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Abstract. A method to determine the effects of a hydrophobic chemical on a dynamic
population is proposed. The ecotoxicological protocol is based on individual organism
response and is derived from the static theory of “survival of the fattest”. This study,
focusing upon effects of mortality and the effects of toxicant stress on population succession,
shows that survival of the fattest does not hold for our dynamic population model, that
risk assessment should not be based solely upon chemical properties of the toxicant, and
that the biology of the exposed organisms is an important factor in the determination of
effects.
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Determination Of Effects Of Lipophilic Toxicants
On Dynamics Of Daphnia Populations

THoMAS G. HALLAM!, RAY R. LASSITER?,
Jia Li®, AND WILLIAM MCKINNEY?

INTRODUCTION

The relationships between toxic chemicals and their effects on populations are intricate,
complex, and frequently poorly understood. The first steps in current chemical assess-
ment procedures to delineate these relationships are generally based upon quantitative
structure-activity relations (QSARs). QSARs are mathematical expressions that relate bi-
ological activity (molar concentrations causing quantal effects) to descriptors of molecular -
properties of a sequence of chemical compounds. These approaches are based on properties
of the chemicals and ignore a most important part of the problem - biological properties of
the exposed organisms. 1t is our opinion that the present theoretical basis for determining
effects of chemicals on populations is inadequate primarily because past developments do
not encompass for sufficient biological detail. This inadequacy is magnified considerably
when it is noted that an improper investigative focus at the population level is usually
employed. These deficiencies have contributed to a lack of substantial developments in
ecotoxicology. Such hindrances are especially restrictive for the foundational work relating
to the determination of effects of toxicants on a biological system. The theme of this arti-
cle is that a proper focal level for ecotoxicology must account for the individual organism.
Chemical impact occurs at the level of the individual not at the population level. Even
though the target site of a chemical may be specific tissues, the exposed, affected individual
is the appropriate reference point for extrapolation to the population level,

In the classical ecological organizational scheme, the individual is special and unique. In
the hierarchy from the cell to tissue to individual organism to population, the levels below
the individual are sets of genetically identical elements while the population is structured
by genetic variation [1). It is individual variation that is often missing or suppressed in
studies of the effects of chemicals on populations. This variability is needed to properly
investigate and develop the appropriate theoretical basis for ecotoxicology. Variation in the
genetical, physiological and physical distributions of individuals in a population together
with the biogeochemical environment of the population determines the characteristics of
the effects resulting-from chemical exposure.

A basic concept of toxicology, susceptibility, intrinsically implies the existence of variation-
variation, which is viewed here as structure in the population. Susceptibility to chemical

1Department of Mathematics and Graduate Program in Ecology, University of Tennessee, Knoxville, TN
37996-1300, US.A.

2U.S. Environmental Research Laboratory, U.S. Environmental Protection Agency, Athens, GA 30613~
7799, US.A.

3Department of Mathematics, University of Tennessee, Knoxville, TN 37996-1300, US.A.

rd



exposure, an individual property, is not static but is a variable related to the dynamics
of the individual. Dynamic susceptibility of individuals must be reflected in the distribu-
tion of susceptibility for the population. The basic premise of this article is that effects

of a chemical at the population level result entirely from effects of the chemical on the
individuals that compose the population.

For investigations of effects, it is essential to note distinctions between individual proper-
ties and population properties. Individual properties include physiological variables, such
as body size and composition, as well as tolerance or susceptibility to a toxicant. Pop-
ulation properties include distributions of individual properties, such as distribution of
tolerances or susceptibility, and moments of these distributions.

For modelling purposes, techniques exploring the role of the individual in determining
population dynamics are a relatively recent phenomenon but are now evolving at a rapid
rate [2]. Most of the original works in mathematical ecology unfortunately do not take indi-
vidual properties into account. Aggregation into a population state variable was neccssary
for computational reasons. Studies at the population or higher organizational levels have
not proved to be successful in ecotoxicological studies because individual variation, includ-
ing a population’s tolerance distribution, is lost in these representations. Recent progress
in the analysis of individual-based population models is encouraging because there have
been significant developments in the area of accessible computing power. This allows one
to track large numbers of individuals in a reasonable computational time period. We shall
utilize an approach that first develops a physiologically structured population model and
then performs the analysis by numerical techniques.

This article presents a theoretical study of the effects of a lipophilic narcotic on a dynamic
Daphnia population. The work is theoretical because data, facilities and techniques are
not presently available to generate the information needed for corroboration of the basic
hypotheses or outcomes. Both the hypotheses and the conclusions obtained are conjectures
that must be tested; however, because the foundations of our model formulations are
solidly grounded in the biologica! and toxicological literature, we are convinced they merit
the efforts necessary to check their consistency. The effects literature is sparse because
theoretical efforts in ecotoxicology have virtually ignored biological causes. Qur efforts
represent an initial attempt to include relevant biology in an assessment procedure.

Effects are limited for the present discussion to mortality in the population. This re-
striction is not necessary but it is sufficient to illustrate the procedure that we suggest.
The rudiments of the underlying theory for mortality are given in Lassiter and Hallam
[3],where a theory, intuitively nicknamed "survival of the fattest”, is developed for acute
chemical exposures and a static population. It analyzes the effects of toxic exposure by
relating the n-octanol-water partition coefficient to the partition coefficient of the fat and
aqueous phases of the animal, by hypothesizing equilibration within the body, and by
employing quantitative structure-activity relationships as a component of the biological
response assessment. Because the chemical is assumed to be lipophilic, a known distribu-
tion of lipid in the population is necessary to apply this static theory. We are aware of
only two distributions of lipid in an aquatic population (Brockway [4] and Clark (1988,
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personal communication)). These distributions, for static fish populations, indicate that
there can be much variation in lipid content of fish of the same class. We assume that the
same is true for daphnids.

The dynamic behavior of individuals coupled with the possibility of chronic or multiple
acute toxicant exposures requires a new perspective. To our knowledge, expressions for the
dynamic distribution of lipid in any aquatic population are nonexistent at the present time.
Nondestructive sampling methods are currently being developed and, it is hoped they will
ultimately lead to progress in this area. For present purposes, however, it is necessary to
obtain dynamic lipid distributions by methods other than experimentation. The approach
espoused here, to focus at the biological-chemical interface of the individual, necessitates
development of a dynamic representation of an individual organism. The specific individual
representation employed is one developed for the purpose of determining the effects of a
chemical on an individual daphnid. The individual model, based upon energetics and
described in detail in Hallam et al. [5], is an important part of the population model. A
brief summary of the individual model is presented below so that its role in the dynamics
of the population can be understood.

Exposure and uptake of chemical also must be modelled to determine the effects of
a toxicant on a population. We utilize a modification of the uptake model, FGETS,
deve{oped by Barber et al. [6]. GETS and FGETS were formulated for fish and must be
appropriately modified to be used for other organisms such as Daphnia. Required changes
are discussed briefly below.

Population dynamics are a compilation of all individual dynamics. We model popu-
lation dynamics by employing a partial differential equation that incorporates individual
dynamics explicitly in the representation and describes the behavior of the population in
terms of a density that is a function of individual physiological model variables and time.
The population mode}, its behavior in the absence of the chemical, and the behavior in
the presence of the toxicant will be discussed later in this work.

The primary objectives of this paper are to indicate theoretical developments formulated
to explore the effects of a chemical on a dynamic Daphnia population when toxic exposure
is allowed through both the environmental and the food chain pathways.

A MODEL OF INDIVIDUAL DAPHNID DYNAMICS

The dynamics of an individual daphnid are well documented in the literature. Goulden
and Hornig [7] and Tessier and Goulden [8] explore the role of lipids and their dynam-
ics in Daphnia populations. Kooijman and Metz [9] employ a representation of the von
Bertalanffy type to mode! the energetics of a daphnid. They also apply their model to the
assessment of effects of a chemical on a Daphnia population. Kooijman [10] extends these
results to develop a theoretical formulation that accounts for a generic storage compart-
ment. Philosophically, our model is closely related to these efforts; however, the specifics
of both the individual and the population models are considerably different than those of
Kooijman.

Any modeling project must be consistent with its objectives; hence, our individual model
must allow for relevant interaction with the chemical and must be able to account for its
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toxicity. Appropriate model components must be chosen with the specific chemical and
type of exposure in mind.

Most industrial chemicals and many chemicals of environmental concern are non-ionic,
are nonreactive, induce bascline narcosis and are, to some degree, lipophilic [11). The
chemicals employed in our illustrations are assumed to have these characteristics although
the procedure only requires the lipophilicity and nonreactivity hypotheses. A method of
determining the toxicity eflects threshold, such as application of a QSAR, is also needed.
The lipid in an individual buffers the action of a lipophilic chemical, allowing larger body
burdens in fatter individuals than in less fat organisms to elicit biologica! response. Thus,
the additional lipid in an individual results in an extension of the toxicity effect thresholds
for an acute exposure. Lipid storage provides protection against toxic stress from tran-
sient exposures only if the organism is not forced to rapidly mobilize quantities of stored
lipids. When an organism rapidly utilizes stores of lipid in a situation where high body
burdens have been obtained, internal release of the chemical can lead to toxicity effects
under conditions where there is no change in the external environmental concentration of
a chemical. These considerations indicate that, for the class of chemicals under considera-
tion, a lipid compartment is necessary in any individual model that is utilized to represent
the biological-chemical interaction.

*

3 A MATHEMATICAL MODEL OF A DAPHNID

We now summarize the model of the life history of a daphnid. More detail and back-
ground information can be found in [5]. Fig. 1 is the conceptual model listing compart-
ments and the flow chart for an adult female daphnid. The model assumes that the only
inputs to the lipid and protein compartments are obtained from a decoupling of the food
lipid and structure; that is, no synthesis of fat can occur from the carbohydrates and pro-
teins of the resource. This is not a valid hypothesis for most higher tropic level organisms
but may be for Daphnia. This decoupling hypothesis is a simplifying factor in the indi-
vidual;model and consequently in the population model. We now describe the individual
model that will be utilized to generate the population dynamics.

Let m; and mg denote the mass of the lipid and mass of the structure, respectively,
in an individual organism. The dimensions, units, estimated values of parameters, and
the variables associated with the individual are listed in Table 1. Structure is regarded as
primarily protein and carbohydrates. Each of these components is assumed to have both
labile and nonlabile portions. The nonlabile portion of the structure is viewed as protein
and carbohydrates bound in soma and is designated in the model by mpg, the mass of
the protected structure. The labile portion of the structure component is represented by
ms — mps. The nonlabile lipid is assumed to be proportional to mpg and in the model is
represented by emps; hence, the labile lipid is my — empgs. The density of the resource is
denoted by x and we assume that £ = z +z5 where z1, and rs are the lipid and structural
portions of the resource density, respectively. The resource is assumed to be utilized for
growth according to a hyperbolic uptake law ([2,12]). For details on the particulars of the
representation used here, refer to [5]. The losses of energy for maintenance and the activity
are assumed to operate on a continuous time scale. Hence, on intervals where there is no
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reproductive loss the daphuid is represented by the differential equations (see Table 1 for
dcfinition of symbols):

dmy Aorrims Ai(my — emps) TED > AE
dt T A mP A { Ay(my — emps)ZER TED<4E
where availablc energy is
AE = 37.68A3(my, — emps) + 16.754,(ms — mps)
and the total energy demand is activity energy plus maintenance energy:
TED = As(my + ms)'/* + Ag(my + ms)*/® + Aimy + Agms.
The differential equation for mg is
dmgs Apszsms Ay(mp — emps) TED > AE
i Tat 9T AmY® 4 Ay - { Ay(my — emps)LER TED < AE @)

*

In the brood pouch, a juvenile is assumed not to have access to food; thus, individual
dynamics are represented here by

dmg
& = A
dmg

ek —Ajoms.

Each of the parameters A;, t = 0,1,...,10 is assumed to be constant. Representative
values employed in our study along with sources are listed in Table 2. The reproductive
losses are assessed at the discrete times of reproduction. It is clear that the processes of
carapace formation and allocation of biomass to eggs occur over a continuous time frame,
but because the time scales are small compared to the population evolution scale (and there
is little information on the specific time scales of these processes), we treat them as discrete
events. The reproductive losses include biomass allocation to eggs, the energy required to
deposit this mass in the eggs, allocation of structure to carapace, and the energy required
to make the carapace. These operations, as well as the mechanism employed to determine
the number of eggs produced, are described in detail in [5].

Examples of the numerical solution of the individual model are given in Fig. 2 and
Fig. 3. A typical individual is presented in Fig. 2. The organism grows until it reaches
reproductive size. The allocation of lipid and structural mass to reproduction is indicated
by the instantaneous decreases in the component masses. After reaching reproductive
maturity, the female is assumed to reproduce in a periodic manner. The gestation period
is a species property that influences population dynamics.
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UPTAKE IN AQUATIC ANIMALS

The uptake model that is employed in connection with the individual model above is
2 modification of FGETS |6]. This model, based upon thermodynamic potential, rep-

rescnts the chemical exchange between fish and aqueous environment that occurs across
gill membranes and the chemical exchange that occurs across gut walls from ingestion of
the contaminated resource. The model in its simplest form without food uptake is of the
classical bicaccumulation form; however, an advantage of the approach of [G] is that the
parameters of the uptake model are represented in considerable detail and they include
many factors that can influence internal concentrations. These detailed features include
the fractions of the organism that are lipid (PL), agueous (P4) and structure (Ps); the
partition coefficients that indicate the affinity of the chemical towards lipid (Kr) and
structure {Ks); the conductance of the exposed membrane (kw ); the total weight of the
organism (17r), and the active (effective) exposure area (S). The general form of the model

is
dBT BT
o =S hwCwCrF - prr

In (3) Br represents the total toxicant in the organism; Cw and Cr represent the
concentrations of toxicant in the environment and in the food, respectively; F and E are
the mass fluxes of food and feces, respectively; BCF is the bioconcentration factor (total
concentration in the organism/ Cw ); end kg is the partition coefficient of chemical to
excrement. (Cg = kpCa, C4 is the concentration of toxicant in the aqueous portion of
the organism and Cg is the concentration of the chemical in the organism’s feces.) The
dimensions, units, and estimated values of parameters used in equation (3) are indicated
in Table 3. The unit conductance, kw, may be calculated from the molecular weight of the
chemical and the n—octanol-water partition coefficient. To compute kw for fish, Barber et
al. [6] employ fluid flow characteristic parameters such as the Sherwood number and the
characteristic dimension of interlamellar channels and the toxicant’s diffusion coefficient,
which is a function of the molecular weight of the chemical. For Daphnia, we assume kyw
is dependent upon the diffusivity of the chemical through the carapace.

A seemingly natural approach to model the uptake of chemical from the food chain
pathway would be to proceed by employing hypotheses similar to those imposed for the
environmental pathway. The complications of this and other options for modeling the
uptake from contaminated food are discussed in [13).

A hesir assumption of thic moedel representation, that of equilibration of chemical be-
tween the organism’s body and the gut contents, is, of course, not necessarily true. It
has been demonstrated that this requirement is & worst case assumption during increasing
body concentration when exposure is to contaminated food; that is, no additional chemi-
cal could be taken up under any thermodynamically consistent assumption than would be
taken up when food and body equilibrate. During depuration, however, this assumption
leads to predicted minimum depuration times; that is, any other thermodynamically con-
sistent assumption would lead to longer depuration times. For toxicity evaluations, this
would usually not be considered the worst case scenario.

[S-kw +E -kg]. (3)

6



-2 - A -

EFFecTS OF ToXICANTS ON INDIVIDUALS

The basic ideas employed to assess the effects of chemicals on an individual and on &
static population are given in [3]. We review these ideas to set the stage for this study on
the cffects of a chemica! on a population. Again the particular effect focus is on mortality
of the individual but sublethal effects could be considered by the same methods.

The assessment of mortality due to chemical action is implemented by utilizing QSARs.
The processes relating to mode of action and concentration- response relationships must be
coupled to determine the effects. The procedure, then, consists of combining the following
into an assessment protocol.

a) The differential equations (1) and (2) for evolution of the individua! dynamics.
b) The differential equation (3) for the total concentration of toxicant in the organism.
¢) The determination of mortality from QSARs.

The first two of these steps couple the dynamics of individuals with the chemical uptake
through the weight terms in equations (1) and (2). Step c), the assessment of mortality,
utilizes results of {11] and [16]; see Fig. 4. These bioassays were developed for baseline nar-
cotic chemicals and relate a chemical property, Kow, to mortality of the individual. There
are numerous QSARs in the literature for modes of action other than baseline narcosis.
For éxample, the modes of polar narcosis [15] and uncoupling of oxidative phosphorylation
[16] have been documented. A common feature of each of these modes of action is that
lipophilicity of the chemical, as measured by Kow, is important. We do not present modes
of action other than narcosis in detail. Because each of the derived QSARs is based, at
least in part, upon Kow, it appears that assessment of risk after exposure to chemicals
with these other modes of action also must utilize lipid as an individual model component.

AN ACUTE EXPOSURE-STATIC POPULATION THEORY:
'SURVIVAL OF THE FATTEST

In‘a recent article [3], we have developed an approach that utilizes individual variation
to structure a population and to explain the effects of an acute toxicant exposure froma
lipophilic narcotic on that population. The basic idea is that lipid provides a buffer against
toxic stress and this factor must be utilized in any consideration of effects. According to
this theory, in an assessment of mortality, an individual with a smaller lipid fraction body
content will die before another individual with a larger lipid fraction given equal exposure
[3). The hypothesis for this theory is directly related to the static state of the popula-
tion. This static state allows only acute toxicant exposures. The pathway of exposure is
apparently not important for effects on static populations.

A DynaMics THEORY: EFFECTS OF TOXICANTS OR POPULATIONS

Methods.

Our prototype dynamic population model for Daphnia is based on individual response
so that eflects can be determined directly and the cumulative effect at the population
level ascertained. The toxicant-population model is formulated so that a toxicant may
be released at numerous times during the study period so that chronic as well as acute
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exposures may be investigated. First, we will sketch the approach used to model the
population. Then, we will discuss the effects of the toxicant on the population.

The dynamic population model. An approach that allows incorporation of individual
dynamics into a dynamic population formulation is the McKendrick-von Foerster equation
[2]). This partial differential equation explicitly represents physiological variables as they are
uscd to determine the dynamics of individuals. It also keeps track of the total population
through the population density function. We have developed the prototype model for
Dephnia because they are a classical aquatic bioassay test species and have a dynamic lipid
cycle [8]. The assessment of effects of a lipophilic narcotic mandates that the individual
model should minimally include some measures of the physiclogical variables of age, lipid
contents, and bring structure. Age is necessary to reflect the life history of an individual.
Lipid, a bioconcentration site for the toxicant, is necessary to assess the eflects of the
chemical on the individual. Structure is necessary to measure weight and, subsequently,
length of the organism.

If p = p(t,a,my, mg) is the population density function which depends upon time and
the physiological variables a representing age, m; representing the mass of the lipid and
mg representing the mass of the structure compartment — and g7, and gg are the growth
rate of the lipid and structural components of an individual as given by the equations (1)
and (2), respectively, then an equation that incorporates these physiological variables into
a population scheme is

pr+pat(p-9L)my + {0 95)ms = —pp- (4)

The subscripted terms represent partial derivatives with respect to the variable indicated
by the subscript. The birth process for the population is represented by a boundary
condition and the mortality rate is given explicitly in the differential equation as p .The
particular form of the birth process may be written in several equivalent representations
one of which is

p(t,O,mL,,,ms,,) = /]/ﬁ(tlaa mLpsmSosmLsmS)P(ty03 mL,ms)daddems,

where my, is lipid mass and mg, is structure mass at age= 0; f is the birth function that
represents the number of eggs with lipid content my,, and structure content ms, born to
an individual of age ¢ with lipid content m and structure content mg at time 2.

Several different types of mortality are represented in our numerical model forinula-
tion. We include formulations for age—dependent mortality, size-dependent mortality, and
density-dependent mortality. The age-dependent mortality is assessed uniformly along
cohorts, whereas the density dependent mortality is assessed uniformly across the popu-
lation (Table 4). The size-dependent mortality is viewed as possibly caused by predation
and is determined by weight of the individual. The population model (4) is, in general,
nonlinear but it would be linear if the density-dependent mortality term were omitted.
Some restriction on mortality is generally needed to prevent the population from growing
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beyond reasonable size. The specific forms of these mortalitlity functions are generic and
can be structured to test processes. Examples of mortality functions are given in Table 4.
This population model is a first order hyperbolic partial differential equation that may

. be represented in an alternate manner by the method of characteristics. In this method

the partial differential equation is reduced to a set of ordinary differential equations that
arc valid along certain special curves called characteristics. Specifically, in this model an
equivalent representation for the partial differcntial equation (4) is the following system of
five ordinary differential equations.

da _
d\
dt

— =1,

dA

dmp
kbl 5

1,

dmg
dA _gS)

d
== B+ (gL)ms +(95)ms ) -

If the function p, as described by (5), is computed along characteristics, it is not a density
function; however, p can be converted to a density function by including the Jacobian of
the transformation induced by (4). Let n = ph where

ha + ke = ((92)me + (ge)m, h,

and
ng, 4+ ny = —pn

Along characteristics n is a density funciton that satisfies

dn .
o= THn- (6)

Our approach is to solve this system of ordinary differential equations (5) with the
p equation replaced by (6) numerically. Examples of graphical representations of some
numerical solutions are given in Fig.5 and Fig.6 for several situations, including shorter
time scales where output at each computation time is presented (Fig. 5) and longer time
scales where many computational outputs are omitted (Fig. 6).

In the absence of a toxicant, the behavior of the population is oscillatory on several scales.
There are oscillations on the time scale of the periodic reproductive time or gestation period
of the species (Fig. 6). There are longer term oscillations that do not seem to be related
to mortality but rather to other factors such as the rate at which the organisms grow
and the birth process. This longer term oscillation apparently is not due to the dynamics
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of the resource, which is assumed to be at constant density. In particular, this is not a
typical predator-prey oscillation where both predator and prey have oscillatory behavior.
This oscillatory behavior of a consumer when the resource is at a relatively constant level
is characteristic, however, of some Daphnia populations [17], which do oscillate in the

presence of a nonoscillatory algae resource. The cause of the longer term fluctuations is
apparcntly not a result of the assumed density-dependent regulation. We mention this
because the folklore in rudimentary nonstructured models indicates that oscillations are
often caused by inclusion of density dependence (cf. {18]).

Our numerical procedure essentially follows cohorts of individuals along characteristics.
This allows effects of toxicant exposures to be assessed at the individual level, & desirable
attribute as we have previously indicated, but the overall effects on the population can
still be determined by an accumulation of individual effects. The addition of a toxicant

leads to another type of mortality. This mortality due to toxicant exposure is assessed at
the organism level according to lipid content of the individual. Hence, in the model, there

are Tour essentially distinct causes of death: mortality due to the physiological process of
aging, mortality due to size (as, for example, determined by predation), mortality due to
density-dependence (as, for example, determined by total population size), and mortality
due to toxicity (es, for example, determined by the lipid distribution in the population).

The population structure and analysis as reported here is based upon 27 different types
of individuals. These individual ecotypes are determined by the constant level of resource
at which they feed, the quality of that resource as indicated by its lipid content, and the
filtering rate of the organism. Each of these three individual characteristics ranges through
three levels for the total of 27. Any number of individuals can be employed in the model;
however, the computations become more burdensome as diversity increases. The present
number gives considerable diversity to the population. Fig. 7 indicates the graphs of each
of the ecotypes of individuals. The parameter values used to generate the ecotypes are
listed in Table &.

The population model records the time and age dynamics of cohorts of individuals in the
population, assesses mortality, and indicates births. Organisms are assumed to be clones
of their parent; this is a proper hypothesis for Daphnia, which in nonstressed conditions
reproduce parthenogenetically.

Qur objectives are to indicate the processes that impact studies on effects of toxicants on
populations and, although the importance of many environmental parameters on ecologica!
systems is recognized, we have not included important relationships such as seasonality,
temperature, and pH in process formulations. In general, these environmental variables
aflect only the parameter values in our process representations and not the formulations

themselves.

Results. Toxic Effects at the Population Level.

An effect on a population is defined here as any deviation from the population behavior
that is caused by a toxicant stress. It is possible to have both stimulation (positive)
and depression (negative) effects. If p is the density function of the unstressed (nominal)
population and pg is the density function of the stressed population, the depression effects
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are represented by (p — ps)4 and the stimulation effects are represented by (ps — )+
(Here, y4 is y if y is positive and is equal to zero if y is negative or equal to zero.) The
total effects of the chemical on the population are thus given by the absolute value of
P—Ps: '

The Role of the Static Population. Survival of the fattest is a theory obtained by con-
sidering toxic exposures to a static population-exposures that are necessarily acute. We
shall demonstrate that this theory is not valid when the hypothesis of a static population
is violated.

Dynamic Populations and Chronic Ezposures. Persistence of a dynamic population after
chronic exposure is determined not only by the lipid distribution, which is fundamental to
response to acute exposures, but also by the growth of the individuals in the population
and population processes such as birth and mortality rates. Our approach is to run the
population model through several iterations in order that the effect of the initial distri-
bution be diminished and that biological diversity and succession be attained. For this
presentation, the twenty seven ecotypes described above are coupled with a fixed set of
mortality parameters to delineate characteristics of the Daphnia population. The popula-
tion model, when run for a sufficiently long period, evolves to a single ecotype-the fastest
growing organism among the ecotypes. The climax population consists of individuals of
varidus ages all of ecotype 1. The dynamics of this population is represented in Fig. 8;
8a represents the dynamic lipid distribution in the population; 8b represents the dynamic
structural mass distribution in the population and 8c represents the dynamic age distri-
bution in the population. This and all other population graphs presented are scaled by
a maximal physiological variable size determined by the ecotypes. The purpose of this
scaling is to allow viewing of the larger individuals in the population. The numbers of the
smaller individuals would completely dominate the graphics if such scaling were not used.

To demonstrate that chemical stress can affect population structure, the theoretical pop-
ulation was exposed to several toxic chemicals and the evolution of the stressed population
studied. The characteristic dynamics of a stressed population can be significantly different
from the reference population.

Survival of the fattest is not valid for dynamic populations. A 7 day exposure to a
16 part-per-million aqueous concentration, initiated on day 24, by a chemical having an
octanol-water partition coefficient of 10* decreases the population to two cohorts each of
which filter at the lowest rate and feed at the lowest resource level with the lowest lipid
content {Ecotype 27). These individuals are the slowest growers and the leanest of any
of the ecotypes. The toxic stress has completely reversed the ecotypic succession (where
the fastest growers formed the climax population) and also violates survival of fattest to
the greatest opposite extreme (the leanest individuals survive the chronic stress). The
effects of the toxicant exposure are illustrated in Fig. 9,Chemical Stress Case 1; part 9a
indicates the lipid distribution in the unstressed population while 9b represeats the lipid
distribution in the stressed population; 9¢ and 9d represent the depression effects and the
stimulation effects respectively. Figures Se and 9f illustrate the effects of the toxicant on
the age distribution of the same population. Because of the assumed density dependent
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mortality, this population will go to extinction after several generations are past.

According to our model exposure to a different chemical can result in a completely
different population structure. A 7 day exposure initiated at day 24 to a chemical with
an octanol-water partition coefficient of 0.45 x 10® at concentration 0.4 x 10~% results in
a population composed of a mixture of ecotypes 3,5, and 7. These individuals, almost
identical in size and lipid content and reproductive capability, are intermediate growth
ecotypes. They are neither the faster nor slower growing organisms in our population and
are determined by a trade off between filtering rate and resource level. Again we have a
situation where neither the fattest nor the climax ecotype remain in the population after
toxic exposure. It is interesting that these three ecotypes compose the climax population
with the population averages equal to the same proportions of each ecotype. Fig. 10
illustrates the effects of this toxicant on the population (Chemical Stress Case 2).

Another interesting situation results from an 8 day exposure, initiated at day 24, to
a chemical having an octanol-water partition coefficient of 0.2 x 10% at concentration
0.8 x 1—~5. This leads to a diverse population consisting of many ecotypes. When allowed
to evolve after termination of toxicant release, the population is ultimately dominated
by the fastest growing ecotype of the surviving ecotypes. This climax individual ecotype
dominates only after a long time period because of the pressure of another similarly fast
growing ecotype. At the end of the exposure period, the two ecotypes that ultimately
dominate the population are a very minor part of the population.

When the time of exposure is extended an additional one-half day, the two cohorts of
the dominant ecotypes are eliminated so that they are now no longer a part of the stressed
population.

SUMMARY

To demonstrate the feasibility of a theoretical approach to study the effects of a chemi-
cal on a population, a model population structured by severa! different environmental and
physiological characteristics were selected and then exposed to chemical. This reference
population was stressed by a chronic exposure to a point close to extinction wherein only
a small number of cohorts survived at the end of the exposure. The particular ecotypes of
the surviving cohorts of individuals were determined by both biological succession in the
population and toxicological aspects of the chemical. The important biological features
for ecotype persistence are related to the intrinsic oscillations of the population, to the
assessment of mortality, and to the reproductive characteristics of the ecotypes. Toxico-
logical features of importance besides the physical-chemical properties include the length
of exposure, the initial time of exposure, and the dose of the toxicant.

It is clear that in a dynamic setting, survival of the fattest is not, in general, a valid
theory. For example, some cases analyzed here produced a setting where the surviving
individuals were not the fattest of all possible ecotypes but could be at the extremes of the
ecotypes such as the faster or the slower growers or even grow at an intermediate rate.

The fact that exposure may come from both the environmental and food chain pathways
complicates determination of cause of death or, equivalently, reason for survivorship in
dynamic populations. When exposure is via the food chain pathway, population persistence

12




can be governed by amount of toxicant uptake from food. Many larger individuals can
literally eat themselves to death by accumulating lethal doses of chemicals from food.
This is illustrated in Fig. 8 where an exposed population ultimately decreases to a few
individuals having similar ecotype characteristics. They feed at the lowest resource level,
the quality of their food is the lowest from the available lipid perspective because it is at
the lowest fat level (although the higher resource structure material implies greater growth
for the organism), and they have the lowest rate of filtering.

Although our investigations of this complex model are incomplete at present, an im-
plication of the current study is clear: risk assessment should not be based solely upon
attributes of the toxic chemical. The biology of the exposed organisms is fundamental to
the determination of the effects of the toxicant on a population.

13



Table 1.

Individual Compartment Labels and Related Interpretations and Parameters

Symbol

Interpretation

Dimension

myg (variable)
m;, (variable)
z (parameter)

zs (parameter)

1 (parameter)

L. (variable)
S, (variable)
S, (va.riable)

mps (variable)

¢ (parameter)

mass of structural material
mass of lipid
density of resource

density of resource structure (frac-
tion of x)

density of resource lipid (fraction of
x)

total lipid in eggs

total structural material in eggs

total structural material in cara-
pace

mass of protected structure (nonla-
bile)

fraction lipid associated with nonla-
bile structure

mg
mg
mg/mm?

mg/mm?3
mg/mm?

mg
mg

mg

mg

mg lipid/mg structure

14



Table 1. (continued)

Symbols in Input Flows: 2L, 2P.

Symbol Interpretation Dimension
Apr (parameter) assimilation rate/ingestion rate nondimensional
Aps (parameter) assimilation rate/ingestion rate nondimensional

A (parameter)

A; (parameter)

reciprocal of constant allometrically
relating maximal filtering rate to
organism length squared

reciprocal of constant allometrically
related maximal ingestion rate to
organism length squared

mg?/? day mm~

day

3

15




Table 1. {continued)

Symbols in Output Flows

Symbol Interpretation Dimension
Eg (variable) maximum number of eggs made ege

from labile structure
ez, {parameter) minimal lipid content per egg mg egg ™!
ejs (parameter) maximal lipid content per egg mg egg ™}
TED (variable) power demand joules day™?
AFE (variable} power supply joules day~!
Aj; (parameter) labile lipid mobilization rate day™~?
A, (parameter) labile structure mobilization rate day™!

As (parameter)
Ag (parameter)

Az (parameter)
As (parameter)
Ay (parameter)

Aje (parameter) |

multiplier representing energetic
costs for activity due to viscous
forces

multiplier representing energetic
costs for activity due to inertial
forces

energy required to maintain one mg
lipid per day

energy required to maintain one mg
structure per day

differentiation and growth rate of

lipid while in brood pouch

_ differentiation and giowth rate of

structure while in brood pouch

joules mg=1/3 day~?

joules mg~2/ day™!

joules mg~?! day™~!

joules mg~? day~!?

day™!

day~! ’

16



Symbol

Table 2.

Parameter Values Used in Model Analysis

Value Dimension Source or
Source Used in Computation
z 5x 1077 mg mm™3, Lynch et al. [19]
zy, 1.25 x 10~7 mg mm™3 Blazka [20], Palohiemo {21]
zs 3.75 x 1077 mg mm 3 Blazka [20], Palohiemo |21]
€ 0.12 — Kooijman and Metz [9],
Tessier et al. [22]
AL 1 — Blazka [20], Palohiemo [21]
Aps © 08 — Blazka [20], Palohiemo [21]
A 5.5 % 1077 mg?/® day mm~ Lassiter [12]
Az 0.08 day Lassiter [12]
As 10 day™!? created
Ay 8 day~!? created
As  29x10°8 joules mg~?/® day~!  Gerritsen [23]
Ag 3.5 x 10°1° joules mg~2/* day~!  Gerritsen [23]
A; 0.4 joules mg~! day™? Kooijman [10]
As 0.5 joules mg™? day™? Kooijman [10]
Ag 10 day™! created
Ajo 8 ’ day™? created

s £ =

-
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Table 3.

Tozicanl Uplake Modcl Variables And Paramelers

Symbol Interpretation Dimension

Br total toxicant burden in whole or- mg
ganism

S active exposure area mm?

Kw (parameter) conductance: exposure tissue mm/d

Kg (parameter) conductance: intestinal tissue mm/d

Cw (parameter) toxicant concentration in ambient mg/L
water

Ca toxicant concentration in agqueous mg/L
portion of the organism

Cr toxicant concentration in intestinal mg/L
contents

E egestive flux mg(w)/d

F feeding flux mg(w)/d

BCF bioconcentration factor dimensionless

Wr weight mg

18



Table 4.

Mortality Functions Used in Population Model

Individual Mortality:

Weight-Dependent Mortality : pw = yw * 1w = 7w * prw(W),

"01
Ve,
IVF ’
continuous and linear,

mw =

Age-Dependent Mortality :

0<a<i0

Population Mortality:

W=20
W e [W), W]
W =W,

elsewhere

a > 50

W = weight (mg)

Density—Dependent Mortality : up = pp(Ps), Pp = total population biomass.

DMs
DO!
2Dy,

BD

PBE[01PT]
Pg =Py
Pg 2> Pc

continuous and linear, elsewhere

19
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Table 5.

Parameters and Ecotypes of Individual Used

Ecotype Parameter Values Age at Structure Lipid Mass Number
Number First Mass (mg)  (mg) after  of
Brood after Last Last Repro-  Eggs
Reproduc- duction in
tion Last
Brood

7 = 0.57500E - 06

1 A; = 0.68000FE -06 6.65 0.64310 0.09678 65
xp = 0.12219F - 06
z = 0.57500F - 06

2 A, =080000E-06 7.1 0.40030 0.05954 40
zp =0.12219FE - 06
z = 0.57500F — 06

3 A, =0.92000E-06 17.65 0.26210 0.03801 27
zp = 0.12219E - 06
z = 0.50000F - 06

4 A; = 0.68000F — 06 7.05 0.42890 0.06388 43
z;, = 0.10625F — 06
z = 0.50000F — 06

5 A; =080000E-06 7.65 0.26100 0.03801 27
z; = 0.10625F — 06
z = 0.50000F — 06

6 A, =0.92000E -06 8.30 0.17420 0.02510 18
xg = 0.10625E — 06
z = (.42500F - 06

7 A; =068000E—-06 7.65 0.26100 0.03801 27
z; = 0.09031F — 06
T = {.42500FE - 06

8 A; =080000E-06 845 0.16940 0.02514 16

z; = 0.09031E —- 06

20
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Table 5. (continued)

Ecotype Parameter Values Age at Structure Lipid Mass Number
Number First ~  Mass (mg) (mg) after of
Brood after Last Last Repro  Eggs
Reproduc- duction in
tion Last
Brood

z = 0.42500F - 06

9 A; =0.92000E -06 9.45 0.10870 0.01560 11
zry = 0.12219F — 06
z = 0.57500E — 06

10 A; = 0.68000E - 06 6.80 0.60810 0.12980 60
zp = 0.14375E — 06
z = 0.57500E — 06

11 A; = 0.80000E-06 7.25 0.37050 0.07777 38
z; = 0.14375F - 06
z = 0.57500F — 06

12 A; =0.92000E—-06 7.80 0.24620 0.05116 25
zp = 0.14375FE — 06
z = 0.50000F — 06

13 Ay = 0.68000E - 06 7.20 0.40040 0.08438 40
z;, = 0.12500E — 06
z = 0.50000F — 06

14 A, = 0.80000E-06 7.80 0.24620 0.05116 25
zy = 0.12500F — 06
z = 0.50000F — 06

15 A; = 0.92000F - 06  8.50 0.16960 0.03533 16
z1 = 0.12500E - 06
z = 0.42500F — 06

16 A; = 0.68000E-06 7.80 0.24620 0.05116 25
z; = 0.10625F — 06
z = 0.42500F — 06

17 A, =0.8B0000E-06 8.65 0.15830 0.03291 15
z;, = 0.10625FE — 06
z = 0.42500F - 06

18 A; = 0.92000E - 06  9.65 0.10420 0.02145 10

zy = 0.10625E — 06
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Table 5. (continued)

Ecotype Parameter Values . Age at Structure Lipid Mass Number
Number First Mass (mg) (mg) after of
Brood after Last Last Repro  Eggs
Reproduc- duction in
tion Last
Brood
z = 0.57500F — 06
19 A, =0.68000E-06 6.90 0.56480 0.16040 57
zz =0.16531F - 06
r = 0.57500FE — 06
20 A; =080000FE —-06 740 0.35480 0.09936 35
z; = 0.16531E — 06
z = 0.57500F — 06
21 Ay = 0.92000F — 06 8.00 0.23610 0.06562 23
xz = 0.16531E — 06
' z = 0.50000E — 06
22 A, =0.68000E~06 7.35 0.37250 0.10480 38
x; = 0.16531F — 06
z = 0.50000F - 06
23 A, =0.80000E-06 8.00 0.23610 0.06562 23
zy = 0.16531E — 06
z = 0.50000F — 06
24 A; =092000E-06 8.70 0.15960 0.04404 15
zp = 0.16531F — 06
z = 0.42500F — 06
25 A, =0.68000E-06 8.00 0.23610 0.06562 23
xp = 0.12219E — 06
z = 0.42500FE — 06
26 Ay =080000E-06 8.85 0.14990 0.04130 14
zp =0.12219FE - 06
z = 0.42500F ~ 06
27 A; =0.68000FE -~ 06 9.90 0.10340 0.02830 9

zr = 0.12219F - 06
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Fig. 1.
Fig. 2.

Fig. 3.
Fig. 4.

Fig. 5a.

Fig. 5b.
Fig. 5c.
Fig. 6a.

Fig. 6b.
Fig. 6c¢.
Fig. 7.
Ta.

7b.

7c.

Fig. 8.
8a.

8b.

8c.

FIGURE LEGEND

Compartment and flow diagram for the individual model.

Lipid (m_) and structure (mg) cycles in the individual model. The dynamics
illustrate the decrease of size while in the brood pouch, exponential growth as a
juvenile, and the molt cycle. The nonlabile structure, mpg is a nondecreasing
function of age.

Individual growth where reproductive size is not attained over an individual's life
span.

Relationships between log LCyo and log I{ow . Fitted result is log(LCso) = —0.8—
log{Kow). Data from [10] and {13].

The scaled lipid density in a Daphnia population modeled by (5) as a function of
time. Output is indicated for each computation point on the interval 100 to 108
days. Note that there are short term fluctuations in the population associated
with the species reproductive period (assumed here to be 4 days).

The scaled protein density for the population of 5a.
The scaled age density for the population of Sa.

The scaled lipid density of a dynamic population as modeled by (5) represented
as a function of time over the interval 400 to 800 days. Note the existence of long
term fluctuations on scales much larger than the species periodic reproductive
time.

The scaled protein density for the population of 6a.

The scaled age density for the population of 6a.

The graphs of the first nine ecotypes listed in Table &
Ecotypes 1 (largest mg), 2 (middle mg), 3 (smallest mg).
Ecotypes 4 (largest ms), 5 (middle mg), 6 (smallest mg).
Ecotypes 7 (largest mg), 8 (middle mg), 9 (smallest ms).
The Climax Population.

The dynamic lipid distribution of the climax population on the interval 400 to
800 days.

The dynamic structural mass distribution of the climax populatidn on the interval
400 to 800 days.

The dynamic age distribution of the climax population on the interval 400 to 800
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Fig. 9.
Oa.

9h.

Yc.

9d.

Oe.

of.

Fig. 10.
10a.

10b.

days.
Chemical Stress Case 1(see text for details).

The lipid density of the model population in the absence of the toxicant on the
interval 20 to 100 days.

The lipid density of the model population with a toxic exposure through both
environmental and food pathways initiating at day 24 and terminating at day 31.

Depression effects on lipid density function caused by the toxicant.
Stimulation effects on lipid density function caused by the toxicant.
Depression effects on age density function caused by the toxicant.
Stimulation effects on age density function caused by the toxicant.
Chemical Stress Case 2 (see text for details).

The lipid density of the model population in the absence of the toxicant on the
interval 20 to 100 days.

The lipid density of the model population with a toxic exposure through both

- environmental and food pathways initiating at day 24 and terminating at day 32.

10c. Depression eflects on lipid density function caused by the toxicamt.

10d.

Stimulation effects on lipid density function caused by the toxicant.
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