diameter van 0.5 mm, die uiteindelijk uit de
wortel barsten of tot wormvormige mannetjes die als volwassene de wortel verlaat en de
uit de wortel gebarsten vrouwtjes bevruchten. De gevormde eitjes blijven in het vrouwtje
waarvan de huid na haar dood uithardt en een beschermende laag om de eitjes vormt.
De zo gevormde cyste kan jaren in de bodem blijven en de eitjes in deze cyste kunnen
maximaal 30 jaar infectief blijven.

Het is duidelijk dat aardappelmoeheid moeilijk te bestrijden is. Daarom wordt er op
grote schaal grondontsmetting toegepast, 60% van alle pesticiden wordt gebruikt voor
grondontsmetting. In deze tijd is het gebruik van gifstoffen politiek niet meer haalbaar en
daarom wordt er veel onderzoek uitgevoerd naar alternatieve bestrijdingsmethoden.

Een alternatieve bestrijdingsmethode is het verbouwen van resistente en partieel re-
sistente aardappelen in een optimale gewasrotatie. Hiervoor is het belangrijk dat de aar-
dappelcysteaaltjes niet in aantal toenemen en bij voorkeur zelfs in aantal afnemen. Daarom
moeten er betrouwbare populatiedynamische modellen ontwikkeld worden die de aantallen
aaltjes goed kunnen voorspellen. Hier wordt het DEB model toegepast. In eerste instantie
wordt in dit proefschrift de groei van het aaltje bestudeerd op één aardappelwortel met
een techniek die is overgenomen van prof. Atkinson van de Universiteit van Leeds in het
Verenigd Koninkrijk. Het individuele model wordt geschikt gemaakt om de groei en het
aantal eitjes per vrouwtje te voorspellen voor verschillende aardappelrassen. Mannetjes
zijn in de populatiedynamica niet van belang en worden daarom niet gemodelleerd. Ver-
volgens wordt er een model ontwikkeld om het binnendringen van de aaltjes in de wortel
en de hoeveelheid voedsel die ze aan de aardappelplant onttrekken te voorspellen. De com-
binatie van deze modellen wordt geschikt gemaakt om de metingen aan aardappelplanten
die in het veld en in bloempotten uitgevoerd zijn te beschrijven. Het blijkt dat het model
de populatiedynamica van de aaltjes in het veld en in de bloempotten goed beschrijft.
Op deze manier is een verband gelegd tussen groeimetingen aan aaltjes die eenvoudig in
het laboratorium uitgevoerd kunnen worden en de processen die in het veld moeilijk te
meten zijn. Dit is een verbetering van de bestaande technieken en zal bijdragen aan het
optimaliseren van rassenkeuze en gewasrotaties.
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