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Abstract. - Life history theory suggests that the optimal evolved level of reproductive effort (RE)
for an organism depends upon the degree to which additional current reproductive investment
reduces future reproductive output. Future reproduction can be decreased in two ways, through
(i) decreases in the organism's survival rate, and/or (ii) decreases in the organism's growth (and
hence subsequent fecundity). The latter tradeoff-that is, the "potential fecundity cost"-should
affect the evolution of RE only in species with relatively high survival rate, a relatively high rate
offecundity increase with body size, or a relatively high reproductive frequency per annum. Unless
these conditions are met, the probable benefit in future fecundity obtained from decreasing present
reproductive output is too low for natural selection to favor any reduction in RE below the
maximum physiologically possible. Published data on survival rate, reproductive frequency and
relative clutch mass (ReM) suggest that many lizard species fall well below the level at which
natural selection can be expected to influence RE through such "potential fecundity" tradeoffs.
Hence, the relative allocation of resources between growth and reproduction is unlikely to be
directly optimized by natural selection in these animals. Instead, energy allocation should influence
the evolution of RE only indirectly, via effects on an organism's probability of survival during
reproduction. Survival costs ofreproduction may be the most important evolutionary determinants
of RE in many reptiles, and information on the nature and extent of such costs is needed before
valid measures of reptilian RE can be constructed.
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The relative allocation of resources to re
production may be one of the most fun
damental characteristics of an organism's
life history. Accordingly, attempts to pre
dict and explain variation in reproductive
investment occupy a central place in life
history theory. Many such attempts have
focused on the concept of reproductive ef
fort (RE), as suggested by Williams (1966a,
1966b). Several studies have attempted to
measure RE in field populations of reptiles
(e.g., Tinkle, 1969; Tinkle and Hadley, 1973;
Andrews and Rand, 1974; Congdon et aI.,
1982; Droge et aI., 1982; Nagy, 1983; Bal
linger, 1983), mostly using proportional al
location of energy as a currency. This ap
proach assumes that energy allocation
tradeoffs are important influences on the
evolution of RE, an assumption that may
not be valid for some species. The present
paper uses a simple simulation model to
determine the relative importance to organ
isms with particular life histories of trade
offs between present reproductive expen
diture and (i) future fecundity, and (ii)
parental survival. Our analysis suggests that
the former tradeoff(i.e., between present and
future fecundities) may not be significant for
many species, and hence that the most use-

ful measures ofRE may be those that relate
to survival costs rather than the relative al
location of resources between growth and
reproduction. Our model uses parameters
appropriate to lizards and snakes, but sim
ilar models should apply to any organisms
with continued growth and size-dependent
fecundity.

Defining Reproductive Effort
All else being equal, natural selection tends

to favor individuals that leave the most de
scendants. Hence, life-history traits such as
age at sexual maturation and the level of
reproductive investment should evolve so
as to maximize the total lifetime production
of offspring by an individual. Violating the
assumption of stable population size does
not change these conclusions greatly
(Charlesworth, 1980; Lande, 1982; Char
nov, 1986). At first sight, it seems that total
lifetime production of offspring could be
maximized by maturing early and produc
ing large clutches at short intervals. Many
organisms do not seem to follow this strat
egy; instead, maturity is often delayed and
fecundity is lower than that physiologically
possible. Williams (l966a) suggested that
the solution to this paradox lies in the ex-
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istence of costs of reproduction. If an in
crease in fecundity decreases the survival
rate ofthe reproducing animal, then overall
lifetime production of offspring may be
maximized by relatively low fecundity at
each breeding season, allowing the animal
to reproduce many times during its life.
Similarly, too high an expenditure ofenergy
on reproduction may reduce the animal's
growth and hence restrict fecundity at sub
sequent breeding seasons (because clutch size
increases with body size in many ecto
thermic organisms).

The basis of Williams' (l966a) model is
this tradeoff between reproductive expen
diture on the one hand and the organism's
survival and future fecundity on the other.
The exact form of this tradeoff is critical in
determining the optimal life-history strat
egy. Williams (1966a) refers to these costs
of reproduction as reproductive effort (RE):
a high RE is one that greatly decreases the
organism's survival rate or future fecundity,
whereas a low RE is one that has little effect
on these variables. Note that RE is defined
in terms of these costs (Goodman, 1974).
An individual's expected future reproduc
tive success (probable number of offspring
produced during the rest of its life) may be
defined as the residual reproductive value
(RRV) (Fisher, 1956; Williams, 1966a). Re
productive effort is defined in terms of the
decrement to RRV accruing from a given
act ofreproduction. Since Williams' (l966a)
work, several authors have developed
mathematical models of RE (e.g., Gadgil
and Bossert, 1970; Goodman, 1974, 1979;
Schaffer, 1974; Schaffer and Rosenzweig,
1977; Taylor et aI., 1974; Wilbur et aI., 1974;
Andersson, 1978; Schaffer, 1983; Bell, 1980;
Clutton-Brock, 1984) and these models have
produced many predictions, some ofwhich
may be generally applicable. For example,
species with low adult survival rate should
have high RE, because the costs of repro
ducing are less significant if the organism
has little chance of surviving to the next
breeding season.

The Dual Nature of
Reproductive Costs

Shine (1980) reviewed available data on
reproductive costs in reptiles, and examined
these costs in detail in one group of scincid

lizards. Two major categories were revealed
(using Bell's 1980 terminology): survival
costs and potential fecundity costs.

(i) Survival costs: reproducing females
may be more vulnerable to predation than
nonreproducing females, because (a) the
physical burden of the clutch may render
the animal less capable of avoiding preda
tors; and (b) reproducing females may be
more susceptible to predators due to in
creased basking (Shine, 1980, but see Bau
wens and Thoen, 1981; Brodie, 1989), or
other specific activities associated with re
production (e.g., courtship displays, mating,
oviposition: Stewart, 1984). Reproduction
may also reduce survival rate through less
direct pathways. For example, too high an
energy expenditure on reproduction might
weaken the female physiologically, thereby
reducing subsequent overwinter survival
rates (e.g., Jones and Ballinger, 1987). Sim
ilarly, high mortality (due to starvation or
predation?) has been recorded in emaciated
post-parturient females (R. Shine, pers. obs.;
T. Madsen, pers. comm.). Increased mor
tality as a result of high reproductive ex
penditure early in life may also arise through
antagonistic pleiotropy, whereby genes for
early reproduction decrease the organism'S
tolerance to a variety ofstressors (Rose and
Charlesworth, 1980).

(ii) Potential fecundity costs: the energy
(or nutrients) devoted to reproduction pre
sumably could be channeled to bodily
growth instead. Clutch mass and fecundity
are highly dependent on body size in fe
males of many reptile species (e.g., Fitch,
1970). Reproductive success of males may
increase with body size as well (e.g., Trivers,
1972). Hence, a reproducing animal that
channels energy away from bodily growth
may reduce its potential reproductive out
put in subsequent breeding seasons. Also,
even in organisms that do not grow sub
stantially after sexual maturity (e.g., mam
mals and birds), ifenergy can be stored over
long periods, devoting energy to reproduc
tion in one reproductive season may de
crease energy stores that would otherwise
be available for future reproduction (i.e.,
"capital breeders" - Drent and Daan 1980).

Potential fecundity costs should be im
portant if a decrease in currently attainable
fecundity provides a substantial benefit in
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subsequent fecundity due to bodily growth
(Goodman, 1974). Logically, then, poten
tial fecundity costs are most likely to influ
ence optimal levels ofRE when (i) survival
rate between breeding seasons is high, so
that the higher subsequent fecundity is like
ly to be realized, and (ii) a relatively small
decrement in current fecundity results in a
large increase in subsequent fecundity ("fe
cundity increment"-Goodman, 1974). To
apply this result to the living world we need
to specify more precisely the levels of sur
vival and fecundity increments at which this
tradeoff between growth and reproduction
becomes unimportant.

The two components of RE-survival
costs and potential fecundity costs-operate
in different ways. In some species, the two
costs may be inextricably linked because
survival rate of reproductive females is
highly correlated with their proportional al
location of energy to growth versus repro
duction. In other species, this linkage may
be much weaker: reproduction may affect
survival rate through pathways other than
energetics. Indeed, only one or the other (or
neither) of these costs may be important in
a particular population.

THE MODEL

We constructed a simple simulation mod
el that embodied the potential fecundity
tradeoff, to allow us to determine the effects
of this tradeoff on the lifetime reproductive
success of a female. This model was con
structed to calculate an individual female's
lifetime production of offspring under var
ious conditions. In a stable population (A =
1), this number is proportional to an indi
vidual's fitness (in terms of natural selec
tion). When the population size is initially
constant, a mutation that increases fitness
must also increase the lifetime production
of offspring (R o) (Charlesworth, 1980).

We calculated the annual probable repro
ductive output in terms of total offspring
mass (Mo, in grams) for each year of a hy
pothetical female's life as follows:

M; = M rn x Me X N; (1)

where M rn is maternal body mass (in grams),
Me is relative clutch mass (defined as clutch
mass divided by maternal body mass: Shine,
1980; Dunham et al., 1988) and N; is re-

productive frequency, or the number of
clutches produced per year. To calculate
lifetime offspring production (R o) , Equation
1 was multiplied by the annual probability
ofsurvival (a constant proportion) until sur
vival was less than or equal to 0.001. An
nual survival (S") was calculated as the con
stant survival probability (S) raised to the
power ofthe year oflife (0. We then summed
the reproductive outputs from each year of
the female's potential lifespan (total number
of years is n) to obtain an estimate of her
probable lifetime offspring production

n; = ~ (8)i X M rn x Me X n,
;=;+1

i = 1, 2, 3 . .. n (2)

In most reptiles, both RCM (=Me) and
offspring size are relatively constant with
female age within a species (e.g., Pianka and
Parker, 1975; Shine, 1977). Hence, fecun
dity can be expressed as body mass multi
plied by RCM (i.e., total biomass of neo
nates), divided by individual offspring mass.
(Ofcourse, this is not strictly true ifoffspring
size is variable among females, and in this
case the model should be framed in terms
ofclutch biomass rather than fecundity. Be
cause the two are often highly correlated,
we use the term "fecundity" in the present
paper for ease of explanation). By making
reproductive output a function ofbody size
and RCM in this way, we can immediately
define the benefit in future fecundity which
can be gained from a decrement in current
fecundity. This is the most interesting fea
ture of our model, because it allows us to
put a numerical value on the "fecundity in
crement" suggested by Goodman (1974).

The energy content of eggs is an average
of 2.3 times that in adult tissue in lizards
and snakes (Ballinger and Clark, 1973; Vitt,
1978), so we assume that a gram ofegg chan
neled away from reproduction could result
in an increase of approximately 2.3 g in fe
male body mass. Approximately the same
correction factor can be applied when com
paring maternal biomass to the biomass of
neonates in a viviparous species, because 1
g of neonate" costs" the mother about 2 g
to produce: the extra energy is used in em
bryonic metabolism (Tinkle and Hadley,
1975).
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FIG. 1. Tradeoffs between current reproductive expenditure and effects on maternal fitness. The curves in
graphs a, b, and c show the combinations of relative clutch masses (RCMs) and annual survival rates necessary
for natural selection to favor a I% reduction in RCM because ofa compensating increase in reproductive output
later in life (i.e., " potential fecundity costs"). Graph d shows the optimal RCMs when tradeoffs between RCM
and survival rate are also incorporated. (a) Effect of reproductive frequency (number of clutches or litters per
year, N c) on optimal RCM at different levels of mean annual survival rate. This graph is based on a model with
age-constant survival rate and constant population size, and shows that optimal RCM increases at lower repro
ductive frequencies. (b) Effect of variations in age-specific survival rate on optimal RCM. Mean annual adult
survival rate is is the same in all three lines, but survival rate (S) remains constant with female age in the middle
line, increases with age in the upper line, and decreases with age in the lower line. The graph shows that optimal
RCM increases if survival rate increases with maternal age. (c) Effect of changes in population size on optimal
RCM. The models producing these optima were identical except that the rate of change in population size (X)
was varied. The values of Xused to generate these lines were (left to right) 0.5, 0.75, 1.0, 1.25, and 1.5. The
graph shows that optimal RCM increases at higher rates ofpopulation growth. (d) Effectsofsurvival rate tradeoffs
on optimal RCM. All three lines show the optimal RCMs if a I% decrease in current RCM yields a particular
increment (10%, 1%, or 0%) in annual survival rate. The lower line is based on a survival rate increment of
10%, the middle line a I% increment, and the upper line no increment (i.e., only the "potential fecundity costs"
tradeoff is operating).

This calculation deals only with females,
and ignores energy costs of reproduction
other than the direct caloric investment in
offspring. For example, we assume that met
abolic costs ofgestation are relatively minor
(e.g., Beuchat, 1986; but see Birchard et al.,
1984). We also assume that the metabolic
costs of producing eggs are similar to those
for producing body tissue, as seems to be
broadly true in domestic birds (e.g., Rick
lefs, 1974). RCM underestimates the neg
ative effect ofreproduction on bodily growth
in species where reproductive females cease
to feed. In these cases, a reduced clutch size

may permit more feeding, and hence a high
er subsequent growth rate. However, we
suspect that the cessation offeeding in grav
id reptiles is likely to be independent of fe
cundity (Bull and Shine, 1979; Shine, 1980;
Hasegawa, 1984), and so should have only
a minor effect on the results of our model.

For any given potential RCM, one can
then estimate how much a female's total
reproductive output would be increased at
her next reproduction, ifshe channeled more
of her available energy into growth rather
than reproduction. Thus, RCM can be used
to determine the relative advantage in
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growth (and hence in subsequent fecundity)
that would be gained from reducing current
reproductive expenditure. For example, a
RCM of0.5 means that the female produces
0.5 g of egg for every I g of her own mass.
Reducing current fecundity by 1 g of egg
will produce an extra 1 x 2.3 = 2.3 g in
crease in her body mass because of this re
duced reproductive expenditure. This in tum
will mean that at every subsequent repro
duction she will produce an additional 1.15
g of egg (i.e., increment in maternal mass
multiplied by RCM: 2.3 x 0.5). Therefore,
slightly reduced relative clutch mass pro
vides an advantage in terms of maternal
body size (it results in more growth) and
therefore in subsequent fecundity. The po
tential fecundity tradeoff was incorporated
into our simulation models by reducing
RCM by 1%, and comparing the R; of hy
pothetical females with this reduced RCM
to the R; of females that did not have re
duced RCM. The combinations of survival
rates and RCMs at which reducing RCM
was a favorable "strategy" (in terms of in
creasing lifetime offspring production) are
plotted in Figure 1.

Our simulation analyses dealt first with
the simplest case, whereby mature females
do not grow, they reproduce only once per
year, and survival rates and population sizes
remain constant. We then allowed for
growth, increased reproductive frequency,
changing age-specific survival, and chang
ing population size to examine the influence
of these changes on R m and hence on the
optimal RCM predicted by our models. Po
tential fecundity costs influence the evolu
tion of RE levels only in species that lie
above the lines in Figure 1; in these cases
maternal fitness would be increased by a
decrease in RCM. Females of species that
lie below the lines in Figure 1 would increase
their lifetime offspring production by in
creasing RCM, and hence potential fecun
dity costs should be irrelevant to their life
histories.

Growth
Most female squamates grow between 15

and 30% after maturation (Andrews, 1982).
Using the model, we allowed females to grow
0%, 15% and 30% over their lifetimes (see
Appendix for an explanation how growth

was simulated). To benefit from decreasing
RCM by I%, females with 0% growth must
have either relatively high RCM and/or high
annual survival rate, allowing them to enjoy
a great benefit in later fecundity following
a small decrease in initial fecundity (see Fig.
1a, N; = 1, for the position of this tradeoff
curve). This benefit is highest when survival
is high (so that a female is likely to repro
duce again with a larger clutch) and when
reproductive output increases rapidly with
increasing body size (i.e., RCM is high), so
that a small growth increment substantially
increases subsequent fecundity. For such
species, the "potential fecundity costs"
tradeoff suggests that natural selection may
favor a relatively low RCM; an evolutionary
reduction in RCM due to this tradeoff is
plausible in such species.

Interestingly, the optimal RCMs at each
level of average annual survival rate were
identical in females with 0%, 15% and 30%
growth rates (Fig. 1a, N; = 1, curves for 0%,
15% and 30% growth are the same), despite
the fact that females with higher growth rates
produced much greater offspring biomasses
during their lifetimes, and the relative dis
advantages of departing from the optimal
RCM (i.e., the proportional decrease in life
time offspring production) were changed.
The intuitive reason for this result is that
the absolute amounts of offspring biomass
foregone early in life (by the 1% RCM re
duction), and gained later in life (due to
growth), are not affected by the underlying
pattern of maternal growth. All that is
changed is the amount foregone or gained
relative to the female's total offspring pro
duction (and hence, the relative disadvan
tages associated with different, nonoptimal
RCM levels).

Reproductive Frequency
The next variable that we introduced into

the simulation models was reproductive fre
quency. We allowed females to produce ei
ther more or less than one clutch per year
(N; in Equation 2 was set equal to 0.5, 1,2,
or 3). Females of some viviparous snake
and lizard species reproduce less often than
annually, especially in cold climates, where
as tropical egg-layers may reproduce several
times each year (e.g., Dunham et al., 1988).
Clutch frequency has a strong influence on
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optimal RCM (Fig. la), because the crucial
variable is the probability of surviving to
the next reproductive opportunity. If a fe
male can produce two clutches only a few
months apart, her probability of survival
between successive reproductions is greatly
enhanced relative to another female with
the same annual survival rate but a 12
month wait to the next reproductive episode
(Fig. la).

Age-Specific Survival Rate
Next, we introduced age-specific survival

rate into the model. Our original model as
sumed that annual survival rate during adult
life was constant, as may often be approx
imately true in lizards and snakes (Turner,
1977; Parker and Plummer, 1987; but see
Jones and Ballinger, 1987). To change age
specific survival rate, we held mean adult
survival constant, and changed survival rate
gradually with age such that there was a 20%
change in survival rate over the lifetime of
the female (e.g., mean survival rate re
mained at 0.5, but the survival rate changed
linearly from 0.4 to 0.6, or 0.6 to 0.4 over
the lifetime of the female. See Appendix for
details). Increasing adult survival rate with
age increased optimal RCM slightly, while
decreasing survival rate during adult life fa
vored a slightly lower optimal RCM than
did constant adult survival rate (Fig. 1b).

At first sight, this result is counterintui
tive. All of our other models show that in
creased survival rate favors a decrease in
RCM, so why should an increase in survival
rate with age favor an increase in RCM?
This apparent paradox is due to the way
that the model is constructed. To maintain
the same mean adult survival rate, an in
crease in survival rate with age can be
achieved only by lowering survival rate ear
ly in life; then increasing it relative to the
mean. This initial lowering of survival rate
favors an increase in RCM, which more than
counteracts the RCM decrease caused by
the relatively high survival rate later in life.
Exactly the same phenomenon occurs when
survival rate decreases during adult life
optimal RCM decreases because the influ
ence of relatively high survival rate early in
life is more significant than the influence of
lowered survival rate later in life. Thus, it
is survival rates early in life that exert the

greatest influence on optimal RCM. This is
simply an example of the general rule that
changes to life-history traits expressed early
in an organism's life have a greater effect on
lifetime fitness than do similar changes act
ing later in life (e.g., Williams, 1966b).

Population Size
Last, we looked at the effects of changing

population size on the potential fecundity
tradeoff. Although some studies suggest that
lizard populations may often be fairly stable
through time (e.g., Barbault, 1976; Schoe
ner, 1985), this may not always be true. In
a rapidly increasing population, offspring
born early in an organism's lifetime can ac
tually contribute proportionately more to
lifetime reproductive success than do off
spring born towards the end of the organ
ism's lifespan. The primary reason for this
effect is that offspring produced early con
stitute a larger proportion of the popula
tion's total gene pool than do offspring pro
duced later, when the population is larger.
The reverse is true ofdeclining populations.
To simulate changing population size, we
divided S by the rate of population change
(A), which we arbitrarily set at 0.75 and 0.5
for decreasing populations, and 1.25 and
1.50 for increasing populations. Our sim
ulation models confirm that the optimal
RCM depends on the rate ofpopulation in
crease or decrease (Fig. lc). Optimal RCM
declines in declining populations, because a
lower RCM reduces the number ofoffspring
born early in life and increases the number
born later. This effect is especially evident
at low survival rates.

The TradeoffBetween ReM and
Survival Rate

Reproduction may be costly to an organ
ism because of a heightened risk of mor
tality, as well as a decrease in growth rate
and thus subsequent fecundity (e.g., An
dersson, 1978; Koufopanou and Bell, 1984).
These two types of "costs" (potential fe
cundity and risk) may sometimes be closely
related. For example, a high energy alloca
tion to reproduction might simultaneously
reduce growth rate (and hence, clutch size
at the next reproduction) and overwinter
survival rate (e.g., Jones and Ballinger,
1987). Nonetheless, even though a high al-
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FIG. 2. Published data on lizards (circles) and snakes (dots) (see Table 1 for sources) are superimposed on
the calculated tradeoff lines from Figure la (based on the "potential fecundity costs" tradeoff), "Ne" = average
number of clutches or litters per female per year. Calculations and data from published literature are shown
separately for species with only a single clutch per annum (a), those producing two clutches each year (b), three
to four clutches per year (c), and one clutch every two years (d). These graphs suggest that RCMs and survival
rates of many lizard species are too low for energetics tradeoffs to determine the "optimal" evolved level of RE.

location of energy to reproduction may re
sult in both types of costs, there are likely
to be other instances where the two costs
operate relatively independently (e.g., a
population where female survival rate is un
affected by energy allocation to reproduc
tion, perhaps because food resources are not
limiting). The effects of survival costs on
optimal RE may be examined in the same
way as discussed above for potential fecun
dity costs. The only difference is that in this
case decreased RCM confers higher survival
rate rather than increased growth. We built
this tradeoffinto the simulation model such
that a I% decrease in RCM resulted in either
I% or 10% increases in survival. Our sim
ulations suggest that the presence of a sur
vival cost can favor a remarkable reduction
in RE (Fig. Id; note that"S = I" is the same
line as "N; = I" in Fig. la). This effect is
obviously most extreme when a small RCM
decrement provides a large survival rate in
crement, but is significant even with much
more modest and biologically realistic
tradeoffs (Fig. Id). Adding the other refine
ments of the model (growth, increasing re
productive frequency, age-specific survival

rate, and population size) does not much
affect this tradeoff, because the lO% survival
benefit so heavily favors decreased RCM
that this does not change when other pa
rameters are altered.

The clear and consistent result from all
of these models, is that potential fecundity
tradeoffs are likely to be irrelevant to the
evolution oflife histories in species with low
survival rates and low RCMs. In such or
ganisms (i.e., those below the lines in Fig.
1), the probable benefit of reducing current
reproductive expenditure is so low that life
time fitness is maximized by maximal cur
rent expenditure. The only exceptions to this
generalization are likely to be species with
high reproductive frequencies and/or in
rapidly declining populations (Fig. la, c).
Patterns of growth in adult females have
little effect on optimal RCM, and age-re
lated shifts in adult survival rate have only
minor effects (Fig Ib).

COMPARISON WITH DATA ON

SQUAMATE REPTILES

The next step is to review available data
on RCMs, survival rates and reproductive
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frequencies ofsquamate reptiles to see where
they fall in terms of our theoretical predic
tions. For simplicity, we have compared
these data to the calculated optima for fe
males with age-constant survival rate and
constant population size, but have taken re
productive frequency into account because
it has a major effect on the calculated op
timal RCMs (as shown in Fig. la). The other
factors we considered either had little im
pact on the position of the tradeoff curves
(maternal growth pattern, age-variable sur
vival rate) or cannot be assessed with avail
able field data (population growth rates, sur
vival costs).

Figure 2 depicts the results of these com
parisons, showing that many lizards have
such low survival rates, and/or low RCMs,
that they are probably unaffected by "po
tential fecundity" tradeoffs (Table I and Fig.
2). In 83% of lizard populations plotted in
this figure, the potential fecundity costs
should not be sufficient to favor reduction
of RE below the maximum possible level.
This is also true ofone snake species plotted
(Thamnophis sirtalis). Exceptions to this
(species that lie above the line, and hence
may be influenced by potential fecundity
tradeoffs) include populations of lizards
characterized by high survival rates, such as
Cyclura carinata, Phrynosoma douglassi,
and some populations of Sceloporus virga
tus and Urosaurus ornatus, as well as all
other snakes plotted. In these species, there
is at least the possibility that potential fe
cundity costs might playa role in the evo
lution of reproductive expenditure.

This comparison between predictions and
data suggests that potential fecundity costs
are not a significant component of RE in
many squamates, especially small lizards.
Thus, energy allocation may influence the
evolution of RE only indirectly, via effects
on the survival rate of reproducing organ
isms. We cannot test the predictions of the
survival rate model (Fig. 1d) with real data,
because there are no field measurements of
the degree to which a decrease in RCM may
enhance the survival rate of reproducing
reptiles. However, a comparison ofthe data
points in Figure 2 with the calculated op
tima in Figure 1d suggests that the survival
rate tradeoff optima fall within the range of
RCMs and annual survival rates commonly

observed in squamate reptiles. Hence, nat
ural selection may well favor a decrease in
RCM if this provides a compensating in
crease in survival rate. Overall, our models
suggest that the evolution ofRE may be very
sensitive to survival rate tradeoffs, but gen
erally not affected directly by potential fe
cundity tradeoffs. Hence, survival costs are
liable to be more important than potential
fecundity costs in determining evolved lev
els of RE in many reptiles, especially those
with low annual survival rates. This con
dition may apply to many terrestrial ecto
thermic vertebrates, which are usually very
small (Pough, 1980) and may hence be vul
nerable to many predators.

Although our models deal specifically with
a growth tradeoff, and do not consider the
case where reproductive output is related
only to energy storage rather than body size,
our results may also be interpreted in the
context of Drent and Daan's (1980) dis
tinction between "capital" and "income"
breeders. "Capital breeders" are those that
draw on stored energy to reproduce, and
hence can allocate a given energy store be
tween two successive broods. In contrast,
"income breeders" cannot store significant
energy reserves from one reproductive ep
isode to the next, and thus a high energy
commitment to current reproduction does
not impose any fecundity cost to subsequent
reproduction (although it still may reduce
survival rate). This model was developed
with small endotherms (especially birds) in
mind, and the high metabolic rate of birds
was identified as the reason why long-term
energy storage is likely to be impossible
(Drent and Daan, 1980). At first sight the
"income breeder" model seems less appli
cable to ectotherms, because of their lower
metabolic rates and greater capacity for con
tinued growth during adult life. Both ofthese
factors favor "capital breeding" in ecto
therms: they can store significant energy re
serves for later reproduction, or can allocate
energy to growth so that fecundity increases
at later reproductive episodes. However, our
analysis (above) suggests that small ecto
therms may often have such low survival
rates between successive reproductive op
portunities that any stored reserves are un
likely to be used subsequently, and hence
natural selection may favor maximal cur-
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TABLE 1. A summary of published data on reproductive frequency (number of clutches or litters per annum),
relative clutch mass (RCM), and mean annual adult survival rate in lizards and snakes. To reduce literature
citations, data available in major reviews (e.g., Tinkle and Ballinger, 1972; Tinkle and Hadley, 1975; Turner,
1977; Vitt and Price, 1982; Seigel and Fitch, 1984) are referenced to the review rather than the original paper.

Annual
Reproductive survival

Family and species name frequency ReM rate Authority

Lizards:
Family Agamidae:

Draco volans ? 0.56 1 0.20 2 see superscripts

Family Iguanidae:
Basiliscus basiliscus 6 (5-7) 0.15 0.33 Van Devender, 1982
Callisaurus draconoides I 0.16 0.20 Pianka and Parker, 1972
Crotaphytus collaris I 0.24 1 0.482 Fitch, 1956
C. wislizeni I 0.18 0.50 Tinkle and Hadley, 1975
Cyclura carinata I 0.33 0.90 Iverson, 1979
Phrynosoma douglassi* I 0.34 0.67 Guyer and Linder, 1985
Holbrookia maculata 2 0.27 0.40 Jones and Ballinger, 1987
Sceloporus graciosus (California) ? 0.32 1 0.632

S. graciosus (Utah) 2 0.25 0.47 Tinkle, 1973
S. graciosus (Utah) I 0.46+ 0.47 Burkholder and Tanner, 1974
S. graciosus (Utah) 2 0.35 0.50 Tinkle and Hadley, 1975
S. jarrovi* (Arizona) I 0.18 0.36 Ballinger, 1973
S. poinsetti* (Arizona) I 0.47 0.43 Ballinger, 1973
S. scalaris (Arizona) I 0.64 0.30 Ballinger and Congdon, 1981
S. undulatus (S. Carolina) 3 0.30 0.49 Tinkle and Ballinger, 1972
S. undulatus (Texas) 3 0.37 0.11 Tinkle and Ballinger, 1972
S. undulatus (Ohio) 2 0.33 0.44 Tinkle and Ballinger, 1972
S. undulatus (Utah) 3 0.27 0.48 Tinkle, 1972
S. undulatus (Kansas) 2 0.38 0.27 Ferguson et al., 1980
S. undulatus (Colorado) 2 0.30 0.37 Tinkle and Ballinger, 1972
S. undulatus (Nebraska) 2.5 (2-3) 0.31 0.30 Jones and Ballinger, 1987
S. undulatus (New Mexico) 4 0.27 0.20 Vinegar, 1975a
S. undulatus (New Mexico) 2.5 (2-3) 0.28 0.34 Vinegar, 1975a
S. virgatus (Arizona) I 0.41 0.44 Vinegar, 1975b
S. virgatus (Arizona) I 0.56 0.50 Tinkle and Hadley, 1975
Urosaurus ornatus (Texas) 3 0.31 0.34 Dunham, 1982
U. ornatus (New Mexico) 1.5 (1-2) 0.40 0.28 Dunham, 1982
U. ornatus (Arizona) 1.5 (1-2) 0.50 0.33 Dunham, 1982
U. ornatus (Arizona) 3 0.36 0.23 Dunham, 1982
Uta stansburiana (Nevada) 3.5 0.28 0.12 Tinkle and Hadley, 1975
U. stansburiana (Texas) 4 0.25 0.11 Tinkle and Hadley, 1975

Family Teiidae:
Cnemidophorus sexlineatus 2 0.25 0.16 Clark, 1976
C. tigris (Arizona) 1.5 0.15 0.40 Mitchell, 1976
C. tigris (Arizona) l.l 0.16 0.55 Tinkle and Hadley, 1975
C. uniparens 2.5 (2-3) 0.17 0.08 Hulse, 1981

Family Lacertidae:
Lacerta vivipara" I 0.40 1 0.202

Takydromus takydromoides* ? 0.67 1 0.242

Family Xantusiidae:
Xantusia vigilis* I 0.17 1 0.71+ Zweifel and Lowe, 1966

Total: 22 species (39 populations) x RCM= SD=
0.33 0.14

Snakes:
Family Colubridae:

Coluber constrictor I 0.41 0.62 Seigel and Fitch, 1984
Diadophis punctatus 1 0.66 0.60 Seigel and Fitch, 1984
Heterodon nasicus 1 0.70 0.63 Seigel and Fitch, 1984
H. platyrhinos 1-0.5 0.78 0.47 Seigel and Fitch, 1984



Family and species name

Masticophis taeniatus
Opheodrys aestivus
Pituophis melanoleucus
Thamnophis sirtalis*

Family Viperidae
Agkistrodon contortrix*
Vipera berus*

Total: 10 species

REPRODUCTIVE EFFORT IN REPTILES

TABLE I. Continued.

Annual
Reproductive survival

frequency RCM rate Authority

0.69 0.80 Seigel and Fitch, 1984
0.59 0.49 Seigel and Fitch, 1984
0.64 0.63 Seigel and Fitch, 1984
0.37 0.50 Seigel and Fitch, 1984

0.5 0.40 0.71 Seigel and Fitch, 1984
0.5 0.44 0.77 Seigel and Fitch, 1984

x RCM= SD=
0.57 0.15
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I Data from Vitt and Price, 1982, converted to RCMs calculated using nongravid female mass as the denominator.
2 Data from Turner, 1977.
• RCM calculated from mean egg weights, mean clutch size, and mean female body size, or survival rate calculated from data provided by authority.
• Viviparous species.

rent expenditure on reproduction (i.e., "in
come breeding"). Interestingly, this appar
ent convergence in reproductive strategies
between small endotherms and small ec
totherms may reflect quite different selec
tive forces in each case (high metabolic rates
on the one hand, low survival rates on the
other) but both are mediated through the
difficulty of storing energy for later repro
ductive expenditure (S. C. Stearns, pers.
comm.).

MEASURING REPRODUCflVE EFFORT

The primary requirement of any good
empirical estimate of RE is that it should
measure the same RE about which the the
oretical models are generating predictions.
Otherwise, empirical tests ofthe models are
impossible. Theoretical models on this sub
ject (e.g., Williams, 1966a, 1966b; Gadgil
and Bossert, 1970; Goodman, 1974, 1979;
Hirshfield and Tinkle, 1975; Schaffer, 1974;
Bell, 1980) define RE in terms of the effect
that a given level of RE will have on an
individual's residual reproductive value
(RRV)-that is, the effect it will have on
that individual's expected probability offu
ture reproductive success. The models in
the previous section suggest that the tradeoff
between survival rate and reproductive in
vestment (survival cost) is the component
of reproduction most likely to affect RRV
in many reptiles. Hence, the major objective
in measuring RE should be to measure an
aspect of reproductive expenditure that is
highly correlated with the degree to which
the organism's probability of survival is re-

duced. Energy allocation is likely to be an
important determinant of RE only to the
extent that it correlates with the decrement
in the reproducing organism's probability
ofsurvival. Alternatively, neither energetics
nor survival rate tradeoffs may be signifi
cant. If this is the case, organisms would be
expected to reproduce at the highest rates
that they can achieve, rather than decreas
ing RE because of costs of reproduction
(Williams, 1966a. 1966b).

Proportional allocation of energy to re
production is a widely used "measure" of
RE in reptiles: indeed, the concept of "re
productive effort" is often defined in those
terms. For example, Hirschfield and Tinkle
(1975) and Vitt and Congdon (1978) pro
posed proportional allocation of energy to
reproduction ("that proportion of the total
energy budget of an organism that is de
voted to reproductive processes," Hirsh
field and Tinkle, 1975 p. 2227) as the most
useful operational measure ofRE. The pres
ent paper challenges this proposal. We need
some measure of reproductive expenditure
as an index of RE, but our results suggest
that measuring the magnitude of energy al
location to reproduction is not adequate to
determine the magnitude of reproductive
costs, and that at times these variables may
be only weakly related. The obvious justi
fication ofan energy allocation measure (that
it assesses the extent to which energy is di
verted from growth to reproduction, and
hence assesses the "potential fecundity"
tradeoff) is weakened by our finding that this
tradeoff is probably irrelevant to the evo-
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lution ofRE in most reptiles. It is important
to distinguish between the two separate
pathways by which energy allocation might
influence the evolution of RE: (1) through
potential fecundity costs (i.e., allocation
tradeoffs); and (2) through reducing survival
rate. The models discussed above suggest
that potential fecundity costs may be sig
nificant only in long-lived reptile species
(e.g., many snakes). Energy allocation to re
production is not irrelevant to life-history
evolution of short-lived reptiles, however:
it might strongly influence survival rate in
some species, and hence can affect the evo
lution of RE in this way. Data on the rela
tionship between survival rate and various
measures of reproductive expenditure (e.g.,
RCM, energy allocation) are needed before
we can carry out useful empirical tests of
predictions from theoretical models of RE
evolution.

If survival costs of reproduction are the
most significant component ofRE for many
squamate reptiles, other measures of repro
ductive risk only distantly related to energy
allocation may be necessary to assess re
productive costs. However, it is difficult to
construct an adequate measure of RE until
more is known about the nature of such
costs, and the degree to which they correlate
with measurable aspects ofreproductive ex
penditure (i.e., potential estimates of RE).
Ideally, such information should be used
within the context ofaccurate life tables for
the species in question. Preliminary data
suggest that gravid female lizards and snakes
suffer a decreased mobility, and that the
decrement in maximum speed may be pro
portional to RCM (Shine, 1980; Bauwens
and Thoen, 1981;Seigeletal., 1987). How
ever, RCM may offer a poor estimate of
survival costs because gravid females of
some species adjust their behavior so as to
reduce their vulnerability to predation
(Bauwens and Thoen, 1981; Brodie, 1989).
Similarly, a high RCM may impose little
survival cost to a species that is highly ven
omous, or that does not rely on speed or
agility for predator escape (e.g., Vitt and
Congdon, 1978; Stewart, 1984; Hailey et al.,
1987).

The assessment of survival costs of re
production may be possible only with de
tailed information on the ecology ofthe spe-

cies in question, because the effects of
reproduction may vary qualitatively as well
as quantitatively among species. For ex
ample, gravid females of some squamate
species select cooler-than-usual tempera
tures (e.g., Garrick, 1974; Beuchat, 1986)
whereas others select higher temperatures
(e.g., Shine, 1980; Stewart, 1984; Hailey et
al., 1987; A. R. Gibson, pers. comm.). Even
among the taxa showing a thermophilic re
sponse, some achieve higher temperatures
by basking in open areas and others by re
maining under sun-heated rocks. Females
in these different thermoregulatory micro
habitats differ considerably in the degree to
which they may be exposed to predators.
Hence, survival rate of reproductive fe
males may be sometimes reduced (Shine,
1980) and sometimes enhanced (Stewart,
1984) by selection of higher temperatures.

We suggest that the most profitable ave
nue for studies on reproductive investment
in reptiles is to carry out detailed work on
the nature of "costs" faced by reproducing
reptiles. Our models suggest that, for most
squamate species, attention should be fo
cused on survival costs, or on the relation
ship between energy expenditure and sur
vival rate, rather than on potential fecundity
costs. Until we have comparative data from
several species on the degree to which re
production reduces survival rate or affects
the organism's energy balance, there is little
benefit in applying simple but probably in
appropriate indices to assess RE. What is
needed is a clearer picture of the natural
history of the study organisms, and the na
ture of the costs incurred during reproduc
tion. Useful measures of RE are most likely
to come from the development ofideas with
a firm grounding in the animal's basic bi
ology.
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APPENDIX: Details ofCalculation Methods
Used in the Model

The lines in Figure 1 show the lowest RCMs at which
a I% reduction in RCM increases the total lifetime
production of offspring (in grams) of a reproducing
female. These curves are determined by comparing the
reproductive output ofa hypothetical female with stan
dard RCM to that of a female with RCM I% less than
the standard. These comparisons were made at con
stant annual survival rates from 0.1 to 0.9. Of course,
lifespan was longer in "females" with higher survival
rates, requiring 62 years to reach 0.00 I when annual
survival was 0.9, and only three years to reach 0.001
when annual survival was 0.1.

Growth

For the "no growth" part ofthe exercise, M m (female
mass) was held constant at 10 g for the entire lifespan.
The female with reduced RCM (Me) did grow, because
she gained the size (and therefore fecundity) advantage
ofreducing RCM by 0.01. Her growth was determined
by the following equation:

(Mm" " x 0.01 x 2.3 x N e) + M"",." (a),

where 0.01 is the increment gained in RCM, 2.3 is the
factor allowing for differing mass-specific energy con
tent of eggs and adult tissue (see text), N; is the repro
ductive frequency (number of clutches per year), and
i is the year oflife.

Growth of 15% and 30% was simulated by adding
a constant proportion of body mass to the female's
mass each year:

(b),

where Cis a constant determined empirically such that,
over the lifespan of the female, M m i increased from 10
g to 11.5 g (for 15% growth) or from 10 g to 13 g (for
30% growth). The growth advantage gained from re
ducing RCM by 0.0 I was calculated in the same way
as shown above.

Reproductive Frequency

Reproductive frequency was varied, as described in
the text, by changing the value of N; in Equation 2.
Note that N; also occurs in Equation (a), so that females
with reduced RCM gain a growth advantage each time
they reproduce at the new clutch size. The interval
between clutches in a multiple-clutching species may
vary widely within and among species, with consequent
effects on growth and survival rates offemales between
successive clutches. However, this interval is usually
brief. We simplified this factor in our models by in
troducing growth and mortality between breeding sea
sons rather than between clutches with a breeding sea
son.

Age Specific Survival Rate

The age-specific survival rate was varied by adding
a constant proportion to the initial survival rate, such
that survival (S) varied linearly by 20% over the life
time of the female:

S, = S(i-/)+ (S(i_/)/C)'

where C was an empirically determined constant. To
increase survival rate with age, the constant was pos
itive. To decrease survival rate, the constant was neg
ative.

Population Size

Changing population size was simulated as described
in the body of the paper by dividing the constant
survival rate (S) by the intrinsic rate of population
change, A.

Tradeoffbetween RCM and Survival Rate

The survival rate advantage was calculated simply
by multiplying the existing survival rate by the pro
portional survival rate advantage (1.0 I for a I% sur
vival advantage or 1.10 for a 10% survival advantage)
for the female with reduced RCM.


