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Abstract.—The effects of nonselective predation on the optimal age and size of maturity of their prey are investigated
using mathematical models of a simple life history with juvenile and adult stages. Fitness is measured by the product
of survival to the adult stage and expected adult reproduction, which is usually an increasing function of size at
maturity. Size is determined by both age at maturity and the value of costly traits that increase mean growth rate
(growth effort). The analysis includes cases with fixed size but flexible time to maturity, fixed time but flexible size,
and adaptively flexible values of both variables. In these analyses, growth effort is flexible. For comparison with
previous theory, models with a fixed growth effort are analyzed. In each case, there may be indirect effects of predation
on the prey’s food supply. The effect of increased predation depends on (1) which variables are flexible; (2) whether
increased growth effort requires increased exposure to predators; and (3) how increased predator density affects the
abundance of food for juvenile prey. If there is no indirect effect of predators on prey food supply, size at maturity
will generally decrease in response to increased predation. However, the indirect effect from increased food has the
opposite effect, and the net result of predation is often increased size. Age at maturity may either increase or decrease,
depending on functional forms and parameter values; this is true regardless of the presence of indirect effects. The
results are compared with those of previous theoretical analyses. Observed shifts in life history in response to predation
are reviewed, and the role of size-selective predation is reassessed.

Key words.—Age at maturity, development time, food supply, foraging effort, growth rate, life history, optimization,
predation, size at maturity.
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Because of their importance in determining fitness, age and
size at maturity are two of the most frequently studied param-
eters of the life history (see reviews in Roff 1992; Kozlowski
1992; Stearns 1992). Predation typically exerts strong selec-
tion pressures on life-history traits (Endler 1986), and some
studies of populations subjected to different forms or inten-
sities of predation have responded with evolutionary shifts in
either or both age and size of maturity. Phenotypic plasticity
in these traits is also common. Both genetic and phenotypic
shifts have usually been attributed to the size selectivity of
the predator (see Discussion). However, in most cases, prey
mortality rates have not been measured directly, so it is not
clear whether the imposed mortality was acutally size selec-
tive. Our goal here is to show, using mathematical models,
how nonselective predation affects age and size of maturity.
Such theory is needed if the life-history effects of predation
per se are to be separated from those of predator selectivity.

The need for such theory, and for specifying the form of
predation, is illustrated by the well-documented evolutionary
shifts in age and size at maturity of Trinidadian guppies,
caused by shifts between two predator regimes. Explanations
for these observed evolutionary shifts have been based pri-
marily on differences in the size selectivity of the two primary
predators (Reznick and Endler 1982; Reznick et al. 1990).
Yet recent direct estimates of the size-mortality relationships
under two predator regimes demonstrate differences in ab-
solute mortality rates, but not in the relative mortalities of
different size classes (Reznick et al. 1996). Thus, the size-
selectivity hypothesis appears to be either incomplete or in-
correct in this case (Reznick et al. 1996). This leads to the

2 Present address: Department of Zoology, University of Mary-
land, College Park, Maryland 20742; E-mail: abrams@zool.umd.edu

question, can nonselective predation account for the same
observations?

In this paper, we analyze a series of simple optimization
models to determine how nonselective predation should af-
fect the age and/or size of maturity in organisms having a
simple life history. The life history is characterized by ju-
venile and adult stages, and the predator can prey on either
juveniles only, or both adults and juveniles. The models are
designed to investigate three independent mechanisms by
which predation may affect adaptive shifts in age and size
at maturity. First, greater predation represents a higher mor-
tality, and this, in itself, may select for changes in the life
history. Second, because predation risk usually increases with
increased growth rate, increased predator density is expected
to increase the costs of rapid growth and thus the trade-off
between growth and mortality in the juvenile stage. The in-
creased cost of rapid growth is expected to affect both growth
rate and perhaps the optimal age and size of maturity. Thirdly,
predation changes prey population densities and may change
prey foraging behavior. Both of these effects are likely to
change density-dependent components of the life history, in-
cluding the abundance of the prey’s food. The altered food
density (or other density-dependent factors) may then have
an indirect effect on the optimal age and size of maturity.

We investigate several forms of the life history, ranging
from those with constrained age or size at maturity to those
where both traits are flexible. In contrast to much of the
previous theory (Roff 1992; Stearns 1992), but in accord with
the empirical literature (Sih 1987; Lima and Dill 1990; Nylin
et al. 1993), we allow growth effort to vary in response to
increased predation risk. Thus, our theory provides predic-
tions for the direct effect of predation on optimal growth
effort, and on both age and size at maturity. To compare our
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results with previous theory, we also consider a case where
growth effort is fixed. In each case, we allow for indirect
effects on prey food supply and thereby provide predictions
regarding combined direct and indirect effects. Finally, we
review some relevant empirical work, suggest empirical is-
sues that require more attention, and contrast our theory with
previous theory.

MODELS AND ANALYSIS

All of the models discussed here focus on the juvenile
stage of the life history. This is because, given the assump-
tions made below, traits expressed by the end of the juvenile
stage determine the optimal age and size of maturity. We
allow for flexibility in traits that increase growth rates, but
also increase mortality (e.g., time spent foraging). We con-
sider three formulations of the life history that may be ar-
ranged along a contiuum. At one end are life histories where
development time is fixed. For example, strongly seasonal
environments may constrain the transformation to maturity
to a brief period of time (see Ludwig and Rowe 1990; Rowe
and Ludwig 1991). At the other end are cases where size at
maturation is constrained to a narrow range of values. Only
size at maturity in the first case, and only age at maturity in
the second case, are free to evolve or respond plastically to
the environment. Although few animals may be under such
strong constraints on age or size of maturation, considering
the ends of this continuum is illustrative. Finally, both age
and size at maturity may be plastic and/or free to evolve. We
also compare all of these results with those that follow from
assuming that growth rates are fixed, but that both age and
size at maturity are plastic. This has been the most common
assumption in previous life-history models (e.g., Roff 1992).

In all of the models fitness is measured by expected lifetime
reproduction (R,). This implies either a stable population or
a population with discrete generations. All of the models
considered here are variants of a model presented in Abrams
et al. (1996). Age at maturity (development time) will be
denoted by T. Size at maturity, denoted S, is determined by
development time and mean proportional growth rate, de-
noted by g. The underlying model of individual growth is
exponential. The rate of increase in size, s, during the juvenile
period, ds/dt, is given by the product of growth rate and size.
Thus, size at maturity, S, is exp(gT), assuming that size is
measured in units equal to the initial size. Alford and Jackson
(1993) have shown that this is often an accurate description
of juvenile growth. We assume that initial size is not evo-
lutionarily flexible. If it were, initial size would have to be
considered as a variable in determining optimal life histories.
Juvenile growth rate, g, is the result of the interaction of
traits related to metabolism and foraging with the food sup-
ply. The value of a costly trait that promotes growth will be
denoted C, and will be referred to as “‘effort.”” Effort could
be any morphological or behavioral trait that increases food
consumption or efficiency of food utilization, but decreases
some other component of fitness. Potential examples are: (1)
physiological traits that increase growth rate for a given food
intake, but have a negative pleiotropic effect on ability to
survive adverse physical conditions (e.g., decreased storage
capacity); or (2) the proportion of time an organism spends
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searching for food, which determines exposure to predators.
The mean availability of food over the course of the juvenile
period will be denoted R. Thus, growth rate is a function of
C and R. Growth rate increases with increases in either C or
R (i.e., 9g/0C > 0 and 9g/oR > 0). It is important for the
following analysis to know the signs of the second partial
derivatives, 32g/dC? and 9%g/dCaR. Each second derivative can
potentially be positive or negative. However, it seems most
likely that 62g/dC? will be negative, because of the likelihood
of diminishing returns from increased development of a par-
ticular growth-promoting trait. It also seems likely that
3?g/dCoR will be positive. This mixed second derivative de-
scribes how an increase in food affects the slope of the rela-
tionship between g and C, and the growth increment from a
unit increase in effort will usually be larger when more food
is available. However, if the growth rate is close to some upper
limit, then increased food may make growth less sensitive to
effort, by bringing it closer to the asymptotic value.

The cost of increased growth effort is an increased mortality
rate. Here, there are two possible mechanisms. Increased effort
may increase exposure to a particular set of predators, as is
likely when C represents a trait like time spent foraging. Al-
ternatively, increased effort may increase other components of
mortality. The mortality rate due to the focal predator is de-
noted m(C)P, where P is the density of the focal predator.
Mortality rate due to other factors is u(C). For convenience,
we will refer to these two types as predatory and nonpredatory
mortality, even though u may include mortality from other
predators. The probability of survival to maturity is therefore
given by exp(—uT — mPT). Both m and u are increasing and
are likely to have nonnegative second derivatives; increasing
effort increases the costs at an accelerating rate (see Abrams
1991a,b; Abrams et al. 1996 for a discussion of the possibility
of a negative second derivative). Effort and mortality may
change systematically as an animal grows during the juvenile
period, but even in such cases, it may be possible to represent
mean mortality as a function of mean effort.

Reproductive rate is assumed to increase with size at ma-
turity. For mathematical convenience, this relationship will be
defined in terms of logarithms. The logarithm of expected
reproduction is related to the logarithm of size at maturity by
the function ¢, where ¢ is increasing or unimodal. Thus, ex-
pected reproduction is exp(p(g(C, R)T)). In general, there are
some constraints on reproductive rate other than those related
to size. As a result, the second derivative of the reproduction
function, ¢", will often become negative at large values of gT.
However, if there is size-dependent contest competition among
adults, then ¢” may be positive, even at large sizes. If repro-
duction is a power function of size, ¢ is linear and ¢” = 0.

Adult fitness may depend on the difference between the
actual development time (age at maturity) and the time that
would maximize the adult component of fitness (e.g., the
development time that results in maturity when high quality
oviposition sites are most abundant). In this case adult fitness
is multiplied by the factor exp(—f(T)), where f is either in-
creasing (when T = 0 maximizes adult fitness) or has an
intermediate minimum at the adult-optimal time to maturity.
In either case, the second derivative of f (denoted ") will be
positive, because the cost of a given change in timing in-
creases as it departs from the optimal value.
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TABLE 1.

P. A. ABRAMS AND L. ROWE

Assumptions about fitness components.

Derivatives with definite signs*

Derivatives with indeterminate signs;
most likely** sign given

g(C, R) ag/oR > 0; ag/oC > 0
¢ (gT) &' >0

f (T) ' >0

u (C) u >0; (0 =0

m (C) m’ > 0; (m'’ =0)

92g/9C? = 0; 92g/0R? = 0; 92g/9CoR = 0

* Parentheses denote relationships that are much more likely than the opposite, but whose sign is not completely determinate.

** These signs reflect the authors’ biological intuitions.

The expected adult reproductive output depends on adult
mortality. However, when mortality is independent of size,
it reduces the lifetime reproductive outputs of all adults by
the same proportion. This means that it simply rescales adult
fitnesses, and can be ignored when determining the evolu-
tionarily favored trait values. We also assume that, if there
are effects of population density on adult survival or repro-
duction, these affect all sizes proportionately, and therefore
do not affect the relative fitnesses of differently sized indi-
viduals. Growth during the adult stage is not modeled ex-
plicitly. However, the present model is consistent with adult
growth, provided that expected adult fitness can still be mea-
sured as an increasing function of size at maturity. Semlitsch
et al. (1988) found that this assumption was met for an am-
phibian that grew significantly after maturity.

In summary, the optimal life history is defined as those
values of C and T that maximize fitness (denoted W), which
is the probability of survival to maturity multiplied by the
expected reproductive output of an adult of the resulting size
(S); i.e.,

W = exp{—m(C)TP — u(C)T + ¢&(g(C, R)T) — f(T)}

(1a)

Maximizing fitness is equivalent to maximizing the logarithm
of fitness, which is the reason for using logarithmic rela-
tionships in the above discussion. Thus, fitness may also be
measured by:

TABLE 2. Responses of optimal time to maturity (T,), growth effort
(C,), size (S,), and growth rate (g(C,R)) to increased predation,
when nonpredatory mortality (u) is insignificant. Zero denotes no

In(W) = —m(C)TP — u(C)T + ¢(g(C, R)T) — £(T)

(1b)

We have discussed the shapes of the various functions above,
and this discussion is summarized in Table 1. The table di-
vides our assumptions about the signs of the derivatives of
functions into those we consider to apply generally, and those
where at least two alternatives are possible. In the latter case,
we identify the alternative that we feel is most probable for
most biological systems. The remainder of the analysis seeks
to determine how the optimal values of C and T change as
predator density changes. These two traits determine the op-
timal size at maturity, S. We consider the simpler cases of
fixed age at maturity and fixed size at maturity before con-
sidering the more general case in which neither of these traits
is fixed. When nonpredatory mortality is insignificant (u =~
0), the results simplify considerably, so the life-history re-
sponses for this case are presented separately. The results are
summarized in Tables 2 and 3, and the mathematical analysis
is largely relegated to the appendices.

Fixed Age at Maturity

In this case, the age at maturity, T, may be scaled to unity,
and does not enter into the calculations. Similarly, the time-
dependent function, f, can be ignored, because its value is
constant when time to maturity is constant. Expected survival
is given by exp(—u(C) — m(C)P). Expected adult fitness is

TaBLE 3. Responses of optimal time to maturity (T,), growth effort
(Cy), size (S,), and growth rate (g(C,R)) to increased predation
(general case). Zero denotes no changes, 1 denotes an increase in

change, T denotes an increase in the optimal value, and | denotes the optimal value, and | denotes a decrease. Parentheses denote
a decrease. Parentheses denote comparatively unlikely responses. ~ comparatively unlikely responses.
Variable T, C, S, g(C,R) Variable T, C, S, g(C,R)
A. Direct responses to predator density A. Direct responses to predator density
Model type Model type
Fixed age 0 Oord Oord Oord Fixed age 0 0orl Oord 0ord
Fixed size T J 0 { Fixed size lor T T or 0 Tord
Flexible Torl l 2 { Flexible Torl Torl d Torld
Fixed effort \: 0 | 0 Fixed effort ! 0 1 0
B. Indirect responses to predator density via food supply B. Indirect responses to predator density via food supply
Model type Model type
Fixed age 0 Tord T T Fixed age 0 Torl T T
Fixed size LM Tord 0 T Fixed size ) Tord 0 T
Flexible Torl Torl T T %L) Flexible Torl Torl T T %i)
Fixed effort Tordl 0 T Fixed effort Torld 0 T
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an increasing function of the logarithm of size at maturity;
because T = 1, size at maturity is equal to the growth rate.
This allows the two functions, ¢ and g, to be combined into
a single function, denoted g*(C, R), that indicates the effects
of effort and food density on both growth rate and the log-
arithm of reproductive output. Thus, expected reproductive
output is exp(g*(C,R)), and fitness is maximized if g*(C,R)
— u(C) — m(C)P is maximized. The growth-and-reproduction
function, g*, is increasing. Appendix 1 derives the effect of
predation on the optimal effort, C,, which is proportional to
its effect on the optimal size.

Appendix 1 shows that, if increased growth requires in-
creased exposure to predation, the direct effect of higher
predator density is to decrease growth effort so prey indi-
viduals decrease risk. Given the fixed age at maturity, this
implies a smaller size. If predation is simply an unavoidable
mortality source (m’ = 0), it has no direct effect on the
optimal life history. However, the indirect effect of increased
predator density, caused by increased food supply, is typically
an increase in growth rate and hence size at maturity. The
increased growth rate may be accompanied by increased or
decreased growth effort, depending on the shape of the
growth rate function. Because the direct and indirect effects
of increased predator density on growth rate and size at ma-
turity are of opposite sign, their combined effect cannot be
generalized, although under many conditions, the indirect
effect will be larger.

Fixed Size at Maturity

In this situation, time to maturity, T, must be inversely
proportional to the growth rate, g, for size to remain constant.
This means that expression (1b) for the logarithm of fitness
may be written as:

In(W) = & — [m(C)P + u(C)l/g(C, R) — f(1/g(C, R)),

2)

where @ is the constant value of the reproductive output
function ¢. Appendix 2 derives the effects of increased pre-
dation on optimal effort and time to maturity.

Appendix 2 shows that the direct effect of predation de-
pends on the relative magnitudes of the effects of effort on
nonpredatory and predatory mortality. The results may be
summarized as follows. If risk of predation is unaffected by
the prey’s growth strategy (m’ = 0), increased predator den-
sity has the direct effect of increasing growth effort, which
decreases risk by decreasing the optimal age at maturity. If
there is a trade-off between predation risk per unit time and
growth effort, more rapid growth increases risk per unit time
at the same time it reduces the period of exposure to pred-
ators. The direct effect of predators is then often to increase
age at maturity and decrease growth rate. However, this is
generally true only when the nonpredatory costs of effort are
small relative to predatory costs (see Table 2). The indirect
effects via increased food usually counteract the direct re-
sponses. When there are indirect effects, the net effect of
predators cannot be predicted without a detailed knowledge
of the system.
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Flexible Age and Size at Maturity

In the most general case, age and size at maturity are both
adaptively flexible, and fitness expression (1b) cannot be sim-
plified. The analysis of this case is presented in the second
section of Appendix 2. The direct response of size to pre-
dation is to decrease. However, the direct responses of op-
timal age at maturity and growth effort to predation are more
difficult to generalize; there are biologically reasonable cir-
cumstances under which C, or T, (but not both) may increase
in response to increased P. If the nonpredatory costs of effort
are insignificant, growth rate and growth effort decline in
response to predation, but time to maturity may increase (Ta-
ble 2). When nonpredatory costs of growth effort are sig-
nificant, effort may decrease (to reduce risk per unit time) or
increase (to reduce total time of exposure to risk). Time to
maturity can increase when effort exhibits a larger propor-
tional decrease.

Indirect effects again complicate the situation. Although
the responses of C, and T, to increased food may be positive
or negative, the response of size to increased food is virtually
always positive (and must be positive whenever 92g/dCdR is
positive). Thus, the indirect response of size to the increased
food caused by predation counteracts the direct response. As
noted in earlier cases, the net effect on size depends on the
population dynamic details, but it is easy to find functions
that make the indirect positive response larger than the direct
negative response (i.e, optimal size at maturity increases with
increased predation).

Fixed Growth Effort

In this last section we consider a life history where growth
effort (C) is fixed. This is a common assumption of previous
life-history models. It may actually occur when the theoret-
ically optimal value is greater than the largest possible effort.
Here we consider the effect of such a fixed growth effort
within our modeling framework. In this case, the value of C
can be scaled to C = 1, and the fitness expression becomes
&d(gR)T) — f(T) — mPT — u,T, where the subscript 1’s
denote that these functions now are constants. The resulting
expression for the effect of predator density on T, is:

IT/9P = [~m,; + (AR/OP)(Ig/OR)(d' + gTH")/[—g2d" + ]

(3)

When there is no indirect effect of predators on food, this
expression must be negative; age at maturity will decrease
in response to predation. Because C is constant, reducing T
is the only way to reduce predation risk, and a shorter de-
velopment period also entails a smaller size.

If there is an indirect effect of predators on food, the effects
on size and age at maturity again depend on population dy-
namic assumptions. However, when all density dependence
occurs via effects on the juvenile food supply, the indirect
effect of predators on food is given by dR/dP = m;/(¢p'dg/oR).
This follows from results in Appendix 1; in conjunction with
Eq (3), it implies that the summation of direct and indirect
effects of predators on age at maturity is positive (negative)
when ¢” is positive (negative). Furthermore, the net direct
and indirect effects on the logarithm of size are given by
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(m, Tf")/[d'(—g2d" + {")]; this must be positive, implying
that predators increase the optimal size of their prey. (Note
that the denominator of this fraction must be positive if there
is an intermediate optimum value of T.)

Summary

All of the preceding results are summarized in Table 2 (for
the special case of u = 0) and Table 3 (for the general case).
Although there are many possible responses to juvenile-stage
predation, the direct response of size at maturity is almost
always a decrease when it is free to vary adaptively. If one
of the two adaptive variables, growth effort (C) or age of
maturity (T), is fixed, the direct response of the other to
predation is a decrease (or no change). However, when both
C and T can vary, they may either increase or decrease as a
direct response to predation. The outcome depends largely
on the sensitivity of predation risk to growth effort. A high
sensitivity generally means that effort decreases as a direct
response to predation, while a low sensitivity means that
effort increases. The optimal age at maturity often changes
in the opposite direction to growth effort. When reproductive
output is proportional to size (or is any power function of
size) both effort and age at maturity must decrease in response
to increased predation, assuming no indirect effects. There
are certainly many more studies demonstrating a predation-
related cost to growth than nonpredation related costs (Lima
and Dill 1990; Werner and Anholt 1993). Under these con-
ditions, the only direct response to predation that is indeter-
minate in sign is that of age at maturity when age, effort,
and size are all flexible (Table 2).

In most cases, the food-mediated indirect effect on prey
size favors an increase in size, and the combined direct and
indirect responses of optimal size to predation can be posi-
tive. The indirect responses of effort and age at maturity are
more difficult to predict. It is usually necessary to know
something about the two mortality rate functions, m and u,
and the size-advantage function, ¢, to make predictions. In
many cases, however, the indirect effect will be opposite to
and larger in magnitude than the direct effect.

Before concluding this analysis, something more should
be said about the possibility that predators consume adults
as well as juveniles. As noted before, there is no direct effect
of predation on adults on the optimal age and size at maturity,
provided the adult-stage predation affects the fitnesses of all
adult sizes proportionally. However, predation on adults can
affect the magnitude of the indirect effect of predators on
the juvenile food supply. All else being equal, predation on
adults (as well as juveniles) will result in smaller juvenile
population size, and therefore an even larger increase in the
juvenile food supply. By the same token, if predation only
occurs at the adult stage, there will only be indirect effects
on age and size at maturity, which are both likely to be
positive.

DisCUSSION

The theory we have presented here differs in three main
ways from most previous theory on prey life-history re-
sponses to increased predation. First, we allow prey to adap-
tively vary their growth effort (e.g., risk taking) in a contin-

P. A. ABRAMS AND L. ROWE

uous fashion in response to increased predation. At least at
the behavioral level, there is much evidence for such adaptive
adjustment of growth effort to predation risk (reviews in Sih
1987; Lima and Dill 1990). Gotthard et al. (1994) present
evidence for physiological costs of increased growth in a
butterfly species with flexible growth rates, indicating the
presence of nonpredatory costs of growth. We show that in-
clusion of flexible growth rates can have dramatic effects on
the predictions. Second, we focus on nonselective rather than
size-selective predation (see also Koztowski and Wiegert
1987; Kozlowski and Uchmanski 1987; Koztowski 1992;
Kawecki 1993). This analysis demonstrates that evolution (or
plastic adjustment) of age and size at maturity are expected
from changes in the magnitude of predation alone. Finally,
we allow for indirect effects (increased prey food supply) of
increased predation. We show that indirect effects often work
in opposition to, and may even exceed, the direct effects of
predation on the components of the life history.

We begin this discussion by reviewing previous theory on
the effect of predation on age and size of maturity. In the
remaining discussion, we review some well known empirical
examples of predator effects on prey life histories and suggest
some alternative explanations based on the theory we have
developed here. We then make some suggestions for further
experimental work, which we think will help bring into focus
the mechanisms underlying life-history evolution.

Previous Theory

Most previous models of optimal age and/or size of ma-
turity have not included either explicit trade-offs between
growth rate and instantaneous risk of mortality or indirect
effects via prey resources (e.g., Gadgil and Bossert 1970;
Taylor et al. 1974; Law 1979; Michod 1979; Charlesworth
1980; Roff 1981; Kusano 1982; Stearns and Koella 1986;
Koztowski and Uchmanski 1987). These studies are reviewed
in Roff (1992). He points out that those models that have
assumed age-dependent rather than stage-dependent mortal-
ity (e.g., Law 1979; Michod 1979) predict that higher mor-
tality on young age classes will increase age at maturity. On
the other hand, if the mortality is stage-dependent (as is true
in our models), higher juvenile mortality favors earlier ma-
turity, which, given a fixed growth rate, also means maturity
at a smaller size. Kawecki (1993) investigated a model of
life-history evolution in patchy environments, and noted that
reduced competition within patches as the result of higher
stage-specific mortality could favor a later age of maturity.
This seems to have been the only previous consideration of
indirect effects from predation. It should also be noted that
the effects of predation differ in growing and stable prey
populations. In the former case, higher predation reduces r,
which generally favors later maturation (Roff 1992).

Several previous works have specifically focussed on the
relationship between age of maturity and size at maturity in
environments characterized by different, but fixed, growth
rates (Stearns and Koella 1986; Gebhardt and Stearns 1988;
Perrin and Rubin 1990; Houston and McNamara 1992; Kaw-
ecki and Stearns 1993). All of these studies call the rela-
tionship between age and size of maturity a “‘reaction norm.”’
Because a reaction norm describes phenotype as a function
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of the environment, this usage is only defensible if there is
a simple mapping between one of the two traits and an en-
vironmental variable. If growth rates are fixed, there may be
a simple functional relationship between size and environ-
ment. However, this is clearly not the case when growth rate
is flexible in response to food or predator density, as is true
in most of our models (see also Abrams et al. 1996). In this
case, ‘‘reaction norm’ can be applied to the separate rela-
tionships between growth rate or age of maturity and any of
several environmental variables. Although it is not their main
focus, some of the articles listed above do contain results
regarding the response of age and size at maturity to mor-
tality. Stearns and Koella (1986) and Stearns (1992) suggest
that greater externally imposed juvenile mortality increases
both age and size of maturity. This contradicts both the pres-
ent results and those of Roff (1981) and Kusano (1982). It
seems to be due to two key assumptions: (1) that earlier
maturity implies a higher juvenile mortality rate, independent
of size of maturity; and (2) greater externally-imposed mor-
tality increases the mortality rate due to early maturation in
a multiplicative way. There is very little evidence to support
the first assumption in most organisms (Stearns and Koella
[1986] cite the fact that offspring of very young human fe-
males have higher infant mortality rates.) There appears to
be no evidence for the second assumption.

There have been several previous studies in which a trade-
off between growth and mortality was incorporated into the
model. The best known of these is Gilliam’s (Gilliam 1982;
Gilliam and Fraser 1987), “minimize p/g’’ rule. This de-
scribes the optimal growth strategy of organisms under no
time constraints in a stable population. This model is equiv-
alent to our model for a fixed size at maturity, under the
additional assumption that there is no seasonality (f = 0).
Werner (1986) has applied the ‘““minimize p/g’’ rule to ex-
amine optimal age and size at metamorphosis in amphibians.
Aquatic and terrestrial habitats were assumed to have dif-
ferent size specific growth and mortality curves. This is some-
what different from the question of the optimal age of ma-
turity, because considerable growth can occur between meta-
morphosis and first reproduction. Werner’s analysis predicts
that higher larval mortality (due to predators or other factors)
results in earlier metamorphosis (see also Rowe and Ludwig
1991). However, this does not consider the possibility that
both growth and mortality curves in a given habitat can be
affected by behavior. Houston et al. (1993) have recently
reanalyzed the effects of predation under Gilliam’s (1982)
model, which applies to the case of a fixed size with no
indirect effects. Their results are essentially identical to those
reached here, although they did not consider the case when
growth-effort affects both predatory and nonpredatory mor-
tality.

Ludwig and Rowe (1990) and Rowe and Ludwig (1991)
also analyzed models of age and size of maturity that included
a growth/mortality trade-off mediated by predation risk, and
(unlike Gilliam’s models) included environmental seasonal-
ity. Their dynamic programming models assume that the
trade-off is mediated by the choice between two potential
habitats, one of which has more predators. Except for this
discrete choice, and the potential dependence of foraging
effort on condition and time, their models are similar to the
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models of flexible size and time considered here. However,
they did not assess the direct or indirect effects of predation
on age and size at maturity. Instead, they assessed the rela-
tionship between size at metamorphosis (and maturity) and
time in the season for a group of individuals varying in con-
dition. It is likely that dynamic programming models like
these will be required to investigate optimal strategies under
size-selective predation.

Evidence from Nature

There have been relatively few published studies of the
response of size and age at maturity to predation. In none
that we know of was there any attempt to measure the indirect
response of prey food density. In some cases, the predators
are known to be selective with respect to prey size. However,
the role of this selectivity in producing the observed life-
history responses in prey is unclear. In some cases it is pos-
sible that responses of nonfocal predators modified or re-
versed the pattern of size-selectivity the experimenter was
attempting to achieve.

Perhaps the most thorough study of the effect of predation
on prey life histories is that by Reznick and collaborators
(Reznick and Endler 1982; Reznick 1989; Reznick et al.
1990) on the Trinidadian guppy (Poecilia reticulata) system.
In general, guppies occuring naturally in stream reaches with
the predator, Crenicichla, mature at a smaller size and a youn-
ger age. Moreover, experimental introductions of Crenicichla
into non-Crenicichla reaches results in similar evolution of
the life history. These evolutionary shifts were originally
attributed to a preference of Crenicichla for large sized gup-
pies. However, there is conflicting evidence on size selectivity
(Seghers 1973; Mattingly and Butler 1994).

The guppy research is unique in that there has now been
direct measurement of the selectivity of the actual mortality
regime, which includes the indirect effects of the focal pred-
ator on other predators (Reznick et al. 1996). The ratio of
mortality rates of differently sized guppies was similar in
localities with and without Crenicichla, although Crenicichla
increased total mortality. The source of these mortality dif-
ferences may or may not result from nonselectivity of Cren-
icichla. Other components of the predator community may
covary with Crenicichla. Moreover, if size-specific antipre-
dator behaviors occur, then mortality patterns do not nec-
essarily reflect predation risk (Abrams 1993). Nevertheless,
there is now no clear evidence of size selective effects.

The observed evolutionary responses of guppies are con-
sistent with the theory presented here for nonselective pre-
dation, in the absence of large indirect effects on prey food
supply. When both age and size at maturity are flexible, we
predict maturation of prey at a smaller size. We also predict
that age at maturity will often decrease, and must decrease
when adult fitness is approximately proportional to size. The
presence of predation on adults and possible presence of size-
selectivity do not change our predictions, unless, by growing
large enough, individuals can significantly reduce predation.
This is unlikely here, because Crenicichla, if selective at all,
favors large sizes. Indirect effects of increased guppy food
supply in Crenicichla localities do not appear to be strong.
Reznick et al. (1990) found that male guppies on high food
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ration matured at larger sizes (and earlier). Because guppies
actually matured at smaller sizes in Crenicichla localities, we
conclude that any positive effect on guppy food supply, re-
sulting from decreased guppy density, was not large enough
to outweigh the direct effect of increased predation.

A variety of laboratory studies have examined the effects
of predation on age and size at maturity. Crowl (1990) and
Crowl and Covich (1990) found that the freshwater snail,
Physella virgaga virgata, increased both age and size of ma-
turity in the presence of predation by crayfish, which were
shown to feed selectively on the smallest snails. The prey’s
response was incompatible with our predictions for the direct
effects of indiscriminate predation, and compatible with mod-
els of predator selectivity for small prey. However, the re-
sponse is also compatible with predictions based on the in-
direct effect of increased food supply. Skelly and Werner
(1990) showed that American toads (Bufo americanus) re-
duced growth rate and size at metamorphosis (maturity) in
response to predation risk in the laboratory (see also Wilbur
and Fauth, 1990). These results are in accord with our pre-
dictions for direct effects of nonselective predation. Skelly
and Werner (1990) also showed that the magnitude of the
change in size at maturity was much greater when food den-
sity was reduced than when a predator was introduced. This
suggests that, under some circumstances, the indirect re-
sponse via food densities could exceed the direct response,
and size at metamorphosis could increase.

An indirect, resource-mediated response was found by
Werner (1991) in a similar study of the juvenile growth rates
of bullfrogs (Rana catesbiana) and green frogs (Rana clam-
itans) raised together, both in the presence and absence of a
caged predator. Bullfrogs increased growth rate and green
frogs decreased growth rate in response to the predator, al-
though both species reduced activity rates by comparable
proportions. The increased growth rate of bullfrogs indicates
an indirect, resource-mediated response to predation in the
opposite direction of that of green frogs (Werner 1991). In
this case, the food density changed because of the change in
foraging activity (growth effort) rather than a change in con-
sumer population density.

Several studies have noted shifts in development time and
size at maturity in populations of water fleas, Daphnia, ex-
posed to predation. These include Dodson and Havel (1988),
Leibold and Tessier (1991), Spitze (1991), and Black (1993).
In most of these studies, there was some size-selectivity by
the predator, but there is again no direct evidence that the
observed responses were due to the size-selectivity.

Future Empirical Work

The preceding review reveals two main gaps in the em-
pirical literature. The first is in our understanding of the true
form of size-specific predation risk. Of the studies reviewed
above, only Reznick et al. (1996) have actually measured
mortality rates of size classes in the field regimes under which
the life history has evolved. Several other studies have lab-
oratory or field enclosure estimates of size selectivity. How-
ever, the problem with these single predator assays is that
they do not take into account potential indirect effects of the
focal predator on other predators. Most species live in en-
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vironments with many predator species (Lima 1992), and
removal (or addition) of a focal species may have indirect
effects on other predator species, which may have very dif-
ferent selectivities from the focal predator. Such indirect ef-
fects are implicated in Reznick’s study of guppy mortality,
and in the community-level consequences of bluegill sunfish
(Lepomis macrochirus) removal studied by Gilinsky (1980).
Furthermore, as noted above, mortality is not neccessarily an
accurate reflection of predation risk. We suggest that a more
thorough accounting of the size-specificity of predation under
the different predation regimes should be undertaken, before
changes in the life history are attributed to size-selective
predation.

Second, emprical studies in both the laboratory and field
have not taken into account the potential for indirect effects
of predators on their prey’s food supply. Although community
ecologists have begun to study such indirect effects (e.g.
Kerfoot and Sih 1987; Carpenter and Kitchell 1993), evo-
lutionary biologists interested in life histories apparently
have not done so. We show that most of the predicted direct
responses to predation considered here can be reversed by
strong indirect effects on food supply. Responses of food
densities can be measured in the field and comparisons of
field results with laboratory studies having controlled food
supplies provide a method to assess the magnitudes of food-
mediated indirect effects.

The theory presented here also suggests that more needs
to be known about the costs of growth and the fitness ad-
vantages of larger size. More rapid growth can be achieved
by changes in behavior, physiology, or morphology. Only
those costs related to foraging behavior seem to have received
detailed study (e.g., Lima and Dill 1990; but see Gotthard et
al. 1994). Knowing the linearity or nonlinearity of the size-
advantage function will often allow qualitative predictions
to be made in some cases where Table 3 indicates an uncertain
response. In other cases, roughly determining the relative
sensitivities of predatory and nonpredatory mortality to
growth effort would allow a qualitative prediction. It is not
necessary to determine the exact form of the functions to
make some predictions about the effects of nonselective mor-
tality.
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APPENDIX 1
Life History Responses to Predation with a Fixed Age at Maturity

When development time is fixed, sufficient conditions for C to max-
imize fitness are:

a(In(W))/oC
8%(In(W))/aC?

(Al-1a)
(Al-1b)

9g*/0C —u' — m'P =0
92g%/6C? — v’ — m'P < 0

where primes denote derivatives. Implicit differentiation of the nec-
essary condition (A1-1a) yields the expression for the effect of predator
density P on the optimal growth effort, C,:

dC/0P = {—m’ + (9R/OP)(6%g*/dCaR)}

+ {—0%g*/9C2 + v’ + m"P}, (A1-2)

where all derivatives are evaluated at the optimal C specified by Eq.
(Al-1a), and R is food density. The total effect of P on the optimal size
is indicated by the sign of its effect on g* evaluated at the optimal C;

ag*/oP = (9g*/0C)(0C,/aP) + (9g*/dR)(IR/IP), (A1-3)

where all derivatives are evaluated at C, and the population dynamical
equilibrium.

If 0R/0P = 0, Eq. (A1-3) shows that the effect of the predator on
prey size is given by the sign of Eq. (A1-2). The numerator of Eq.
(A1-2) reduces to —m’, which must be nonpositive; the denominator
of Eq. (A1-2) is always positive because of condition (Al-1b). The
only case when m’ = 0 is when traits conferring more rapid growth do
not increase exposure to predation. Thus, increased predator density
should usually decrease (and never increase) growth rate and size.

If there is an indirect effect via food, the effects of food on effort
and the total effect of predators on the growth rate of prey can both be
derived from Eqs. (A1-2,3), and are given by:

dC,/0R = 32g*/dCIR/{(—3%g*/0C2 + u” + m"P}, (Al-4a)
agH/oP = {—m'(9g*/aC)}/{ —a2%*/oC? + u” + m'P)}
+ (9R/3P){(8%g*/aCaR)(ag*/oC)
+ (9g*/0R)(—3%g*/dC2 + u” + m"P)}
+ {(—3%g*/0C? + u” + m"P)} (Al-4b)

C, increases (decreases) with food density if 9%g*/dCaR is positive
(negative); an increase is therefore more likely for reasons given above.
The total effect of predators on growth rate is the sum of two ratios,
the second of which is the indirect effect. All of the quantities within
parentheses in the indirect term of (A1-4b) must be positive, except for
82g*/0CaR, which may be either positive or negative (based on the signs
of the corresponding derivatives of g and ¢ in Table 1). Thus, the
indirect effect of predation via food supplies will frequently be an
increase in growth rate and size.

The assumption that C is the proportion of time spent foraging means
that g*(C,R) in equation (2) can be represented as a function of a single
variable, g*(CR), where CR is mean food intake rate over the juvenile
period. This means that the various partial derivatives of g* appearing
in Eq. (A1-4b) are:

dg*/oC = Rg*’; ag*/oR = Cg*';

92g*/9CoR = g*' + CRg*”; 92g*/9C2 = R2g*" (A1-5)

In this example, we assume that all density dependence in per capita
growth rate operates through effects on the juvenile food supply. This
means that increases in the food supply R must increase fitness enough
to exactly offset the decreased fitness caused directly by predation:

P. A. ABRAMS AND L. ROWE

(3/0P)[g*(CR) — u(C) — m(C)P] = —m + (dR/GP)Cg*’ = 0,
(A1-6)

This implies that dR/dP = m/(Cg*’). When both this and the formulas
in (A1-5) are substituted into Eq. (A1-3), the result is:

dg*/oP = g*'[RAC,/OP + (dR/OP)C,]
= {(m — C,m')(u" + C,m’) + mCy(u” + m"P)}
+ {Co(~R%*" + " + m'P)} (A1-7)

The denominator of (A1-7) must be positive by Eq. (A1-1b). The nu-
merator may be positive or negative. However, it must be positive (given
the assumptions that u” > 0 and m” > 0) whenever m > C,m’. There
are many biologically reasonable relationships between foraging time
and predation risk that will satisfy this inequality for some or all pa-
rameter values. In particular, if the exposure of nonforagers is suffi-
ciently high, m must be greater than Cm’.

Equation (A1-6) assumes that the density dependence in the juvenile
stage operates solely through effects on the food supply, R. The de-
creased juvenile density due to predation may affect other mortality
factors. In this case, R would not increase as much as predicted by Eq.
(A1-6), and the net effect on size would more likely be negative. The
derivation leading to Eq. (A1-7) also assumed that there was no density
dependence in the adult stage, and that the juvenile-stage predator did
not consume adults. If there is density dependence in the adult stage,
then increasing predator density, by reducing recruitment to the adult
stage, increases the adult component of fitness. If the population is
stable (as assumed) this means that the juvenile component of fitness
must decrease. Thus, food (R) does not increase as much as predicted
by Eq. (A1-6). Evolution of increased size in response to predation is
still possible, but less likely than in a comparable system with no adult
density dependence. If the juvenile-stage predators also consume adults
(but there is no adult density dependence) then increased predation has
the direct effect of lowering both the juvenile and the adult components
of fitness. Thus, R must increase more than specified by Eq. (A1-6) if
the population is to remain constant. This makes it more likely that the
net effect on size is positive.

APPENDIX 2

Optimal Life Histories under All Condition Other than a
Fixed Time to Maturity

Fixed Size at Maturity
The sufficient conditions for an optimal life history are:

—g(Pm’ +u') +9g/oC{mP +u+f'} =0 (A2-1a)
—g(Pm” + u") + 92g/0CXmP + u + f') — (£"/g2)@g/dC)2 <0  (A2-1b)

Implicit differentiation again yields an expression for the total effect
of P on C,:

dC,/dP = {(3g/0C)m — gm’
+ (BR/OP)[(u + mP + f')(3%g/C4R)
— (3g/oR)(Pm’ + u’ + (f"/g?)(3g/oC))]}
+ {g(Pm” + u”) — 3%g/3C%(mP + u + f')
+ (f"/g2)(3g/3C)?}

where again, the right hand side is evaluated at C,,.

When there are no indirect effects (JR/0P = 0), expression (A2-2)
must have the same sign as (9g/0C)m — gm’. Equation (A2-1a) implies
that this is identical to the quantity, [gu’ — u(dg/oC) — f'(9g/dC)]/P.
The derivative of the seasonality function, f’, is likely to be positive,
because fitness decreases with age at maturity in most seasonal envi-
ronments (see Rowe and Ludwig 1991). Thus, when growth effort, C,
only affects mortality due to the focal predator(s) (i.e., u’ = 0), both
growth effort and growth rate will usually decrease, and age at maturity
will increase in response to greater predation. Predation in this case
favors less risky and less rewarding growth strategies. If effort only
affects nonpredatory components of mortality (m’ = 0) then Eq. (A2-2)
must be positive in the absence of indirect effects. In other words,
growth rate and effort increase, while age at maturity decreases in
response to greater predation. When effort affects both u and mP, the
magnitudes and shapes of these functions determine the responses to
increased P.

(A2-2)
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The response of optimal effort to food, and the summed direct and
indirect responses of growth rate to predator density are:

dC,/0R = {(u + mP + f')(9%g/dCoR) (A2-3a)

— (@g/oR)(Pm’ + v’ + (£"/g2)@g/oCHI(~2),
dg/dP = (3g/dC)(9C,/IP) + (3g/6R)(IR/3P)
= {(3g/0C)>m — (3g/aC)gm’ }/(—Z)
+ (BR/GP){[(u + mP + f')((8g/dC)(3%¢/dCIR)
— (8%g/aC2)(9g/oR) — (1/g)(9g/aR)(@g/IC)?)
+ g@g/oR)Pm” + uHI(-2Z), (A2-3b)

where Z denotes the left hand side of (A2-1b). Growth effort, C, may
either increase or decrease in response to food density (i.e., [A2-3a]
may be either positive or negative). Thus, the indirect response of effort
to predators may either reinforce or counteract the direct effect. The
indirect component of the predator’s total effect on growth is given by
those terms in Eq. (A2-3b) that are multiplied by dR/dP;
—(1/g)(3g/R)(3g/dC)? must be negative, but the other terms must be
or are likely to be positive. This suggests that the indirect effect from
increased food usually increases growth rate even if it does not increase
growth effort. This opposes the direct effect of predators whenever the
direct effect is reduced effort (which we argued seems more likely than
increased effort). The assumption of constant size means that the in-
direct effect on age at maturity opposes the effect on growth rate; i.e.,
age of maturity usually decreases in response to greater food supplies.
Here again, it is possible to use specific models to show that the indirect
effect may be larger than the direct effect. If, for example, growth effort,
C, represents time spent foraging, the indirect effect of predators on
prey size is often larger than the direct effect; the proof of this assertion
is analogous to that presented in Appendix 1. In the less common case
where the predatory costs of increasing effort are small relative to
nonpredatory costs, then indirect and direct effects usually have the
same sign, and growth rate will increase while age at maturity decreases
with increased predation.

Flexible Age and Size

The conditions for the two variables, C and T, to maximize this fitness
expression become:

d(In(W))/oC = (¢'9g/oC — v’ — m'P)T = 0 (A2-4a)

A(In(W)OT = g¢’ — f' —u—mP =0 (A2-4b)

2(In(W))/0C? = T[d'92g/dC2 + Td"(9g/dC)? (A2-4c)

—u -mP] <0

(In(W))/oT? = g2¢" — " < 0 (A2-4d)
(3*(In(W))/9CaT)? — (32(In(W))/3C2)(32(In(W))/9T2)
= (gT"9g/0C)? — T(d'3%/9C2 + Td"(9g/oC)?

— v - m"P)(g2" — ) <0 (A2-4e)

The effect of a parameter such as predator density on the optimal C
and T may be found by implicit differentiation of eqs. (A2-4a,b). The
resulting general expression for the effects of P on C,, T,, and In(S,)
are quite lengthy, so the formulas presented below are for the case when
there are no indirect effects on food (0R/9P) = 0):
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9dC,/0P = (—T,/Z)[gd"(m'g — mag/dC) — m'f"] (A2-5a)
T, /0P = (—To/Z)[Td"(9g/dC)(—gm’ + mag/dC)
+ md’'9%g/0C? — m(u” + m"P)]  (A2-5b)
9In(S,)oP = (—T,/Z)[gmd’92g/dC? — gm(u” + m"P)
— T,m't"9g/oC] (A2-5¢)

where Z is the left hand side of inequality (A2-4e), which is negative,
and all expressions are evaluated at the optimal values of C and T.

None of the three derivatives above has a definite sign. However, it
is very likely that, in the absence of indirect effects, size will decrease
in response to greater predator densities; size must decrease unless
82g/9C? is positive and large in magnitude. This is unlikely, both because
growth rate is likely to approach some maximum as effort becomes
large, and because condition (A2-4c) sets un upper limit on the value
of 92g/dC? that is consistent with intermediate optimal values of C and
T. Thus, we predict that size will generally decrease in response to
increased predation. However, either effort or time to maturity may
increase; Egs. (A2-5a,b) may be positive or negative. If nonpredatory
costs (u’) of growth effort are small, the direct response of C, is to
decrease, but T, may increase or decrease. If predatory costs (m’) are
small, T, must decrease, but C, may increase or decrease. Some more
definite conclusions can be drawn if assumptions are made about the
shape of some of the fitness components. If, for example, reproduction
is a power function of size (¢” = 0), which includes the case of re-
production directly proportional to size), both C, and T, always decrease
in response to predation (see also Abrams et al. 1996).

The indirect effects of predators via increased food may be found by
implicit differentiation of Eqs. (A2-4a,b) with respect to R. The re-
sulting formulas are presented below:

0C,/0R = (—T,o/Z)[(8g/0C)(9g/IR)(d")(d"g + Tof")

— ¢'(8%g/0CaR)(g2d" — £")] (A2-62)
AT /oR = (—To/Z)[Togd' " (9g/0C)(8%g/ICIR)

— (3g/0R)(d'"T(3g/3C)?

+ (¢ + gTd")(d'9%g/0C2 — v — m'P)]  (A2-6b)

AIn(S,)R = (—To/Z){ —g(dg/IR)(d')(d'92g/9C? — v” — m"P)
+ Tf"[¢' (9g/9C)(92g/dCIR)

— (9g/0R)($'92g/C? — u" — m"P)]}

(A2-6¢)
where Z is the left hand side of inequality (A2-4e). The responses of
C, and T, can each be positive or negative depending on the forms of
the functions. Both of these expressions simplify considerably in the
case when reproduction is a power function of size (and ¢” = 0). In
this case, age at maturity always increases, and growth effort increases
whenever 92g/dCaR is positive, which is likely to be satisfied in most
cases. The only term in expression (A2-6¢) for dln(S,)/dR that can ever
be negative is the term involving 9%g/dCdR, which is more likely to be
positive than negative. Thus, size almost always increases in response
to greater food. The response of growth rate to food is given by dg/dR
= dg/dR + (9g/dC)(dC,/0R). This formula may be expanded using (A2-
6a). The resulting expression is rather long; it has more positive than
negative terms, and is thus more likely to be positive than negative.
Growth rate can only decrease in response to increased food if C,
decreases with R, and if the decrease in C, is large enough to offset
the increase in R.



