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ABSTRACT: Individual-based models (IBMs) are increasingly used to
link the dynamics of individuals to higher levels of biological or-
ganization. Still, many IBMs are data hungry, species specific, and
time-consuming to develop and analyze. Many of these issues would
be resolved by using general theories of individual dynamics as the
basis for IBMs. While such theories have frequently been examined
at the individual level, few cross-level tests exist that also try to predict
population dynamics. Here we performed a cross-level test of dy-
namic energy budget (DEB) theory by parameterizing an individual-
based model using individual-level data of the water flea, Daphnia
magna, and comparing the emerging population dynamics to in-
dependent data from population experiments. We found that DEB
theory successfully predicted population growth rates and peak den-
sities but failed to capture the decline phase. Further assumptions
on food-dependent mortality of juveniles were needed to capture the
population dynamics after the initial population peak. The resulting
model then predicted, without further calibration, characteristic
switches between small- and large-amplitude cycles, which have been
observed for Daphnia. We conclude that cross-level tests help detect
gaps in current individual-level theories and ultimately will lead to
theory development and the establishment of a generic basis for
individual-based models and ecology.

Keywords: population dynamics, dynamic energy budget theory, bio-
energetics, individual-based model.

Introduction

A major objective in ecology is to link processes at different
scales through an understanding of how behavior at macro
scales emerges from the behavior of individual compo-
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nents of the system. This is especially apparent in popu-
lation ecology, where individual-based modeling (IBM)
has been proposed as a tool to cross between scales and
unify their associated subdisciplines, for example, physi-
ological and population ecology (Huston et al. 1988;
DeAngelis and Mooij 2005; Grimm and Railsback 2005).
However, a well-known drawback of IBMs is that they can
be complex and data hungry. Consequently, they often are
designed for specific species where sufficient data exist.
Model designs are then tied to these species and thus lack
generality. This makes model development and analyses
inefficient because different models are hard to relate to
each other, impeding distillation of general insights from
IBMs (Grimm 1999; Grimm et al. 1999).

In contrast to this species-specific approach, some the-
oretical approaches attempt to deduce the diversity among
organisms and ecological systems from generic models of
individual-level processes, for example, the dynamic en-
ergy budget (DEB) theory (Kooijman 1993, 2010) or the
ontogenetic growth model (OGM) based on metabolic
scaling theory (Hou et al. 2008). These approaches are
based on first principles of bioenergetics and thus focus
on common and species-independent aspects of organisms
and their performance. They apply the same generic model
structure for all species and use variation in parameter
values to explain differences in life-history patterns among
species.

Such standardized generic models hold great potential
for advancing the field of individual-based ecology (IBE;
Berger et al. 2002). First, they make model development
and communication more efficient. This is important for
both theoretical and applied models. Instead of designing
models from scratch, standard designs can be used that
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do not need to be justified in detail, because they have
been tested and used before. Second, they facilitate com-
paring models addressing different species and systems.
Differences in model behavior can be more easily ascribed
to differences in species-specific traits or system-specific
controls, whereas without standard submodels they could
be ascribed to virtually any detail of the models’ structure.
Conversely, when the same model structure is used to
model different species, we can understand the differences
in population level output as a function of differences in
individual-level parameters.

Despite the great potential of generic individual-level
models as the foundation for IBMs, their ability to ac-
curately capture the dynamics of higher levels of biological
organization remains largely untested. Here we focus on
performing a cross-level test for one general theory, Kooij-
man’s dynamic energy budget theory (Kooijman 2010;
Sousa et al. 2010). DEB is a general theory that describes
life-history traits over time over a range of environmental
conditions. DEB theory has been used to model individual-
level processes for a wide range of animal species, for
example, mollusks (Ross and Nisbet 1990; van Haren and
Kooijman 1993; Saraiva et al. 2011), zooplankton (Nisbet
et al. 2010), and fish (Pecquerie et al. 2009, 2011), and to
model population-level processes for microorganisms, for
example, bacteria (Kooi and Kooijman 1994; Hanegraaf
and Muller 2001) and phytoplankton (Muller 2011). Yet,
a primary motivation for the development of DEB theory
was to explain population dynamics in terms of individ-
ual life-history traits, that is, to obtain unified theory
across levels of biological organization (Nisbet et al.
2000). Surprisingly, so far tests of DEB theory that link
individual and population process have been sparse and
of limited scope (literature reviewed in Nisbet et al. 2010)
or have focused on modeling equilibria or population
growth rates, for example, de Roos (2008). Here we there-
fore develop an IBM for a cross-level test of DEB theory.
Our cross-level test serves two purposes: to test how well
individual-based population models based on DEB theory
predict population dynamics and structure and to use pos-
sible deviations between model output and data to identify
elements of DEB theory that might need to be improved
to better capture population-level phenomena.

For implementing our IBM, we used the software tool
DEB-IBM (Martin et al. 2012), which is a generic IBM-
based DEB theory. As a model system, we use laboratory
populations of Daphnia magna, for which we collected
independent data sets on individual performance and pop-
ulation dynamics under different environmental condi-
tions. We first use individual-level data to parameterize a
model of individuals that is based on DEB theory. Then
we use these DEB individuals to simulate population dy-
namics and compare them to results from independent
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population experiments. Our initial comparison of DEB-
IBM model output and data revealed a mismatch between
the model and data after the initial peak in population
density for all population experiments. Specifically, the
model did not capture the decline in population density
and the subsequent change in density and size structure
following the initial population peak. Our conclusion was
that the dynamics of the starvation and recovery mech-
anisms are poorly understood. We therefore discussed and
tested several new alternative size-selective submodels of
food-dependent mortality and also formulated and tested
a new recovery model. Finally, we compared the model’s
ability to reproduce additional qualitative patterns, for ex-
ample, the characteristic occurrence of both small- and
large-amplitude cycles under certain resource conditions
(McCauley et al. 2008).

Methods

DEB theory is designed to capture the energy budget of a
wide range of organisms, environments, and questions.
Using DEB theory in a specific context requires setting up
specific model equations. Here we introduce the core con-
cepts of DEB theory and then briefly explain our model,
which includes the “standard” DEB model (see Sousa et
al. 2008 for an in-depth introduction) plus specific sub-
models of processes that are not fully covered by the stan-
dard model. A full, detailed description of our model,
following the ODD (overview, design concepts, details)
protocol for describing individual-based models (Grimm
et al. 2006, 2010), and the implementation of the model
in NetLogo (Wilensky 1999) are provided in the supple-
mentary material, available online.

DEB Theory

Conceptually, DEB theory is based on three elements: the
rate of energy acquisition of an individual scaling with
surface area while maintenance costs scales with volume;
the “kappa rule” of diverting a fixed proportion, &, of
assimilated energy to maintenance and growth, with the
remainder used for development and reproduction; and
the inclusion of “reserve.” What makes the theory look
more complicated is its unique notation system, which
allows the theory to be consistent in notation across ap-
plications involving properties with different dimensions,
for example, energy, mass, volume, proportions of ele-
mental matter, and more. The user manual of DEB-IBM
(Martin et al. 2012) gives a straightforward introduction
to the notation and conversion among the various versions
and parameterizations of DEB theory. In the following,
the three elements of DEB theory and the corresponding
model are briefly explained.
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First, DEB theory recognizes different components of
the biomass of an organism: structural biomass, reserve,
and a reproduction buffer in adults. Only structure re-
quires energy for maintenance; reserve does not but is used
to fuel other metabolic processes. A key assumption in the
“standard” DEB model is that the rate of energy acquisition
is proportional to the structural surface area of the or-
ganism, which could relate to, for example, the area of
filtering appendages or gut surface. Maintenance costs are
linked to body volume, which is proportional to structural
biomass. These assumptions for assimilation and main-
tenance provide a mechanistic explanation for the widely
used growth model developed by von Bertalanffy (1957).

Second, regarding reproduction, DEB theory assumes
that throughout their life cycle, individuals allocate a frac-
tion, k, of their mobilized energy to somatic maintenance
and growth and the remainder to maturation and repro-
duction (fig. 1). In juveniles, there is therefore a constant
flux of energy to “maturation” (increasing the organism’s
complexity to enable reproduction), which is switched to
the investment in offspring at “puberty.” The kappa rule
provides a novel explanation for why organisms do not
deviate from von Bertalanffy growth when they begin to
reproduce. There are three basic life stages: embryo (feeds
on an embryonic reserve, not capable of reproduction),
juvenile (feeds exogenously, not capable of reproduction),
and adult (feeds exogenously, capable of reproduction).
Transitions between these stages are assumed to be marked
by fixed maturity thresholds.

Third, DEB theory assumes that assimilated energy first
enters a reserve compartment, which serves as a buffer.
The rate of energy mobilization depends only on body size
and reserve density, that is, the ratio of reserve energy over
structural body volume, and is calculated using a homeo-
stasis assumption: at constant food levels, the reserve den-
sity should, after some initial equilibration, be constant
over the juvenile and adult life stages. The derivation of
this argument is the most challenging part of DEB theory
(Kooijman 2000, p. 37). DEB theory often uses the term
“scaled reserve density,” e, which is the reserve density
relative to the maximum reserve density that is obtained
if individuals are fed ad lib. Because mobilization of energy
depends on the reserve density and not on the instanta-
neous assimilation rate, it is to some extent buffered from
rapid changes in food level. The capacity for buffering
depends on a parameter called “energy conductance,” v,
which determines the mobilization of the reserve. At the
same feeding rate, a larger value of y will lead to lower
maximum reserve density and thus less buffering capacity
for changes in food availability.

food (b)

b
K/\assimr'.'at‘r’oﬂ

reserve

feces

mobilisation

somatic maintenance maturity maintenance

growth maturation reproduction

structure buffer

i maturity

Figure 1: Schematic diagram of the primary DEB state variables
(boxes) and fluxes (italics) of the standard DEB model. The circles
containing b and p denote maturity switches for birth and puberty,
where feeding and allocation to reproduction begin, respectively.

The Model

In the standard DEB model, individuals are primarily char-
acterized by four state variables: structural length, L, which
determines actual size, feeding rates, and maintenance
costs; scaled reserve, U, which serves as an intermediate
storage of energy between feeding and mobilization pro-
cesses; scaled maturity, Uy, a continuous state variable that
regulates transitions between the three maturity stages
(embryo, juvenile, adult) at fixed maturity levels; and
scaled buffer U, which is an energy buffer of mature
individuals for reproduction; this buffer energy is con-
verted into offspring during reproductive events. Four dif-
ferential equations specify how these state variables change
depending on their current values and environmental con-
ditions, such as food level and temperature. Two additional
state variables are needed to characterize the aging process
(app. A, available online). We implemented a discretized
version of the differential equations using the Euler
method. At each time step, individuals forage, then assim-
ilated energy first enters a reserve compartment, from
which energy is mobilized to fuel all other processes (see
app. A for details). Then, based on the updated DEB state
variables, a set of discrete events may occur, such as re-
production or death.

General DEB theory makes no assumptions about how
the reproduction buffer is converted into offspring, be-
cause too many different strategies exist. We here assumed
that Daphnia reproduce in clutches, where energy allocated
to embryos is accumulated over one molt period (assumed
to have a fixed value throughout the life cycle). The em-
bryos develop during the next molt and hatch at the end
of that molting period. We augmented the standard DEB
model with a submodel describing response to starvation.
Within DEB theory, there are several proposed ways to
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Table 1: Parameters of the DEB model for Daphnia magna and confidence intervals determined via profile likelihoods

95% confidence

Symbol Description Dimension Value interval
DEB parameters:
K Fraction of mobilized energy to soma .678 .657-.700
Kp Fraction of reproduction energy fixed in eggs .95 Fixed value
Ky Somatic maintenance rate coefficient ! 3314 .327-.336
K, Maturity maintenance rate coefficient ! 1921 .150-.236
U, Scaled maturity at birth L .1108 .0989-.123
Uy, Scaled maturity at puberty t? 2.555 2.36-2.844
v Energy conductance Lt 18.1 17.89-18.3
g Energy investment ratio 10 Fixed value
Aging parameters:
1.70E—6 to
ﬁd Weibull aging acceleration £’ 3.04E—6 4.60E—6
Se Gompertz stress coefficient .019 .00911-.0273
Prey dynamics parameters:
s} Surface-area-specific maximum ingestion rate No. L*t' 3.80E+05 3.7E+5-4.0E+5
K Half-saturation coefficient No. I 1,585 1,571-1,600
Daphnia specific parameter
values:
Molt time Time between reproductive events t 2.8
Vo Proportion of structural mass below which Daph- A4
nia experience starvation mortality
M Reserve-dependent mortality coefficient ! Varied

Note: Units: time (f) = days, structural length of animals (L) =

millimeters, abundance of prey =

No., and length of the environment

(I) = centimeters. A dot over a symbol indicates a rate parameter (two dots represent ¢ *). Braces around a symbol indicate the parameter is per unit
surface area (see Kooijman 2010 or Martin et al. 2012 for the full explanation of notation).

include mortality via starvation (Kooijman 2010), which
occurs when the energy mobilized from the reserve and
allocated to the soma is not sufficient to pay somatic main-
tenance costs. A possible starvation submodel assumes that
animals can redirect energy from the (1 — k) portion nor-
mally allocated to maturation (embryos and juveniles) or
reproduction (adults; Kooijman 2010). Our analysis of this
set of starvation submodels revealed starvation times far
too short (<1 day at 20°C), and they were thus ruled out.
This point was previously noted for Daphnia pulex
(McCauley et al. 1990).

We selected an alternative starvation submodel for our
simulations, which assumes that when there is not enough
energy to pay somatic maintenance costs, individuals can
“burn” structure to pay these costs (“shrinking”). Daphnia
can survive extended periods of starvation, where their
body mass can fall to 30%-50% of their previous maxi-
mum body mass (Perrin et al. 1990; Bradley et al. 1991;
Cleuvers et al. 1997; Vanoverbeke 2008). We selected a
mortality submodel similar to those of Vanoverbeke (2008)
and Rinke and Vijverberg (2005), where death occurs when
organisms’ mass falls below some threshold of its previous
maximum mass. We selected a critical threshold (V_,,) of
40% of maximum weight achieved so far, after which in-

dividuals experience a high per capita death rate of 0.35
day™' (Rohrlack et al. 1999; Rinke and Vijverberg 2005).

Parameterization

The scaled DEB model used by DEB-IBM has eight pa-
rameters, with two additional parameters needed for the
aging submodel and two parameters for the feeding sub-
model (table 1). The processes in DEB theory are abstrac-
tions; therefore, most of the parameter values cannot be
measured directly. Rather, parameters influence various
fluxes, which determine observable output like body size
over time, reproduction, or survival (Kooijman 2010; Nis-
bet et al. 2012). Thus, DEB model parameters for a species
can be obtained by fitting the model to observed life-
history traits over time (Lika et al. 2011). We used a data
set for Daphnia magna comprising individual growth and
reproduction data at four food levels (Sokull-Kluettgen
1998; details of parameterization given in app. B, available
online).
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Figure 2: Data for growth (A) and reproduction (B) at four food levels (100,000, 25,000, 5,000, and 1,000 cells mL ') and the DEB model
fit. The experiment was conducted in a flow-through system in 500 mL ADAM medium at a flow-through rate of 360 mL h™".

Simulation Experiments

Simulations were designed to mimic the experimental set-
tings described in Preuss et al. (2009). Population dynam-
ics were driven by “semi-batch” feeding conditions, that
is, a normal portion of food was added each day Monday—
Thursday to a 900-mL beaker containing a Daphnia pop-
ulation, and three times the normal food level was added
on Friday. Three times a week the population was counted
in three size classes. The experimental data sets consisted
of two experiments conducted at a “low” food level (0.5
mg C day™'), starting with either 5 neonates <24 h old
(low-N) or 3 adults and 5 neonates (low-NA), and one
experiment conducted at “high” food level (1.3 mg C
day™') that began with 3 adults and 5 neonates (high-NA),
resulting in three treatments, with 4 replicates each. For
each experimental setup, we ran the model for 42 days
and 100 replicates and compared the mean, maximum,
and minimum of total population abundance and the
abundance of three size classes to corresponding experi-
mental observations. For details of the experimental setups
in the model, see the ODD model description in appendix
A.

Stochasticity enters the simulations in three ways. First,
all mortality either due to aging or starvation is proba-
bilistic. Second, individuals vary in parameter values. We
followed the method used in Kooijman et al. (1989), where
individuals have a lognormally distributed scatter multi-
plier that affects the maximum surface area specific assim-
ilation rate. This parameter is scaled out of the model, but
the two maturity threshold parameters, Uj; and U (where

superscripts b and p denote birth and puberty); the max-
imum surface-area-specific ingestion rate, { Jenn); the half-
saturation coefficient, K; and the compound parameter, g,
which is the cost of synthesizing one unit of structure over
the product of x and the maximum reserve density, are
all affected by the scatter multiplier (Kooijman 1989; Mar-
tin et al. 2012; and ODD of this article). Finally, we assume
the amount of food added each day varies due to exper-
imental error, with a standard deviation equal to 10% of
the desired food concentration.

Results
Individual-Level Parameterization

Parameterization revealed that the parameters gand v (ta-
ble 1) could not be specified individually (app. B; fig. 2).
Further analysis revealed that these parameters positively
covaried and their ratio was well determined. This indi-
cates that, at least for Daphnia in the given settings, one
of these parameters is redundant. An increase in v and g
together indicates an increasing rate of reserve mobiliza-
tion and simultaneously a decrease in the size of the re-
serve. As both parameters increase toward infinity, one
ultimately ends up with a “reserveless” DEB model.

To determine the population-level effect of using dif-
ferent values for parameters linked to the reserve dynam-
ics, we ran simulations using parameter sets where the
value of g was fixed at incrementally higher values and all
other parameter values were estimated (app. B). We found
that using fixed values of g within the likely range (10 to
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infinity) had negligible influence on population level out-
put. Therefore, the results from our analysis would be
independent of the value chosen for g and we used the
parameter set with g fixed at 10 for all further simulations.
Using the resulting parameter set, the DEB model ex-
plained most of the variation in growth (R* = 0.986) and
reproduction (R* = 0.967; fig. 2).

Population-Level Results for the “Standard”
DEB-IBM Daphnia Model

The model closely matched observations during the initial
population growth phase, capturing population growth
rate, size distribution, and peak population density for all
experimental settings (fig. 3 for the low-N setting; low-
NA and high-NA shown in fig. S1, available online). How-
ever, after the initial population peak, model predictions
and data diverged. This mismatch was not resolved by
changing the model parameters within their confidence
intervals. We quantified the overall fit by dividing each
time series into two periods, the population growth phase
and the population decline phase. All predictions after the
population peak in the simulations were grouped into the
decline phase and all before into the growth phase. We
then compared overall agreement of the predictions and
observations of total density and the three size classes for
each of the two periods, for all experimental setups (fig.

300 |
200 |

100
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4). As a way of comparing goodness of fit, we report
“prediction” R* values for each period (growth and decline
phases), as well as for the data set as a whole (see app.
B). Our analysis revealed a much poorer fit between model
predictions and observations during the decline phase (ta-
ble 2).

Alternative Models of Starvation and Recovery

We implemented an additional starvation submodel
(Daphnia still have a high probability of dying if they fall
below a critical proportion of their previous mass), where
mortality was inversely linked to reserve density, e, which
is a time-weighted average of feeding history (app. A):

Pr(mortality)d™ = M1 — e),

where M is the reserve-dependent mortality coefficient. To
check whether starvation was size selective in the exper-
imental systems, we compared three versions of this new
submodel by applying it only to juveniles (negative size
selection [NegSS]), only to adults (positive size selection
[PosSS]), or to all Daphnia (neutral size selection
[NeutSS]).

Because we also wanted some indication of how well
the starvation models, once parameterized, were able to
capture the dynamics of population in other experimental
settings, we restricted our parameterizaton data set to one

Small

abundance

300

200

100

e

I |
fa s Bt

s

40 0

10 20 30 40

time (d)

Figure 3: Comparison of data and DEB-IBM predictions at the population level for the low-N experiment. Experiments were initiated with
5 neonates in a 900-mL beaker, and 0.5 mg C was added per day. Simulations with DEB-IBM replicated the experimental conditions.
Figures show the mean (thin black line) and maximum and minimum (dashed gray lines) of 50 simulations. Simulations for the low-NA

and high-NA experiments are shown in figure S1, available online.
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Figure 4: Observed versus predicted values for all three population experiments for total abundance (circles) and three size classes: adult
(diamonds), juveniles (squares), and neonates (triangles) for the standard model (A) and the adapted model (NegSS), with the additional
juvenile food-dependent mortality submodel (B). The data are divided into two panels: data before the population peak (growth phase)

and after (decline phase).

of the population experiments (low-N). We then compared
the goodness of fit of the three starvation submodels and
to the complete data set (all three population experiment
setups; see app. B for details).

Furthermore, standard DEB theory assumes that a
Daphnia that has shrunk to, for example, 50% of its pre-
vious maximum mass behaves physiologically the same as
a Daphnia with the same state that has not shrunk. This
is, however, in disagreement with experimental observa-
tions at the individual level, as Daphnia recover mass much
faster than expected following the standard DEB equations
(Perrin et al. 1990; Bradley et al. 1991). One possible ex-
planation is that although Daphnia shrink, they maintain
their ability to ingest and assimilate energy according to
their previous maximum size. This may be due to the fact
that Daphnia do not shrink in physical length, as they live
within a rigid carapace, and thus their feeding appendages
keep their previous size even as the mass of the individual
shrinks. This can be modeled in DEB by using the max-
imum achieved value of length in the assimilation formula.

By using this modified recovery model, we found (data
not shown) a large improvement in predictions for the
timing of individual-level recovery compared to data and
predictions from Perrin et al. (1990). Although both mod-
els underpredict time to recovery compared to the data,
the “fast” recovery model predicts a time to recover (4
days) much closer to the data (between 1 and 3 days) than
the “default” recovery (7 days).

Population-Level Results for the Modified
DEB-IBM Model

Parameterization of the three starvation submodels on the
low-N data set resulted in values of 0.085, 0.39, and 0.090
day™' for M, the mortality constant for the NeutSS, PosSS,
and NegSS submodels, respectively. The NeutSS (R*
0.938) and NegSS (R*> = 0.929) submodels led to sub-
stantially better fits on the parameterization data set (low-
N) than the PosSS (R*> = 0.638). On the complete data
set (all three population experiments), all three modified
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Table 2: R* values for the default DEB-IBM and various adapted models

R -
Growth phase  Decline phase Total  Total
Standard DEB model 878 —.2013 318 199,643
Food-dependent mortality submodels:
Neutral (all) 920 .873 903 28,249
Negative (juveniles only) 921 .897 916 24,358
Positive (adults only) 910 .342 .618 111,757

Note: The R’ values are shown for before (growth phase) and after (decline phase) the population peak and

the entire data set for total abundance, and for each of the three size classes, over 42-day population experiments
at three experimental settings. Additionally, the negative log likelihood (—¢) is given for the standard DEB model

and the three modified mortality submodels.

starvation submodels better matched the data relative to
the standard model, and most of this improvement in
model fit relates to increased predictive power during the
decline phase (table 2). While the NeuSS and NegSS mod-
els fit the parameterization data set nearly equally well (fig.
S2, available online), the NegSS model provided the best
fit to the complete data set (table 2). This was driven by
a better agreement of model and data for the independent
data sets, specifically for the high-NA experiment (fig. 5).

The results of the starvation recovery submodel showed
an improved fit over the standard recovery model (fig. 6;
fig. S3, available online). This result is mainly due to the
lack of production of offspring for the standard dynamics
compared to the revised model and experimental obser-
vations. This lack of production of new offspring then
ultimately leads to almost no Daphnia in the intermediate
size class and results in a population dominated by large
Daphnia.

Discussion

Having a generic model relating population dynamics to
the size, maturity, energy reserves, and current food intake
of its constituent organisms would raise individual-based
ecology (IBE) to a completely new level. IBE would be
then based on firm and increasingly tested theory (Grimm
and Railsback 2005). Species would still be expected to
show different physiological and behavioral strategies, but
with IBMs based on DEB theory or any other kind of
generic theory, we would have a much better idea of where
and when to use standard approaches and where to look
for more specific submodels.

Did our attempt to predict population dynamics from
what individuals do indicate that DEB theory is such a
generic theory for IBE? The answer is both yes and no.
On the one hand, the standard DEB model without ad
hoc modifications accurately predicted the population
growth rate and peak density of laboratory Daphnia pop-
ulations in different conditions from a model parameter-

ized at the individual level. Our study provides at least
one point of evidence suggesting that the DEB model with
little modification may be used for many applied purposes
requiring an understanding of how population growth rate
varies as a function of the environment. For example, in
ecotoxicology, population growth rate often is proposed
as a composite indicator of toxicity of chemicals, which
simultaneously takes into consideration reductions in
growth, reproduction, and survival (Forbes and Calow
2002). DEB theory can easily be used to link individual
performance under toxicant stress to effects on the pop-
ulation growth rate (see Jager and Klok 2010), and thus
this work further supports its use.

On the other hand, the unmodified model did not ac-
curately capture the dynamics after the population peak,
where there was little food per Daphnia. In contrast to the
model predictions, the experimental observations showed
a sharp decline in Daphnia density. This decrease in density
also decreased competition for food, allowing those Daph-
nia that survived to consume more and thus grow at faster
rates. For this reason, we saw a discrepancy not only in
the population density between model predictions and ob-
servations but also in the size distribution.

The discrepancy between model predictions and obser-
vations for declining populations turned out to be highly
informative. It was our hope that cross-level testing DEB
would lead us to identify potential limitations of standard
DEB theory and possibly find ways to overcome these
limitations. Due to the lack of data on starvation, we had
to do this inversely, that is, infer from population-level
patterns to the individual-level process of starvation. We
contrasted three phenomenological starvation models,
which differed in their size selectivity. We found that if we
assumed negative size selection, that is, starvation of
smaller individuals, agreement between predicted and ob-
served population dynamics and structure was improved.
One notable contradiction between predictions and ob-
servations for the PosSS model was a lack of neonate pro-
duction after the initial population growth phase. This
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Figure 5: Comparison of the performance of three starvation submodels with data from the high-NA experiment. In each of the three
models, a one-parameter food-dependent mortality submodel was applied, but models differed in that it was applied to either only juveniles
(solid black line), only adults (dashed black line), or all Daphnia (gray line). Simulations for the low-N and low-NA experiments are shown

in figure S2, available online.

trend is best observed in the high-food-level experiment
(fig. 5). The NeutSS model captured the dynamics and
size structure of the population in that it predicted bursts
of neonate production; however, compared to the NegSS
model, these bursts were too small as there were fewer
adults due to the non-size-selective mortality. Conse-
quently, prediction of neonate production in the NegSS
model was most appropriate, also leading the more ac-
curate predictions of the total population abundance (table
1; fig. 4B).

The outcome of our analysis is supported by the pre-
vious work on the same population data set using an em-
pirical individual-based population model (Preuss et al.
2009), in which the decline of the population density after
the peak was explained as a mixture of starvation and
crowding. Crowding causes negative interference (Goser
and Ratte 1994) among daphnids, leading to life-strategy
shifts and reduced feeding even at the same level of food
(Goser and Ratte 1994; Cleuvers et al. 1997). Within this
model a crowding submodel was used, calibrated on in-
dividual-level data. One of the main factors in this crowd-
ing submodel was the increased mortality of juveniles
(Preuss et al. 2009), as was also found in this analysis and
attributed to starvation.

Increased juvenile food-dependent mortality also was
proposed in a different model and experimental system
for capturing another aspect of Daphnia populations

(McCauley et al. 2008). It has been found in experimental
systems (McCauley et al. 1999, 2008) that when Daphnia
feed on a dynamic prey source, the Daphnia population
and its algal resource may exhibit either small-amplitude
(SA) cycles or large-amplitude (LA) cycles. Replicate pop-
ulations may exhibit either dynamic pattern and on oc-
casion may alternate between these two multiple attractors.
When cycles are observed in the field, the predominant
pattern is SA cycles (Murdoch et al. 1998). Besides the
magnitude of the fluctuations, the key diagnostic feature
of the two cycle types is that in SA cycles, the juvenile
development time (time from birth to reproducing adult)
is longer than the period of the population cycles, while
in the LA cycles, the juvenile development time is shorter
then the cycle period (McCauley et al. 2008).

To explore the origin of these dynamics, McCauley et
al. (2008) developed a deterministic, two-stage-structured
(juveniles and adults) bioenergetic model that includes
food-dependent mortality rates estimated separately for
adults and juveniles. Their parameterization generated
higher food-dependent mortality coefficients for the ju-
venile stage class than the adults; however, it was not iden-
tified as the driver of the bistability. More recently, An-
anthasubramaniam et al. (2011) attributed the stabilizing
mechanism responsible for generating the small-amplitude
cycles to the presence of adults that survived through the
population decline phase and were able to reproduce
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Figure 6: Comparison of alternate starvation-recovery assumptions against the high-NA data set. The gray line shows the scenario where
individuals feed at a rate proportional to their current length, while the black line shows the average of 100 model simulations when
individuals feed at a rate proportional to their maximum length attained. Simulations for the low-N and low-NA experiments are shown

in figure S3, available online.

shortly after the algae population began to recover. This
is remarkably similar to the pattern we see in the high-
food experiment where the bursts of neonate production
observed during the decline phase and the subsequent
leveling off of the population decline were predicted only
by the NegSS model.

To test whether our model captures, without any further
calibration or modification, the SA/LA cycle patterns ex-
plored by McCauley et al. (2008), we used the NegSS
model, but instead of simulating the populations in batch-
fed environments, we let them feed on a prey following
logistic growth. In agreement with previous models, the
populations exhibit exclusively SA cycles when the carrying
capacity of prey is low and LA cycles when the carrying
capacity of the prey is high. Most interestingly, the model
also captures the dynamic at intermediate prey carrying
capacities where the population exhibits the multiple at-
tractors (LA and SA cycles) proposed for previous models
and observed in the lab populations. Particularly con-
vincing is that, as in experimental observations, the model
also captures the key diagnostic feature, that under SA
cycles the mean juvenile development time was longer than
the cycle period, while the opposite was found for LA
cycles (fig. 7). We take this finding as strong evidence that
our modified DEB model is a realistic and comprehensive
representation of laboratory Daphnia populations and is

able to reproduce population-level patterns for a wide
range of environmental settings.

Our results highlight the importance of understanding
resource-dependent mortality for making accurate cross-
level predictions. Surprisingly however, this remains a
poorly developed area of research. From our analysis of
size-dependent mortality submodels, it is clear that not
only the overall starvation tolerance of a species is im-
portant but that relative tolerance of small and large in-
dividuals in a population greatly influences the dynamics
(see also de Roos and Persson 2013). Our initial assump-
tion was that mortality is triggered when mass falls below
some threshold of the previous maximum mass, so the
size dependence of resource-dependent mortality is de-
termined largely by how two fluxes, assimilation and main-
tenance, scale with body mass. The two most popular the-
ories for individual growth, DEB and OGM, always infer
either neutral starvation tolerance or a greater starvation
tolerance in juveniles depending on the food conditions.
In the case of absolute starvation (going from high food
to no food immediately), both theories predict that time
to starvation will be independent of body size. In partial
starvation, when there is some food level available but
where the assimilation flux is less than the energy needed
to satisfy the maintenance flux, smaller individuals have
an advantage over larger ones because both theories as-
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Figure 7: Two characteristic simulations, showing the switches between multiple attractors of large-amplitude and small-amplitude cycles.
Simulations were runs using the NegSS model where the Daphnia feed on a prey source following logistic growth (r = 1.5, K = 5¢e—5
mg C mL™") in a 30-L system. Simulations were initiated with 5 neonate Daphnia.

sume decreasing mass-specific assimilation rate with size.
Thus, both theories contradict our findings.

While there is relatively little information on the ontogeny
of starvation tolerance, the few data that do exist support
the indirect conclusions, made from population-level anal-
yses, that starvation tolerance increases with size intraspe-
cifically (McCauley et al. 2008; this study). For two species
of Daphnia, adults survived longer without food than ne-
onates (Tessier et al. 1983). Additionally, two separate stud-
ies on copepods found a clear monotonic pattern of in-
creasing starvation tolerance with size/development for
Calanoides carinatus (Borchers and Hutchings 1986) and
Pseudocalanus newmani (Tsuda 1994). If these observed
trends turn out to be general, it would suggest both for-
mulations (DEB and OGM) of individual resource dynamics
need revisiting. Several hypotheses could explain increasing
starvation tolerance with increasing size within a species:
(1) V_;could decrease as a function of size; larger individuals
can shrink to a lower proportion of their previous maximum
mass before they starve. (2) Specific energy storage may
increase with size. (3) Mass-specific maintenance costs may
decrease with size. (4) Energy utilization to development
may be partially inflexible (smaller individuals continue to
catabolize energy stores to continue development for some
time after food levels decrease). There are not enough data

available to test which if any of these mechanisms may be
a valid explanation of the observed trends. What is clear is
that due to the importance of the mechanism in determining
the types of population dynamics that emerge, no generic
theory will be able to capture dynamics at the population
level from a generic individual model without accurately
capturing the dynamics of how resource-dependent mor-
tality scales with size.

In addition to the size-selective nature of food-depen-
dent starvation risk we also investigated the consequence
of assumptions of recovery after a long period of starva-
tion. The standard DEB model does not distinguish be-
tween “novel” somatic growth and recovery somatic
growth. We tested this assumption against individual-level
data (Perrin et al. 1990) and revealed that this assumption
grossly underestimated recovery of somatic mass. We thus
used an alternate assumption where recovering individuals
retain the performance abilities of their previous maxi-
mum size. This modified model performed much better
at both levels of biological organization tested, although
recovery of somatic growth was still underestimated at the
individual level. With the new assumption, adult Daphnia
were able to assimilate food more quickly when food levels
began to recover, resulting in neonate production in agree-
ment with observations from the low-NA and, to a greater
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extent, high-NA experiments. The poor performance of
the default recovery submodel highlights the fact that
“novel” and “recovery” somatic growth cannot be treated
as equivalent. As most animals can survive periods of star-
vation by burning existing biomass, this conclusion may
not be unique to Daphnia.

Our results also bring into question the need to include
the state variable “reserve” for the purpose of predicting
population dynamics from the characteristics of individ-
uals. We found that the parameters associated with the
speed of reserve mobilization and hence the size of the
reserve are not easily specified using growth and repro-
duction data at multiple food levels. Thus, parameterizing
the reserve accurately would require some additional data
or strong assumptions, for example, relating to the du-
ration of the embryonic period. From our analysis for
Daphnia, it appears allowing individuals to burn structural
body mass to pay maintenance costs is an adequate sub-
stitute for reserve to capture how fluctuating food levels
affect growth and reproduction output at the individual
and population level. However, if reserve is not included,
our results suggest mortality should be linked to energy
assimilation rather than death occurring only when ani-
mals fall below some proportion of their previous mass,
as was assumed by McCauley et al. (2008).

In the population experiments, variation in food levels
during the day were quite extreme, transitioning from ad
lib. feeding conditions during the first few hours after food
was added to no food. Yet the reserveless model performed
nearly identically to the model with reserve without the
resource-dependent mortality submodel at all experimen-
tal conditions tested (fig. B2, available online), a finding
consistent with previous work using biomass-based models
(reviewed by Nisbet et al. 2010). Including the resource-
dependent mortality term with the parameters derived
when reserve dynamics were fixed to be very fast (g fixed
to 100) results in negligible deviations in the population
dynamics from those resulting from the parameter set used
in this study (g fixed to 10; data not shown). This may be
because the “true” maximum reserve density for Daphnia
is small enough that the time lag between changing food
levels and changing mobilization is small. There is some
limited evidence of this relating to energy allocated to
reproduction; see Tessier et al. (1983) and related discus-
sion by McCauley et al. (1990). The interspecific scaling
laws of DEB predict that maximum reserve density will
increase with the maximum size of the species, and thus,
for larger species the inclusion of reserves may be
important.

Whether or not a reserveless model is still actually a
DEB model is a matter of semantics. Our concern lies
more with identifying the most useful general models as
a basis for IBE. One may question, without the reserve
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state variable, how the theory differs from other generic
models of individual metabolism such as the OGM. Here
the biggest advantage of using DEB as opposed to the
OGM is not the inclusion of reserve but other distinctive
aspects of DEB. For example, OGM does not consider how
or from where energy is allocated for reproduction or what
mediates life-stage transitions; clearly these are required
for capturing population dynamics. With additional as-
sumptions, the OGM might perform similarly to DEB—
but this would mean the two descriptions were themselves
converging.

How far we can go with generic theory in an IBM con-
text? It may be that the deviations between model pre-
dictions and data at the population level are due to species-
specific deviations from the DEB model. If species-specific
submodels are unavoidable, having a generic model at least
reduces the number of structural differences among mod-
els of different species and thus increases their compara-
bility. However, it is also possible that generic theory may
be able to account for starvation and recovery, but this
theory has not been developed. It seems most likely that
the answer is some combination of both; there may always
be some situations where species-specific models are
needed when highly accurate predictions are required;
however, it is also likely that with further testing and de-
velopment we can vastly improve the predictive capabilities
of our generic models. What is promising is that the pro-
cesses that required modification in our study are not
species specific; starvation and recovery from starvation
are ubiquitous in natural populations. Further experi-
ments at the individual level to guide theory development,
especially relating to starvation and recovery, and cross-
level experiments to tests theory at the population level
are needed. Until these theories are developed, DEB-IBM
still serves as a useful starting point that handles the ma-
jority of other relevant aspects of individual life history
(growth, development, and reproduction).
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“On the twenty-ninth of August, while hunting spiders among the rocks on the hill north of Bartholomew’s pond in South Danvers,
Mass., I unexpectedly found the pit of an ant-lion (Myrmeleo immaculatus De Geer), in a clear space under the shade of a large boulder.”
From “The Ant Lion” by J. H. Emerton (American Naturalist, 1871, 4:705-708).
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