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THE EVOLUTION OF REPRODUCTIVE EFFORT IN
SQUAMATE REPTILES: COSTS, TRADE-OFFS,
AND ASSUMPTIONS RECONSIDERED
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Abstract. —We evaluated Shine and Schwarzkopf’s (SS) model of the evolution of reproductive
effort (RE) in squamate reptiles. They suggested that fecundity trade-offs were unimportant in the
evolution of RE in most squamate reptiles and that only survival trade-offs needed to be considered.
However, we show that by assuming no variation in offspring size exists, and that adult mortality
is episodic, the results of the SS model are not general. By extension, we argue that conclusions
drawn about factors important in the evolution of RE in squamate reptiles are premature. Using
a modified version of the SS model, we demonstrate that variation in the form of trade-offs relating
offspring size and survival substantially affect relationships among clutch size, relative clutch mass,
and lifetime reproductive success. We also demonstrate that the way in which adult mortality is
simulated drastically affects conclusions about the potential fecundity trade-offs experienced by
populations of squamate reptiles. Finally, we suggest that a complete understanding of the evolution
of RE will come from theory that incorporates trade-offs between offspring size and quality, as
well as other system-specific constraints on the allocation of energy to growth, maintenance, storage,
and reproduction.
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A fundamental tenet of life-history theory is
that energy available to an individual for growth,
maintenance, and reproduction is limited (Cody
1966; Williams 1966), ultimately leading to de-
mographic trade-offs (Browne 1982; Reznick
1985; Stearns 1989). In particular, trade-offs be-
tween reproduction and growth have been the
subject of extensive theoretical and empirical
work, occupying a central place in the study of
life-history evolution (Stearns 1976; Stearns
1989). The study of trade-offs between growth
and reproduction has been guided by the con-
cepts of reproductive effort (RE) and cost of re-
production (CR), however, there is considerable
dissension about the meanings of these terms
(Bell 1980; Tuomi et al. 1983) and how they
should be measured (cf. Bell 1980; Reznick
1992a,b; Partridge 1992).

Recently, Shine and Schwarzkopf (1992) pre-

sented a model of the evolution of RE (the “SS
model”) and used it to argue that only specific
kinds of trade-offs may be important in the evo-
lution of RE in squamate reptiles. Two claims
in particular made by Shine and Schwarzkopf
(1992) attracted our attention. First, a compar-
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ison of available data with predictions of the SS
model suggested that a trade-off between present
reproduction and future growth and reproduc-
tion (fecundity trade-off, see below) was unim-
portant in the evolution of RE. Second, using the
conclusion that fecundity trade-offs are unimpor-
tant, Shine and Schwarzkopf (1992) argued that
estimates of RE based on the proportional allo-
cation of energy made to reproduction would be
relatively useless in understanding the evolution
of RE because such estimates are concerned pri-
marily with assessing fecundity trade-offs. In this
paper, we examine several key assumptions of the
SS model and demonstrate that the conclusion
that fecundity trade-offs are relatively unimpor-
tant in the evolution of RE in squamates is un-
warranted. Additionally, because the results of
the SS model prompted Shine and Schwarzkopf
(1992) to advocate using alternative measures of
RE rather than proportional allocation of energy
to reproduction, we also briefly consider the re-
lationship among CR, RE, and energy allocation.

EVALUATING THE SS MODEL

Shine (1980), following Bell (1980) suggested
that the cost of reproduction (CR) in squamate
reptiles could operate in one or more of the fol-
lowing ways: (1) survival costs—reduced survival
of females with high reproductive effort (RE) me-
diated through behavioral differences increasing
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their exposure to predators, through physiolog-
ical consequences associated with gravidity (i.e.,
decreased mobility) or through depletion of en-
ergy reserves necessary for future survival; (2)
fecundity costs—reduced future fecundity arising
from decreases in energy allocation to growth
and its consequences for body size (and therefore
fecundity) at the next reproductive event. The
Shine and Schwarzkopf (SS) model compared
estimates of lifetime reproductive output (LRO,
measured in total grams of offspring) of females
who used a reduction in current RE (relative to
a “‘standard” female) to either increase body size
at, or survival probability to, the next reproduc-
tive event. To assess the potential fecundity trade-
off, RE of a “mutant” female was reduced by
decreasing relative clutch mass (clutch mass/post-
oviposition female mass; RCM) by 1%, and con-
verting the mass of the reduction into a growth
increment. The potential survival trade-off was
assessed by increasing the probability of survival
to, rather than increasing size at the next breeding
attempt, by 1% or 10%.

For constant annual survivorship between 0.9
and 0.1, the SS model was solved for the mini-
mum RCM at which the “mutant’s” 1% reduc-
tion in RCM produced a greater expected LRO
than that of the standard female (no reduction
in RCM). Thus, the model was used to find the
minimum combinations of RCM and female
survivorship in which the fecundity trade-off
would be favored. The likelihood that a fecundity
trade-off would be important in the evolution of
RE in squamates was determined by comparing
observed RCM-survivorship combinations for
real populations with the model’s prediction of
the minimum combinations favoring reduced RE.
Shine and Schwarzkopf subsequently modified
this basic model to examine how the positions
of the trajectories changed in response to incor-
porating female growth, different reproductive
frequencies, variable age-specific survival, and
different population sizes.

ASSUMPTIONS

Two assumptions made by the Shine and
Schwarzkopf (SS) model merit comment. First,
it was assumed that offspring size does not vary,
and second, that mortality in squamate reptile
populations generally occurs at the end of each
reproductive season, after all clutches of females
have been produced. We consider these two as-
sumptions in detail below because they signifi-
cantly affect interpretation of the SS model.
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Assuming that offspring size is constant al-
lowed R,, an estimate of lifetime reproductive
success (LRS), to be calculated as the lifetime
production of offspring in units of mass, lifetime
reproductive output (LRO). In our opinion, use
of LRO as an estimate of LRS is a computational
convenience that may not reflect biological re-
ality. By assuming offspring size is constant, one
ignores a fundamental allocation decision that
must be made by the SS model’s mutant female;
“reduced” relative clutch mass (RCM) can be
achieved by reducing offspring size and/or num-
ber (Lloyd 1987; Winkler and Wallin 1987; Si-
nervo 1990; Sinervo and Licht 1991; Schwarz-
kopf 1992).

Compelling theoretical arguments and consid-
erable empirical evidence suggest that the trade-
off between offspring size and number should be
included in the SS model. For example, variation
in offspring size (both within and among females)
has been documented in diverse groups of squa-
mate reptiles (Ballinger 1977; Nussbaum 1981,
Ferguson and Snell 1986; Selcer 1990). Further-
more, offspring size variation has been linked to
variation in survivorship (Ferguson and Fox
1984; Sinervo et al. 1992), territory quality (Fer-
guson and Bohlen 1978), and locomotor perfor-
mance (Sinervo and Adolph 1989; Sinervo 1990).
Although variation in offspring size is commonly
observed, some theoretical models have dem-
onstrated that the offspring size that maximizes
parental fitness may be constant and indepen-
dent of reproductive effort (RE) under certain
circumstances (e.g., Smith and Fretwell 1974,
Schaffer and Gadgil 1975, Pianka 1976). Ignor-
ing offspring size variation and using LRO might
be justified if squamate populations generally
conform to these circumstances (i.e., temporally
and spatially constant environment). However,
other models have shown that spatial and tem-
poral environmental variation can result in the
nonindependence of offspring size and RE (Par-
ker and Begon 1986; McGinley 1989; Schultz
1991). Unlike analytical models that seek to re-
veal general relationships among a set of vari-
ables in the evolution of RE under specific con-
ditions (e.g., optimal offspring size and RE; Smith
and Fretwell 1974), the SS model was developed
to evaluate the importance of particular kinds of
trade-offs in the evolution of RE in squamate
reptiles. If conclusions of the SS model are to be
applied to the study and interpretation of vari-
ation in RE in squamate reptiles, it is critical to
either justify or explore the sensitivity of the SS
model to the assumption of constant offspring.
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Another assumption of the SS model that re-
quires comment, is that mortality occurred at the
end of each reproductive season. This assump-
tion treats adult mortality as episodic because
individuals with a clutch frequency greater than
one per year did not suffer any mortality until
all clutches for a given season had been pro-
duced. However, the RCM-survivorship trajec-
tories computed with the SS model for the sur-
vivorship trade-off were relatively sensitive to
variation in adult mortality (Shine and Schwarz-
kopf 1992; fig. 1D), raising the question of
whether the results of the model were sensitive
to the assumption of episodic mortality. In lieu
of data characterizing mortality patterns in nat-
ural populations, we suggest that it is important
to consider not only whether the SS model was
sensitive to levels of adult mortality (as Shine
and Schwarzkopf 1992 suggested), but also
whether it was sensitive to the way in which
mortality was modeled.

RELAXING THE ASSUMPTION OF
EPI1SODIC MORTALITY

To examine the effects of relaxing the as-
sumption of episodic mortality, we first con-
structed our own version of the Shine and
Schwarzkopf (SS) model following the descrip-
tions given in the text and Appendix of Shine
and Schwarzkopf (1992) and compared the re-
sults of our implementation with that of the orig-
inal version. We did this to insure that subse-
quent modifications examining the model’s
sensitivity to the mortality assumption could be
attributed to the effects of the assumption itself
rather than to other unspecified differences be-
tween the two versions.

We discovered minor differences between the
exact positions of our implementation’s mini-
mum RCM-survivorship trajectories and those

presented in Shine and Schwarzkopf (1992, fig. -

1). Differences in trajectories produced by the
original simulation and our own implementation
stemmed from differences in the accuracy with
which values were calculated (L. Schwarzkopf
pers. comm. 1993). In our implementation, these
values were calculated exactly, whereas Shine and
Schwarzkopf (1992) used approximations (L.
Schwarzkopf pers. comm. 1993). The error as-
sociated with the use of approximations was
quantitatively most severe when the survivor-
ship, rather than the fecundity trade-off, was
modeled (fig. 1). This was not surprising because
Shine and Schwarzkopf (1992) originally indi-
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Fic. 1. Effect of a survival rate trade-off on optimal
RCM-survivorship trajectories. S is the factor used to
multiply the constant annual survival rate. Dashed tra-
jectory is from Shine and Schwarzkopfs (1992) im-
plementation, .S = 1.1, shown for comparison.

cated the sensitivity of their model to variation
in levels of adult survivorship. The extent of the
differences between the two implementations is
clearest for the S = 1.1 trajectory (fig. 1). Un-
fortunately, we cannot currently assess the bio-
logical significance of the approximation errors
because there are no data on survivorship ben-
efits accrued through reducing relative clutch
mass (RCM).

It is unclear whether mortality in populations
of squamate reptiles generally operates in the way
in which it was simulated in the SS model; how-
ever, it is not difficult to imagine other time frames
over which mortality may be distributed. For
example, Shine (1980) suggested that female re-
production in a group of scincid lizards from
Australia was associated with decreased loco-
motor performance and increased susceptibility
to predators. If this was the case, mortality was
“episodic” in that risk was associated with epi-
sodes of reproduction, but it should be modeled
differently than in the SS model. Mortality acting
in this way could be modeled by calculating sur-
vivorship and reproductive success between
clutches rather than between years.

We converted constant annual survivorship
probabilities into daily survivorship probabili-
ties and used daily probabilities of survival to
compute expected survival to production of each
clutch. Figure 2 compares the results of running
the simulation using daily survivorship proba-
bilities versus the survivorships calculated in the
original model. The relative difference that re-
sults when mortality is not episodic is negligible
at high annual survival rates for low clutch fre-
quencies but increases steeply to approximately
60% for clutch frequencies of five at low annual
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Fic. 2. Comparison of optimal RCM-survivorship trajectories from the implementation of the Shine and
Schwarzkopf (SS) model using daily mortality probabilities (dashed) and episodic mortality (solid). Solid symbols
correspond to the clutch frequencies of observed population of squamates. Populations that lie above their
respective trajectory would experience a benefit from the 1% reduction in relative clutch mass (RCM). N, is the

number of clutches produced annually.

survival rates. Overall, 50% (18/36) of the pop-
ulations cited by Shine and Schwarzkopf (1992)
exhibited RCM-survivorship combinations that
fall above the recalculated trajectories, indicating
that reduced current reproductive effort would
be favored (fig. 2). Note that under the original
assumption of episodic mortality, only 13% of
the observed combinations fell above the trajec-
tories. Clearly, the SS model is extremely sen-
sitive to how mortality is implemented. If the
sample of populations cited is representative of
squamate reptiles, then our implementation sug-
gests, contra the SS model, that the potential
fecundity trade-off may be quite common for the
mortality schedules we calculated.

The differences between the SS model and our
implementation in which mortality is not as-
sumed to be episodic are great, but we are not
prepared to argue that adult mortality in natural
populations of squamate reptiles is either epi-

sodic or constant. On the contrary, we suggest
that schedules of adult mortality are likely to be
population/habitat specific, depending upon the
particular mechanisms involved (predation, de-
hydration, starvation, etc.; e.g., Andrews and
Nichols 1990; McLaughlin and Roughgarden
1989). Nevertheless, because the SS model ap-
pears to be sensitive to how mortality is imple-
mented, Shine and Schwarzkopfs (1992) con-
clusion that fecundity trade-offs are unimportant
in the evolution of reproductive effort (RE), is
not general, and we argue that such generaliza-
tion should await the establishment of predom-
inant patterns of mortality, if any, in natural pop-
ulations of squamates.

CONSEQUENCES OF REDUCING RCM:
OFFSPRING S1ZE, NUMBER AND THE SS MODEL

We explored, using a modified version of the
Shine and Schwarzkopf (SS) model, how lifetime
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Fic. 3. Three dimensional surfaces relating clutch size and relative clutch mass (RCM) to lifetime reproductive
success (LRS), produced with our modified implementation of the SS model where offspring size and clutch size
were allowed to vary. (A) Surface resulting from a logistic relationship between offspring size and survival. (B)
Surface resulting from a concave up relationship between offspring size and survival. (C) Surface resulting from
a concave down relationship between offspring size and survival. (D) Surface resulting from an increasing linear

relationship between offspring size and survivorship.

reproductive success varies with relative clutch
mass (RCM) and clutch size, given various func-
tions relating offspring survival to offspring size.
Several models have considered the relationship
between optimal offspring size and optimal re-
productive effort (RE) (e.g., Parker and Begon
1986; Winkler and Wallin 1987; McGinley 1989;
Schultz 1991); we address this issue using the
basic framework of the SS model and present an
example of how a trade-off between offspring size
and survival may affect lifetime reproductive
success (LRS) when RCM varies.

We modified the SS model to (1) estimate LRS
as the expected number of offspring that survive
to maturity, (2) allow. both offspring size and
clutch size to vary, (3) implement mortality ac-

cording to a daily probability schedule, and (4)
explicitly assume that increases in RCM do not
come without a survival cost to the parent. A
comparison of how this implementation differed
from the SS model can be found in the Appendix.

To demonstrate the effect on LRS of allowing
offspring size and clutch size to vary and to ex-
amine how different size-survivorship relation-
ships add to this effect, we ran the simulation
with a constant extrinsic adult annual survivor-
ship of 0.8. The surfaces generated by the model
reveal (fig. 3), not surprisingly, that for any par-
ticular RCM, LRS depended upon clutch size.
Conversely, for a particular clutch size, LRS de-
pended upon RCM. Furthermore, the particular
shape of the function relating offspring size to
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FiGg. 4. Hypothetical relationship between reproduc-
tive effort (in units of energy) and its associated cost
(in units of fitness) in two different environments E1
and E2.

survival probability has important consequences
for the shape and position of the resulting ““fit-
ness” surfaces. For example, compare the smooth
and broad surface obtained when offspring size
is linearly related to offspring survival (fig. 3D)
with the narrow and relatively sharply truncated
surface obtained from the “‘concave up” function
(fig. 3B). It is also interesting to note that optimal
combinations of RCM, clutch size, and offspring
size for each of the underlying offspring size-
survivorship functions do not result in equiva-
lent LRS’s. Using different levels of adult mor-
tality, and/or choosing different specific functions
within each class of function changes the details
of the surfaces but does not change the result that
the surfaces differ from one another. These re-
sults suggest that minimum combinations of
RCM and adult survivorship favoring a reduc-
tion in RCM will depend upon clutch size, off-
spring size, and the size dependence of offspring
survival.

ENERGY BUDGETS, COST OF REPRODUCTION
AND REPRODUCTIVE EFFORT

Shine and Schwarzkopf (1992) ultimately used
the results of their model to argue that estimates
of reproductive effort (RE) based on proportional
allocation of energy made to reproduction [e.g.,
relative clutch mass (RCM)] versus growth are
inadequate for squamate reptiles. They reasoned
that because fecundity trade-offs appear to be
unimportant in squamates, measures of RE based
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on proportional energy allocation to reproduc-
tion would not necessarily reveal cost of repro-
duction (CR). We believe that the above reason-
ing confuses the concepts of RE and CR by
requiring that a high RE must, by definition, re-
sult in a high CR (Shine 1980; Shine and
Schwarzkopf 1992). Although this may represent
the original conceptualization of Williams (1966),
others have argued that variation in the ecolog-
ical context of RE insures that the relationship
between RE and CR is neither necessarily direct
nor constant (Hirshfield and Tinkle 1975; Cong-
don et al. 1982; Tuomi et al. 1983). Alterna-
tively, it has been argued that the absence of a
demographic cost or trade-off associated with
variation in RE may be accounted for by vari-
ation in individual “quality”” (Smith 1981; Was-
er and Jones 1991). The magnitude of CR as-
sociated with a particular RE depends upon many
factors, including resource availability, predator
density, and competition (Hirshfield and Tinkle
1975). Requiring, theoretically, that a high RE
entail a high CR confounds the costs or risks
associated with different levels of RE (Congdon
et al. 1982; Tuomi et al. 1983; Horvitz and
Schemske 1988).

Consider, for example, two organisms with
identical total energy budgets that allocate equal-
ly high proportions of energy to the production
of offspring. If one individual is found in an en-
vironment (E1) in which overwinter survivor-
ship is relatively low and dependent upon large
amounts of lipid reserves, the cost associated
with this RE, measured as probability of mor-
tality, will be higher than the cost to a second
individual found in a more benign overwinter
environment (E2). This situation is depicted
graphically in figure 4. Increases in allocation of
resources to reproduction entail relatively greater
cost in El than in E2. Clearly, RE in terms of
time and energy devoted to the production of
offspring, does not differ, only the cost does. This
example illustrates the fundamental conceptual
distinction between energy allocation measures
of RE and the demographic costs such effort may
exact (Congdon et al. 1982; Horvitz and
Schemske 1988). Energy based measures of RE
may not be good estimates of CR (measured in
units of fitness). However, rather than abandon
energy based measures of RE, we argue that the
relationship between RE and CR needs to be
examined within the larger context of the fitness
costs and benefits of time and energy allocation
strategies (Dunham et al. 1989).
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SUMMARY

Our goal was to examine carefully how the
assumptions and implementation of the Shine
and Schwarzkopf (SS) model affect its generality.
Towards that end, we propose the following im-
portant caveats to the conclusions reached by
Shine and Schwarzkopf (1992). First, given the
sensitivity of the SS model to levels of adult mor-
tality and to the method by which mortality is
modeled, the relevance of potential fecundity
trade-offs in the evolution of reproductive effort
(RE) in squamate reptile populations cannot be
currently assessed. Establishing patterns of mor-
tality is complicated by the common observation
of significant temporal and spatial variation in
survivorship (e.g., Tinkle 1967, Dunham 1978;
Parker and Brown 1980; Dunham 1982; Brown
and Parker 1984; McLaughlin and Roughgarden
1989; Andrews and Nichols 1990). Shine and
Schwarzkopf (1992) correctly established the
sensitivity of their model to variation in survi-
vorship. Our implementation confirmed this
sensitivity, and we have further demonstrated
that differences in how mortality is modeled can
drastically affect conclusions about the impor-
tance of potential fecundity trade-offs (fig. 2).

A second caveat arises from the SS model’s
use of total mass of offspring as a measure of
lifetime reproductive output (LRO). Estimating
fitness in this way ignores trade-offs between off-
spring size and quality (probability of survival
to reproduction), and we have demonstrated that
differences in the functional relationship between
offspring size and survival to first reproduction
can substantially alter the surfaces relating life-
time reproductive success (LRS) to clutch size
and RCM (fig. 3). We believe that the compu-
tational convenience of estimating LRO as mass
of offspring produced sacrifices the biological re-
ality of trade-offs between offspring size and

number (Ferguson and Fox 1984; Ferguson and .

Bohlen 1978; Sinervo 1990; Sinervo et al. 1992).

In conclusion, the simplicity of the SS model,
and the suggestion that the evolution of RE in
squamates may be understood almost exclusive-
ly through consideration of potential survivor-
ship trade-offs may seem compelling. However,
our results indicate that assumptions about mor-
tality and invariant offspring size significantly
circumscribe interpretation of the results and
conclusions based on the model. We believe that
the evolution of RE will be fully understood only
within the broader context of an allocation based
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theory of life-history variation, which explicitly
considers trade-offs such as those between off-
spring size and quality as well as system specific
constraints and their effects on the life-history
phenotype (Dunham et al. 1989).
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APPENDIX

In the Shine and Schwarzkopf (SS) model, annual
reproductive output (in grams) was given by

M, =M, M:N,

where maternal mass in grams (M,,), the number of
clutches per year (N,), and the relative clutch mass
(RCM) (M) determined a female’s yearly productivity.
An estimate of lifetime reproductive success (LRS), R,
was then calculated as

R, =Z (5 M,

where S is annual survivorship, and the summation
was made over the lifetime of the female. Our modified








