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Abstract. In this paper, we investigate whether a stage-structured population model
can explain major features of dynamics of the herbivores Daphnia galeata and Bosmina
longirostris reared under controlled laboratory conditions. Model parameters are determined
from independent individual-based information gleaned from the literature on feeding,
growth, reproduction, and survivorship of these herbivores. We tested predictions of our
model against published observations on the dynamics of laboratory populations. The
feeding protocols used in these experiments present a highly dynamic food environment
that rigorously challenges the ability of stage-structured models to predict the dynamics of
populations as they approach equilibrium. For both herbivore species, the models correctly
predict feasible equilibria and some features of their dynamics {e.g., periodicity, cycle
amplitude, demography, and fecundity) for experiments in which the species were raised
in isolation and food transfers were relatively frequent (at least one transfer per instar).
With frequent food transfers, the model also correctly predicts coexistence of the herbivores
during competition experiments and suggests a novel mechanism for coexistence. The model
fails to predict correctly single-species dynamics and the outcome of competition in ex-
periments where food transfers were infrequent and utilization of internal reserves by
individuals in the populations must have been high.

Key words: Bosmina; Daphnia; modelling dynamics of competitors, population dynamics; stage-
structured population models.

INTRODUCTION particular, mechanisms producing cycles have thus fo-
cused on the interaction between individual herbivares
and their food supply (e.g., McCauley and Murdoch
[987, 1990, Bargmann ¢t al. [988, McCauley et al.
1988, Nisbet et al. 1989, Arditi et al. 1991, Kretzchmar
et al. 1993, Grover 1995; W. W. Murdach, R. M. Nishet,
E. McCauley, A. M. de Roos, and W. S. C. Gurney,
unptblished manuscrips).

Fortunately, there is a tremendous amount of qual-
itative and quantitative information on energy acqui-
sition and utilization by herbivorous zooplankton (e.g.,
Richman 1958, Lampert 1977, Paloheimo et al. 1982,
Porter et al. 1982, Taylor 1985, Lynch et al. 1986,
McCauley et al. 1990q, &; Glazier 1992). The avail-
ability of these data provides a unique opportunity to

| Manuscript received 26 June 1995; revised 8 January ©xamine whether individual-based models of the pred-
1996, accepted 8 January 1996. ator—prey interaction can explain population level dy-

Herbivorous zoaplankton, such as Daphnia, and their
algal prey display a range of population dynamics in
lakes and ponds (e.g., Murdoch and McCauley 1985,
McCauley and Murdoch 1987, Borgmann et al. 1988,
Lampert 1988, McCauley et al. 1988). Far situations
where Daphnia’s predators are unimportant, there is
compelling evidence for the hypothesis (McCauley and
Murdach 1987, 1990} that these dynamics are inter-
nally generated by the predator—prey interaction be-
tween herbivores and their algal prey, as opposed to
being externally driven by environmental variability
during the growing season {(McCauley 1993). Expla-
nations for the observed range of dynamics, and, in
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namics and provide insight as to how the range of dy-
namic behavior observed in natural systems is pro-
duced.

In this paper, we focus an whether a structured pop-
ulation model for herbivorous zooplankton, develaoped
using independent physiological data, can predict pop-
ulation dynamics under laboratory conditions. Labo-
ratory-raised populations are often viewed as being ar-
tificial systems, which are unlikely to provide any in-
sight on the dynamics of “real” populations in natural
environments. However, there are several reasons why
tests against laboratory populations are illuminating in
this case. First, we have demonstrated previously
{McCauley and Murdoch 1987, 1990} that cycles in
field and laboratory populations share many demo-
graphic features, including fluctuations in age structure
and fecundity. Secand, the feeding protocol in many
laboratory experiments, which typically consists of
batch addition of food at discrete intervals (e.g., Slo-
bodkin 1954, Goulden et al. 1982), pravides one of the
mast stringent tests of a model’s ability to capture the
dynamics of herbivore energetics. In general, we often
imagine laboratory culture conditions as being rela-
tively benign with respect to environmental variation
compared with “*natural™ systems, and while these lab-
oratory experiments certainly hold constant many as-
pects of the physical environment {¢.g., temperature,
photoperiod, etc.), the food is highly dynamic aver the
time scale of the transfer interval. Individuals in these
laboratory populations experience a rapidly fluctuating
food environment on the time scale of their molt cycle
(during which energy is being allocated dynamically
to competing processes of growth, reproduction, and
mortality), and this provides a rigorous challenge for
the model to integrate accurately the interaction be-
tween individuals and their food environment.

We have previously developed (Nisbet et al. 1989)
a structured population model for Daphnia pulex based
on a synthesis of individual physiology (Gurney et al.
1990, McCauley et al. 1990a, b). Here we examine
whether this model can be applied to another Daphnia
species (D. galeata) for which there are excellent data
on laboratory population dynamics. We then examine
whether this model can predict the dynamics of a fresh-
water herbivore from a different genus (Bosmina lon-
girostris) that has some contrasting life history fea-
tures. To estimate the required parameters on feeding,
development, reproduction, and survivorship for D.
galeata and B. longirostris, we synthesized quantitative
data from the literature on the physiological ecology
of these species. Finally, we examine whether our mod-
el can predict the dynamics of competing populations
of D. galeata and B. longirostris.

The development and testing of individual-based
modelling approaches is in its infancy (e.g., Metz and
Diekmann 1987, De Angelis and Gross 1992, Judson
1994) and, despite the immediate appeal to biologists
of providing predictions that can be used to distinguish
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plausible explanations, there have been significant crit-
icisms of the approach. Some believe these models will
provide limited biological insight because of their in-
herent complexity and their lack of generality (Judson
1994). A thorough investigation of these issues is be-
yond the scope of this paper. However, by examining
the ability of a single structured population model to
capture the population dynamics of a suite of herbivare
species, we hope to provide at least one example that
can contribute to the debate on the role of individual-
based theory in population ecology, and also to the
wider issue of reconciling the conflicting demands of
generality vs. testability in ecological models.

TARGET DATA

Labaratary experiments on the population dynamics
of Daphnia have been widely used to test fundamental
ideas in population ecology, such as density-dependent
regulation (e.g., Frank et al. 1957, Frank 1960) or the
role of time delays (e.g., Pratt 1947; Slobodkin 1954,
Goulden and Hornig 1980, Goulden et al. 1982). These

‘experiments often use a protocol in which populations

are raised in fixed volumes and transferred on a regular
basis to a fresh universe containing a known amount
of food. Thronghout this paper we use the term “trans-
fer culture™ to describe this protocol.

Despite the fact that many of these experiments are
“‘classics,” Van der Hoeven (1989) has recently sug-
gested that, strictly speaking, most of them suffer from
“demonic intrusions” or external factors that praduce
perturbations in the density or age structure of the pop-
ulation that renders problematic the interpretation of
the causes of population dynamics. The study with per-
haps the best contral over food supply, initial states,
and experimental conditions is Goulden et al. (1982).
Goulden’s experiments are particularly well suited for
modeling, as the carbon content of cells provided as
food was measured directly (Goulden and Hornig
1980). Populations of three species of cladocerans
(Daphnia magna, D. galeata, and Bosmina longiros-
tris) were raised in isolation and in competition at var-
ious food levels. We consider in this paper only the
dynamics of D. galeata and B. longirostris, because of
inadequate data to parameterize fully a stage-structured
model of D. magna In this section, we summarize the
essential dynamical featres of the populations studied
by Goulden et al. (1982). These populations were cen-
sused, so none of the observed fluctuations is attrib-
utable to sampling error. For brevity, we refer to the
subspecies D. galeata mendotae studied by Goulden et
al. (1982) as D. galeara (see Appendix for taxonomic
considerations).

Figs. | and 2 show dynamics of D. galeata popu-
lations abserved for two different food regimes: (1) a
treatment labeled “medium food™ by Goulden et al.,
in which a 50:50 mixture of Chlamydomonas rein-
hardiil and Ankistrodesmus faleatus, with a C concen-
tration of 0.25 mg/L, was provided every 2 d (Fig. 1),
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Dynamics of replicate populations of Daphnia galeats observed by Goulden et al. (1982) when populations were

provided food with 0.25 mg C every 2 d. Total density re-expressed from the criginal paper as number of individuals per
litre. a-e, replicate populations; f, fluctuations averaged over replicates.

and (2) a “high food" treatment, with a C concentration
of 2.5 mg/L, was provided every 4 d (Fig. 2). As the
interval between transfers turns out to play a significant
tole in our interpretation of these experiments, we shall
refer to the experiments as “‘2-d” and “4-d"' transfer
cultures.

In the 2-d transfer cultures (Fig. 1), all populations
displayed an initial overshoot in density, peaking by
roughly day 18, followed by small-amplitude fluctua-
tions with no extinctions. Beyond these major simi-

larities in dynamics, there was considerable variation
observed among replicates after the initial overshoot,
especially in the number and amplitude of the “‘cy-
cles.” For example, four of the replicates (Fig. la, b,
d, e) have a second peak in density at approximately
day 40. In three of these four replicates (Fig. 1 a, d,
e), the third peak in density, at approximately day 53,
was higher than the second peak. The second peak at
day 40 seems to be much reduced in ane replicate (Fig.
1¢), and there is a peak that occurred just after day 30,
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Goulden et al. (1982) paid strict attention to the ini-
tial experimental conditions. Each replicate was started
with 10 neonates of identical age born to mothers of
the same age and identical feeding history. The ensem-
ble average of the dynamics can be determined by cal-
culating the average density among replicates for each
time period (Fig. 1f). On average, the initial large over-
shaot (i.e., peak of the first cycle) was followed by
small-amplitude cycles, with the zenith of the second
cycle smaller than the peak of the third cycle.

The demography of the populations reared in the 2-d
transfer cultures is shown in Fig. 3. As described by
Goulden et al., the populations tend to be dominated
numerically by juveniles, typically representing =75~
80% of the total population. The anly estimate of fe-
cundity is provided by observations of the proportion
of avigerous females in the population. The brood size
for females carrying eggs was not recorded, and thus
it is difficult to draw inferences about the degree of
fluctuations in fecundity, since the number of eggs per
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brood may have varied also. However, during the initial
overshoot in density there is clear fecundity suppres-
sion that occurred at approximately peak density in all
replicates {i.e., day 18-24), and following this period
of suppression, there was a burst of reproduction (i.e.,
day 25-35) with subsequent fluctuations in the per-
centage of females with eggs occurring within a rela-
tively narrow range (i.e., 0-25%).

While the dynamics observed in 4-d transfer cultures
(Fig. 2) shared some features with the 2-d transfers,
there were significant differences in the timing and am-
plitude of the fluctuations. The initial peak in density
occurred roughly by day 30, with the subsequent nadir

of the cycles occurring between day 40-50. (Please
note: care must be taken in interpreting the magnitude
of the differences and the exact timing of dynamical
features between treaiments because of the differences
in sampling frequency.) All but ane replicate (i.e., Fig.
2h-e) displayed a single cycle of comparatively long
duration following the initial cycle, and the peak of the
second cycle was generally less than the peak of the
ficst eyele (i.e., Fig. 2a, c—e). The differences in peri-
odicity between treatments were also noted by Van der
Hoeven (1989). Fig. 2f shows the average dynamics
for this treatment.

As reported by Goulden et al. (1982), the proportion
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of adults in the 4-d transfer cultures increased {(cf. Figs.
3 and 4) relative to the 2-d transfers. The level of fe-
cundity suppression also appears to have changed be-
tween treatments (Fig. 4). In the 4-d transfer cultures,
the proportion of ovigerous females was higher on av-
erage, and bouts of complete fecundity suppression
were not observed (Fig. 4).

Data for Bosmina longirostris are much more lim-
ited, bath in terms of the length of the time series and
demographic detail. Figs. 5 and 6 show fluctuations in
total density for the different transfer regimes over a
45-d period for 2-d transfers and a 60-d period for 4-d

transfers, respectively. At both food supply rates, pop-
ulations displayed an initial avershoot in density. With
frequent transfer, populations appeared to approach an
equilibrium level with only small fluctuations in abun-
dance. For the 4-d transfer cultures, the dynamics dif-
fered considerably among replicates: two replicates
(Fig. 6b, d) appeared to fluctuate around a level of
4000-5000 individuals/L following the overshoot, and
twao replicates dropped to very low levels (i.e., <1000
individuals/L). Thus, it is difficult to characterize the
dynamics in the 4-d transfer cultures.

Goulden et al. (1982) did not estimate the density of
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juvenile and adult Bosmina routinely because of the
difficulties in enumerating each group. The snapshat
provided on the size structure indicates that juveniles
and adults represented an ~350:50 mix in the popula-
tions (Goulden et al. 1982: Fig. 6). No data on the
dynamics of fecundity were reported.

Competition experiments were dane for both transfer
regimes. In the 2-d transfer cultures, Bosmira and
Daphnia coexisted over an ~=70-d period (Goulden et
al. 1982: Fig. 4) with Bosmina being the numerical
dominant. In 4-d transfers (Goulden et al. 1982: Fig.
33, coexistence was also observed over a 60-75 d pe-

70

riod, but in this case Daphnia dominated the com-
munity.

In summary, the experiments by Goulden et al.
(1982) provide a range of target data for species raised
in isolation and in competition. These data include fluc-
tuations in density, size structure, and, to a limited
extent, fecundity. A central feature of these experi-
ments was that food is provided by the experimenter
ance every few days and these fluctuating food envi-
ronments represent a formidable challenge for math-
ematical models. In order to predict correctly per capita
birth and death rates, the model must integrate the dy-
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namic food environment to predict the performance of
individuals in different stages (e.g., juvenile or adult).
In the next section, we introduce our stage-structured
model and derive parameter estimates for both D. gal-
eata and B. longirostris.

THE STAGE-STRUCTURED MODEL
Model deseription and structure

Our stage-structured model was originally developed
by Nisbet et al. (1989} to describe Daphnia pulex, but
no quantitative experimental tests were attempted in
that paper. Here, we outline its salient features and refer
the reader to the original paper for a more extensive
exposition of the biological assumptions.

The model is formulated in the language of delay-
differential equations and was constructed using a
methodology that has been described in detail else-
where (Gurney et al. 1983, 1986, Nisbet and Gurney
1983). We recognize three stages in the herbivore pop-
ulation: juveniles (J), immature adults (¥}, and repro-
ductively mature adults (A). Juveniles are defined to
be individuals who commit, or who have the capacity
to commit, all excess assimilate not required for main-

tenance, to growth. The young adult stage cavers the
period, roughly two molts in duration, that elapses be-
tween achieving capacity for commitment of assimilate
to reproduction to the release of the first brood of ne-
onates. The adult stage covers the remainder of the
animal’s life.

Far the juvenile and immature adult stages, we define
a development index (or physiological age) such that
individuals mature to the next stage when this index
attains 2 particular value, This permits us to relate the
rate of maturation out of a stage to the rate of recruit-
ment to the stage at some previous time. Changes in
the total number of individuals in each stage are de-
termined by a set of a delay-differential equations listed
in Table 1. Most of the expressions in Table 1 are
consistent with intuition, the only exception being the
expression for recruitment to the young adule stage,
which s complicated by the fact that the juvenile stage
duration may vary over time. The “additional rela-
tionships™ in Table 1 are derived so as to avoid the
need to compute integrals at every step of the numerical
solution.

Juveniles and adults feed at a rate given by a type



November 1996

TaABLE 1. The model structure.
Populations
J{) = MNumber of juveniles at time r
¥() = Number of young adults at time ¢
A{f) = Number of reproductively mature adults at time ¢
Rates
R;{t) = Juvenile recruitment rate at time ¢
R, (f) = Young adult recruitment rate at time ¢
R.(1y = Mature adult recruitment rate at time ¢
M (t) = Adult senescence rate at time ¢
Properties of individuals
h(r} = Juvenile development rate at time ¢
8,(z} = Iuvenile per capita death rate at time ¢
Aty = Adult fecundity at time ¢
8,(f) = Adult (and egg) per capita death rate at time ¢
Related functions
S;(ty = Through-stage survival for juvenile maturing at
time £
SW{(t) = Through-stage survival rate for young adult ma-
turing at time ¢,
S4t) = Through-stage survival for adult dying by senes-

cence at time .
Juvenile development time for individual maturing
at time &

T =

Balance equations
aiit)

= R,(t) — R Af) — &,(0J(}  Tuveniles
% = Ry() — R0 — 5,40¥(n  Young adults
% = Rty — M6 — §,(0At)  Mature adults
Rates

Juvenile recruitment

R,(8) = BlAAL)

bt
Ry = R,(t — v 408,68 ; s Youpg adult reeruitment
-f

{&— 140
Ry = Ryt — 2T 08,48 Mature recruitment

M = R,(0S,(0 Adult senescence

Additional relationships

S = exp[HJ‘ §,(x) dx} = d"—séf—q
t—Tir])

A
= S;(a){af(: - »rcrnh—(?“’_(’—);(;}—) - 8;@)}
i

Juvenile survival

exp{—j &,0x) dx} = %

-0y

Sy(t}

n

= Sp(0{3.08 — 2Ty — 3.0}

S0 = exp[ —f &, (x} dx] = 4549
T dt

Young adult survival

= S.008,0 ~ T —~ 3,00} Adult survival

_ dr {t)
1= J;{r] hy(x) dx = —-L~d£

)

- Juvenile development
ki {t — 7(f}) i

time
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TaBLE 2. The model functions. In this tahle the notation
fx], = xif x = 0 and O otherwise. It reflects the fact that
juvenile development rate and adult fecundity may never
he negative.

Ingestion
1. F(0 . . .
L= —"—— tan(a 1a t
(1) F) + F, Instantaneous intake rate per juvenile
1. F(t
Ly = F(—tm?—%: Instantaneous intake rate per adult

Average intake rate per juvenile

Law= J’ I(x) dx
=Ty

Average intake rate per adult

L= f L,(x) dx
=Ty

Functions

by = (L L
Tmax Tm.in Tmaa

C[exfma\ - Fa\ ] +

ed T,

E-.l\lm.r — 1y +

Tuvenile development

Adult fecundity

=
"

3, = dpexpi ~1 it Juvenile mortality

1

8, = dexp(L /Lt Adult mortality

Il functienal response, and this instantancous intake
rate is used to calculaie the average intake over an
instar of fixed duration (T,,). This average intake is used
ta determine food-dependent rates of mortality for each
stage, and fecundity for the adult stage (Table 2). The
development index for juveniles is a function of their
age and feeding histary, and an important feature to
stress is that, while development does depend on the
instantaneous intake rate of juveniles, individuals ex-
periencing food levels at or below maintenance levels
still develap, albeit at a low rate, This arbitrary as-
sumption removes the possibility of some juvenile in-
dividuals developing at extremely low rates yet sur-
viving to produce some eggs, a phenomenon never ob-
served in Daphnia, and capable of seriously distorting
demographic predictions (Gurney et al. 1996). There
is no “‘maturation mortality” associated with produc-
tion of the first brood of necnates (see Nisbet et al.
[1989]: Eq. 27; our assumption here amounts (o setiing
Sy = 1 in that equation).

Food dynamics can be specified for the particular
experimental system under study. For example, in Nis-
bet et al. (1989) we present equnations deseribing lo-
gistic prey growth and the presence of a prey refuge.
In this paper, we are dealing with an experimental pro-
tocol in which food (i.e., a certain number of algal cells
representing a known amount of carbon) is provided
at discrete intervals and these food cells do not grow
or reproduce in the rearing environment. Thus, im-
mediately prior to the transfer of zooplankton individ-
uals, the foed is reset in the vessel to a level (Fj) and
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TaBLE 3. Parameter definitions and estimates for Daphnia galeata and Bosmina longirostris.
Para-
Species meter Description Estimate Source
Daphnia galeata Lo Maximum. ingestion rate for juveniles 0.008 mg C/d 4,7, 12
Foan Maximum ingestion rate for adults 0.025 mg C/d 4. 7,12
F, Half-saturation constant in functional response (.98 mg C/L 4,7, 12
€ Assimilation efficiency 0.6~-1.0 12
T, Juvenile maintenance rate 0000187 mg C/id  1,2,6
T, Adult maintenance rate 0.0008 mg C/d 1,2, 8
c Conversion of energy available for reproduction to neo- 4043 8
nates (Daphnia individuals/fmg C)
T Instar duration 2.74d 8
Tnax Maximum development time for juveniles 2004 5 8
T Minimum developrment time for juveniles 224d 5,8
Iy Constant in formula for juvenile mortality rate 0.00035 mg C/d 5.8
Toa Constant in formula for adult martality rate 0.001 mg C/d 5.8
8y Maximum mortality rate: juveniles 0.225 d-! 4]
840 Maximum mortality rate: adults 0.225 d-! 6
Fomee  Maximum daily egg production 75 4-1 7.8
Bosmina longirosiris 1, Maximum ingestion rate for juveniles 000043 mg C/d 4, 10
Lo Maximum ingestion rate for adules 0.0007L mg Crda 4, 10
F, Half-saturation constant in functional response 0.18 mg C/L 4,140
€ Assimilation efficiency 0.6-1.0 9
I Juvenile maintenance rate 0.000056 mg C/d 3, 11
Ty Adult maintenance rate 0.000085 mg C/rd 3, 11
c Conversion of energy available for reproduction to neo- 9708 C 10
nates {(Basming individuals/mg C)
Ty Instar duration 3.0 59
Tnax Maximum. development time for juveniles 8.0 9
T Minimum development time for juveniles 1.0 9
o Constant in formula for juvenile mortality rate 0.000078 mg C/1d 5,9
Toa Constant in formula for adult mortality rate 000015 mg C/d 5,9
By Maximum mortality rate: juveniles 0.33 4! 3
340 Maximum mortality rate: adults 0.33 d-! 3
Fomse  Maximum daily egg production 3047t 9,10

Sources: 1) Schindler 1968, 2) Lemke and Lampert 1973, 3) Threlkeld 1976, 4) DeMotc 1982, 5) Goulden et al. 1982, 6}
Tessier et al. 1983, 73 Lynch et al. 1986, 8) Urabe 1988, 9) Urabe 19914, L0} Urabe 1991&, 11) Urabe and Watanabe 1590,

12) Ugabe and Watanabe 1991,

following transfer of zooplankton {i.e., during the
transfer interval) food (F) dynamics are described by:
dF ()

= =~ - Lo + A,

in which [ represents the instantaneous intake rate.

Model parameterization

There is a large body of quantitative information on
the physiological ecology of freshwater zooplankton.
In this section, we describe briefly the estimation of
model parameters for Daphnio galeara and Bosmina
longirostris. Parameter estimates along with the liter-
ature sources of the data used to determine each esti-
mate are provided in Table 3. The Appendix contains
further details on the calculations.

Daphnia galeata.—Individuals are born at 0.38 mm
length (Lynch 1980) and reproduce once they have ex-
ceeded a length of 1.08 mm (Lynch 1980, Urabe 1988).
Grawth and development are food dependent (Goulden
et al. 1982, Urabe 1988, Urabe and Watanabe 1991).
Under a high foad regime, individuals develop rapidly
(the earliest age at first reproduction is in the range of
6.0-7.0 d; Lynch 1980, Goulden et al. 1982, Urabe
1988) and they can grow to a maximum length of 2.33

mm (Lynch 1980, Urabe 1988). Under a low food re-
gime, development times are longer (the age at first
reproduction is 11-15 d; Goulden et al. 1982, Urabe
1988) and individuals reach a maximum size of =1.35
mm (Urabe 1288).

To determine stage-specific rates, we adopted a typ-
ical length of a juvenile as 0.7 mm, and considered 1.2
mim representative of adults. Since both laboratory and
field populations often suppress food levels to extreme-
ly low levels, we chose the typical adult lengths from
growth curves of individuals being raised at a very low
food supply (i.e., equivalent to a C source of 0.05
mg/L).

Non-linear regression was used to estimate the two
parameters describing the functional response for both
juvenile and adult individuals. While the maximum in-
gestion rate differed significantly between stages {Table
3), the half-saturation constant (F,) was not signifi-
cantly different between juveniles and adults (Appen-
dix). This is consistent with previous results for Daph-
ria pulex (McCauley et al. 19905).

Measured assimilation efficiencies are notoriously
variable for cladoceran zooplankton (e.g., Porter et al.
1982, Lynch et al. 1986) with quoted values ranging
from 0.6 to »1.0! There are no direct estimates of



November 1996

assimilation efficiency for D. galeata with a low food
supply. Urabe and Watanabe {1991) calculated assim-
ilation efficiency from the net carbon balance, but while
they measured ingestion and losses due to growth, res-
piration, and reproduction directly, they did not mea-
sure the assimilation rate; thus, assimilation efficiency
was only inferred from the energy balance. The only
direct measure of assimilation efficiency (i.e., mea-
sured as the ratic of assimilation rate to ingestion rate,
correcting for respiration losses) for D. galeata was
made at constant high levels of food by Lynch et al.
(1986). Estimates were on the order of 0.6, and did not
differ between juveniles and adults. These high food
estimates agree well with Urabe and Watanabe’s (1991)
calculated values for high-food supply rates. Thus, in
the absence of direct observation of assimilation effi-
ciency under a low food regime, we will treat this as
a free parameter that is bounded between 0.6 and 1.0.
Indirect evidence (Urahe and Watanabe [991) points
to values in the range of 0.7-0.8 for low food levels.
Based an the evidence from Lynch et al. {1986), we
assume that assimilation efficiencies are identical for
juveniles and adults.

Daily maintenance costs for juvenile and adult in-
dividuals were determined from size-specific respira-
tion data provided by Urabe and Wartanabe (1991) and
by assuming that individuals require 5% of their body
mass for carapace replacement (e.g., Schindler 1968,
Paloheimo et al. 1982, Lynch et al. 1986, Gurney et
al. 1990, McCauley et al. 1990q, Urabe and Watanabe
1991). In calculating the daily cost for the carapace,
the molt duration was fixed at 2.7 d (Goulden et al.
1982, Urabe 1988).

A conversion term relating energy available for re-
production to the number of eggs praduced was deter-
mined from the carbon needed to produce one off-
spring. Urabe {1988} estimated the carbon present in
newly laid eggs and this value was used to calculate
the number of eggs produced per unit of carbon avail-
able for reproduction. This egg mass was assumed to
be fixed since individuals either in lab populations or
the field typically experience low food conditions over
the time scale of an instar,

Parameterizing mortality provided the most difficult
challenge, despite the fact that food-dependent survi-
vorship has been measured often for Daphnia. Tessier
et al. {1983) measured starvation times for D. galeata
and these data yield estimates of maximum maortality
rates when food supply equals zero. Goulden et al.
{1982) observed age-specific survivorship at three dif-
ferent food levels, but because the experiments were
intended to measure population growth rates, survi-
vorship at high foed was recorded for only 25-30 d.
Using these data, we can calculate the mortality rate
experienced by the juvenile and adnlt stage class. In
our model, mortality has two components: {1) foad-
dependent mortality and (2) a maximum adult life-span
(T,). Food-dependent mortality is influenced by the av-
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erage intake aver the previous instar. To estimate the
characteristic parameter in the mortality function for
juveniles and adults, the natural legarithm of the mor-
tality rate is regressed against the ingestion rate for
those food levels calculated from the functional re-
sponse. The three survivorship curves measured by
Goulden et al. (1982) contribute three points at differ-
ent food levels, and one additional point is provided
by the mortality rate observed under starvation con-
ditions (Tessier et al. 1983). Uncertainty comes from
the fact that the characteristic slope was determined in
some cases by only three points, since mortality rates
are zero for juveniles at very high food levels. The
final parameter in the mortality function is maximum
adult life-span, and the only available estimates come
fram other Daphnia species. Estimates range from 10—
40 days.

Thus, although the model is parameter “‘rich,” there
are only two parameters {assimilation efficiency and
adult life-span) that cannot be directly determined for
low food environments typical of laboratory and field

- situations. In addition, these two parameters are not

simply “‘free”-ftting parameters because they are re-
stricted to biologically plausible ranges based on ob-
servations from D. galeata or other Daphnia spp.

Bosmina longirostris.—Bosmina is a much smaller
genus than Daphnia and, in general, there are fewer
observations on its physiological ecology. It is often
possible to find multiple studies of key processes for
a particular Daphnia species (e.g., ingestion, respira-
tion, etc.} or at least work an species of similar size.
This allows for a rigorous comparison of estimates
among studies that can be very revealing (Gurney et
al. 1990, McCauley et al. 1990a). For Bosmina, how-
ever, these crass comparisons are not feasible for most
parameters.

Individuals are 0.183 mm. in length when born and
have a minimum length at first reproduction of 0.274
mm. (Lynch 1980, Urabe 19914). In contrast to Daph-
nia, time to first cluech is relatively short (i.e., =3-6
days) even with low food supply (Goulden et al. 1982,
Urabe 1991a). Ultimate adult size is dependent on food
supply, but the magnitude of adult growth is much less
in Bosmina than in Daphnia spp (Lynch 1980, Urabe
1991a).

We assume the lengths of a typical juvenile and adult
to be 0.23 and 0.28 mm, respectively. Non-linear re-
gression shows that estimates of the half-saturation
canstant do not differ significantly between juveniles
and adults, and the maximum ingestion rate for each
stage is presented in Table 3. There are no direct ob-
servations of assimilation efficiency, but Urabe (19915)
caleulated an average of 0.925 with a C source of 0.05
mg/l, and with values ranging from 0.9 to 1.0. The
daily maintenance rate for each stage is based on size-
specific respiration measurements (Urabe and Watan-
abe 1990, Urabe 19914), and it also assumes a daily
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lower bounds in total density measured over days 195-200.

molt cost, as in Daphnia galeata. The carbon needed
to produce a new egg was estimated by Urabe {1991b).
Survivorship was estimated at different food levels
by Goulden et al. (1982) and Urabe (19915). There are
no estimates of starvation times for Bosmina, so we
used an allometric relationship based on cross-species
comparisons developed by Threlkeld (1976) for crus-
tacean zooplankton to determine a representative star-
vation time for Bosmina. The characteristic slope in
the mortality function was estimated using six points
for both juveniles and adults. Maximum adult life-span
falls in the range of 10-30 d (Goulden et al. 1982).

MODEL PERFORMANCE

We first examine the ability of the model to capture
the dynamics of the single species populations and
competing populations when raised in 2-d transfer cul-
tures (i.e., Goulden et al.’s “medium food’), and then
assess model performance in the 4-d transfer experi-
ments {Goulden et al.’s “high food™).

All parameters (Table 3) were estimated from in-
dependent observations of individual performance, and
there are only two parameters {assimilation efficiency
and adult langevity) for which accurate measurements
are unavailahle. Values for these parameters, hawever,
are restricted to relatively narrow ranges, and we pro-
ceed by assessing whether values within these hiolog-
ically plausible ranges can yield correct “equilibrium’
densities. We then fix the parameters for subsequent
tests of model predictions against dynamics of the pop-
ulations.

Dynamics with 2-d transfers

Daphnia galeata—The assimilation efficiency has
a big effect on predicted equilibrium levels (Fig. 7),
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efficiency at 0.75. Dynamics for T, = 30 (not shown) are
analagous to thase shawn for T, = 40.

while large changes in adult longevity yield only very
minor differences (Fig. 8). Because adult longevity has
a minimal effect on equilibria, we will examine pre-
dictions by holding longevity fixed, and, once the effect
of assimilation efficiency is assessed, we will then look
at the effects of adult longevity on dynamics. In Fig.
7, upper and lower prediction bounds are shown for
each value of assimilation efficiency. The model pre-
dicts bounds rather than a single equilibrium value be-
cause it generates very small amplitude oscillations in
density created by the 2-d food cycle. The model can
correctly account for the average levels ohserved in the
cultures if biologically plausible values of assimilation
efficiency are adopted in the range of 0.7-0.8. We now
fix the value of assimilation efficiency at 0.75 and ex-
amine whether the model can capture the population
dynamics and how variation in adult longevity affects
the dynamics.
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Fig. 8 shows the dynamics of the model population
at low food over a 200-d peried, assuming various adult
longevities. All variants predict damped oscillations to
an eventual “equilibrium’ with very small amplitude
cycles reflecting the pulsed food conditions. The tran-
sient approach to the equilibrium is complex and does
not consist of damped oscillations with a single fre-
quency as is often found in unstructured models. The
dynamic features of the oscillations are also affected
by adult longevity. These results suggest that the ex-
perimental dynamics observed are transient phenomena
rather than sustained fluctuations (recall that the ex-
perimental period lasted only 65-70 d).

Assuming an adult longevity of =10 d (Fig. 8), the
model corvectly predicts the average dynamics in total
density (cf. Fig. 8§ and Fig. 1f). The model correctly
accounts for the timing and amplitude of the fluctua-
tions in total density of D. galeata, and for the inter-
esting feature that following the large initial overshoot,
the zenith of the second cycle is smaller than the peak
of the third cycle. In the experimental data (Fig, 1},
observations from the first three cycles create the im-
pression that further extrapolation of these data would
vield sustained cycles (since the amplitude of the cycle
appears to be growing), but the model predicts that this
effect is not sustained over time and that the oscilla-
tions eventually dampen. Unfortunately, the experi-
ment was not run long enough to discern the relation-
ship of subsequent cycle amplitudes. Bowever, the pre-

dicted amplitude of the dynamics of the first cycle
closely matches the observed dynamics (i.e., peak den-
sity and density at the nadir of the first cycle).

Recall that four of the five replicaies exhibit a di-
minished second cycle relative to the first and third
cycle (Fig. la, e—e) and in the remaining replicate the
second and third cyele have similar maxima (Fig. 1b}.
In one case (Fig. 1c), the second cycle is virtually ab-
sent and timing of the third cycle coincides with the
other replicates. The range of dynamics abserved
among replicates can be captured by the model through
very minor variation in adult longevity (Fig. 9). Re-
ducing adult longevity slightly, to 8 4, reduces sub-
stantially the amplitude of the second cycle, while in-
creasing adult longevity to 12 or 14 d creates dynamics
in which the zenith of the second cycle is equal to, or
larger, than the third cycle.

The stage-structured model makes detailed predic-
tions about the demography of the observed fluctua-
tions {Fig. 10). Tt correctly predicts the domination of
the D. galeata population by juveniles (cf. Fig. 10 and
Fig. 3), and it captures many of the dynamic features
of fecundity suppression/release and changes in stage
structure that produce the fluctuations (ef. Fig. 10 and
Fig. 3). Fecundity suppression in the model resulis
from the overproduction of juveniles leading to a neg-
ative temporal correlation between juvenile density and
fecundity (Fig. 10}). Time series analysis for each ex-
perimental replicate (Fig. 11) shows that the proportion
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juveniles and adults, and (d) fecundity for Daphnia galeata receiving 0.25 mg C every 2 d. Adult longevity is set at 10 4.

ovigerous females (the only index of fecundity) is sig-
nificantly negatively correlated with the proportion of
the population composed of juveniles. These significant
negative relationships are maintained even if data from
the first cycle are excluded. Early bouts of fecundity
release are related to the decline in juvenile density;
however, careful inspection of model dynamics shows
that as the dynamics in age structure ‘‘equilibrate,”
declines in adult density lead to a bout of fecundity
release (e.g., Fig. 10: day 6-75).

Many of the detailed demographic predictions con-
cerning fluctuations in fecundity and age structure can-
not be tested because they far exceed the level of detail
observed in the real populations. For example, the mod-
el predicts interesting dynamics of fecundity suppres-
sionfrelease during successive cycles that leads to the
diminished second cycle followed by a [arger amplitude
third cycle. These mechanisms cannot be evaluated
with the existing data, but they suggest new experi-
ments.

Basmina longirostris.—The duration of observations
for the single species cultures of Bosmina (Fig. 5) is
even shorter than for D. galeata, and there is Little
information on the size structure of the population be-
cause of the difficulty in categorizing these small in-
dividuals during the census and transfer (Goulden et
al. 1982). In addition, there is no information on the
dynamics of fecundity.

For B. Iongirostris supplied with low food, the es-
timated assimilation efficiency is higher ¢0.9-0.95)
than that of D. galeata, but still within the biologically
plausible range of values inferred for cladocera (Urabe
1991h}). Even with this assimilation efficiency, the
model underpredicts the total density of individunals by
=20% (Fig. 12). The higher aobserved values for Bos-
minag in the population experiments may be explained
by the ability of this species to browse more efficiently
on the bottom of the container and thus yield a higher
effective assimilation efficiency compared to D. gal-
eala.

The model correctly predicts the initial overshoot in
this species and the timing of the first oscillation (Fig.
12b). For values of T, =10 d, it predicis that, following
the initial overshoot, the oscillations are more heavily
damped compared with ). galeara {cf. Figs. 12 and 5).
The limited Bosmina data suggest a rapid, almost
monotonic, approach to equilibrium following the ini-
tial overshoot in most cases (Figs. 5a, ¢, d), although
two series (Fig. Sbh, e) indicate the potential for some
fluctuations. The model correctly predicts a roughly
equal propoartion of juveniles and adults in the popu-
lation {Fig. 13) as reported by Goulden et al. (1982}
for one sample. Unfortunately, there are no data on
fecundity to test the model prediction that fecundity is
relatively high ¢(Fig. 13) at equilibrium in these cul-
tures.
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Dynamics of competing populations of Bosmina
longirostris and Daphnia galeata.—The competition
experiments showed that during the experimental pe-
riod, the two species could coexist at both supply rates
of food. In the 2-d transfer cultures, species density
fluctuated out of phase and B. longirostris had the
highest relative density throughout the period. Qur
model correctly predicts coexistence during the ex-
perimental period (Fig. 14} and also correctly predicts
that Bosmina is the numerical dominant. It further
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present in the papulation studied by Goulden et
al. (1982). Panels show individual replicates,
and the dashed lines on each panel are the 95%
confidence limits for significant cross-correla-
tion coefficients.

predicts that given sufficient time, Bosmina would ex-
clude Daphnia in the experiment. It is interesting that
the values of assimilation efficiencies adopted to ac-
count for the growth of single species raised in iso-
lation correctly predicted coexistence during the ex-
perimental period. Other binlogically plausible values
that yield incorrect levels in single-species cases pre-
dict exclusion during this transient period rather than
coexistence.

In summary, the stage-structured model did quite
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FiG. 12. Model predictions for the dynamics of total den-
sity of Basmina in 2-d transfer culture. Panels show the effects
of varying T, with the assimilation efficiency set at 0,925,

well in capturing the dynamics of the populations of
Daphnia and Bosmina raised in isolation and in com-
petition when these populations were transferred to a
fresh food universe at 2-d intervals.

Dynamics with 4-d transfers

To examine model performance in predicting the dy-
namics of population in 4-d transfer cultures, the as-
similation efficiencies are fixed for both species at the
values adopted for the 2-d transfers. It is unclear how
adult [ongevity might be modified by the change in
feeding regime, so this parameter was varied over the
plausible biological range.

Daphnia galeata.—Maodel predictions for the 4-d
transfer cultures are at considerable variance with the
observed dynamics (cf. Figs. 2 and 15). First, the model
overestimates the total density of the population by
=30-40% assuming no change in assimilation effi-
ciency. Second, while plausible values of adult lon-
gevity can yield cycles, the amplitude of which resem-
bles the dynamics of the actual populations {(cf. Figs.
2 and [35), the model predicts cycles with a2 much short-
er period. For example, the nadir of the first cycle in
Goulden’s populations ranges from 40 to 50 d (Fig. 2).
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By this time, the mode] displays almost two complete
cycles (Fig. 15).

The model also fails to capture changes in demog-
raphy between 2-d and 4-d transfer schedules. The pro-
portion of juveniles in the 4-d transfer cultures de-
creased relative to 2-d transfers, and the model does
not capture this shift. However, it does correcily predict
less severe bouts of fecundity suppression/release (cf.
Figs. 4 and 16). Fecundity fluctuates, but is never sup-
pressed to the same degree as in the 2-d transfer cul-
tures.

Bosmina longirostris.—As mentioned previously, it
is difficult to characterize Bosmina’s dynamics in the
4-d transfer cultures because of the radical divergence
among replicates and the short time series of obser-
vations (Fig. 6). For plausible values of adult longevity,
the model predicts (Fig. 17) the general pattern of fluc-
tuation {i.e., an initial overshoot) but it fails to predict
quantitative aspects, in an identical manner to its failure
for Daphnia galeata in 4-d transfers. The model con-
siderably overestimates the total density of the popu-

lations and the period of the cycle is much too short

compared to the observed dynamics.

Dynamics of compering popularions of Bosmina lon-
girostris and Daphnia galeata.—Goulden et al. (1982)
observed coexistence of the two species in the 4-d
transfer experiments, with D. galeara being numeti-
cally dominant. While the model correctly predicts the
shift in dominance to D. galeata, it fails to capture the
coexistence of the two species (Fig. 18); it predicts that
D. galeata should rapidly exclude Bosmina over the
course of the experimental period, and reducing the
assimilation efficiency to its lowest plausible value for
D. galeata cannot produce coexistence.

In summary, the stage-structured model did poorly
in predicting the population dynamics of D. galeata
and Bosmina, and the outcome of competition between
D. galeata and B. longirostris in 4-d transfer culture
experiments.

DiscussioN

The stage-structured model, parameterized using in-
dependent physiological and life history data, had con-
siderable success in predicting the dynamics of Daph-
nia and Bosmina when food transfers were relatively
frequent. Test data for Daphnia were the most exten-
sive, and the model correctly predicted many features
of the dynamics of total density and age structure by
capturing accurately the mechanism of fecundity sup-
pressionfrelease. Despite the fact that individuals in
these populations experienced a highly dynamic food
environment, the integration of ingestion rates aver the
molt duration seemed to provide sufficient feeding his-
tory to determine correctly rates of development, fe-
cundity, and mortality. The model provided novel ex-
planations for some quantitative features of the cycles
(i.e., temporal changes in cycle amplitudes) and for
variation observed among replicate Daphnia popula-



" November 1996

g 1800

B a
J41]

=

T 1200 -

>

=]

£

g 800

B

g

O 400

g

£ 0 T T T T

Q‘én’ 0 25 50 75 100 125
3 1000

= [+
3 i

2 800

2

£ 500 Adults
.é\ Juveniles
§ 400 -

[

@ 200

£

£

8 0 T T T T

Q 0 25 50 75 100 125

HERBIVORE DYNAMICS

495
6
) b
g 571
©
a
T 4]
5
£ 37
o
L
2 21
€T
o
1 T T T T
a 25 50 75 100 125
3
= d
=
=
1]
g
2 21
Lt
o
£
2 1
£
c
2
Q
&
0 T T Li T T
0 25 50 75 100 125

Time (d)

FiG. 13. Detailed model predictions for Bosmina in 2-d transfer culiures: (a) total density; (b) juvenile stage duration;
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tions. Finally, the model correctly predicted the co-
existence of Daphnia and Bosmina and the numerical
dominance of Bosmina in the competition experiments.

These successful predictions for 2-d transfer cultures
contrast markedly with failures for 4-d transfer coan-

1.2
E 0.9
2
m
T 0.6
c
2
o)
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0 I T T T
0 20 40 a0 80 100
Time (d)

Fig. 14. Model predictions for the competition experi-
ments {2-d transfers) between Daphnia and Bosmina. The
praportion of the two populations represented by Bosmina is
presenfted.,

ditions, and these failures are instructive. The model
success for short transfer intervals suggests that the
reason for failures at longer intervals probably was nat
the result of incorrect parameterization; parameter es-
timates were derived from independent observations
gleaned from the literature and, despite the fact that it
is very likely that there were genetic differences be-
tween individuals nsed to determine maodel parameters
and those individuals used in the lab populaton ex-
periments, parameter estimates were sufficiently ac-
<urate to capture dynamics during frequent food trans-
fers. More likely, the models failed because individuals
in the long-interval transfer cultures experienced a sig-
nificant starvation period (relative to molt duration) and
the structural rules of the model cannot account for the
impact of relatively long starvation intervals on per-
formance of individuals. During bouts of starvation,
individual Daphria or Bosmina meet maintenance
costs from internal reserves that must be replenished
after transfer to fresh food. Thus a hout of starvation
produces a tax on future assimilate that must ultimately
influence both growth and reproduction. This is not
incorporated in the madel, which predicts, incorrectly,
that juveniles experiencing intermittent starvation con-
ditions will still develop, albeit at a minimal rate, and
that shortly after being re-introduced to food their de-
velopment rate will increase without any need ta com-
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pensate the losses during the preceding starvation pe-
riod. Similarly, the model incorrectly allows adults,
reintroduced to food following a long bout of starva-
tion, to resume reproduction without replenishing re-
serves. One result of both of these features is that the
“time scale’’ for model dynamics (i.e., time to first
peak, time between successive peaks) is faster at long
transfer intervals in the model than was observed by
"Goulden et al. (1982).

While these physiological mechanisms could be in-
corporated into stage-structured models, the numerical
analysis of the models would be bath cumbersome and
tricky. A more efficient approach is to construct indi-
vidual-based models {e.g., De Angelis and Gross 1992,
Murdoch et al. 1992) that consider explicit energetic
rules for an individual and treat the population as an
ensemble of individuals. We are pursuing this alter-
native theoretical approach and are currently conduct-
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ing the necessary experiments on the dynamics of star-
vation and recovery in individuals needed to test en-
ergetic rules concerning the dynamic allocation of as-
similate following bouts of starvation (Gurney et al.
1990, McCauley et al. 1990).

The current model successfully predicted the out-
come of competition between the species for the 2-d
transfer culture over the experimental period (i.e., 60—
80 d). The model predicts, however, that competitive
exclusion would be the ultimate outcome for experi-
ments of longer duration (i.e., =125 d). Goulden et al.
(1982) concluded that the oscillatory tendency of the
Daphnia populations, because of time delays, was cru-
cial for coexistence of the herbivore species. However,
the transfer experiments also represent fluctnating food
environments, and coexistence under fluctnating con-
ditions is a well-known theoretical alternative (e.g.,
Hsu et al. 1978, Levins 1979, Armstrong and McGehee
1980). To investigate these explanations, we construct-
ed an analogous unstructured population model for
both herbivore species (i.e., a model without stage
structure and time delays), and studied its dynamics
under transfer conditions. We found that coexistence
under transfer conditions is possible for Daphnia and
Bosmina (Nishet et al. 1996), and this suggests that
features associated with the stage-structured develop-
ment, mortality, and reproduction of the herbivores are
not ultimately responsible for coexistence per se, al-
though these features may play an important role in the
transient dynamics. Experiments of longer duration
(=150 d) are needed to test these alternative expla-
nations, and also to examine the detailed dynamics in
single-species cultures with short transfer intervals as
the populations approach *‘equilibrium.”

While the possibility of coexistence in a fluctuating
food supply is well known {e.g., Hsu et al. 1978, Levins
1979, Armstrong and McGehee 1980), it is interesting
to note that the time scale for the fluctuations of food
in batch cultures is much less than the time scale typ-
ically set by internally generated consumer resource
dynamics or externally driven seasonal fluctuations.
Could fluctuations on this time scale be observed in
natural systems? Maybe not over time, but perhaps over
space (i.e., spatial variation in algal levels encountered
during vertical migration) and this suggests that even
if vertical migration were driven primarily by the ef-
fects of predators {e.g., Zaret and Suffern 1976, Lam-
pert and Taylor 1983, Dini and Carpenter 1992), the
variation in faod levels encountered by the herbivore
species during migration may be sufficient to promote
coexistence without habitat partitioning.

While the model successfully predicted the outcome
of competition between the species for 2-d transfer cul-
ture, it failed for the 4-d transfers, although it did cor-
rectly predict that the numerical dominance would
switch in favor of Daphuia in the 4-day cultures. Ac-
cording to the model, the food supply in the 4-d trans-
fers would be drawn down to very low levels in =1-
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2 d in the presence of Daphnia, and this should imply
that individuals would experience starvation conditions
for at least 2 d. It is possible that the reason Bosmina
was eliminated in model competition involves an in-
accurate representation of starvation mortality for Bos-
mina. The mean starvation time for Basmina is esti-
mated at =3-3.5 d. This is used to determine the max-
imum mortality rate in our food-dependent function.
Individuals in our model experiencing food supplies
that cannot meet maintenance costs suffer mortality at
a maximal rate, following the exponential mortality
funection. It is likely that the probability of starvation
mortality increases sharply after the mean survival
time, but is low over shorter time intervals. Thus our
representation of mortality possibly overestimated star-
vation mortality in Bosmina.

Another possibility, however, is that there was a mis-
match between food available in the cultures and the
food supply specified in the model because of exper-
imental artifacts. The water was replaced once every
4 d in the experiments, and it is guite possible that
populations of bacteria could increase substantially
during the transfer interval. High bacterial growth rates
could be sustained at 20°C from corpses and shed car-
apaces of Daphnia and Bosmina that litter the floor of
the beaker. Perhaps Bosmina utilized this bacterial car-
bon source (Porter et al. 1983, Vaque and Pace 1992)
to reduce food-dependent mortality more efficiently
than Daphnia.
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The success of the model in predicting herbivore
dynamics opens up two exciting avenues of research
previously described by McCauley et al. {1990a) and
Murdoch et al. (1992). First, we can systematically strip
back features in the model to investigate which struc-
tural aspects are germane for successful predictions.
Our goal is to arrive at the simplest model that can
capture the essential dynamic features. For example,
what aspects of the model are crucial for predicting the
dynamic features of cycles in single-species culture or,
as partially answered above for batch culture dynamics,
is the description of development or stage structure
crucial for predicting the coexistence of Daphnia and
Bosmina? Second, we can systematically add biological
realism by considering experimental situations in
which prey are dynamically coupled to herbivores rath-
er than being controlled by the experimentalist, This
is a crucial next step. We can predict how dynamics
should change under laboratory conditions involving
dynamic single-species edible algal prey. Since the
model correctly integrated herbivore energetics under
“nongrowing™ food conditions, model success or fail-
ure under dynamic coupling would test the ability of
the model to capture the Daphnia—food interaction and
the dynamics of prey in the absence of herbivores. Test-
ing the model under these laboratory conditions would
help to focus hypotheses put forward to explain the
mismatch between theory and field results concerning
the absence of *‘prey-escape’ or “‘paradox of enrich-
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ment*' cycles (McCauley and Murdoch 1990, de Roas
et al, 1992; W. W. Murdoch, R. M. Nishet, E. Mc-
Cauley, A. M. de Roos, and W. 8. C. Gurney, unpub-
lished manuscript),

The level of prediction afforded by these models
frequently surpasses existing population level experi-
mental results, and this actually promates a stronger
link between theory and experiment. The structured
model provides detailed predictions on the dynamics
of fecundity and age structure, and this demographic
detail allows for alternative mechanisms producing dy-
namic behavior ta be distinguished experimentally. For
example, the model suggested a new mechanism that
can account for the variation among replicates observed
by Goulden et al. that is testable directly by conducting
further population experiments, or indirectly by raising
individnals in isolation under a varying food supply to
estimate adult longevity. The cost for this detailed level
of prediction is barne by the requirement for process-
oriented data on the physiological ecology of individ-
uals composing the population, and also results in mod-
els that are seemingly “ parameter-rich.”” But it could
be argued that since parameter estimates for structured
models are arrived at from a synthesis of independent
quantitative data on the development, reproduction,
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presented.

and mortality of individuals, these models are actually
“parameter-sparse” from the perspective of *‘free-fit-
ting” parameters. Given that the empirical observa-
tions underlying the parameters, in many cases, provide
interval estimates, it would be instructive to investigate
how minor variation in parameters within these inter-
vals influence model fit. These analyses might suggest
potential experiments involving key parameters that
significantly influence dynamics.

Our stage-structured model certainly has many struc-
tural features that are shared by a wide variety of or-
ganisms: rates of energy acquisition and utilization
scale with body size, delays in development, and fe-
cundity and mortality depending upon feeding history.
The availability of process-oriented data on the phys-
iological ecology of species is burgeoning. These data
will enable structured population models, such as ours
or simpler variants (Gurney et al. 1996}, to be para-
meterized for a broader range of organisms with a min-
imal number of “free-fitting”™ parameters. These mod-
els integrate individual-based information and could be
used to predict dynamics of single-species and multi-
species interactions under 4 range of environmental
conditions.
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APPENDIX

DETAILED CALCULATIONS OF
PARAMETER VALUES

Daphnia galeata.—For parameterization of the stage-struc-
" tured model, we collated data on Daphnia galeata Sars 1864
and the subspecies I galeata Sars mendotae BIRGE 1918,
Urabe and Watanabe (1991) measured ingestion rates (/) vs.
length for three food carbon concentrations {0.03, 0.25, and
2.5 mg/L), and Lynch et al. (1986) provided a separate re-
lationship for a C concentration of 1.54 mg/L. These regres-
siops were used to calculate the ingestion rates for typical
juveniles (0.7 mm long) and adults (1.2 mm long). Since D.
galeata mendotae represents a geographical subspecies of
similar size and shape to D. galeata, we assume that parameter
estimates should be similar for both D. galeara and D. galeata
mendotae. Comparison of ohservations of life history featurss
and rates of energy acquisition from studies on D). galeatsa
and D, galeata mendotae supported this assumption.
Parameter estimates provided by non-linear regression
analysis indicate that the half saturation constant of ingestion
rate (F,) for juveniles (3.98 mg C/L * 0.4; 95% cr) is not
significantly different from the adult estimate (0.99 mg C/L
+ (.3}, while estimates of [_,, {maximum ingestion rate} dif-
fer significantdy (F < 0.05) between juveniles and adults
(0.008 mg C/d and 0.025 mg C/d, respectively). The resultant
equations for ingestion rates as a function of food concen-
tration (F) for juveniles (f,) and adults {f,) are:

F
1, = 0.008

e and
F+ 098

I, = 0.025 m .

These equations were used to calculate ingestion rates of

juveniles and adults for food concentrations used in survi-
vorship experiments reported by Goulden et al. (1982). Mor-
tality rates (&) were determined from the survivorship curves,
and the maximum food-dependent maortality rate (0.228 d-Y)
was estimated from. the starvation of time of 105 h ohserved
by Tessier et al. {1983). The data used to estimate the char-
acteristic slope in the mortality function {Tables 1 and 2) are
pravided in Table A2, Estimates of I, and [y, are cbtained
as the inverse of the slope of the relationship between In
{Martality rate) vs. Ingestion rate.

Daily maintenance rates (in milligrams of C per day) of
juveniles and adults are based on two casts (McCauley et al.
1990a) (1) the daily basic maintenance rate {f} and (2} the
daily cost of producing a carapace required at the next molt.
The daily basic maintenance rate {in inverse days} is the
proportion. of juvenile (W) or adult (W,) body mass (in mil-
ligrams of C) “burned" per day to support the individual,
and it is estimated from data on starvation time. According
to Tessier et al. {1983}, D. galeara take 105 h to starve (star-
vation time, 1) on average. If we assume that deacth from
starvation ensues when an individual loses 50% of its initial
(W) body mass {Lemke and Lampert 1975, Elendt 1989) then
we can estimnate B from the following formula:

W,

e = = g-pre
W, 0.5 = gbm;
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TapLE Ai. Data used to calculate ingestion parameters for  TABLE A3. Dara used to calculate ingestion parameters for
D. galeata. Basmina.
Carbon Carbon,
concentration Tuvenile Adult cancentration Tuvenile Adult

of food ingestion rate mgestion rate of food ingestion rate ingestion rate

{mg/L) (ug C/d) (g C/d} (mg/L) (ug C/d) (ng CAd)
0 a 0 0 Q a
.05 0.63 1.73 0.05 0.094 0.140
0.25 1.76 4.44 0.10 0.132 0.195
1.54 3.9 17.0 0.25 0.288 0.445
2.5 6.44 16.6 2.5 0.397 0.602

TaprLe A2. Data used to caleulate mortality rate parametears
far D. galeata.

TabBLE A4. Data used ta calculate mortality rate parameters
for Bosmina.

Carbon Carbon .
concen- Juvenile Juvenile Adule Adule concen-  Juvenile Juvenile Adule Adult
tration ingestion  mortality  ingestion mortalicy tration  ingestion  mortality  ingestion  mortality
of food  rate {I)) rate {J,) rate (I} rate (3,) of foad  rate (f)) rate {3,) rate (1) rate (8,)
(mg/l) (mg Cidy  (d)  (mgC/d)y  (d-Y (mg/lLy (mgC/d) () (mgCl)  (d
(] 0 0.228 0 0.228 4] O 0.33 0 (.33
0.04 000031 0.0519 0.00098 1.058 0.04 7.9 E-5 0.149 0.00013 0.149
0.2 0.00136 0.008 0.00424 0.0037 0.05 9.4 E-§ 0.074 0.00015 0.058
10 0.00729 0 0.02277 0 0.1 0.00015 0.024 0.000235 0.029
0.2 0.00023 0.020 0.00037 0.026
10 (.000473 0.016 0.00070 0.024

Following Urabe and Watapabe (1991}, the mass of a car-
apace is assumed to be 5% of the body mass for juveniles
(W,) and adults {W,}. The daily cost to replace the carapace
for a juvenile ar adult is 1/T,, multiplied by the mass of the
respective carapace. The molt duration T, was fixed ac 2.7 d
(Goulden et al. 1982, Urabe 1988). Thus, the daily mainte-
nance rate for juveniles (I',} and adults (",} is:

T, =3-W, + (UT,X0.05W)
and
Iy = B-W, + (UT, }0.05W,).

The body masses (in milligrams C) for an individual of
length 0.7 mm and an individual of length 1.2 mm were
determined using the length (f}—carbon-mass relationship (W
= 0.002729 £ from Urabe and Watanabe {(1991), derived
using individuals raised under the low food regime and mea-
sured just after the molt {eggs remaoved from adults).

Bosmina longirostris.—Ingestion rates for typical juveniles
(0.23 mm long) and adults (0.28 mm long) were derived from
experiments reported by Urabe (199145).

These data yield estimates for F, of 0.179 and 0.182 mg
C/L for juveniles and adults using non-linear regression. Max-
imum ingestion rates were 0.00043 and 0.0007] mg C-L-td~!
for juweniles and adules, respectively. Since the values of F,
were not significantly different, a value of 0.18 mg C/L was
adopted.

The ingestion fupctions were then used to estimate inges-
tion rates experienced by representative juveniles and adults
during survivarship experiments reported by Urabe (19914)
and Goulden et al. (1982). Unfortunately, no data on star-
vation times are available for Bosmina longirastris. The gen-
eral regression reported by Threlkeld {1976) for crustacean
zooplankton was used to estimate the starvatian time for adult
Bosmina (v, = 3 d}.

Daily maintenance rates were calculated, as described for
D). galeata, using an estimate of p = (.23 d™' derived from
the starvation time, molt duration Ty, = 3.0 d {Urabe 19%914),
and a mass {in milligrams of C}-length (length in millimetres)
relationship of W = 0.00959 (2568



