The foraging—predation risk tradeoff and the evolution of
multiple-defense plasticity

Clay Cressler!, Aaron A. King'?, and Earl E. Werner!

1. Introduction

Tradeoffs have played a key role in our un-
derstanding of ecology and evolutionary biology.
For example, interspecific performance tradeoffs
have long been thought to govern the coexistence
of species at the local scale, while tradeoffs be-
tween competitive and colonization abilities may
help govern coexistence at larger spatial scales.
Tradeoffs are also fundamental to understanding
individual traits as well. Two such tradeoffs are
the tradeoff between growth and reproduction and
the tradeoff between foraging and predation risk.
Both are highly general and highly influential in
understanding individual ecology and evolution.
The growth-reproduction tradeoff has been used
by life history theory to explain the evolution
of different growth and reproduction strategies.
The foraging—predation risk tradeoff has been in-
voked by ecological theory as fundamental to un-
derstanding community dynamics.

Despite the recognition that these are funda-
mental tradeoffs faced by organisms in nature, rel-
atively little theory in ecology or evolutionary biol-
ogy has explicitly considered how different trade-
offs might interact with one another. One area
where we can explore the interaction of multiple
tradeoffs is in the evolution and expression of in-
ducible defenses.

Inducible defenses encompass a broad range of
phenotypically plastic traits, traits whose expres-
sion is determined by the environment, as well as
genetics. These defense including modifications in
behavior, morphology, and life history that act to
reduce predation risk (Tollrian and Dodson 1999).
However, qualitatively different defense strategies
(e.g., behavioral versus morphological defenses)
have different costs - for example, behavioral de-
fenses nearly always involve reduced foraging gain
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(either through reduction in activity level or move-
ment to a suboptimal foraging habitat (Lima and
Dill 1990)), whereas life history defenses often
modify the allocation of energy between growth
and reproduction to optimize size. Essentially, for
a given strategy, defense expression is determined
by the relevant tradeoff.

However, given that each of these different de-
fense strategies is a potential solution to the prob-
lem of predation risk, explaining why some species
employ one defense instead of another involves ex-
ploring how different tradeoffs interact with one
another to determine the evolution of different de-
fense strategies. Furthermore, many species are
capable of expressing multiple defenses, either si-
multaneously or across their lifetime (Hoverman
et al. 2005; Boeing et al. 2006; Steiner and Pfeiffer
2007). In these cases, how does the interaction be-
tween the tradeoffs play out to generate integrated
defense responses?

Here we focus on the interaction between the
growth-reproduction tradeoff and the foraging-
predation risk tradeoff to determine how these
tradeoffs affect the expression of behavioral and
life history defenses. We develop a general model
for individual physiology and show that by vary-
ing the shape of the tradeoff between foraging gain
and predation risk, we can generate different de-
fense strategies, ranging from pure behavioral or
life history defenses to integrated defense strate-
gies. When multiple defenses are expressed simul-
taneously, the individual responses to the tradeoffs
show a characteristic positive correlation. This
implies that the tradeoffs can interact in a non-
additive way. This allows one response to compen-
sate for the cost of the other. This work demon-
strates that a full understanding of individual life
history (that is, the pattern of growth, reproduc-
tion, and mortality) requires an understanding of
how different fundamental tradeoffs interact with
one another at the level of the individual.



2. Methods

2.1. Model description

Tradeoffs between different defenses arise at
the level of individual physiology. Therefore the
model must account for basic physiological pro-
cesses (growth, maturation, reproduction) explic-
itly, focusing on how inducible defenses affect
these processes. Optimal single or multiple de-
fense investment can then be determined by ex-
plicit consideration of individual fitness.

We employ an individual-based physiological
model where growth, reproduction, and death de-
pend on the current state of the individual. The
model we have developed is a general model for the
physiology of an animal, based on dynamic energy
budget models (Kooijman 2000). It is a variation
on the physiologically-structured model developed
by de Roos and colleagues (de Roos et al. 1990,
1992; de Roos 1997). Parameter values have been
taken from de Roos et al. (1990), and the model
and parameter values are well-verified from exper-
imental data on the zooplankter Daphnia magna
(de Roos 1997). Table 1 presents the variables and
parameters used in the model, and gives default
parameter values.

2.2. Characterizing investment in defense

Behavioral defenses are often characterized by
changes in activity level or habitat to reduce the
encounter rate with predators (Lima and Dill
1990; Tollrian and Dodson 1999). In our model,
behavioral defense investment will be determined
by «(t), the fraction of total foraging time that is
spent active versus engaging in defensive behav-
iors such as hiding or remaining inactive. Thus,
a(t) will affect both foraging gain and predation
risk; decreasing a will reduce predation risk, but
at the cost of reduced foraging gain.

Life history defenses are typically thought to
result from changes in energy investment towards
growth versus reproduction (Riessen 1999). Basic
theory suggests that predator preference for large
prey (positive size selection) favors increased al-
location towards reproduction, leading to earlier
and smaller maturation, whereas negative size se-
lection favors increased allocation towards growth,
leading to later and larger maturation (Taylor and
Gabriel 1992; Ernande et al. 2004; Gardmark and

Dieckmann 2006). x(t) is the fraction of ingested
resources allocated towards growth versus repro-
duction; decreases in x will lead to earlier matura-
tion at a smaller size, whereas increases will lead
to later maturation at a larger size.

The time dependence of both activity level a(t)
and growth allocation k(t) reflects the fact that
investment may change as a function of an indi-
vidual’s age, size, and physiological state.

We also want to make clear a distinction be-
tween the physiological responses to predation
and the defenses against predation. In our case,
changes in the shapes of «a(t) and k(t) are re-
sponses to predation. These responses are respon-
sible for producing the observed defenses (in this
case, activity level and size). However, the im-
portant distinction is that the responses are in-
dependent of one another, but the defenses are
not. In particular, size is affected both by «(t)
and (). This distinction is important for under-
standing the results presented in the rest of this

paper.
2.3. Foraging gain and maintenance costs

Acquisition of energy from the environment is
the key process underlying growth and reproduc-
tion. The rate of energy ingestion is modeled as:

R o

I(R, ¢, t) = vea(t)l —i—fR[ )

(1)

where v, is the maximum rate of energy consump-
tion and 1?5%1% is a Type II functional response.
For this paper, resources will be held constant, so
the type II functional response could be replaced
with a dimensionless measure of resource abun-

dance; we include it for full generality.

Two features of this formulation are notewor-
thy. First, ingestion rate depends linearly on ac-
tivity level, a(t), so total resource ingestion is pro-
portional to the fraction of time actively foraging.
Second, energy ingestion depends upon the surface
area of the individual, which is proportional to ¢2.
The dependence of feeding rate on surface area is
quite general, applying to many different feeding
modes (see the discussion in Kooijman (2000), pp.
66-71). This dependence implies that energy in-
gestion will increase as individuals increase in size;
this is the mechanism by which increased size in-
creases reproductive potential.



Table 1: Model variables and parameters with default parameter values.

Symbol  Description Units Default value

t Age d

14 Length mm

o Fraction of time spent foraging

K Fraction of energy allocated to growth

b Number of eggs laid by an individual eggs

P Survivorship of an individual

R Resource density cells ml—* 500000

Ve Maximum resource intake rate per unit surface area cells mm=2d-! 1.8x 108

& Functional response shape parameter ml cell ! 7.0x 1076

fmax Maximum attainable length under unlimited resources mm 6.0

~ Rate constant of growth d-! 0.15

rmax Maximum reproductive rate per unit surface area eggsmm~2d~t 0.1

i Background mortality rate d-! 0.01

w Slope of mortality-size curve mm~! 0.5

Cid Median size preference of predator mm 3

Pmax Maximum predation rate d-! Varied between 0.1 and 1
s Shape parameter for activity—mortality relation Varied between 1 and 10

Some energy must then be utilized for mainte-
nance. Maintenance costs are assumed to scale
with body volume (proportional to the cube of
length). This scaling is also general (see Kooijman
(2000), pp. 89-94). Maintenance costs, therefore,
create a tradeoff involving length: increased length
increases both energy ingestion and maintenance,
with maintenance costs increasing more rapidly as
individuals get larger. This tradeoff leads to the
optimal size at maturity being smaller than the
maximum possible size, a point that will become
important when considering life history defenses
against predation.

2.4. Growth and reproduction

The fraction of resources allocated to growth
is controlled by the time-varying function (t),
with 1 — k(¢) being allocated to maturation and
reproduction. This reflects the inherent trade-
off between current growth and future reproduc-
tion. When resources are constant, growth fol-
lows a modified von Bertalanffy growth equation
(de Roos 1997; Kooijman 2000), which predicts
growth in size to approach fmax at a rate deter-
mined by the parameter ~, assuming that growth
allocation x(t) and activity level «(t) are both con-

stant.

O = () (tmax f(R.0) — (1), (2)
where B
1 f— &R’ 3)
The remaining energy is allocated towards mat-
uration or reproduction. Prior to reaching sexual
maturity, individuals are assumed to allocate en-
ergy towards the development of non-somatic tis-
sue (such as gonads or ovaries). Sexual maturity is
reached upon investment of a fixed amount of en-
ergy into maturation. After reaching maturity, the
rate of offspring production is determined by en-
ergy allotment towards reproduction 1 — x(t) and
the maximum potential reproductive rate rmax.

f(R,a) = aft)

db

0(t)3
i rmax(1 — k(t)) (f(R,a)f(t)2 —) )

émax

(4)
2.5. Mortality

Finally, individuals experience mortality, with
mortality due to predation dependent on both be-
havior and size. A large body of literature has



10

0.8

Praxc®
0.6
|

0.4

0.0
|

0.0 0.2 0.4 0.6 0.8 1.0

Fig. 1.— The relationship between activity level
« and predation rate for different values of s. See
the text for the interpretation of s.

demonstrated increases in predation risk with in-
creases in activity (Lima and Dill 1990; Werner
and Anholt 1993; Werner and Peacor 2003); in our
formulation, predation therefore depends upon the
fraction of time spent foraging, a(t). Whereas it is
clear that predation risk is an increasing function
of activity level, the exact shape of the function re-
lating activity level to predation rate is unknown.
Previous theory has indicated that this shape is
critical to determining the ecological consequences
of behavioral defense (Abrams 1984, 1992). We
follow Noonburg and Nisbet (2005) and assume
that predation risk scales with «(t)®, a simple
function that is flexible enough to take a variety
of shapes from concave to convex, but that intro-
duces only one additional parameter.

What is an appropriate biological interpreta-
tion of the shape parameter s? Often, specific
shapes for the relationship between behavioral de-
fense and predation rate are unspecified, focusing
only on the curvatures (i.e., the value of the second
derivative) (Abrams 1992). However, an examina-
tion of the relationship between activity level and
predation rate for different values of s suggests a
possible biological interpretation of s as an indi-
cator of the foraging behavior of the predator.

We assume that predation rate is zero when «
equals zero, and increases to a maximum Pmax
when « equals one, which yields the function
Pmaxa®. There are three basic shapes that can
be produced, depending upon the value of s (Fig-
ure 1). If s = 1, the relationship between activ-
ity and predation risk is linear. This assumption
is the default expectation (Gerritsen and Strick-
ler 1977; Werner and Anholt 1993), and will hold
whenever predators move at constant speed and
demonstrate no preference. For this study, pref-
erence implies a behavioral response on the part
of the predator to prey movement. If s > 1, the
curve is convex, suggesting that predation rate in-
creases at an increasing rate with activity level,
i.e., the per capita predation rate increases with
increases in activity level. This can be interpreted
as indicating a behavioral preference on the part of
predators for more active prey. Such preferential
foraging has been demonstrated in a number of
studies across a broad range of taxa (Snyder 1975;
Furnass 1979; Wright and O’ Brien 1982; Peter-
son and Ausubel 1984; Buskey et al. 1993; Sarno
and Gubanich 1995; O’Keefe et al. 1998; Utne-
Palm 1999, 2000). The biological mechanism be-
hind this preference is likely due to predators cu-
ing on prey movement. Utne-Palm (2000) showed
that prey activity increased the reactive distance
of foraging gobies (Gobiusculus flavescens). Fur-
thermore, this study demonstrated that propor-
tion of time swimming was a more important de-
terminant of predation risk than either prey size
or catchability. Figure 1 shows the different val-
ues of s that were investigated for this study. If
s < 1, the curve is concave, and predation rate
asymptotes at high activity levels. The affect of
a concave relationship between activity level and
mortality on the evolution of defenses was investi-
gated, but the results were identical with the s =1
case, and so further discussion of the s < 1 case
will be omitted.

Based only on this relationship, we can infer
cases where behavioral defenses and life history
defenses are expected. As s — oo, predation risk
drops so quickly with decreases in activity level
that even a slight decrease will cause predation
rate to drop to nearly 0. On the other hand, as
s — 0, predation rate is insensitive to changes
in activity level. Thus, a priori we can predict
that life history defenses will be observed for low
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Fig. 2.— These graphs show how mortality
changes with size, assuming different values for
w and £;q. For the simulations in the paper,
w=10.5and £;q4 = 3.

s values and behavioral defenses will be observed
for high s values.

Predation rate is also dependent on size. In this
study, predation risk is assumed to decrease with
length, as happens when predator and prey are
similar in size or predators are gape-constrained.
This can create an effective size refuge against pre-
dation, whereby individuals can reduce predation
risk by increasing size. This size refuge can cause
individuals exposed to predators to grow to larger
size than would be expected under predator-free
conditions, but at the cost of increased mainte-
nance demands.

A reasonable functional form for the relation-
ship between size and predation rate is

Pmax(1 — tanh(w(f — £134))s (5)

where Pmax is the maximum predation rate (as
above). The parameters w and £} ;q character-
ize the size selectivity of the predator (Figure 2):
Cniq gives the inflection point where predation
rate is half its maximum and w is the slope of the
predation rate-size curve. £ :q essentially char-
acterizes the size preference of the predator, while
w characterizes how size-limited the predator is:

larger values suggest that the predator is very lim-
ited by prey size; smaller values indicate a preda-
tor that is less size-limited (Rinke et al. 2007).

Considering both the size- and behavioral-
dependence of predation rate, along with a non-
predation mortality term u, overall mortality rate
is modeled as:
dp s
i —(p+a(t)*(1 —tanh(w(l = £;q))) Pmax)p-

(6)

2.6. Calculating the fitness of an individ-
ual

These three equations (egs. 2, 3, and 5) can be
used to determine the fitness of an individual. We
used the fitness metric Ry, the net reproductive
rate. It is calculated as

° db
Ry = —p(t)dt. 7
o= [ G 7)
which weights birth rate % by survivorship p(t)

to determine the expected number of offspring
produced by an individual over the course of its
life. This fitness metric is appropriate whenever
population size and the environment are constant
between generations, as we assume (Benton and
Grant 2000).

2.7. Selection experiments

The responses to predation, activity level a(t)
and growth allocation (t), determine the defense
investment of an individual. Furthermore, the
shapes of these functions will completely deter-
mine the fitness of an individual. Therefore, to
optimize defense investment, one needs to deter-
mine the shapes of the functions that maximize in-
dividual fitness, Ry. However, the shapes of these
functions are unknown, and could be quite com-
plex. For example, growth allocation x(t) could
be equal to one up to some age, and then drop
to zero. This would lead to determinate growth,
where growth ceases as reproduction begins (Vin-
cent and Pulliam 1980). Alternatively, x(t) could
be constant across an individual’s lifetime, leading
to indeterminate growth. Intermediate possibili-
ties exist between these strategies. We used ge-
netic algorithms to determine the optimal shapes
for a(t) and x(t) (Holland 1975), an approach that
has been successfully applied to other questions



in evolutionary ecology (Shertzer and Ellner 2002;
Strand et al. 2002). Details regarding function
specification and genetic algorithm implementa-
tion can be found in the Appendix.

For any given environment, the output of the
genetic algorithm was the activity level «a(t) and
growth allocation x(t) functions that maximized
individual fitness. The shapes of the functions
also determined defense investment, characterized
by the average activity level (&) across an indi-
vidual’s lifespan (behavioral defense) and the size
at maturity (life history defense). In this study,
the maximum predation rate Pmax was varied be-
tween 0 and 1; an individual exhibits inducible de-
fenses by a reduction in average activity level or an
increase in size at maturity with changes in Pmax.
Additionally, the value of s was varied between 1
and 10 to determine the effect of the shape of the
foraging—predation risk tradeoff on the evolution
of behavior and life history.

To determine how behavioral and life history
defenses interact, three different selection scenar-
ios were performed. In the first, both life history
(k(t)) and behavior («(t)) were under selection.
In the second, only life history was under selec-
tion; behavior was assumed constant at the opti-
mal behavior in the absence of predators, a(t) = 1.
In the third, only behavior was under selection;
life history was fixed at the optimal life history in
the absence of predators. This allows us to com-
pare the optimal multi-defense strategy to the op-
timal single defense strategies to determine when
multiple-defense strategies are favored, as well as
to investigate the interaction between defenses in
these cases. These experiments will be abbrevi-
ated as the LB selection experiment, the L selec-
tion experiment, and the B selection experiment,
respectively.

3. Results

3.1. Extreme tradeoffs favor single-defense
strategies

As predicted based on the relationship between
activity level and predation risk, at high values of
s, only behavioral defenses are employed (Figure
3). This can be seen most clearly by comparing
the average activity level a of the LB (black-and-
white line) and B (gray line) strategies, seen in
Figure 3C. The LB and B lines lay on top of one

s=10

0 35

I
7
vy)

T T

6 7

I mat
tmat

25

o]
07 08 09 10 1120

100
Ro ratios

Fig. 3.— The optimal defense investments for
s = 10. Panels A, B, and C plot the metrics for
life history and behavioral defenses under each of
the three selection scenarios. Defenses are indi-
cated by an increase in size at maturity or by a
decrease in average activity level & as Pmax in-
creases. Panel D plots the relative fitness advan-
tage of the multi-defense strategy over either pure
defense strategy as the ratio of LB fitness to both
the L and B fitness.

another, indicating that the multi-defense strategy
closely follows the behavior-only strategy. How-
ever, the LB strategy tends to mature at a slightly
larger size and slightly delayed from the B strategy
(Figure 3A, B). This occurs because the optimal
response k(t) for the LB strategy prolongs allo-
cation to growth. This partially compensates for
the reduction in maturation size that results from
decreased foraging gain.

At the low values of s = 1, only life history de-
fenses are observed (Figure 4). Here the size at
maturity of the LB strategy exactly matches that
of the L strategy. Despite the fact that the rela-
tionship between activity and predation risk is lin-
ear (and not concave down), the optimal strategy
is to forego the behavioral defense and “sprint” for
the size refuge from predation.

The more interesting cases occur for intermedi-
ate values of s.
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Fig. 4.— Optimal defense investments for s = 1.
See the Figure 3 caption for more details.

3.2. Moderately nonlinear tradeoffs favor
integrated multi-defense strategies

For s = 3.33, there is investment in both de-
fenses at low Pmax values, as can be seen in Fig-
ure 5. For value of Pmax < 0.6, size at matu-
rity has increased and average activity level & is
reduced from the predator-free levels, indicating
investment in both life history and behavioral de-
fenses. However, as Pmax increases, the optimal
strategy becomes investment only in behavioral
defenses. This is due to the constraint on opti-
mal life history defenses noted above - as preda-
tion rate increases, the optimal L strategy invests
less and less in life history defense, whereas the
optimal B strategy invests more and more in be-
havioral defense.

Furthermore, an important interaction between
the different responses at low to intermediate
Pmax values can be seen. At these values, the
LB activity level o is less than the B a early
in life, indicating that the LB strategy has in-
creased expression of behavioral defenses early in
ontogeny. Later in life, however, the LB curve is
greater than the B curve, suggesting that behav-
ioral defenses are relatively underexpressed. This
suggests a pattern of compensation between the
responses through ontogeny. By investing heavily
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Fig. 5.— Optimal defense investments for s =
3.33. See the Figure 3 caption for more details.

in behavioral defenses early in life, survivorship is
high. Once sexual maturity is reached, because
the individual is large and can take advantage
of the size refuge, it is able to stop investing in
the behavioral defense without adversely affecting
fitness.

A similar pattern of multi-defense expression is
observed for s = 2, though it is even more exagger-
ated. When s = 3.33, the life history defense was
not used at predator densities above 0.6, whereas
now both life history and behavioral defenses are
used at all but the highest predator density (see
Figure 6A,C). Furthermore, these results reveal
another important interaction between life history
and behavior: the optimal B strategy does not
reduce activity level, especially compared to the
LB strategy. That the optimal B strategy would
not invest in behavioral defense is counterintuitive,
but can be explained by a careful examination
of the patterns of growth, reproduction, and sur-
vivorship for the LB and B strategies. An evident
cost of the behavioral defense is maturation at a
reduced size. In order for the B strategy to employ
behavioral defenses, the benefit in reduced mortal-
ity must compensate for this cost. However, the
multi-defense strategy is able to compensate for
this cost by modifying the life history response of



L

1
o
T
3.6

I mat

28 30 32 34 36
T
tmat

I
p—
T

Il Il
1.30 3.2

o]
094 096 098 1.00
Il

Ro ratios

o
o
o
~
o
[oe]
o
o
o
~
o
o0

Fig. 6.— Optimal defense investments for s = 2.
See the Figure 3 caption for more details.

allocation to growth. k(t) to compensate for the
decrease in size at maturity caused by reducing
activity level.

4. Discussion

Our results illustrate a number of important
points regarding the optimal expression of in-
ducible defenses. In particular, we predict that
the shape of the foraging—predation risk tradeoff
determines the optimal defense strategy. The fact
that defense expression depends on the shape of
this tradeoff has important implications for eco-
logical research and interpretation of current the-
ory on trait-mediated indirect interactions. Addi-
tionally, we predict that integrated multi-defense
strategies will show a characteristic interaction be-
tween the responses to predation, (i.e., growth
allocation, (t) and activity level, «(t)), reveal-
ing the importance of the interaction between the
foraging—predation risk and growth-reproduction
tradeoffs.

4.1. The role of the foraging—predation
risk tradeoff in determining optimal
investment in the different defenses

The above results show that the shape of the
foraging—predation risk tradeoff mediated by ac-

tivity level determines whether single or multi-
ple defense investment by prey is optimal. At
very high values of s, the relationship between
activity level and predation rate is highly non-
linear, so that predation rate decreases rapidly
with small decreases in activity level, whereas for-
aging gain decreases linearly. This non-linearity
in the foraging—predation risk tradeoff (predation
risk is more sensitive to changes in « then foraging
gain) favors the evolution of behavioral defenses.
Given our interpretation of s as the preference of
the predator for more active prey, this model pre-
dicts that behavioral defenses would be more com-
mon in response to actively foraging predators.

Many species are known to exhibit behavioral
defenses against negative size specific predation
risk from active predators, including amphibians
(Anholt et al. 2000; Urban 2007a), Daphnia (Pan-
gle and Peacor 2006), fish (Abrahams and Healey
1993), and snails (Turner et al. 1999; Hoverman
et al. 2005). Given the prevalence of behavioral
defenses in nature (Lima and Dill 1990; Werner
and Peacor 2003), our results suggest that non-
linearity in the relationship between predation risk
and activity may be the rule, rather than the ex-
ception. The results further highlight the impor-
tance of non-linearity in ecological systems and
the need for direct empirical studies investigating
the shapes of the relationships between dynami-
cally variable traits and their ecological catalysts
(Abrams 1995, 2001).

Looking across all environments (s-Pmax com-
binations) there is a strong negative correlation
between defenses, as investment in behavioral de-
fenses tends to strongly reduce size at maturity.
However, for intermediate s values, the defense
expression pattern pattern that emerges employs
the behavioral defenses early in life when preda-
tion risk is highest and then reduces investment
in behavioral defense as size increases and the
size refuge from predation is approached. These
compensatory dynamics between the responses to
predation produce an integrated defense strategy
and demonstrate the importance of the different
timescales over which different defenses operate.

Behavioral defenses are effective immediately,
and can be modified quickly and reversibly. Life
history defenses, on the other hand, are only ef-
fective once a threshold of energy investment has
been made. Additionally, they are not reversible -



individuals are not capable of shrinking. This dif-
ference in timescale affects the interaction between
the two responses, and highlights the importance
of considering defense investment across an indi-
vidual’s lifetime, rather than performing a point
optimization. Nearly all previous theoretical work
on defense investments, especially work address-
ing the interaction between defenses (e.g., Steiner
and Pfeiffer (2007)) has focused on the single op-
timal values of activity level a and growth alloca-
tion x and studied the interaction between these
two points. However, this focus on point values
will overlook compensatory dynamics that depend
upon development. A recent review of integrated
defense responses to predation highlighted the im-
portance of studying trait expression through on-
togeny to uncover the important interaction be-
tween development and defense expression (Relyea
2004). Indeed, recent empirical work has shown
a similar pattern of behavioral defense expression
early in ontogeny, with expression of alternative
defenses (either morphological or life history) late
in ontogeny (Pettersson et al. 2000; Relyea 2003;
Brodin et al. 2006).

Additionally, the selective advantage of mul-
tiple defense strategies over either single defense
strategy is highest for these values of s. This sug-
gests that trait integration should be more com-
mon in intermediate environments. This result
corroborates the finding of Steiner and Pfeiffer
(2007), who also showed that the selective advan-
tage of a multiple defense strategy was highest in
intermediate environments. If it is a general re-
sult that selection for multiple defense strategies
is highest in intermediate environments, these re-
sults suggest that care must be taken in interpret-
ing the results of trait expression experiments that
use only two environments (a predator-free control
and one level of predation).

At low values of s, only the life history defense
is selected for because the foraging—predation risk
tradeoff mediated by activity level is linear, or
nearly so; i.e., changes in activity level have the
same proportional affect on foraging gain and mor-
tality risk. The optimal strategy is to forgo the be-
havioral defense in order to reach the size refuge as
quickly as possible. Thus, size-selective predation
combined with a predator with little to no pref-
erence for more active prey, e.g., a sit-and-wait
predator, should select for life history defenses.

This pattern holds in nature, as the response of
prey with flexible life histories to passive preda-
tors with negative size-dependent predation is of-
ten later maturation at larger size (Tollrian and
Dodson 1999; Chase 1999b). For example, Daph-
nia are commonly preyed upon by the aquatic lar-
val stage of the midge Chaoborus, a gape-limited
sit-and-wait predator that detects prey from the
wake generated by movement through the water
column. Studies have shown that predation risk
declines with increasing size (Pastorok 1981), and
a common phenotypic response to Chaoborus is
increased size at maturity (Riessen 1999).

The prediction that negative size-dependent
predation should lead to life history defenses
matches earlier models (Taylor and Gabriel 1992;
Day et al. 2002). However, these models did not
consider behavioral defenses; our results demon-
strate the important interaction between size-
dependent and activity-dependent predation risk.
A model developed by Urban (2007a) also con-
siders the interaction between behavior and life
history and similarly showed that optimal prey
defense could be to forgo a behavioral defense in
favoring of reaching a size refuge as quickly as
possible. This result was much more likely when
the relationship between growth and predation
risk was linear or decelerating, analogous to our
results. One caveat is that the model of Urban
(2007a) was developed for organisms with com-
plex life cycles and modeled only growth to a
metamorphic event, with fitness assumed propor-
tional to size at metamorphosis. This is a common
assumption in models of complex life cycles that
has empirical support (Benard 2004). However,
this assumption creates an added benefit of in-
creased size, which may increase the likelihood
that life history defenses are optimal. Neverthe-
less, this result, and the empirical data motivating
it (Urban 2007b) are additional evidence for the
importance of the foraging—predation risk tradeoff
in determining defense expression in nature.

4.2. Implications for ecological dynamics

An extensive body of literature has investigated
the importance of the foraging—predation risk
tradeoff for ecological interactions (e.g., Abrams,
1992). This work has largely examined at how
the shape of the tradeoff affects optimal behav-
ior of prey, and how prey behavior then feeds



back to influence community structure and dy-
namics, through both direct and indirect effects
(Werner and Peacor 2003; Bolker et al. 2003). A
largely independent body of literature has looked
at the consequences of life history plasticity for
ecological dynamics (Chase 1999a,b). Our re-
sults illustrate how the foraging-predation risk
tradeoff links these two bodies of literature. In
particular, investigations of the consequences of
the foraging—predation risk tradeoff that do not
take defense expression into consideration may
generate incorrect predictions. For example, in-
vestigating how a linear tradeoff affects behav-
ior and how this behavioral modification affects
ecological dynamics is misleading. Our results
show that a linear tradeoff will not affect be-
havior at all, but rather will modify life history.
This modification of life history may have very
different ecological consequences. Chase (1999a)
has shown that life history modification can alter
a system from consumer-dominated to resource-
dominated. Additionally, preliminary investiga-
tion of physiologically-structured population mod-
els (de Roos 1997) developed from the preceding
physiological equations, allowing resources to be
dynamic, predict that highly nonlinear tradeoffs
(and corresponding optimal behavioral defense
strategy) lead to cyclic dynamics, whereas lin-
ear tradeoffs lead to equilibrium dynamics (C. E.
Cressler, unpublished data). Future research in
this field needs to carefully establish how differ-
ent tradeoffs affect both defense expression and
ecological dynamics simultaneously. This interac-
tion will be especially important for systems with
predators having different s values, or systems in
which the s values change through time, either
stochastically or dynamically.

5. Conclusions

Trait expression is an area of research that
has received renewed interest recently (Abrams
2001). Because of the important effects of dy-
namic traits on ecological interactions (Abrams
1995; Chase 1999a; Werner and Peacor 2003; Pea-
cor and Werner 2004), understanding how funda-
mental physiological and ecological tradeoffs inter-
act to influence trait expression becomes crucially
important for understanding ecological communi-
ties. However, this understanding requires that
empiricists and theoreticians move beyond think-

10

ing about single traits to a fuller consideration of
how the expression of multiple traits varies across
ontogeny and across different environments.

Early versions of this manuscript were greatly
improved by comments from Mike Benard, Scott
Peacor, Mark Urban, and the Werner lab group at
the University of Michigan. We thank the Center
for the Study of Complex Systems at the Univer-
sity of Michigan for the computational resources
necessary to perform these experiments.

6. Appendix: Genetic algorithm details

Genetic algorithms are a computational tool
useful for performing optimization (Holland 1975).
Conceptually, genetic algorithms are an approxi-
mation of natural selection; natual selection op-
erates via the biased reproduction of individuals
with higher fitness with random variation acting
to maintain diversity for selection to act upon. In
order for the analogy to hold up and genetic algo-
rithms to work properly, the following components
are needed (Mitchell and Taylor 1999):

1. A population of candidate solutions for the
problem to be solved. The solutions are en-
coded according to a representation scheme.
Extending the analogy of natural selection,
these solutions represent chromosomes and
the units of encoding are genes.

2. A fitness criterion that assigns a numerical
value to each chromosome, determining its
quality as a solution to the problem at hand.

3. A way of “mating” different candidate so-
lutions to create a new population of solu-
tions, once the current population has been
assigned fitnesses. This reproduction scheme
typically incorporates elements of selection,
mutation, and crossover.

For the given problem of finding the optimal
defense strategy, the analogy with natural selec-
tion is very natural; the candidate solutions are
the a(t) and «(t) functions and the fitness func-
tion is Ry, defined in the text and determined by
solving the energetics equations. Because of this,
it becomes tempting to view the genetic algorithm
as modelling evolution. However, these algorithms
are designed only as optimization tools, and do not



attempt to model the actual process of evolution
via natural selection.

Since we are attempting to determine the opti-
mal shapes of the «(t) and k(t) functions, we need
a way of encoding these functions. B-splines are
particularly useful, as they are flexible enough to
take any shape along a given interval of interest
and can be encoded as a sequence of points. To
define a B-spline, we must first specify a vector
known as a knot vector:

T = to,t1, ..., tm

These knots span the interval of interest; in this
case, the interval is the life span of an individual.
A B-spline is a linear combination of basis func-
tions, polynomials of degree n that are defined be-
tween each knot. The B-spline also has degree n;
here n = 3.

A B-spline is also characterized by a sequence
of points, Py, Py, ..., P,, known as control points.
The control points are the encoding scheme; an
individual’s «(t) and k(t) functions are specified
by the particular sequence of control points. Thus
each individual has a unique set of control points.
These control points determine the value of the
function at any point in the interval specified by
the knot vector. Since «(t) and x(t) are propor-
tions between 0 and 1, as long as each control
point is between 0 and 1, the B-spline will also
only take values between 0 and 1. The number of
control points specified depends upon the length
of the knot vector and the degree of the B-spline,
according to the relation p = m —n — 1. The
“wiggliness” of the B-spline is controlled by the
number of knots and control points. For these ex-
periments, the number of knots was specified to
be 28, so each individual was characterized by two
vectors of 24 control points determining the «(t)
and £(¢) functions.

To calculate the value of the B-spline for any
point in the interval [to, t,,], we must first calculate
the value of the basis functions:

Bi70(t) lif t; <t < tit1 and t; < tit1

= Ootherwise (8)

t—1;

titnt1 — 1 N
Litn — t;

tivpr1 —tip1 T
9)
Then the value of the spline at the point ¢
within the interval [to, t,,] is (De Boor 1978):

Bin(t) = Nip—1(t)+

B(t) =Y PiBi,(t) (10)

In this way, the value of a(t) and k(t) can be
determined for any ¢.

Using this encoding scheme and the fitness
function defined by Ry, the genetic algorithm op-
erates in the following way:

1. Upon initialization, the algorithm randomly
generates 800 candidate solutions (individu-
als) who are defined by two vectors of 24 con-
trol points specifying the a(t) and x(t) func-
tions, with each control point generated as a
random draw from the distribution UJ0, 1].
The vectors are the “chromosomes” and the
control points are the “genes.”

2. The energetics equations are solved for each
individual and a fitness is assigned to each
individual.

3. Select parents to produce the next genera-
tion of solutions (described below)

4. Crossover occurs between the chromosomes
of the two parents.

5. Mutation occurs with a fixed probability for
each gene in the chromosome.

6. Return to step two for the next generation.
This process is repeated for 1000 genera-
tions, which was long enough for conver-
gence to occur in all cases. Convergence was
determined by calculating the standard de-
viation of fitness across all individuals in the
population; the standard deviation was less
than 0.005 for all runs, and was typically less
than 0.0005.

There are many different approaches to selec-
tion (outlined in Mitchell (1998)). A good selec-
tion method should have a strength of selection
that is relatively constant throughout the run of

(t)



the genetic algorithm. Some methods have the
problem that selection is very strong early in the
run, and weak late in the run as each individ-
ual is more similar. This can lead to premature
convergence of the algorithm. To circumvent this
problem we used sigma scaling of raw Ry values
(Mitchell 1998). The expected number of repro-
ductive events for an individual, i, was calculated
as

E(Ro(i)) = 14 %;]%Ofor oc#0

= lforoc=0 (11)

where Ry is the average fitness of all individuals
in the population, and o is the standard deviation
of fitness. The scaling works by smoothing out
fitness differences when there is a lot of variation,
but emphasizing fitness differences when the pop-
ulation is homogeneous. Early in the algorithm,
when o is large, the most fit individuals are not
allocated the majority of the reproductive events.
When o is small late in the run, individuals with
higher than average fitness stand out more, allow-
ing evolution to continue.

Once individual fitnesses have been scaled to an
expected value, individuals are paired as parents
according to stochastic universal sampling, which
has zeros bias and minimum spread (Mitchell
1998). This sampling algorithm ensures that every
individual will be chosen as a parent no more than
E(Ro(i)) + 1 times, and no fewer than E(Ry(7))
times. Once paired, each reproductive event cre-
ates two new offspring whose chromosomes are
generated by crossover between the two parents,
and mutation of the parental genes. For each off-
spring, a crossover point is chosen along the length
of the chromosome; the offspring inherits the con-
trol points of opposite parents on opposite sides
of the crossover point. Crossover acts to create
variation while preserving combinations of control
points that yield high fitness. Mutation occurs
with fixed probability (0.01); mutations alter the
value of the gene by drawing a new gene value from
a normal distribution with mean equal to the cur-
rent gene value and a standard deviation of 0.1.

This entire process is repeated for 1000 gen-
erations to determine the optimal solution. For
each parameter combination, the algorithm was
run 10 times. The results presented in the text
show the x(t) and «(t) functions generated by av-
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eraging across all individuals and across the repli-
cate runs (800 individuals x 10 runs).
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