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ABSTRACT: Recent discussion in the life-history literature has examined ‘‘adaptive maternal effects,’’
defined as maternal effects that benefit offspring, and concluded that this definition is too narrow, because
maternal effects may not always benefit current offspring fitness, but can still be adaptive to female lifetime
reproductive success. The ‘‘maternal manipulation hypothesis’’ suggests that females modify their physiology
and behavior when gravid to increase offspring fitness, an example of adaptive maternal effects in the narrow
sense. The maternal manipulation hypothesis has been tested almost exclusively using studies of reptiles,
especially viviparous species. We argue that interpretations of modifications of female reptile behavior and
physiology while gravid are hampered by the maternal manipulation hypothesis’ exclusive focus on offspring
fitness. We suggest broadening the approach of such studies to attempt to determine whether behaviors
benefit fitness of the current batch of offspring, or benefit female lifetime reproductive success, or both.
Using this approach, researchers acknowledge that females may modify physiology and behavior when gravid
to benefit their own lifetime reproductive success, which may, or may not, also enhance fitness of the current
batch of offspring. We recommend tests of benefits in reptiles to include the idea that females may increase
their lifetime reproductive success by engaging in specific behaviors while gravid, independent of (or in
addition to) benefits to offspring. We conclude that a broader view of maternal effects, less focused on
offspring fitness and including both mothers and offspring, is the way forward for understanding maternal
effects.
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MATERNAL EFFECTS occur when offspring
phenotype is causally influenced by maternal
phenotype or genotype (Mousseau et al.,
2009; Wolf and Wade, 2009). The mechanism
for this influence is generally via the mater-
nally provided environment, whether it be
direct (e.g., the amount of steroids deposited
in an egg) or indirect (e.g., selection of a body
temperature (Tb) by the gravid female or
selection of a nesting site). Maternal effects
can potentially influence nearly every aspect
of offspring phenotype, including sex (e.g.,
Roosenburg, 1996), morphology (e.g., Deem-
ing and Ferguson, 2004), and behavior (e.g.,

Downes and Shine, 1999). Because offspring
phenotype is critical to fitness, maternal
effects can have important influences on the
evolutionary trajectories of populations (Kirk-
patrick and Lande, 1989).

Maternal effects may increase, be neutral
to, or decrease offspring fitness. As a conse-
quence, some researchers separate ‘‘adaptive
maternal effects’’ (defined as those maternal
effects that increase offspring fitness; Ber-
nardo, 1996) from maternal effects that are
neutral or have negative effects on offspring
fitness, which are often interpreted as phys-
iologically unavoidable (e.g., Fox and Czesak,
2000). If the term ‘‘adaptive maternal effects’’
is applied only to instances when offspring3 CORRESPONDENCE: e-mail, lin.schwarzkopf@jcu.edu.au
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fitness is enhanced, however, it can cause
confusion, because there are situations when
the maternal environment may decrease off-
spring fitness, but still be adaptive to the
female (Wilson et al., 2005; Marshall and Uller,
2007). How can maternal effects enhance
female reproductive success but not enhance
offspring fitness? Indeed, benefits to offspring
fitness usually benefit female fitness and vice
versa. But maternal lifetime reproductive suc-
cess has three components: the individual’s
reproductive life span, its fecundity per repro-
ductive year, and offspring survival (defined in
Brown, 1988). Thus, although increasing off-
spring survival or fitness is one way to increase
female lifetime reproductive success, increas-
ing female life span, or fecundity, could also
increase her reproductive success, even if
offspring survival or fitness is decreased in
one or more reproductive episodes. Decreases
in offspring fitness relative to female fitness can
occur, for example, when there is parent/off-
spring conflict over resource allocation (Cres-
pi and Semeniuk, 2004). Thus, studying the
adaptive function of maternal effects relative
to both females and their offspring is necessary.
Because of these issues, a productive approach
to the study of maternal effects is to remove
the focus on adaptive effects on offspring, and
simply determine whether maternal effects
enhance lifetime reproductive success of the
female, in which case they are still adaptive
(Marshall and Uller, 2007).

Reptiles are an important vertebrate model
system for studying maternal effects. As
ectotherms, reptiles are strongly affected by
environmental temperatures, including during
development. Temperature during develop-
ment can influence sex, developmental rate,
size, shape, performance, behavior, and
growth rate of offspring (reviewed by Deem-
ing and Ferguson, 2004). Temperature effects
on offspring phenotype can be long lasting,
and influence offspring survival, growth (e.g.,
Caley and Schwarzkopf, 2004), and fitness
(Warner and Shine, 2008). Specifically, the
effects of incubation temperature on offspring
phenotype have been used to test the
‘‘maternal manipulation hypothesis’’ (MMH).

The objective of this article is to discuss
tests of the MMH, specifically with regards to
reptiles. Whereas current studies on birds and

mammals often consider lifetime reproductive
success of mothers when evaluating maternal
effects (e.g., Crespi and Semeniuk, 2004
[general]; Reed and Clark, 2011 [birds]),
current studies on reptiles often do not. We
will document the extent of this problem by
summarizing recent literature relevant to the
MMH, discuss the limitations of a research
program that examines only one facet of
possible maternal effects, and provide some
suggestions for more comprehensive testing of
the MMH.

WHAT IS THE MMH?

In general terms, the MMH posits that
females could increase offspring fitness by
altering their behavior and/or physiology when
gravid, or their behavior during oviposition.
For example, maternal diet can influence
offspring fitness in humans (Mathews et al.,
2008) and reptiles (Cadby et al., 2011), and,
thus, females could modify their diet to
enhance fitness. Similarly, avian mothers could
manipulate egg androgens (reviewed by Gil,
2003) or food provisioning (reviewed by Royle
et al., 2004) to influence offspring fitness in
birds. One of the most obvious kinds of
manipulation possible by ectothermic mothers
is to vary the temperatures to which offspring
are exposed. In oviparous reptiles, this may
involve selection of nest sites in microhabitats
with specific thermal properties (e.g., Shine
and Harlow, 1996; Kamel and Mrosovsky,
2005) or shivering thermogenesis during
brooding (e.g., Harlow and Grigg, 1984). Also,
both oviparous (e.g., Braña, 1993; Gvoždı́k,
2005 [newts]; Lourdais et al., 2008 [reptiles]),
and viviparous species can vary Tb by basking
more or less, or by selecting specific micro-
habitats while offspring are being carried in
utero. The usual expression of the MMH is that
females alter the mean and/or variance of their
own Tb while gravid, to manipulate the
phenotypes of their offspring, so that the latter
are more fit than they would have been if
females had not altered their ‘‘normal’’ or
nongravid thermal behavior (e.g., Shine, 1995;
Webb et al., 2006). The MMH has, almost
universally, been tested by examining the
thermoregulatory behavior of viviparous squa-
mates (Table 1), although effects of thermo-
regulation on offspring in oviparous species
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(Braña 1993; Lourdais et al., 2008) and nest site
selection as a method of manipulating offspring
Tb (Shine, 2006; Patterson and Blouin-Demers,
2008) have also been examined.

TESTING THE MMH

Typically, any evidence that gravid female
reptiles increase or decrease their Tb, or
reduce variance in Tb when gravid, is inter-
preted as support for the MMH (Shine, 1995,
2004a; Webb et al., 2006; Ji et al., 2007; Li
et al., 2009; Rodriguez-Diaz et al., 2009).
Similarly, differences among neonatal pheno-
types associated with different thermal regimes
during gestation are also interpreted as support
for the MMH (Shine, 1995, 2004a; Webb et al.,
2006; Ji et al., 2007; Patterson and Blouin-
Demers, 2008; Li et al., 2009; Rodriguez-Diaz
et al., 2009). Thus, studies of the MMH in
squamates often (1) demonstrate a change
in female thermoregulatory behavior while
gravid, (2) demonstrate a change in offspring
phenotype, and (3) suggest that the change in
offspring phenotype is adaptive, and conclude
that the reason females change their Tb while
gravid is to manipulate offspring phenotype.

Although it is possible that females change Tb

when gravid specifically to manipulate offspring
phenotype, concluding that any or all repro-
duction-related changes in Tb enhance offspring
fitness can be problematic, because the link
between hatchling phenotype and evolutionary
fitness is not known, and, more importantly,
changes in thermoregulatory behavior of fe-
males could have other causes that were not
considered or examined experimentally when
the MMH was tested. For example, females
may change their thermoregulatory behavior
while gravid, and it may influence offspring
phenotype, but the change in offspring pheno-
type may not be the ultimate reason for the
change in thermoregulatory behavior. Essen-
tially, the challenge is to discover not only
whether females change their thermoregulatory
behavior when gravid, but why, i.e., to deter-
mine whether and how both maternal and
offspring fitness are influenced by this behavior.

Determining the drivers of maternal
change in thermoregulation while gravid is
important for at least two reasons. First, the
ideas underpinning the MMH are being used
to support other hypotheses. For example,
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one hypothesis for the evolution of viviparity
suggests that maternal manipulation of off-
spring phenotype is the selective basis for
increased egg retention (i.e., oviparous fe-
males, while retaining eggs, can manipulate
gestation temperatures to enhance offspring
fitness, leading to longer retention and even-
tually to viviparity; Shine and Thompson,
2006). If females are not manipulating Tb

to manipulate offspring phenotypes, then a
major assumption of this hypothesis is not
supported, and increased periods of egg
retention probably evolve for other reasons.
Second, by focusing solely on offspring fitness,
as studies of the MMH have traditionally
done, researchers might miss factors influenc-
ing maternal fitness, which also determine
female lifetime reproductive success.

We argue that to properly test the MMH, it
is important to widen the focus of experiments
to determine the influence of changes in
thermoregulation while gravid on female fit-
ness. We propose, more generally than the
MMH and consistent with life-history theory in
general, that females should behave in ways
that maximize their own lifetime reproductive
success (Wilson et al., 2005; Marshall and
Uller, 2007). Although maximizing lifetime
reproductive output does not preclude provid-
ing benefits to offspring, it may also mean that
females sometimes alter their behavior in ways
that are neutral, or even detrimental, to
offspring fitness (e.g., Shine and Downes,
1999; Rock and Cree, 2003; [viviparous female
lizards aborted offspring under unsuitable
thermal conditions, but themselves survived
with little mass loss]; Lloyd and Martin, 2004
[birds may provision offspring inadequately,
and themselves survive while offspring starve]).

Because females should maximize lifetime
reproductive success, their behavior during
any given reproductive episode could enhance
their own fitness, rather than that of their
offspring (Wilson et al., 2005; Marshall and
Uller, 2007). Such selfish activities should be
relatively easy to detect in viviparous reptiles.
Viviparous squamates are gravid for longer
periods than oviparous species and must
survive throughout their long period of
pregnancy if they are to have current, and
any future, reproductive success, compared to
oviparous species that need only survive past

oviposition to obtain at least some possibility
of current reproductive success (Schwarzkopf,
1994). Viviparous females may, therefore,
maximize their own survival, potentially even
over obtaining high fitness for offspring,
compared to oviparous females.

Our review of the literature relevant to the
MMH (Table 1) identified 30 papers pub-
lished 1986–2011 that met these minimal
criteria: observations were made on Tb or other
thermal behaviors when females were gravid,
and the effect of natural or experimentally
controlled female Tb on offspring or females or
both, were determined. Earlier studies that
documented changes in maternal Tb, but did
not examine effects on offspring or females,
were excluded from our review. We included
studies of both oviparous and viviparous
species, as both can potentially influence
offspring phenotype during the time embryos
are retained, and retention time can be
extensive in some oviparous species (Andrews,
2004). Of these studies, the greatest number
(13 studies; 43%) examined the effects of
thermoregulation, basking, or temperature
treatments on offspring fitness only; 20% (six)
examined the effects of changes in thermoreg-
ulation on females without examining effects
on offspring; and 23% (eight) examined the
effects of changes in thermoregulatory behav-
ior while gravid on both females and their
offspring (note that all studies by F. Braña and
coworkers are on one species, and build on
each other—we have counted these as a single
study of both mothers and offspring, which
means the total of our percentages does not
reach 100). Our review also includes two
studies that examined temperature effects on
offspring in laboratory experiments without
measuring female thermal preferences when
gravid and nongravid in the field. Although
difficult to obtain, information on female
thermoregulatory behavior while gravid is
useful to ensure that temperature treatments
are not more extreme than actual thermal
tolerances of female and offspring.

TESTING THE ASSUMPTIONS OF THE MMH WITHIN

THE BROADER CONTEXT OF FEMALE LIFETIME

REPRODUCTIVE SUCCESS

The ideal means of testing the MMH would
be to determine how changes in female
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thermoregulatory behavior affect offspring
fitness relative to female fitness. This ap-
proach requires longitudinal studies on the
fitness of offspring and mothers whose
thermal behavior while gravid changed, and
comparisons with individuals that did not
make such changes, or made a different
change. This approach can be difficult with
vertebrates, especially long-lived species, al-
though longitudinal studies of birds, mam-
mals, and reptiles have compared life history
outcomes of different maternal strategies
(e.g., reptile case study by Brown and Weath-
erhead, 1997; birds and mammals reviewed by
Lindstrom, 1999). Another approach is to
examine the main assumptions of the MMH in
the context of possible alternative explana-
tions, using measures of fitness that are
presumably correlated with lifetime reproduc-
tive success.

Assumption 1. Changes in Female Thermal
Behavior while Gravid Increase the Fitness

of Offspring

The MMH is supported by evidence that
current offspring fitness was enhanced by
maternal thermoregulatory behavior during
reproduction, while female fitness was either
unaffected or reduced (e.g., Braña, 1993;
Mathies and Andrews, 1997; Braña and Ji,
2000). On the other hand, observations that
thermoregulatory behavior of gravid females
(A) maximized their lifetime reproductive
success and was neutral to current offspring
fitness, or (B) maximized their lifetime
reproductive success at the expense of their
current offspring’s fitness, would refute the
MMH. We present evidence supporting these
alternatives to the MMH. In both cases,
operational tests could determine the effects
of Tb while gravid on the fitness of females
and on their offspring, relative to such effects
if Tb were not altered.

(A) Females maximize their own lifetime
reproductive success, while not greatly influ-
encing current offspring fitness.—Gravid fe-
males may change their thermoregulatory
behavior while gravid, not as a strategy to
increase offspring fitness, as suggested by the
MMH, but because their movement is re-
stricted or their survival compromised by the
burden imposed by pregnancy. Pregnancy

often reduces female performance, and after
parturition, performance typically improves
(Olsson et al., 2000). Also, gravid females are
often more susceptible to predation than
other members of a population, either be-
cause of reduced performance (Shine, 1980),
or increased detectability (Schwarzkopf and
Shine, 1992). Predation risk or energetic costs
of movement may alter the thermoregulatory
priorities of females, independent of the
needs of offspring. For example, in some
species, females only alter Tb while gravid if
thermoregulation is relatively easy, and not if
the cost of thermoregulation is high (Braña
1993; Andrews et al., 1997). Such evidence
suggests that changes in thermoregulatory
behavior while gravid may sometimes be
driven more strongly by enhancement of
female lifetime reproductive fitness than by
enhancement of current offspring fitness.

Encumbrance, and associated risks, may be
one reason gravid females alter mean Tb and,
especially, lower variance in Tb compared to
nonreproductive females (Gier et al., 1989;
Graves and Duvall, 1993; Webb et al., 2006;
Lourdais et al., 2008). For example, gravid
rattlesnakes (Crotalus horridus) have 50%
smaller home ranges, and move significantly
less, as well as having less variable Tb than
nongravid females (Gardener-Santana and
Beaupre, 2009). Decreased variability in incu-
bation temperature is often neutral to offspring
survival or fitness compared to fluctuating
temperatures with the same mean, as long as
temperatures do not fluctuate to detrimental
extremes (Andrews et al., 2000; cf. Shine, 2004b;
Ji et al., 2007; Lin et al., 2008 in which variable
temperatures influenced offspring fitness).

Females may preferentially preserve their
own condition under thermal stress. For
example, offspring performance was negative-
ly affected (offspring ran more slowly) when
gravid female skinks (Pseudemoia pagenste-
cheri) were exposed to experimentally re-
duced basking opportunities (Shine and
Downes, 1999), but there were no negative
effects on female body condition. Similarly,
offspring fitness was negatively affected in
gravid female Eremias przewalskii exposed to
a series of different constant temperatures
while gravid, but there was no influence of
these treatments on female body condition

154 HERPETOLOGICA [Vol. 68, No. 2



(Li et al., 2009). These observations, taken
together, suggest that changes in thermoreg-
ulation while gravid may sometimes enhance
female lifetime reproductive success more
than that of the current batch of offspring as
a bet-hedging strategy, because fitness of
offspring varies more than that of females.

One way to test whether decreases in
maternal thermoregulatory variability or var-
iations in Tb while gravid are caused chiefly by
encumbrance or by other factors, would be to
determine if nongravid females respond to any
physical burden in the same way that gravid
females respond to pregnancy (i.e., by shifting
mean Tb and/or decreasing the variability in
Tb and movement rates). This prediction
could be tested by adding weights, or im-
planting objects inside the body cavity of
females, to simulate the burden of pregnancy
(similar to experiments by Shine, 2003; Du
et al., 2005). The response should be graded:
light loads should cause smaller shifts in
behavior than heavy loads, because females
should be more inconvenienced by heavy
loads. Experimental support of this prediction
would challenge one aspect of the MMH.

More generally, to focus on female fitness,
studies relevant to the MMH should include
observations on female pre- and postpartum
mass, condition, and other performance mea-
sures. Observations on performance measures
likely to be correlated with female fitness are
critical to the determination of the costs and
benefits of specific thermal behaviors to
females while gravid.

(B) The female’s response to pregnancy may
actually reduce fitness of the current batch
of offspring.—Females may preserve their
own condition at the expense of their off-
spring’s survival. For example, gravid female
skinks (Pseudemoia pagenstecheri; Shine and
Downes, 1999) and geckos (Hoplodactylus
maculatus; Rock and Cree, 1993) exposed to
(apparently inappropriate) laboratory thermal
conditions aborted and consumed their off-
spring, but there were no negative effects
on female body condition. In general, poor
thermal conditions while gravid can cause
increased offspring mortality, but often do not
appear to influence female mortality (e.g.,
Arnold and Peterson, 2002). Death or nega-
tive outcomes for offspring in experiments can

be difficult to interpret, however, because for
many laboratory treatments, it may not be
possible for females to ‘‘protect’’ their off-
spring by their behavior (e.g., in some
treatments they may not be able to thermo-
regulate, or do so sufficiently, to stop negative
phenotypic effects on offspring), so failure
to produce viable offspring may not be a
‘‘choice’’ by the female to preserve her own
life at the expense of her offspring. Conse-
quently, knowledge of three things is required
to fully test the MMH: the preferred temper-
ature and thermoregulatory precision of
females when gravid, the preferred tempera-
ture and precision when not gravid, and the
effects of variation in these parameters on
both females and offspring.

Determining whether phenotypic effects on
offspring are actually negative is not always
straightforward. Females of some species
reduce Tb while gravid, slowing embryonic deve-
lopment (reviewed in Shine, 2006; Table 1).
Slowed embryonic development can be
detrimental to offspring phenotype in some
species (e.g., Qualls and Andrews, 1999; Hare
et al., 2008). On the other hand, females of
other species increase Tb or basking dura-
tion during gestation, which speeds develop-
ment (reviewed in Shine, 2006). A shorter
gestation period can be beneficial to female
lifetime reproductive success, because it
reduces the period females are gravid, and
attendant costs (e.g., Caley and Schwarzkopf,
2004). But fast development may produce
smaller offspring, which might be detrimental
to the fitness of any specific batch of off-
spring (Qualls and Andrews, 1999). In these
cases, it is difficult to determine the influence
of female thermoregulatory choices on off-
spring fitness, because the consequences are
not predictable.

Taken together, these observations suggest
that simply documenting changes in Tb while
gravid does not necessarily provide support
for the MMH; a clear understanding of the
effects of changes in Tb on the fitness of the
current batch of offspring of that species (e.g.,
whether slow or rapid development is good or
bad for offspring fitness in that particular
species) relative to effects on the lifetime
reproductive success of the female are re-
quired before the MMH can be evaluated.
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Assumption II. Optimal incubation tempera-
tures for embryonic development do not vary

among species, or at least not as much as
female Tb. Females must, therefore, change

their thermal biology when gravid to produce
offspring with the highest fitness

This assumption is based on the idea that
changes in preferred temperature while grav-
id are caused by a mismatch between optimal
temperatures for offspring development, and
temperatures selected by females, such that
females must change their Tb while gravid
to achieve an optimal temperature for embry-
onic development (e.g., Beuchat, 1988). This
assumption would be challenged if the opti-
mal incubation temperatures for embryos and
selected body temperatures (Tsel) of females
were correlated (O’Donnell and Arnold,
2005). This seems to be the case. For example,
species with adults with high Tsel also have
high optimal temperatures for embryonic
development (e.g., Dipsosaurus dorsalis em-
bryos at 36uC [Muth, 1980]; adult Tsel 42uC
[DeWitt, 1967]), whereas those with low Tsel

have low optimal temperatures for develop-
ment (e.g., Anolis carolinensis embryos 27uC
[Goodman, 2007]; adult Tsel 31uC [Goodman
and Walguarnery, 2007]). Similarly, fitness
(as measured by postbirth growth rates) of
neonatal water skinks (Eulamprus quoyii) is
enhanced when females have the opportunity
to thermoregulate while gravid at tempera-
tures to which they are evolutionarily adapted,
but lowered when they must thermoregulate
in different thermal regimes (Caley and
Schwarzkopf, 2004). These examples indicate
coadaptation of the thermal biology of em-
bryos and adults. The most likely evolutionary
scenario, given that gestation is often a rela-
tively brief part of the life span of individuals
posthatching, is that optimal temperatures for
embryonic development accommodate Tbs
preferred by adults when gravid (Arnold and
Peterson, 2002), rather than the other way
around.

Comparative methods could be used to test
the assumption that females alter their Tb

when gravid to accommodate the optimal
temperatures of embryos. Positive correlations
between optimal temperatures for embryonic
development and adult Tb for squamates in
general and for taxa with relatively homoge-

neous thermal biologies (e.g., Sceloporus,
Andrews, 1998) would indicate that shifts in
Tb of females when gravid were related to
factors other than embryonic thermal opti-
mum. On the other hand, little evolutionary
change in the optimal temperature for devel-
opment, when there has been evolution in
female Tb, would suggest that optimal devel-
opment temperatures are constrained in some
way unrelated to the evolution of Tb.

EVIDENCE SUPPORTING THE MMH

Our comments are not intended to refute
the MMH, but instead to widen the scope of
studies designed to test it. Here we discuss
several studies that provide credible support
for the MMH. For example, egg attendance in
free-ranging water pythons (Liasis fuscus)
creates a warmer, more stable environment
for developing embryos, and includes a repro-
duction-related shift in behavioral thermoreg-
ulation, which improves offspring phenotype,
increasing size and growth rate, and improving
escape behavior and willingness to feed (Shine
et al., 1997; Madsen and Shine, 1999). At the
same time, prolonged egg attendance and,
thus, prolonged periods of elevated Tb, reduce
females’ rates of survival and reproduction
(Madsen and Shine, 1999). Furthermore,
immune function of females is reduced at the
temperature preferred during reproduction
(31.5uC) relative to the temperatures preferred
at other times (28.5uC; Lourdais et al., 2008; Z.
Stahlschmidt, personal observation). Observa-
tions of brooding pythons thus support the
MMH, whereby reproduction-related shifts in
Tb appear to benefit offspring and incur costs
to females. Similarly, the MMH is supported
when female behavior during reproduction
enhances offspring fitness, but is neutral to
females (e.g., Li et al., 2009). Simultaneous
maximization of maternal lifetime reproductive
success and current offspring fitness (men-
tioned above) would very likely select for that
very outcome.

CONCLUSIONS

We have suggested a variety of scenarios by
which focusing exclusively on offspring fitness,
as does the MMH, leads researchers to reach
unsupported conclusions about the function
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of the thermal behaviors of reproductive
females. One conclusion of our summary
of the available literature (Table 1) is that
relatively few studies examine outcomes for
both offspring and females. We strongly
recommend that both groups are included in
such studies. The second conclusion is that
the experimental design of some studies is
weak in that they establish experimental tem-
perature treatments prior to determining
female preferences when gravid and nongrav-
id in the field. Use of treatments that
are outside optimal temperatures for normal
embryonic development are likely to produce
spurious outcomes.

Our view is that focusing the search for
adaptation of maternal effects solely on fitness
benefits to offspring will be counterproductive
(Wilson et al., 2005; Marshall and Uller, 2007).
Instead, we recommend that the view of adaptive
maternal effects be broadened to include beha-
vior that maximizes lifetime reproductive success
of females, which provides testable alternatives
to the MMH, and enhances the significance and
applicability of such research.
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