INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS
LCTP., PO. BCX 586, 34100 TRIESTE, ITALY, CABLE: CENTRATOM TRIESTE

1INl ERINALIUNA Sl UVl b s 4¥ LA A4 - o . )
‘@ P UNITED NATIONS EDUCAT]ONAL SCIENTIFIC AND CULTURAL ORGAN]ZATION 1Ml
5
&
UNITED NATIONS INDUSTRIAL DEVELOPMENT ORGANIZATION R
INTERNATIONAL CENTRE FOR SCIENCE AND HIGH TECHNOLOGY

t/o0 INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS Mi00 TRIESTE (ITALY) VIA GRIGNANO, % (ADRIATICO PALACE) P.0. BOX 586 TELEPHONE (40-2457) TELEFAX O40-24575  TELEX 46048 APH

SMR.648 - 5

SECOND AUTUMN WORKSHOP ON MATHEMATICAL ECOLOGY

(2 - 20 November 1992)

- ]

“Toxicant-Induced Mortality in Models
of Daphnia Populations”

T.G. Hallam
Department of Mathematics
University of Tennessee
Knoxville, TN 37996-1300
U.S.A.

e Al AR Nt o e A o W - -

These are preliminary lecture notes, intended only for distribution to

participants.
MAIN BUILDING Stracs Costicra, 11 Tel. 22401 Telefax 224163 7 224559 Telex 460392 ADRIATICO GUEST HOUSE  Via Gngnano, 9 Tel 224241 Tolefax 224531 Telex 460449
MICROPROCESSOK LAB.  Via Beaur 3) Tel. 224471 Tele fax 224600

GALILEO GUEST HOUSE Via Beirut, 7 Tei. 22401
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Abstract — A method to determine the mortality effects of a hydrophobic chemical on a 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, examines the static assessment survival
of the fattest in a dynamic population model. A premise in this approach is that risk assessment
should not be based solety upon chemical properties of the toxicant and that the biology of the ex-

posed organisms is an important factor in the determination of effects.

Keywords — Effects Daphnia populations

INTRODUCTION

The relationships between toxic chemicals and
their effects on populations are intricate, complex
and frequently poorly understood. The first steps
in current chemical assessment procedures to delin-
eate these relationships are generally based upon
quantitative structure-activity relations (QSARs).
QSARs are mathematical expressions that relate
biological activity (molar concentrations causing
quantal effects) to descriptors of molecular prop-
erties 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. [t
is our opinion that the present theoretical basis for
determining effects of chemicals on populations is
inadequate primarily because past developments do
not encompass sufficient biological detail. This in-
adequacy is magnified considerably when it is noted
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Lipophilic chemicals Narotics QSARs

th-t an improper investigative focus at the popu-
lation level is usually employed. These deficiencies
have hindered development in ecotoxicology. Such
hindrances are especially restrictive regarding cre-
ation of a foundation for the determination of ef-
fects of toxicants on a biological system. The
theme of this article is that a proper focal level in
ecotoxicology must consider initially the individ-
ual, organismic response. 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 indi-
vidual is the appropriate reference point for extrap-
olation to the population level.

In the classical ecological organizational scheme,
the individual is special and unique. [n the hierar-
chy from the cell to tissue to individual organism
to population, the levels below the individual are
sets of genetically identical elements while the pop-
ulation is structured by genetic variation [1]. It is
individual variation that is often missing or sup-
pressed in studies of the effects of chemicals on
populations. Consideration of this variability is
needed to develop properly the appropriate the-
oretical basis for ecotoxicology. Variation in the
distribution of genetic, physiologic and physical
characteristics of individuals in a population to-
gether with the biogeochemical environment of the
population determines the characteristics of the ef-
fects resulting from chemical exposure.
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Population susceptibility intrinsically implies
the existence of variation — variation that is viewed
here as structure in the population. Susceptibility
10 a chemical, an individual property, is not static
but is a variable related to the dynamics of the in-
dividual. Dynamic susceptibility of individuals
must be reflected in the distribution of susceptibil-
ity for the population. A basic premise of this ar-
ticle 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 properties and
population properties. Individual properties in-
clude physiological variables, such as body size and
composition, as well as tolerance or susceptibility
to a toxicant. Population properties include distri-
butions of individual properties, such as distribu-
tion of tolerances or susceptibility, and moments
of these distributions.

For modeling purposes, techniques exploring
the rote 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 do not take
individual properties into account. Aggregation
into a population state variable was necessary for
computational reasons. Studies at the population
or higher organizational levels have not proved to
be successful in ecotoxicology because individual
variation, including a population’s tolerance distri-
bution, is lost in these representations. Recent
progress in the analysis of individual-based popu-
lation models is encouraging because there have
been significant developments in the area of acces-
sible computing power. This allows one to track
large numbers of individuals in a reasonable com-
putational time period. We shall utilize an ap-
proach that first develops a physiologicaily
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 Daph-
nia 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 out-
comes. Both the assumptions and the conclusions
obtained are conjectures that must be tested; how-
ever, because the foundations of our mode! formu-
lations are solidly grounded in the biological and
toxicological literature, we feel that they merit the
efforts necessary to check their consistency. The ef-

fects literature is sparse because theoretical efforts
in ecotoxicology have virtually ignored organismic
biology. These efforts represent our initial attempt
to include physiological biology in a population as-
sessment procedure.

Effects are limited for the present discussion to
mortality in the population. This restriction is not
necessary but it is sufficient to illustrate the proce-
dure that we suggest. The rudiments of the under-
tying theory for mortality are given in Lassiter and
Hallam [3], where a theory, intuitively nicknamed
“survival of the farttest,” is developed for acute
chemical exposures and a static population. it an-
alyzes an effect of toxic exposure by relating the n-
octanol/water partition coefficient to the partition
coefficient of the fat and aqueous phases of the an-
imal, by hypothesizing equilibration within the
body, and by employing quantitative structure-
activity relationships as a component of the biolog-
ical response assessment. Because the chemical is
assumed to be lipophilic, a known distribution of
lipid in the population is necessary to apply this
static theory. We are aware of only two distribu-
tions of lipid in an aquatic population (Brockway
(4] and J. Clark, personal cuuaaunication). 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
loxicant exposures requires a dynamic 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 develop-
ment of a dynamic representation of an individual
organism. The specific individual representation
employed is one developed for the purpose of de-
termining the effects of a chemical on an individ-
ual daphnid. The individual model, based upon
energetics and described in detail in Hallam et al.
[3], 1s an important part of the population model.
A brief summary of the individual model is pre-
sented below so that its role in the dynamics of the
population can be understood.

Exposure and uptake of chemical also must be
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modelled to determine the effects of a toxicant
on a population. We utilize a modification of the
uptake model, FGETS, developed 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 mode! population dynam-
ics 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 model, its behavior in the ab-
sence of the chemical and the behavior in the pres-
ence of the toxicant will be discussed later in this
work.

This paper indicates theoretical developments
formulated to explore the effects of a chemical on
a dynamic Daphnia population when toxic expo-
sure i1s allowed through both the environmental
and the food chain pathways.

MODEL OF INDIVIDUAL DAPHNID DYNAMICS

The dynamics of an individual daphnid are well
documented in the literature. Goulden and Hornig
[7] and Tessier et al. [8] explore the role of lipids
and their dynamics in Daphnia populations. Kooij-
man and Metz [9} employ a representation of the
von Bertalanffy type to model the energetics of a
daphnid. They also apply their model to the as-
sessment of effects of a chemical on a Daphnia
population. Kooijman [10] extends these results to
develop a theoretical formulation that accounts for
a genetic storage compartment. Philosophically,
our model is closely related to these efforts; how-
ever, 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 ai-
low for relevant interaction with the chemical and
must be able to account for 1ts toxicity. Appropri-
ate 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 non-
reactive, induce baseline narcosis and are, to some
degree, lipophilic [11]. The chemicals employed
in our illustrations are assumed to have these char-
acteristics although the procedure only requires

lipophilicity and nonreactivity. A method of deter-
mining the toxicity effects threshold, such as appli-
cation of a QSAR, is also needed. The lipid in an
individual buffers the action of a lipophilic chem-
ical, allowing larger body burdens in fatter individ-
uals than in less fat organisms to elicit equivalent
biological response. Thus, the additional lipid in an
individual resuits in an extension of the toxicity ef-
fect thresholds for an acute exposure. Lipid stor-
age provides protection against toxic stress from
transient exposures only if the organism is not
forced to rapidly mobilize quantities of stored lip-
ids. When an organism rapidly utilizes stores of
lipid in a situation where high body burdens have
been obtained, internali 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 con-
sideration, a dynamic lipid compartment is neces-
sary in any individual model that is utilized to
represent the biological/chemical interaction.

MATHEMATICAL MODEL OF A DAPHNID

We now summarize the model of a life history
of a daphnid. More detail and background infor-
mation can be found in [5). Figure | is the concep-
tual model listing compartments and the flow chart
for an adult female daphnid. The model assumes
that the only inputs to the lipid and protein com-
partments are obtained from a decoupling of the
food lipid and structure, that is, no synthesis of fat
can occur from the carbohydrates and proteins 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 simplify-
ing factor in the individual model and consequently
in the population model.

Let m; and mg denote the mass of the lipid
and mass of the structure, respectively, in an indi-
vidual 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 por-
tion of the structure is viewed as protein and car-
bohydrates bound in soma and is designated in the
model by mpg, the mass of the protected struc-
ture. The labile portion of the structure component
is represented by mg — mpg. The nonlabil: lipid
is assumed to be proportional to mpg and in the
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Fig. |. Compartment and flow diagram for the individual model.

Table |, Individual compartment labels and related interpretations and parameters

Symbol [nterpretation Dimension
mg (variabie) Mass of structural material mg

m,_ (variable) Mass of lipid mg

X (parameter} Density of resource me/mm’

X5 {parameter) Density of resource structure (fraction of x) mg/mm?

x_ (parameter) Density of resource lipid (fraction of x) ng/mm’

L. (variable) Total lipid in eggs me

S, {variable) Total structural material in eggs mg

S, {variabie) Total structural material in carapace mg

mes (variable) Mass of protected structure (nonlabile) mg

¢ (parameter)

[nput flows: 2L, 2§
Ayl (parameter})
Aps (parameter)
A, {parameter)

A, (parameter)

Cutpur flows
E (variable)
2, (parameter)
ey (parameter)
TED (variable)
AE (variable}
A; (parameter)
A, (parameter)
A (parameter)

A, (parameter)
A, {(parameter)
A, (parameter)

Aq {parameter)

Ao (parameter)

Fraction lipid associated with nonlabile structure

Assimilation rate/ingestion rate

Assimilation rate/ingestion rate

Reciprocal of constant allometrically refating maximal
filtering rate 1o organism length squared

Reciprocal of constant allometrically retating maximal
ingestion rate 1o organism length squared

Maximum number of eggs made from labile structure

Minimal lipid content per egg

Maximal lipid content per egg

Power demand

Power supply

[abile lipid mobilization rate

Labile structure mobilization rate

Multiplier representing energetic costs for activity due
to viscous forces

Muitiplier 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 growth rate of structure while in
brood pouch

mg lipid/mg structure

nondimensional
nondimensional

mg*? day mm

day

344

mg egg "
mg egg '
joules day ™
joutes day ™"
day "
day ™

t

joules mg™'? day”

joules mg ™% day~
joules mg ™! day~
joules mg ™! day~

day ™!

day ™!




model is represented by empg; hence, the labile lipid
is m_ — emps. The density of the resource is de-
noted by x and we assume that x = x; + x5 where
x, and xs 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]. The losses of energy
for maintenance and the activity are assumed to
operate on a continuous time scale. Hence, in in-
tervals when there is no reproductive loss the daph-
nid is represented by the differential equations (see
Table 1 for definition of symbols):

dmL _ _ AOLmeS
4 T8 Aymi? + Ayx
Ay (my — emps) TED > AE
- TED (1)
A](mL—EmPs)— TEDEAE,

where available energy is

AE = 37.68A3(mL - EmPS)
+ 16.75A4,(mg — mps)

and the total energy demand is activity energy plus
maintenance energy:

TED = A (m_ + mg)'> + Ag(my + mg)*?

+ A-,rm[_ 4 Asms.

The differential equation for mg is

% o Aps X5 Mg
dr BT A ml F Ax
A.g(m[_ - émps) TED > AE
_ (2
TED
A - TED = AE,
a(my — emps) 1

in the brood pouch, a juvenile is assumed not
to have access to food; thus, individual dynamics
are represented here by dmy/da = —Aqmy,
dmg/da = —4 gms.

Each of the parameters 4;, i = 0,1,...,10 is
assumed to be constant. Representative values em-
ployed 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 ailocation of
piomass to eggs OCCUT OVer a continuous time
frame, but because the time scales are small com-
pared 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 de-
scribed in detail in [5].

Table 2. Parameter values used in mode! analysis

Symbol Value Dimension Source used in computation
X 5 x 1077 mg mm ~° Lynch et al. [21]

X, 1.25 x 1077 mg mm > Blazka [22], Paloheimo et al. [23]
Xg 375 x 1077 mg mm 3 Blazka [22], Paloheimo et al. {23]
€ 0.12 - Kooijman and Metz [9], Tessier et al. 8]
Aol ! — Blazka {22}, Paloheimo et al. [23]
Ags 0.8 - Blazka [22], Paloheimo et al. [23]
A, 5.5 x 1077 mg¥? day mm ™ Lassiter {12]

A, 0.08 day Lassiter [12]

A, 10 day ™! Created

Ay 8 day™! Created

A 2.9 x 1078 joules mg™"? day ™! Gerritsen [24]

Ag 3.5 x 10710 joules mg™*? day™' Gerritsen [24]

A 0.4 joules mg ™! day ™’ Kooijman [10}

Ay 0.3 joules mg ™' day ™! Kooijman {10]

Ag 10 day™! Created

A 8 day™’ Created

-
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Fig. 2. Lipid (m,) and structure (ms} cycles in the indi-
vidual model. The dynamics illustrate the decrease of size
while in the brood pouch, exponential growth as a juve-
nife and the molt cycle. The nonlabile structure, Mpg is
a nondecreasing function of age.

Examples of the numerical solution of the indi-
vidual model are given in Figures 2 and 3. A typical
individual is presented in Figure 2. The organism
grows until it reaches reproductive size. The allo-
cation of lipid and structural mass to reproduction
1s indicated by the instantaneous decreases in the
component masses. After reaching reproductive
maturity, the female is assumed to reproduce in a
pertodic manner. The gestation period is a species
property that influences popuiation dynamics.

UPTAKE IN AQUATIC ANIMALS

The uptake model that is employed in connec-
tion with the individual model above is a modifi-
cation of FGETS [6]. This model, based upon
thermodynamic potential, represents the chemical
exchange between fish and aqueous environment

051
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M
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Fig. 3. Individual growth where reproductive size is not
attained over an individual’s life span.

that occurs across gill membranes and the chemical
exchange that occurs across gut walls from inges-
tion of the contaminated resource. The model in its
simplest form without food uptake is of the clas-
sical bioaccumulation form; however, an advan-
tage of the approach of [6] is that the parameters
of the uptake model are represented in consider-
able detail and they include many factors that can
influence internal concentrations. These detailed
features include the fractions of the organism that
are lipid (P ), aqueous (P,) and structure (Ps);
the partition coefficients that indicate the affinity
of the chemical towards lipid (K ) and structure
(Ks); the conductance of the exposed membrane
{(kw); the toral weight of the organism (W), and
the active (effective) exposure area (). The gen-
eral form of the model is

dB
dr
Br [S-kw + E-kg] (3)
wy-BCF ' Y B

In Equation (3) B+ represents the total :oxicant
in the organism; Cy, and Cr represent the concen-
trations of toxicant in the environment and in the
food, respectively; F and £ are the mass {Tuxes of
food and feces, respectively; BCF is the bioconcen-
tration factor (total concentration in the organ-
ism/Cyw); and kg is the partition coefficient of
chemical to excrement (Cg/C,, where C, and Cg
are the concentrations of the chemical in the aque-
ous portion of the organism and its feces, respec-
tively.) The dimensions, units and estimated values
of parameters used in Equation (3) are indicated in
Table 3. The unit conductance, kyw, may be calcu-
lated from the molecular weight of the chemical
and the n-octanol/water partition coefficient. To
compute kyw 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 diffu-
sion coefficient, which is a function of the molec-
ular weight of the chemical. For Daphnia, we
assume ky is dependent upon the diffusivity of
the chemical through the carapace.

A seemingly natural approach to model the up-
take of chemical from food would be to employ
hypotheses similar to those imposed for cuticular
uptake. The complications of this and other op-
tions for modeling the uptake from contaminated
food are discussed in [13].
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Table 3. Toxicant uptake mode! variables and parameters

Symbol [nterpretation Dimension
B+ Total toxicant burden in whole organism mg

Ry Active exposure area mm?

kw (parameter)  Conductance: exposure tissue mm/d

ke (parameter) Conductance: intestinal tissue mm/d

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

Ca Toxicant concentration in aqueous portion of the organism  mg/L

Ce Toxicant concentration in intestinal contents mg/L

E Egestive flux mg/d

F Feeding flux mg/d

BCF Bioconcentration factor Dimensionless
W Weight meg

A basic assumption of this model representa-
tion, that of equilibration of chemical between the
organism’s body and the gut contents, is, of course,
not necessarily true. It has been demonstrated {14]
that this is a worst case assumption during increas-
ing body concentration when exposure is to con-
taminated food, that is, no more chemical 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 consis-
tent assumption wouid lead to longer depuration
times. For toxicity evaluations, this would usually
not be considered the worst case scenario,

EFFECTS OF TOXICANTS ON INDIVIDUALS

The basic ideas employed to assess the effects of
chemicals on an individual and on a static popula-
tion are given in {3]. We review these ideas o set
the stage for this study on the effects of a chemi-
cal 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 ac-
tion is implemented by utilizing QSARs. The pro-
cedure consists of combining the following: (a) the
differential Equations (1) and (2) for evolution of
the individual dynamics; (b) the differential Equa-
tion (3) for the total concentration of toxicant in
the organism; (c) the determination of mortality
from QSARs.

The first two of these steps couple the dvham-
ics 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 [15]; see Figure 4. These bioassays were devei-
oped for baseline narcotic chemicals and relate a

chemical property, K., to mortality of the indi-
vidual. Most of the data in Figure 4 are for fish.
Some Daphnia data [16] appears analogous to this
and, indeed, overlaps with it. We are not aware of
a complete Daphnia QSAR. To iilustrate our ap-
proach, we extrapolate and utilize the composite
QSAR function obtained from both fish and
Daphnia. There are numerous QSARSs in the [iter-
ature for modes of action other than baseline nar-
cosis. For example, the modes of polar narcosis
[17) and uncoupling of oxidative phosphorylation
{18] have been documented. A common feature of
each of these modes of action is that lipophilicity
of the chemical, as measured by K,,,,, is important.
We do not present modes of action other than nar-
costs in detail. Because each of the derived QSARs
is based, at least in part, upon K, it appears that
assessment of risk after exposure to chemicals with
these other modes of action also must utilize lipid
as an individual modei component.
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AN ACUTE EXPOSURE-STATIC POPULATION
THEORY: SURVIVAL OF THE FATTEST

In a recent article [3], we developed an ap-
proach that utilizes individual variation to structure
a population and to explain the effects of an acute
toxicant exposure from a lipophilic narcotic on
that population. The basic idea is that lipid pro-
vides a buffer against toxic stress and this factor
must be utilized in any consideration of effects.
According to this theory, in an assessment of mor-
tality, an individual with a smaller lipid fraction
body content will die before another individual
with a larger lipid fraction given equal exposure
f3]. The hypothesis for this theory is directly re-
lated to the static state of the population. This
static state allows oniy acute toxicant exposures.
The pathway of exposure is apparently not impor-
tant for effects on static populations.

DYNAMICS THEORY: EFFECTS OF
TOXICANTS ON POPULATIONS

Methods

Our prototype dynamic population model for
Daphnia is based on individual response so that ef-

fects can be determined directly and the cumulative
effect at the population level ascertained. Assess-
ment of effects of toxic expasure involves non-
linear processes at the individual level —through
the dynamics of components such as lipid and
size—and at the population level —through density-
dependent representations such as mortality. The
toxicant-population model is formulated so that
chronic as well as acute exposures may be investi-
gated. First, we will sketch the approach used to
model the population. Then, we will discuss the ef-
fects 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 par-
tial differential equation explicitly represents phys-
iological variables as they are used 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 Daphnia because they are classical aquatic bio-
assay test species and have a dynamic lipid cycle
[8]. The assessment of effects of a lipophilic nar-
cotic mandates that the individual model should
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Fig. 6. (A) The scaled lipid density of a dynamic population as modeled by Equation (5) represented as a function

of time over the interval 400 to 800 d. Note the existence of [oag-term fluctuations on scales much larger than the

species periodic reproductive time;

the scaled protein density for the population of (A). (Continued on facing

(B)

page.)
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Fig. 6 continued. {C) The scaled age density for the population of (A).

minimally include some measures of the physiolog-
ical variables of age, lipid and structure. Age is
necessary to reflect the life history of an individual.
Lipid, a bioconcentration site for the toxicant, is
necessary to assess the effects of the chemical on
the individual. Structure is necessary to measure
weight and, subsequently, length of the organism.

If p = p(t,a,m, ms) is the population density
function that depends upon time r and the physio-
logical variables @ representing age, m, represent-
ing the mass of the lipid and mg representing the
mass of the structure compartment and g, and g
are the growth rate of the lipid and structural com-
ponents of an individual as given by the Equa-
tions (1) and (2), respectively, then an equation
that incorporates these physiological variables into
a population scheme is

Pet+ 0y + (0 8)m + {0 8s5kmg = —pp.  (4)

The subscripted terms represent partial derivatives
with respect to the variable indicated by the sub-
script. The birth process for the population is rep-
resented by a boundary condition and the mortality
rate is given explicitly in the differential equation
as u, which generally is a nonlinear function of the
density p. The particular form of the birth process

may be written in several equivalent representa-
tions, one of which is

p(!,O, m[,urmso) = fffﬂ([ra: ng!mSOlmL:mS)

X p{t,a,m_,mg)dadm dmsg,

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

Several different types of mortality are repre-
sented in our numerical model formulation. We in-
clude formulations for age-dependent mortality,
size-dependent mortality and density-dependent
mortality. The age-dependent mortality is assessed
uniformly along cohorts, whereas the density-de-
pendent mortality is assessed uniformly across the
population (Table 4). The size-dependent mortal-
ity is viewed as possibly caused by predation and
is determined by weight of the individual. The pop-
ulation model (4) is, in general, nonlinear but it
would be linear if the density-dependent mortality
term were omitted. Some restriction on mortality

I
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is generally needed to prevent the population from
growing beyond reasonable size. The specific
forms of these mortality 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 hyper-

o ns A
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= = 0.CC000088
== 2.30000080
= = 5.00C0CCS2,

bolic partial differential equation that may be rep-
resented in an alternate manner by the method of
characteristics. In this method the partial differen-
tial equation is reduced to a set of ordinary differ-
ential equations that are valid along certain special
curves called characteristics. Specifically, in this
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Fig. 7. The graphs of the first nine ecotypes listed in Table 5. The size ranges of the structure and lipid compart-
ments for the ecctypes vary considerably: hence, there is variation in the population in both size and age structure.
(A} Ecotypes | (largest mg), 2 (middle my), 3 (smallest ms); (B) ecotypes 4 (largest mg), 5 (middle mgq), & (smallest
ms). (Continued on facing page.)
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model an equivalent representation for the partial
differential Equation (4) is the following system of

five ordinary differential equations.

da
dx
d¢
dx
dm,
dh
dmsg
dn

= 8L,

= g5,

do

dn =—(p+ (gL)mL + (gS)mg)pa (5)

where A is the characteristic variable.

[f the function g, as described by (5), is com-
puted along characteristics, it is not a strict density
function in the sense that its dimensional units are
numbers (per volume); however, p can be con-
verted to a density function with units numbers

{per volume) by including the Jacobian of the
transformation induced by (4). Let 7 = ph where

ha + hl = [(gL)mL + (gs)m,]h

Table 4. Mortality functions used in population model

Individual mortality
Weight-dependent moriality: )
Hw = Yw iiw = Yw o w{ W), W= weight (mg)

Voo W=0
- Ve welw, Wl
Frw = Ve, W=W,

continuous and linear, elsewhere

Age-dependent mortality:

kK, 0=a=350

Pa = 1w, a>50

Population mortality
Density-dependent mortality:
ip = uplPg), Pg = total population biomass
{Frank et al. [25])

A Dy Py e {0, Pr]
_ 1D, Py =P,
o= 12Dy, Py = Pe

continuous and linear, elsewhere

and
n, +1,=—un.
In each of these equations subscripts indicate the

partial derivative with respect to the subscripted
variable, Along characteristics » is a density func-

7 s A ~esnrc=02.00000CA3
- :L [ s~n0e® =02.0020
2i= 0.0000CC3R 5« =5.2125
: =1= 0.0CCC0C8RT s x -S.7875
l =i= (.0C00CCS2 a2 =0.170D
o i 23 =1.0000
o a4 =0.8000
go] a5 =0.5000
- ab =0.5000
' a’ =0.4000
2 a8 =0.5000
S5
[
)
o5

Fig. 7 continued. (C) Ecotypes 7 {largest mg), 8 (middle mg), 9 (smallest mg).
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Fig. 8. The climax population. The figure illustrat
density, its structure density and its age density. (A)

the interval 400 to 800 d. (Con-
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Fig. 8 continued. (C) The dynamic age density of the climax population on the interval 400 to 800 d.

tion that has units numbers (per volume) and
satisfies

dn
— = —pun, 6
I ui (&)

In (6), mortality is the only force acting along
characteristics. Our approach is to solve this sys-
tem of ordinary differential Equations (5) numer-
ically with the p equation replaced by (6). Examples
of graphical representations of some numerical so-
lutions are given in Figures 5 and 6 for several sit-
uations, including shorter time scales where output
at each computation time is presented (Fig. 5} and
longer time scales where many computational out-
puts 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 re-
productive 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 ar which the organ-
isms grow and the birth process. This longer-term
osciilation apparently is not due to the dynamics of

-

the resource, which is assumed to be at constant
density. In particular, this is not a typical preda-
tor-prey oscillation where both predator and prey
have oscillatory behavior. This oscillatory behav-
ior of a consumer when the resource is at a rela-
tively constant level is characteristic, however, of
some Daphnig populations [19], which do oscillate
in the presence of a nonoscillatory algal resource.
Qur analyses, based upon numerical studies of the
population model, indicate that the cause of the
longer-term fluctuations is apparently not a result
of the assumed density-dependent regulation, since
oscillations still occur even when the density depen-
dence is removed. We mention this because the
folklore in rudimentary nonstructured models in-
dicates that oscillations are often caused by inclu-
sion of density dependence (c.f. [20]).

Our numerical procedure essentially follows co-
horts of individuals along characteristics. This al-
lows effects of toxicant exposures to be assessed at
the individual level, while the overall effects on the
population can still be determined by an accumu-
lation of individual effects. The addition of a tox-
icant {eads to another type of mortality assessed at
the organism level according to lipid content of the

=

e
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Fig. 9. Chemical stress case 1 (see text for details). The figure illustrates the changes in ¢

of the popularion due to toxicant impact. The initial time of exposure is chosen so that t

tion among individuals in the population. The nominal population dynamics and the toxicant stressed population
dynamics are presented. The stressed population dynamics are examined from both the depression and stimulation

perspectives; (A} The lipid density of the model population in the absence of the toxicant on the interval 20 to 100

d; (B) the lipid density of the model population with a toxic exposure through both environmental and food path-

ways initiating at cay 24 and terminating at day 31. (Continued on the following two pages.)
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ge density function caused by the toxicant; (F) stimulation effects on
individual. Hence, in the model there are four es- by total population biomass) and mortality due to
sentially distinct causes of death: mortality due to  toxicity (determined by the lipid distribution in the
the physiological process of aging, mortality due to  population and toxicant exposure concentration

size {(as, for example, determined by predation), and duration).

mortality due to density dependence (determined

The population structure and analysis as re-
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Table 5. Parameters and ecotypes of individyals used

Ecotype
no.

Parameter values

Age at
first brood

Structure mass (mg)

after last reproduction

Lipid mass (mg)
after last reproduction

No. of eggs
in last brood

3]

17

13

x = 0.57500E-06

n
i

(=]
g
T
&

x_ = 0.12219E-06
x = 0.57500E—06
A, = 0.30000£—06
%, = 0.122196—06
x = 0.57500E—06
A, = 0.92000E—06
x¢ = 0.12219E-06
x = 0.50000£—06
A, = 0.68000E—06
x, = 0.10625E-06
x = 0.50000E—06
A, = 0.80000E~06
2, = 0.10625E—06
x = 0.50000£—-06
A, = 0.92000£—06
%, = 010625606

x = 0.42500E—06
A, = 0.68000E—06
x = 0.09031£-06

x = 0.42500E—06
A, = 0.80000E 06
X = 0.09031E—06

x = 0.42500E—06
A, = 0.92000E—06
x, = 0.12219E—06

x = 0.57500E—06
A, = 0.68000E—06
= 0.1437SE—06

x = 0.57500E-06
A, = 0.830000E—06
. = 0.14375E-06

x = 0.57500E—06
A, = 0.92000E—06
x, = 0.1437SE—~06

¢ = 0.50000E 06
A, = 0.680005—06
x_ = 0.12500E~06

x = 0.50000E—06
A, = 0.30000E—06
x_ = 0.12500E~06

x = 0.50000E 06
A, = 0.92000E—06
x, = 0.12500E—~06

x = 0.42500E—06
A, = 0.68000E—06
x, = 0.10625E-06

x = 0.42500E—06
A, = 0.80000E —06
x_ = 0.10625E~06

x = 0.42500E—06
Ay = 0.92000E—06
x_ = 0.10625E—06

6.65

7.65

7.05

7.65

8.30

7.65

8.45

9.45

6.80

7.80

8.50

7.80

9.63

0.64310

0.40030

0.26210

0.428%90

0.26100

0.17420

0.26100

0.16940

0.10870

0.60810

0.37050

0.24620

0.40040

0.24620

0.16960

0.24620

0.15830

0.10420

0.09678

0.05954

0.03801

0.06388

0.0380t

0.02510

0.03801

0.02514

0.01560

0.12980

0.07777

0.05116

0.08438

0.05116

0.03533

0.05116

0.03291

0.02145

65

27

43

27

27

[6

60

38

25

16

25

15

10

Continued
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Table 5 continued.

Ecotype Age at Structure mass (mg) Lipid mass (mg} No. of eggs
no. Parameter values first brood  after last reproduction  after last reproduction  in last brood
x = 0.57500E-06
19 A, = 0.68000E—-06 6.50 0.36480 0.16040 57
xy = 0.16531E-06
x = 0.57500£-06
20 Ay = 0.80000£—-06 7.40 0.35480 0.09936 35
xp = 0.16531E-06
x = 0.57500E-06
21 A, = 0.92000E-06 8.00 0.23610 0.06362 23
X, = 0.165311E-06
x = 0.50000E—-06
12 A, = 0.68000E-06 7.35 0.37250 0.10480 38
X, =0.16531£-06
x = 0.50000£-06
23 A, = 0.80000E-06 3.00 0.23610 0.063562 23
xp = 0L.16531E-06
x = 0.50000£—-06
24 A, = 0.92000£-06 8.70 0.15960 0.04404 15
x = 0.16531E-06
x = 0.42500E£-06
25 A, = 0.68000E—06 8.00 0.23610 0.06562 23
Xy = 0.12219E-06
x = (1.42500£-06
26 A, = 0.80000E£-06 8.35 0.149%0 0.04130 14
x = 0.12219E-06
x = 0.42500£ 06
27 A, = 0.92000£-06 9.90 0.10340 0.02830 9
xg = 0.12219£-06

ported here is based upon 27 different types of in-
dividuals. These individual ecotypes are determined
by the constant level of resource on 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 considerabie diversity to the popula-
tion. Figure 7 indicates the graphs of some of the
ecotypes of inrdividuals. The parameter values used
to generate the ecotypes are listed in Table 3.
The population model records the time and age
dynamics of cohorts of individuals in the popula-
tion, assesses mortality and indicates births. Organ-
1sms are assumed to be clones of their parent; this
is a proper hypothesis for Daphnia, which in non-
stressed conditions reproduce parthenogenetically.
Our objective is to indicate the processes that
impact studies on population effects of toxicants.

Although many environmental conditions are im-
portant for ecological systems, factors such as
seasonality, temperature and pH were not included
in process formulations since these variables affect
only the parameter values in process representa-
tions and not the formulations themselves.

Results: Toxic effects at the population leve!

An effect on a population is defined here as any
deviation from the population behavior that is
caused by a toxicant. It is possible to have positive
and negative effects, i.e., stimulation and depres-
sion. If p is the density function of the unstressed
{nominal) population and pq is the density function
of the stressed population, the depression effects
are represented by (p — pg), and the stimulation
effects are represented by (ps — p), . (Here, y, is
Y if y is positive; it 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.
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Dynamic populations and chronic exposures.
Persistence of a dynamic population after chronic
exposure is determined not only by the lipid distri-
bution, which is fundamental to response to acute
exposures, but also by the growth of the individu-
ais in the popuiation and population processes such
as birth and mortality rates. The population model
was run through several iterations in order that the
effect of the initial distribution be diminished and
that biological diversity and succession be attained.
The 27 ecotypes described above were coupled with
a fixed set of mortality parameters to delineate
characteristics of the Daphnig population. The
population 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 various ages
all of ecotype 1. The dynamics of this population
are presented in Figure 8(A)-(C), representing the
dynamic lipid distribution in the population, the
dynamic structural mass distribution in the popu-
lation and the dynamic age distribution in the pop-
ulation. All other population graphs are scaled by
a physiological variable size to allow viewing of the
larger individuals in the population. Otherwise, the
numbers of smaller individuals would completely
dominate the graphics.

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

Chemical stress case {. A 7-d exposure to a 16
ppm aqueous concentration, initiated on day 24, to
a chemical having an octanol/water partition co-
efficient of 10* decreases the population to two
cohorts of ecotype 27, which filters at the lowest
rate and feeds at the lowest resource level with the
lowest lipid content. These individuals are the
slowest growers and the leanest of any of the eco-
types. 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 Figure 9(A)-(F). The lipid distributions in the
unstressed population and the stressed population
are shown in Figures 9(A) and 9(B), respectively;
Figures 9(C) ard 9(D) represent the depression
effects and the stimulation effects, respectively.

Figures 9(E) and 9(F) illustrate the effects of the
toxicant on the age distribution of the same respec-
tive populations. Because of the assumed density
dependent mortality, this population became ex-
tinct after several generations.

Chemical stress case 2. Model simulations
showed that exposure to a different chemical can
resuit in a completely different population struc-
ture. A 7-d exposure inttiated at day 24 to a chem-
ical with an octanol/water partition coefficient of
4.5 x 10% at concentration 4 x 1076 (4 ppm) 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
popuiation and are determined by a trade-off be-
tween filtering rate and resource level. Neither the
fattest nor the climax ecotype remain in the pop-
ulation after toxic exposure. Figures 10{(A)-(D)
illustrate the effects of this toxicant on the
population.

Chemical stress case 3. Another interesting sit-
uation results from an 8-d exposure, initiated at
day 24, to a chemical having an octanol/wate- par-

10~ (8 ppm). This ieads to a population consist-
ing of many ecotypes. When the simulation is con-
tinued after termination of toxicant release, the
population is ultimately dominated by the fastest
growing ecotype of the surviving ecotypes. This cli-
max individual ecotype dominates only after a long
time period because of the pressure of another sim-
ilarly fast-growing ecotype. At the end of the ex-
posure period, the two ecotypes that ultimately
dominate the population were a very minor part of
the population. When the time of exposure is ex-
tended an additional 0.5 d, 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 chemical on a
popuiation, a model population structured by sev-
eral different environmental and physiological
characteristics was selected and then exposed to
different chemicals. 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 particu-
lar ecotypes of the surviving cohorts of individuals
were determined by both biological succession in
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the population and toxicological aspects of the
chemical. The important biological features for
ecotype persistence are reiated to the intrinsic os-
cillations of the population, to the assessment of
mortality and to the reproductive characteristics of
the ecotypes. Toxicological features of importance
besides the physical/chemical properties include
the length of exposure, the initial time of exposure
and the dose of the toxicant,

[t is clear that in a dynamic setting survival of
the fattest is not generally a valid theory. In some
cases analyzed here a setting was produced 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 those growing at an intermediate
rate.

That exposure may come from both the envi-
ronmental and food chain pathways complicates
determination of cause of death or, equivalently,
reason for survival in dynamic peopulations. When
exposure is via the food chain pathway, population
persistence can be governed by amount of toxicant
uptake from food. Many larger individuals can
literally eat themselves to death by accumulating fe-
thal doses of chemicals from food. This is illus-
trated in Figure 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 be-
cause it is at the lowest far 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 implication 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.
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