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Abstract In many species the high energetic demands of
reproduction induce a negative energy balance, and thus
females must rely on tissue catabolism to complete the
reproductive process. Previous works have shown that
both fat and protein are energy resources during prolonged fasting in vertebrates. While many ecological
studies on energy costs of reproduction have focused on
variations in fat stores, the impact of protein investment
on the female has not been thoroughly investigated.
Notably, as there is no specialized storage form for
proteins, intense catabolism is likely to entail structural
(musculature) loss that may compromise maternal
physical performance after reproduction. Measurements
on captive rainbow boas (Epicrates cenchria maurus)
conﬁrm that reproducing females undergo signiﬁcant
protein catabolism (as indicated by elevated plasma uric
acid levels) and show considerable musculature loss
during gestation (as detected by reduced width of the
epaxial muscles). Protein mobilization entailed a significant functional loss that was illustrated by decrements
in tests of strength and constriction after parturition. In
wild situations, such eﬀects are likely to decrease the
snakes’ ability to forage and apprehend prey. Hence, the
time period needed to recover from reproduction can be
extended not only because the female must compensate
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79360 Villiers en Bois, France
O. Lourdais
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losses of both fat stores and functional muscle, but also
because the ability to do so may be compromised. Performance alteration is likely to be of equal or greater
importance than reduced energy stores in the physiological mediation of elevated post-reproduction mortality rates and infrequent reproductive bouts (e.g.
biannual or triannual), two common ecological traits of
female snakes.
Keywords Costs of reproduction Æ Musculature Æ
Protein catabolism Æ Snakes Æ Viviparity

Introduction
Reproduction generally requires substantial energy
investment, especially in females where energy and
nutrients must be allocated to the developing ova and/or
oﬀspring (Clutton Brock 1991). Along with direct energy and nutrient allocation, reproduction frequently
involves behaviors associated with maternal care (e.g.,
incubation of eggs, provisioning of food to oﬀspring,
oﬀspring guarding) that result in substantial changes in
maternal activity budget and energy balance and thereby
constitute a signiﬁcant investment (Clutton Brock 1991;
Somma 2003). Reproduction thus imposes an extremely
high energy demand, which requires the breeding
organism to acquire substantial resources from its
environment. In some cases, these resources can be
gathered relatively rapidly through feeding. However,
for most animal species, resources must be partially or
completely accumulated over some period prior to their
expenditure. In some cases, females may spend years
accumulating suﬃcient energy resources between
reproductive eﬀorts (Bonnet et al. 1998).
The accumulation and use of internal energy resources are important facets of an animal’s life history,
with strong implications for many aspects of its ecology.
Therefore, it is not surprising that this topic has become
a major theme in recent research (Jönsson 1997; Bonnet
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et al. 1998), and published studies clearly reveal the
importance of lipids as energetically dense resources
(Sheridan 1994). Many species store large amounts of
lipids, which can be mobilized for reproductive purposes
at a later time (Bonnet et al. 1998). However, reproduction involves a diversity of materials other than lipids. For example, embryonic development requires
essential amino acids (White 1991; Houston et al. 1995;
Henen 1997, 2002) that must come from food intake or
protein catabolism. In species where females have limited or no food intake during reproductive activity, such
amino acids must originate from maternal protein resources. Furthermore, if food deprivation is prolonged,
both lipids and proteins are mobilized to meet energetic
requirements (Cherel et al. 1988, 1992; Oftedal 1993;
Crocker et al. 1998; Cherel and Grocolas 1999; Schwilch
et al. 2002). Lipids provide an energy-rich resource, but
proteins provide the major means by which the body
meets its essential need for glucose during fasting (via
gluconeogenesis).
Interestingly, while proteins are also important to
consider (Meijer and Drent 1999), many ecological
studies on energy costs of reproduction have predominantly concentrated on lipid store dynamics in terms of
female mass change. Such work has clearly demonstrated a positive relationship between body stores and
reproductive parameters (e.g., reproductive frequency,
reproductive output: Bonnet and Naulleau 1994; Chastel
et al. 1995; Doughty and Shine 1997; Madsen and Shine
1999a; Crocker et al. 2001; Bonnet et al. 2001, 2002a,
2002b; Lourdais et al. 2002b). While protein mobilization has been extensively studied from a physiological
perspective (Goodman et al. 1984; Lowell et al. 1986;
Lowell and Goodman 1987; Cherel et al. 1992) only a
limited number of ecological studies have considered the
functional impact of extensive protein mobilization.
Since protein exists predominantly as structural tissue
(e.g., muscle), substantial proteolysis likely aﬀects skeletal musculature and thus performance capabilities
(Bordel and Haase 2000; Schwilch et al. 2002). In this
context, if protein catabolism represents a considerable
resource for the reproductive female, then the potential
costs of reproduction are likely to be diﬀerent than if
only a change in lipid stores would have occurred.
Many squamate reptiles are lecithotrophic (i.e., provide nutrients to their developing oﬀspring via yolk
deposition during follicle development; Packard and
Packard 1988) and thus invest massive amounts of energy
stores (body fat) into follicular growth during vitellogenesis (Bonnet 1996). After ovulation, therefore, only
limited amounts of stores are available (Bonnet et al.
2002b). Despite this lack of energy stores, a number of
species endure an extended period during which they
provide care to the developing embryos, either through
brooding (oviparous forms) or embryo retention (viviparous forms, Shine 1985; Somma 2003). While these
activities generally do not entail substantial amounts of
energy investment, they impose considerable eco-physiological changes on the mother, most notably prolonged

food deprivation (Shine 1980; Ross and Marzec 1990;
Madsen and Shine 1993, 1999b; Gregory and Skebo 1998;
Gregory et al. 1999; Rivas 1999; Lourdais et al. 2002a). As
a result, protein catabolism is likely to occur and introduce constraints on the female. Reptiles rely upon muscle
strength for many ﬁtness-related activities including foraging and predator avoidance (Cundal 1987; Moon 2000).
Hence, a post-reproductive female with atrophied musculature may experience signiﬁcant impairment in some
or all of these activities, and such impairments would
likely aﬀect the time necessary to recover from a reproductive bout and may even aﬀect survival.
Thus, investigating whether reproducing females
sacriﬁce muscle strength to fuel their reproductive
expenditure has direct implications on assessment of
‘‘costs’’ of reproduction in animals. Studies based solely
on energy stores per se, although useful in their own
right, fail to capture this aspect of reproductive costs. To
clarify this issue, we studied captive viviparous snakes to
(1) assess whether or not pregnant females exhibited
signiﬁcant protein catabolism, (2) examine potential effects of catabolism on muscle dimensions, and (3) explore the consequences of such muscular atrophy on
ﬁtness-relevant tasks related to predator escape and prey
constriction.

Materials and methods
Study species and maintenance
Rainbow boas (Epicrates cenchria maurus Gray 1849)
are medium-sized (up to 150 cm snout-vent length) nonvenomous constricting snakes from South and Central
America (Ross and Marzec 1990; Matz 2001). The
snakes in our study (22 females, plus 20 males used for
breeding) were obtained in 2001 from a long-term captive snake colony. Snakes were maintained in the laboratory in separate cages (50·50·20 cm) that provided
free access to a heat source (temperature range in the
cage: 28–33C). Water was available ad libitum in a
bowl, and snakes were fed rats (mean mass 150 g) once
per month. Breeding occurred after a 1.5-month wintering period during which temperature was allowed to
drop overnight (24C, Ross and Marzec 1990). Ultrasonography was used to assess reproductive status. Ten
females commenced reproductive activity in early spring
and ovulated in late April 2002. Thus, there were two
groups of females: non-pregnant (n=12) and pregnant
(n=10). Although no speciﬁc data are available for wild
populations of E. c. maurus, females of many boid species cease feeding after ovulation and do not resume
feeding until after they have given birth (Ross and
Marzec 1990; Rivas 1999). Thus, we did not provide
food to any of the snakes during the period when
reproductive snakes were pregnant (3.5 months: from
late April to July). Litters were removed from maternal
cages immediately after parturition in July, because
post-parturient females often ingest their unfertile eggs
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and stillborns. In the present study, one female ate
infertile ova after parturition. Data from this snake were
thus deleted from the analysis of post-parturient condition because such ingestion of ova can signiﬁcantly
replenish part of the lost energy reserves (O. Lourdais
et al., unpublished observations).
Variables measured
For each snake, we measured (±0.5 cm) total body
length (BL) and snout-vent length (SVL) in early May
(early gestation for pregnant snakes) and late July (after
parturition of pregnant snakes). Body mass (±1 g) was
recorded once every 2 weeks. Initial BL, SVL, and body
mass did not diﬀer signiﬁcantly between pregnant and
non-pregnant snakes (all P>0.1). We measured a series
of variables to assess (1) energy costs of pregnancy, and
(2) responses of females to pregnancy. Pregnant female
snakes are likely to expend more energy than nonpregnant females if (1) they maintain higher body temperatures (Ladyman et al. 2003), and (2) their metabolic
rates (and thus, energy expenditure) increase at higher
temperatures (Huey 1982). To assess the validity of these
assumptions, we measured body temperatures and
metabolic rates in our snakes. To assess the occurrence
and possible consequences of protein catabolism, we
measured plasma uric acid levels, width of the main
epaxial musculature, and eﬀects of reproduction on
muscular performance.

Thermal preferences
When cages were being cleaned, we recorded the position
of the snake in its cage. Snakes were classiﬁed as ‘‘basking’’ if they were found coiled above the heat source.
We placed all snakes in a thermal gradient in late
May (mid-gestation for pregnant snakes) and then again
in late July (after parturition of pregnant snakes). The
thermal gradient was a 3·3 m enclosure that had a heat
source (radiator) on one end and a cooling source
(continuously sprayed water) on the other, allowing
animals to select temperatures from 20 to 40C. The
enclosure ﬂoor was a concrete slab allowing the snakes
to move and thermoregulate without disturbance. Cloacal temperatures were measured 24 h after introducing
the snakes to the enclosure in the late afternoon.
Metabolic rates
We used a ﬂow-through respirometry system in which
dry incurrent air was drawn through a small, clear
Perspex metabolic chamber (internal volume:
15·20·28 cm), at a rate of 250.2±6 ml min)1 by a
Bioblock Scientiﬁc 2-l air pump. Flow was controlled
using a Platon mass ﬂow controller. The metabolic
chamber was located within a sealed Cryosystem

temperature-controlled room and snakes could be observed during the trial through a small viewing port. The
metabolic chamber was calibrated to the outside atmosphere (Pressure Indicator Druck DPI 260) and set at
zero oxygen consumption by running an empty chamber
for 1 h prior to each snake being tested (Ladyman et al.
2003). Snakes were run for as long as necessary to obtain
stable oxygen consumption for a period greater than
half an hour. Animals were placed into a temperaturecontrolled room the night prior to testing to acclimate
them to the trial temperature. After being placed in the
metabolic chamber, the snake was covered with a small
piece of cloth, which provided shelter. Using this
method, snakes showed limited exploratory movements,
rapidly coiled, and stay motionless during the entire
trial. Data were obtained on eight pregnant and eight
non-pregnant females of similar body sizes (P>0.20).
For each snake, we measured rates of oxygen consumption (ml h)1) at two temperatures corresponding to
mean thermal preferenda of pregnant and non-pregnant
snakes (33C and 29C, respectively, as determined from
the body temperature measurements obtained in the
thermal gradient). Snakes were tested randomly
throughout the day to negate any eﬀect of diel cycle.
Uric acid levels
Plasma uric acid levels provide a reliable indication of
protein breakdown in uritelic vertebrates. Blood samples
were obtained by cardiocentesis in late May (mid-gestation) and late July (1 week after parturition for pregnant females). Plasma uric acid values were determined
by an automatic spectrophotometer (Technicon
RA1000) and Biomérieux enzymatic reagents. Total uric
acid (lmol l)1) was assayed using a coupled enzymatic
system involving uricase and peroxidase.
Changes in epaxial musculature
In snakes, complex epaxial muscles lying beside the vertebral column are of primary importance for locomotion
(Cundall 1987) and constriction (Moon 2000). Magnetic
resonance imaging (MRI) of epaxial musculature in E. c.
maurus has veriﬁed that external measurements of muscle
width with callipers provide accurate estimates of actual
muscle size (O. Lourdais et al., unpublished observations). We thus measured the width of the epaxial muscles
at a single point (located at mid-SVL) in late April (early
gestation) and mid July (late gestation). Shortly after
parturition (late July for non-pregnant snakes), we measured the width of the epaxial muscles at four-equally
spaced points between the head and the vent.
Performance measures
Boid snakes rely upon muscular contractions to
generate the force needed to subdue and kill prey by
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constriction, as well as to escape from predators (Cundall 1987).
We measured muscle strength of post-partum snakes
(non-pregnant females were tested at the same time) in
three diﬀerent contexts designed to mimic the following
biologically important situations.
Escape from a predator
These snakes react to handling, especially attempts to
stretch out their bodies, by vigorous and extended body
contraction. We quantiﬁed the strength of these contractions using a dynamometer connected to the snake’s
tail (Pesola, Baar, Swittzerland). Snakes were stretched
and then stimulated to provoke body contractions. A
drag pointer on the dynamometer recorded the maximum tension during a ﬁve-minute period of repeated
stretching and contraction.

Table 1 Variation in the number of individuals found coiled on the
basking source during six random observations during gestation
(P pregnant, NP non-pregnant)
Observation no.

P (n=10)

NP (n=12)

C2

df

P

1
2
3
4
5
6

9
7
6
9
9
9

5
1
5
2
4
6

5.50
8.96
0.73
7.82
7.24
4.02

1
1
1
1
1
1

0.018
0.002
0.39
0.002
0.007
0.044

Prey handling
We measured the intensity of muscular contraction
during prey constriction using a compressible lure
(10 cm long·2 cm diameter water-ﬁlled rubber balloon
surrounded by mouse-scented cloth; O. Lourdais et al.,
unpublished observations). The lure was connected to an
open water column via a rigid plastic tube (5 mm in
diameter). When presented with the lure, snakes readily
bit and coiled around the lure, which was then wiggled
for 10 s to simulate normal prey reaction. Displacements
of the water column were videotaped so that maximal
displacement could be subsequently measured (cm).

Fig. 1 Mean selected temperatures (C) measured in non-pregnant
and pregnant female rainbow boas. Black squares represent mean
values, open squares represent standard error, and error bars
represent standard deviation

Climbing ability

Results

When held by the tail, these snakes climb up their own
body towards the hand of the operator. We measured
the length of time required for the snake’s head to reach
the operator’s hand on three consecutive trials.

Thermal and metabolic changes

Statistics
All statistics were performed with Statistica 6.0. Data on
thermal preferences and uric acid levels were not normally distributed and were therefore examined using
non-parametric tests. To evaluate changes in musculature width during gestation we performed T-tests on
paired samples. Metabolic rates were examined using
repeated-measures analysis of variance (ANOVA) with
oxygen consumption as the dependent variable and both
reproductive status and temperature as the factors.
Diﬀerences in musculature proﬁle after parturition were
examined using ANCOVA analysis using muscle width
as the dependent variable, reproductive status as the
factor, and SVL as the covariate. Finally, diﬀerences in
performances were assessed using T-tests for independent samples. Unless otherwise stated, values are reported as mean±SD.

Thermal preferences: pregnant females were found
coiled above the heat source signiﬁcantly more often
than were non-pregnant snakes (Table 1). Similarly,
pregnant snakes selected signiﬁcantly higher body temperatures in a thermal gradient (Kolmogorov-Smirnov
test, P<0.001; Fig. 1). Interestingly, body temperatures
were less variable among pregnant than non-pregnant
females (Kolmogorov-Smirnov test, P<0.05, using
standard deviation as the dependent variable; Fig. 1).
Selected temperature diﬀerences disappeared when we
tested the snakes in the thermal gradient after parturition (mean values 26.5±2.4 and 26.7±2.1C, respectively, for post-pregnant and non-pregnant females).
Metabolic rates
A repeated measure ANOVA showed that oxygen consumption was signiﬁcantly higher at 33C than at 29C
[F(1,14)=66.3, P<0.00001; Fig. 2], whereas no signiﬁcant diﬀerences were detected between pregnant and
non-pregnant animals [F(1, 14)=3.04, P=0.14; Fig. 2].
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Fig. 2 Mean oxygen consumption (ml O2 h)1) measured at 29C
(open bars) and 33C (black bars) in non-pregnant and pregnant
female rainbow boas. Error bars represent standard deviation

Evidence of protein catabolism
Uric acid levels (Fig. 2): plasma uric acid levels were signiﬁcantly higher in pregnant compared to non-pregnant
females (mean values 318±118 versus 178±37 lmol l)1,
respectively; Kolmogorov-Smirnov Test, P<0.01). No
such diﬀerence was detected after parturition (mean
values 193±78 versus 172±49 lmol l)1, respectively, for
post-pregnant and non-pregnant females; P=0.39).
Changes in epaxial muscle dimensions: both nonpregnant and pregnant females lost signiﬁcant mass over
the 4-month period without food [T-test for paired
samples: t(1,20)=6.11, P<0.001]. However, daily rate of
mass loss was higher in pregnant than in non-pregnant
females [respective mean values )3.10±0.81 versus
)1.12±0.59 g day)1; T-test for paired samples:
t(1,20)=)3.11; n=22, P=0.005]. Repeated measurements of the width of the epaxial muscles indicated a
signiﬁcant decrease over time [T-test for paired samples:
t(1,20)=6.40, P<0.001], with pregnant females decreasing more than non-pregnant animals [T-test for independent samples: t(1,20)=2.59, P<0.02].

Fig. 3 Musculature proﬁles measured in non-pregnant (open
circles) and post-pregnant (black circles) female rainbow boas.
Width of epaxial muscles (mm) was measured at four equidistant
points between the head and the vent (1–4 starting from the head).
P values were obtained from ANCOVA analysis using muscle
width as the dependent variable, reproductive status as the factor,
and snout-vent length (SVL) as the co-factor. Error bars represent
standard deviation

Fig. 4 Mean traction force (N) measured in non-pregnant and
post-pregnant female rainbow boas. Error bars represent standard
deviation

Physical performance
Structural and functional impact
Musculature proﬁle after parturition: the inﬂuence of
reproductive status on post-partum musculature was
examined using an ANCOVA procedure with muscle
width as the dependent variable, reproductive status as
factor, and SVL as the covariate. Musculature proﬁles
diverged strongly between the two groups of snakes with
post-partum females signiﬁcantly less muscular than
non-pregnant animals for three of the four measurement
sites considered (Fig. 3).

Post-partum snakes had reduced performance relative to
non-reproducing ones in each of the three parameters
measured.
Contraction strength
Contraction strength was consistently lower in postpartum females relative to non-pregnant females tested
at the same time [T-test for independent samples:
t(1,19)=)3.83; n=21; P<0.001; Fig. 4].
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Fig. 5 Constriction
performance (cm of water
displaced) measured in nonpregnant (open circle) and postpregnant (black circle) female
rainbow boas. The time interval
between values is 4 s. Error bars
represent standard deviation

Constriction strength
Constriction performance diverged between the two
groups of snakes, with non-pregnant females displaying
maximal constriction values twice that of post-partum
females [T-test for independent samples: t(1,19)=)3.27;
n=21; P<0.005; Fig. 5]. Interestingly, the non-pregnant
snakes also maintained their constriction for much
longer than did the post-partum snakes [mean values
234±100 versus 112±36 s, respectively; T-test for
independent samples: t(1,19)=)3.45; n=21; P<0.002;
Fig. 5].
Climbing ability
Finally, climbing ability was also aﬀected by reproduction. When suspended by the tail, post-partum snakes
took signiﬁcantly more time to reach the hand of the
operator than did the non-pregnant females [mean values 31±17 s versus 13±5 s, respectively; T-test for
independent samples, t(1,19)=3.50; n=21; P<0.002].

Discussion
This work provides the ﬁrst quantitative evidence for
signiﬁcant protein catabolism during pregnancy in
squamate reptiles. As previously documented by experimental and ﬁeld studies (Shine 1980, 1985; Guillette
1982; Charland and Gregory 1990; Ladyman et al.
2003), we found that gestation strongly impacted female
energy balance. For instance, selection of higher body
temperatures during gestation dramatically increased
maternal rates of oxygen consumption. More importantly, we showed that in the absence of food intake

during pregnancy, this higher metabolism led to an
elevated level of proteolysis, as indicated by higher
plasma uric acid concentration and a signiﬁcantly
greater loss of epaxial musculature. It is important to
note that withholding food throughout the 4-month
gestation period (as in our study) oﬀers a reasonable
simulation of circumstances occurring in nature. Field
studies have demonstrated that pregnancy is associated
with a reduction or cessation in food intake in many
snakes (Shine 1980; Madsen and Shine 1993; Gregory
and Skebo 1998; Gregory et al. 1999; Lourdais et al.
2002a) including boids (Ross and Marzec 1990; Rivas
1999). Thus, signiﬁcant levels of protein catabolism, and
hence a reduction in maternal musculature, are likely to
be observed in the wild as well as in the artiﬁcial conditions of captivity. In fact, the extent of protein
catabolism required for reproduction is likely even
greater than demonstrated here, since our study focused
solely on post-ovulatory implications of pregnancy.
Most reptiles are lecithotrophic and thus provide the
vast majority of energy and nutrients to their young via
the formation of yolk that contains a substantial amount
of protein (White 1991; Henen 1997, 2002). Therefore, it
is likely that vitellogenesis also puts a signiﬁcant demand
on maternal protein resources. If one considers the
combined impact of vitellogenesis and pregnancy on
energy demands as well as the length of anorexia, the
extent of protein catabolism in natural situations would
presumably be even greater than that detected in our
study.
In addition to verifying the use of protein resources
to support reproductive eﬀort, our work provided an
original assessment of the functional impact of protein
loss on maternal performance after parturition. We
found that the reduced epaxial muscle mass of post-
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parturient females strongly impacted various estimators
of physical performance. First, traction forces, which
are closely related to epaxial musculature (O. Lourdais,
F. Brischoux, L. Barentin, unpublished observations),
were much lower in post-parturient females. Second,
the ability to constrict prey was severely compromised
in terms of force and duration of muscular contraction
(Fig. 5). The fact that muscle atrophy was concentrated
in the posterior rather than anterior part of the female’s body (Fig. 3) is interesting in this respect. The
anterior muscles are likely to be most important for
prey constriction (Moon 2000) and, thus, the snakes
may beneﬁt from selective catabolism of the least critical muscles. Finally, the behavioral response to dangling was also modiﬁed, as climbing times were longer
for post-pregnant females. Importantly, the performance traits examined are likely ecologically relevant.
Traction forces measured here provide a good index of
defense capability and our results suggest a possible
delayed impact of gestation on female anti-predator
responses. Similarly, constriction characteristics represent an indicator of the ability to hold and kill a prey
item. Lowered constriction competency thus may reduce foraging success. Though very little is known
about the biology of E. c. maurus in its natural habitat,
major activities such as predator escape, prey constriction, and arboreal maneuverability likely aﬀect
maternal ﬁtness.
Our results clearly demonstrate the importance of
protein catabolism in supporting reproduction as well
as the impact that such catabolism has on post-parturient performance. Since protein catabolism leads to
impaired performance, one might expect females to
minimize the duration of time in which they are in
post-ovulatory negative energy balance (as a result of
increased thermal preference and anorexia). However,
viviparity has evolved independently in more than 100
lineages of lizards and snakes (Shine 1985), suggesting
a considerable beneﬁt to this mode of reproduction, at
least in some ecological contexts. One major advantage
of egg retention is probably improved regulation of
developmental conditions (Shine 1985). Reptile eggs
and embryos are very sensitive to ambient thermal
conditions (Packard and Packard 1988; Shine 1991),
and egg retention allows females to actively (typically
through behavioral means) regulate the temperature
experienced by the embryo. Conversely, egg-retention
substantially lengthens the post-ovulatory state and
thus exacerbates reproductive costs by (1) extending the
increased metabolism associated with the maintenance
of high body temperature, and (2) inducing dramatic
changes in thermoregulatory behavior that may well be
the proximal cause of reduced food intake. Thus, egg
retention places greater demand on functional energy
resources that may aﬀect the female after reproduction
(this study). Therefore, the evolution of viviparity is
likely based on a trade-oﬀ between costs to the female
(in terms of functional capacity as well as energy)
versus beneﬁts to the oﬀspring.

Previous works on squamates clearly emphasise high
reproductive costs imposed by the viviparous reproductive mode (Brown 1993; Madsen and Shine 1993;
Bonnet et al. 1999, 2002a, 2002b). For instance, in
European vipers post-partum females are often emaciated and suﬀer high rates of mortality (Madsen and
Shine 1993). In addition, the degree of maternal emaciation after parturition predicts the probability of female
survival in the year following reproduction (Bonnet et al.
1999). Along with an increased survival cost, viviparity
classically is associated with low reproductive frequency
with extensive delays (sometimes several years) between
successive reproductive eﬀorts (Bull and Shine 1979).
Such attributes generally have been interpreted and
discussed in terms of reduced body reserves. Our studies
provide a novel perspective on this issue in showing that
protein as well as fat stores may be important substrates
that are utilized during reproduction. Reduced performance as a result of muscle catabolism would be likely
to increase an animal’s vulnerability to predation and to
decrease its foraging eﬀectiveness. This latter eﬀect may
extend the timescale over which females pay ‘‘costs’’ of
pregnancy beyond that which might be expected based
on simple energy budget estimates (Jönsson et al.1995;
Jönsson 1997; Bonnet et al. 1999). Hence, the high
mortality rates and low reproductive frequencies displayed by many viviparous squamates may reﬂect slow
rates of recovery in body condition (in turn due to
compromised functional abilities) as well as depleted
energy reserves.
In conclusion, we have shown that gestation is
associated with intense protein mobilization and signiﬁcant structural and functional decrements in a
squamate reptile. Protein catabolism has been frequently reported in vertebrates, notably in endotherms,
and the metabolic pathway has been studied extensively
(Cherel et al. 1992 and references therein). The functional costs of intense protein use have attracted much
less attention, and further studies are needed to more
fully understand this topic. For instance, the degree to
which protein catabolism is required may well depend
upon post-ovulation fat reserves or feeding rates during
pregnancy, which in turn depend upon local conditions
of prey availability. Thus, the degree of reliance on
catabolism may diﬀer even among females within a
single population, or between successive pregnancies of
the same female. Additionally, comparative studies of
protein catabolism would clarify the costs and beneﬁts
of maternal care in reptiles. For example, it would be
interesting to examine whether similar performance
costs exist in taxa showing alternative forms of parental
care such as egg brooding. Many female pythons show
prolonged periods of egg attendance (Madsen and
Shine 1999b; Somma 2003) during which food intake
does not occur and, in some cases, active metabolic
heat production does (i.e., shivering thermogenesis: Slip
and Shine 1988; Pearson et al. 2003). Such situations
are likely to induce costs similar to those detected in
this study of a viviparous species.
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