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nutrients flexibly to fuel reproduction
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Summary
1. Energy allocation strategies for reproduction are viewed typically as a continuum between
reliance on ‘income’ (recently acquired energy) vs. ‘capital’ (stored reserves) for fuelling reproduction.
Because ectothermy facilitates long-term energy storage and often involves low feeding rates,
traditional views suggest that many ectotherms rely heavily on stored reserves for egg production.
2. We explored the temporal relationship between energy intake and expenditure in a multi-clutching
lizard (Amphibolurus muricatus) by evaluating the effect of maternal nutrition on reproductive
output and by contrasting δ13C measurements of the maternal diet and endogenous energy stores
with that of the eggs produced.
3. Our experiment revealed that females utilize both endogenous energy stores and recently
acquired food to fuel reproduction; this pattern did not shift seasonally from first to second clutches
produced. Importantly, however, egg lipid was derived primarily from capital, whereas egg protein
was derived about equally from both income and capital.
4. Overall, these results suggest that the energy allocation strategy used for reproduction differs
among egg components, and that the use of recently acquired energy for reproduction may be more
widespread in ectotherms than thought previously.
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Introduction
The temporal relationship between the acquisition of energy
and its expenditure for reproduction is an important axis of
life history variation. Although energy acquisition and
allocation tactics cover a continuum, they can be viewed
usefully in terms of two end-points: reliance on ‘capital’ vs.
‘income’ to fuel reproductive expenditure (Bonnet, Bradshaw
& Shine 1998; Meijer & Drent 1999). ‘Income’ breeders
expend energy for reproduction soon after that energy is
acquired, whereas ‘capital’ breeders gather energy over long
periods prior to utilizing these stored reserves for reproduction
(reviewed by Jönsson 1997). These two strategies of energy
allocation can influence selection on life-history attributes
(e.g. the number and quality of offspring produced, or the
frequency of reproduction: Jönsson 1997; Bonnet et al. 2001;
Brown & Shine 2002; Lourdais et al. 2002), as well as the
sensitivity of reproductive output to local conditions. For
example, local resource availability should influence immediate
*Correspondence author and present address: Daniel A. Warner,
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reproductive output strongly in income breeders, but not in
capital breeders (due to the temporal separation of energy
acquisition and expenditure in the latter group). Clearly, both
types of energy allocation strategies have associated costs and
benefits; long-term energy storage may allow capital breeders
to cope with unpredictable environments or low food availability
(Calow 1979; Santos & Llorente 2004), whereas income
breeders can increase their reproductive output more rapidly
in response to an increase in local food supply (Jönsson 1997).
Most research on these issues has focused upon avian and
mammalian species (Drent & Daan 1980; Festa-Bianchet,
Gaillard & Jorgenson 1998; Kunkele 2000; Veloso & Bozinovic
2000; Voigt 2003), and detailed studies have revealed that
these high-energy systems rely on income breeding to fuel
some aspect of reproductive expenditure (Bronson &
Manning 1991; Klaassen et al. 2001; Gauthier, Bêty &
Hobson 2003; Wheatley et al . 2008). On the other hand,
features associated with ectothermy may facilitate long-term
energy storage, such that capital breeding may be more
energetically efficient than income breeding in ectotherms
(Bonnet et al. 1998). Consistent with this idea, stored energy
reserves (i.e. fat bodies) are used to fuel reproduction in many
ectothermic animals (Schultz, Clifton & Warner 1991;
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Doughty & Shine 1997; Madsen & Shine 1999; Girish &
Saidapur 2000; Glazier 2000; Arrington et al. 2006), and
females of some species can produce offspring despite not
feeding over the entire reproductive season (Bonnet et al.
1998). Nevertheless, some ectothermic species rely, at least
partially, on income to fuel reproduction (Hahn & Tinkle
1965; Shanbhag & Prasad 1992).
Unfortunately, there is no simple way to assess strategies of
maternal energy allocation. The most obvious measures
involve comparisons of maternal condition prior to vitellogenesis
with that after oviposition; a capital breeder should show a
significant decrease (due to depletion of energy reserves),
whereas an income breeder should not change between these
two time-periods (Ankney & MacInnes 1978; Astheimer &
Grau 1985). Unfortunately, maternal condition might also
fall due to inadequate nutrition, so that a decrease in mass
might occur even if reproduction was fuelled entirely by
income. Directly measuring changes in body reserves rather
than simply overall maternal mass (Guillette & Sullivan 1985;
Méndez de la Cruz et al. 1988) can help to discriminate
between these two interpretations, but requires assumptions
about the degree to which a female’s maintenance metabolic
needs are fuelled by energy stores. Faced with such problems
in interpreting descriptive data, experiments in which we
manipulate either food supply or endogenous energy stores
may offer the most promise. Thus, removing fat bodies
experimentally provides direct evidence of their use in egg
production (Hahn & Tinkle 1965; Shanbhag & Prasad 1992),
albeit with all the possible confounding factors due to
surgical intervention. An alternative approach is to manipulate
the nutritional quality of the prey provided to reproducing
females. By manipulating diet quality, we can distinguish
between maternal mass changes due to nutrition vs. to
reproductive allocation. Also, we can use naturally occurring
stable isotopes (particularly 13C) to track the flow of specific
nutrients in such a system (Peterson & Fry 1987; Hobson
1995, 2006; Kelly 2000). That is, we can assess directly the
isotopic contents of the food source and the endogenous
reserves responsible for the nutrients eventually allocated to
eggs or offspring (O’Brien, Schrag & Del Rio 2000; Hobson
et al. 2004; Cherel, Hobson & Weimerskirch 2005), thereby
distinguishing between income vs. capital breeding strategies
(Hobson, Hughs & Ewins 1997; Klaassen et al. 2001; Gauthier
et al. 2003; Morrison & Hobson 2004).
We used stable isotopes to explore how reproduction is
fuelled in a multi-clutching ectotherm, the jacky dragon
(Amphibolurus muricatus), a common agamid lizard of coastal
heathlands in south-eastern Australia. Jacky dragons make
an excellent model system for addressing the above issues for
several reasons. First, jacky dragons begin reproductive activities
relatively soon (about 1 month) after emerging from overwinter
inactivity, suggesting that they have limited time to acquire
sufficient energy to fuel reproduction (that is, if they rely upon
recently ingested energy as opposed to fat reserves). Secondly,
jacky dragons lay eggs throughout much of the summer, from
mid-October to early February (Harlow & Taylor 2000). This
extended reproductive season suggests that their energy

allocation strategy might shift throughout the course of the
season as maternal energy stores are depleted. Thirdly, jacky
dragons produce up to four clutches of eggs in a single
reproductive season, with a 3–4-week interval between
successive clutches (Warner et al. 2008). These aspects of
their reproduction allow us to evaluate how (or if) individual
females shift energy allocation strategies in successive
clutches within a season.
In the present study, we manipulated the quality, as well as
the isotopic content, of the maternal diet as soon as the lizards
emerged from their overwinter inactive period and this
manipulation was maintained throughout the subsequent
reproductive season. We then evaluated changes in maternal
mass and reproductive output of the females maintained on
our two diet regimens. In addition to these analyses, we
measured the isotopic content (13C) of egg components
(protein and lipid) produced by females, as well as the isotopic
content of the endogenous reserves (muscle, fat body and
liver) of females prior to the reproductive season. The
resulting data allowed us to examine critically three plausible
alternative scenarios in terms of energy allocation tactics:
(1) female jacky dragons are ‘pure’ capital breeders (the
energy used for egg production is derived from food eaten and
energy stored within the female’s body prior to winter); (2) female
jacky dragons are ‘pure’ income breeders (the energy used for
egg production is derived from food eaten immediately prior
to breeding); and (3) female jacky dragons use a mixture of
tactics; for example, they might act as capital breeders for the
first clutch of the season but then switch to income breeding
for subsequent clutches (Shanbhag & Prasad 1992).

Materials and methods
EXPERIMENTAL DESIGN

Adult female jacky dragons (n = 19) were collected from natural
areas surrounding Sydney, Australia in spring 2003. Dragons were
housed in large (2 × 2 m) seminatural field enclosures located at
Macquarie University (within the natural range of this species). The
enclosures contained several branches for perching/basking, and
shelters/vegetation were provided for hiding. Each enclosure contained
two females with one male. Lizards were fed a combination of
roaches and crickets (dusted with vitamin/calcium supplement), and
water was provided ad libitum. All lizards were kept under these conditions for 1 year prior to the initiation of this experiment. Because
all lizards were fed the same diet, we assumed that the stable isotope
values of the diet and dragon tissues did not differ among individuals.
In spring 2004, immediately after emergence from the inactive
winter period, lizards were divided into two experimental groups.
One group of lizards (n = 7) was fed captive-bred crickets (control
diet) throughout the entire reproductive season (September 2004–
February 2005). These crickets were raised on a high-quality primarily
C3 diet (endive leaves, carrots, apples and cat food). The second
group of lizards (n = 12) was fed captive-bred, corn-raised crickets
(experimental diet) throughout the same period as the lizards on the
control diet. The corn-raised crickets were fed only corn, a poor-quality
diet that lacks essential amino acids (Benton, Harper & Elvehjem
1955; Contreras, Elías & Bressani 1980; Webb, Hedges & Simpson
1998), for at least 1 month prior to being eaten by the lizards. We
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Table 1. Mean stable isotope values for diet, endogenous tissues and egg components (first and second clutches pooled). The percentage of
energy derived from the endogenous source was calculated by using values from fat and muscle tissues to represent the endogenous end-point,
and using values from the experimental diet as the exogenous end-point. That is, the 100% exogenous end-point was based on the δ13C value of
the corn-raised crickets, and the 100% endogenous end-point was based on that for the fat and muscle tissues. This method enabled us to use
the isotopic value from egg yolk to calculate the percentage of energy derived from the endogenous source. For example, the –17·0‰ value for
δ13C in protein of egg yolk lies 46·7% of the way between the values for the endogenous tissue (–21·9‰) and experimental diet (–12·7‰)

Isotope

Control
diet

Experimental diet
(corn-raised crickets)

Endogenous tissues
(mean ± 1 SD)

Egg yolk

% from endogenous
source (mean ± 1 SD)

δ13C from protein (‰)
δ13C from lipid (‰)

–22·5
–24·8

–12·7
–15·4

–21·9 ± 1·25 (muscle tissue)
–23·6 ± 0·37 (fat tissue)

–17·0 ± 0·13
–21·8 ± 0·10

46·7%
78·0%

SD: standard deviation.

chose corn as a cricket diet because this C4 plant has higher relative
abundance of 13C compared to the C3 plants forming the diet of the
control group (Bender 1968) (see Table 1 for isotope values for the
diet treatments). Our 1-month period probably provided enough
time for isotope levels to stabilize in the cricket tissues; evidence
from other invertebrates suggests that the turnover time for 13C is
approximately 15 days (Gratton & Forbes 2006), and was also
confirmed by the much more enriched 13C content of the experimental
crickets (Table 1). By feeding isotopically different diets to two
groups of lizards that emerged from the inactive winter period with
the same endogenous tissue isotopic signatures, we could evaluate
how isotopic values of the eggs produced by these two groups
reflected recently acquired vs. long-term stored dietary isotopic
differences. If egg macronutrients reflected recently ingested dietary
isotopic values, we reasoned that this would be good evidence for
income breeding. Moreover, comparisons of body condition
between females from each diet treatment enabled us to evaluate
whether declines in body condition were due to dietary quality,
rather than reproductive investment strategies.
Females were weighed and measured [snout–vent length (SVL)]
soon after their emergence in spring (well prior to ovulation) and
then again after they nested in their enclosures. Female dragons were
fed crickets raised on the diets specified above three times per week.
Although the number of crickets consumed by each lizard was not
quantified, dragons typically ate all the food as soon as it was provided.
Thus, because the same quantity of food was provided in each
enclosure, we reasoned that all lizards ate similar amounts of food
during this study. All eggs that were produced were removed from
the nests, then taken to the laboratory and weighed. One or two eggs
per clutch, selected randomly, were frozen for later isotopic analysis.
Immediately after emergence from the inactive winter period in
2006, six female jacky dragons were killed by decapitation and their
fat bodies, liver and muscle tissues were removed immediately for
isotopic analysis. Although these animals were obtained 2 years
after our diet manipulations, the diet given to these individuals was
the same (crickets and roaches) as that preceding our experiment in
2004. Thus, the isotopic signatures in the endogenous tissues of these
animals should be similar to those of the experimental animals from
2004 after emergence. Measurements of isotopes in these endogenous
tissues provided data on the stable carbon isotope values of stored
reserves prior to food uptake during the reproductive season.

STABLE ISOTOPE ANALYSES

Egg yolk was separated into lipid and lipid-free (i.e. protein) constituents
prior to isotopic analysis. Whole yolk was first freeze-dried and
powdered in an analytical mill. For egg and crickets, we extracted

lipids using a 2 : 1 chloroform : methanol mixture. Lipid-free tissues
were weighed into tin cups and analysed for 13C/12C relative abundance
using a Carlo Erba elemental analyser interfaced in continuous-flow
mode with a Europa 20 : 20 isotope ratio mass spectrometer. Lipid
values were analysed similarly.
Isotope values were expressed in the standard ‘δ’ notation in parts
per thousand relative to the Peedee Belmnite standard for δ13C
values. The working laboratory standard was chicken egg albumen,
which was placed in sequence between every five unknowns. We
estimated within-run measurement error to be ±0·1‰ for δ13C values.
Modelling of the relative contributions of endogenous and exogenous
sources to eggs was based on a simple two-end-point, one-isotope
(i.e. 13C) mixing model. As carnivores, jacky dragons were assumed
to show no isotopic discrimination in 13C between exogenous protein
and egg proteins or between exogenous lipids and egg lipids under
an income model that assumes metabolic routing of these macromolecules (Hobson 1995). Similarly, the mobilization of endogenous
proteins and lipids to corresponding protein and lipid fractions
of eggs under the capital strategy was also not expected to show
discrimination for δ13C values (Hobson 1995).

STATISTICAL ANALYSES

Statistical analyses were performed with sas software (SAS Institute
1997). Repeated-measures analysis of covariance (ancova) was used
to compare changes in maternal body condition between the two
diet treatments. As an index of body condition, we evaluated ln body
mass (dependent variable) adjusted for ln body length (SVL; covariate)
(Hayes & Shonkwiler 2001) both before vitellogenesis and after
oviposition of the first clutch. Such an index of body condition is
likely to be correlated with body reserves (Naulleau & Bonnet 1996;
Santos & Llorente 2004). Residual scores of the regression of mass
on body length, a similar analysis to that employed in the current
study, provide reliable estimates of body condition (Hayes & Shonkwiler
2001; Schulte-Hostedde et al. 2005). The effect of maternal diet on
reproductive output (number of clutches, egg mass, clutch mass and
clutch size) was evaluated with ancova using diet as the independent
variable, reproductive output as the dependent variable and maternal
mass as the covariate.
We evaluated the effects of diet treatment and clutch number on
stable isotope values in eggs with a two-factor analysis of variance
(anova), using diet treatment and clutch number as fixed factors
(and their interaction) and isotopic value as the dependent variable;
overall results did not change when egg mass was used as a covariate.
We used only the first two clutches in our comparative analyses of
stable isotopes because none of the corn-raised diet animals produced
more than two clutches. Because treating successive clutches from
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the same females as independent units may introduce pseudoreplication, we performed an additional analysis in which each clutch was
nested within female identity in the model. The overall results
remained unchanged.
In an additional analysis, we used data from all clutches produced
(including two third clutches from females in the control treatment).
The considerable overlap between oviposition dates for the first,
second and third clutches (first clutches were laid from 18 October
to 26 December; second clutches from 26 November to 28 December;
the third clutches were laid on 15 and 16 December) allowed us to
evaluate the relationship between oviposition date and stable isotope
values within clutches using regression analysis, regardless of clutch
number.
To evaluate the relative contributions of endogenous vs. exogenous
reserves toward reproduction, we assumed that the jacky dragon
followed a carnivore model for exogenous routing to eggs (Hobson
1995). Because the δ13C content of endogenous tissues was, as
expected, similar to that of the control diet (Table 1), we used only
clutches from the experimental diet to evaluate the proportion of
exogenous vs. endogenous sources of energy allocated towards egg
production. Based on the δ13C value of the corn-raised crickets
(exogenous energy source) and that of the fat and muscle tissue
(endogenous energy sources), we were able to determine egg component
isotopic end-points of a continuum ranging from those formed from
100% exogenous to those formed from 100% endogenous sources of
energy. However, we used different endogenous end-points for the
protein vs. lipid analyses; for the protein end-point, we used the
mean δ13C value from muscle tissue and for the lipid end-point, we
used the mean δ13C value from the fat tissue. This approach assumes
metabolic routing of lipid stores to lipids in eggs and metabolic
routing of body protein stores to protein components of eggs (e.g.
Gauthier et al. 2003). In practice, our calculations revealed similar
results regardless of which tissue (liver, muscle or fat body) was used
to represent the endogenous end-point. Our measurements of δ13C
values in the protein and lipid of the egg yolks allowed us to evaluate
the proportion of resources that originated from income vs. capital.
Analyses of variance were used to evaluate the effect of clutch
number on the proportion of egg materials derived from endogenous
sources.

Results
MATERNAL BODY CONDITION AND REPRODUCTIVE

Fig. 1. Effect of diet treatment on maternal mass of jacky dragons at
two time periods: (i) prior to vitellogenesis and (ii) post-oviposition
of the first clutch. Least-squares means are reported from a repeatedmeasures analysis of covariance (snout–vent length = covariate).
Error bars represent 1 standard error.

diet = 1·25; mean number of clutches produced on control
diet = 1·83; F 1,15 = 10·3, P = 0·006), but the timing of
oviposition of the first clutch was not affected (F1,14 = 1·9,
P = 0·195). Mean egg mass and total clutch mass were also
influenced by the diet treatments. Females fed corn-raised
crickets produced larger eggs than those on the control diet
(mean egg mass: 1·34 g vs. 1·00 g, respectively; F1,14 = 10·5;
P = 0·006), resulting in greater clutch mass for females
maintained on corn-raised crickets (mean clutch mass: 6·65 g
vs. 4·82 g; F1,14 = 5·5, P = 0·035). Clutch size did not differ
between females raised on the two diet treatments (F1,15 =
0·02, P = 0·881; mean clutch size for females in the control
and experimental diet treatments were 5·1 and 5·2 eggs per
clutch, respectively).

OUTPUT

Females maintained on the corn-raised cricket diet declined
substantially in body condition after oviposition of the first
clutch, whereas females on the control diet changed less
(Fig. 1; interaction between diet treatment and timing of
reproductive events; F1,14 = 3·4, P = 0·048). Female condition
prior to vitellogenesis did not differ between diet treatments
(P = 0·426), but females maintained on the corn-raised
cricket diet had a significantly lower body condition after
oviposition of the first clutch (P = 0·040).
Only four females (33%) maintained on the corn-raised
cricket diet produced a second clutch, whereas half the
females fed the control diet produced two or more clutches.
Accordingly, females fed corn-raised crickets produced significantly fewer clutches than did those on the control diet
(mean number of clutches produced on corn-raised cricket

ISOTOPIC COMPOSITION OF EGGS

Eggs produced by females fed corn-raised crickets had greater
δ13C values than eggs produced by females on the control
diet (Fig. 2; egg protein: F1,21 = 35·7, P < 0·001; egg lipid:
F1,20 = 25·8, P < 0·001) and δ13C values of the endogenous
tissues (from females immediately after winter emergence)
were similar to those of the control diet (Table 1). The δ13C
values of both egg protein and lipid did not differ between the
first and second clutches produced by females (Fig. 2; egg
protein: F1,21 = 0·6, P = 0·454; egg lipid: F1,20 = 0·3, P = 0·608).
The interactive effect of diet and clutch number on δ13C was
not significant for proteins (F1,21 = 0·3, P = 0·599) or lipids
(F1,20 = 0·5, P = 0·499). Isotopic values of eggs produced by
females on the control diet increased over the season (egg
protein: r2 = 0·66, P = 0·020; egg lipid: r2 = 0·69, P = 0·019),
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Fig. 2. Mean stable isotope values for first and second clutches
produced by female jacky dragons in outdoor enclosures. Solid
circles and lines represent lizards fed corn-raised crickets, open circles
and dashed lines represent lizards on the control diet. (a) δ13C values
from egg protein. (b) δ13C values from egg lipid. Mean values are
reported and error bars represent 1 standard error.

but this pattern was not evident in eggs produced by females
on the experimental diet (Fig. 3; egg protein: r2 = 0·21,
P = 0·449; egg lipid: r2 = 0·31, P = 0·268).
Exogenous income and endogenous reserves were both
involved with egg formation, but the relative contributions of
these two energy sources differed between egg components
(Table 1). Endogenous sources (stored reserves) fuelled 78%
of lipid allocation towards eggs, whereas a mixed strategy
(46·7% endogenous) was used for allocation of proteins
towards eggs. These patterns did not differ between the first
and second clutches produced by females for δ13C in egg
protein (47·2% vs. 45·5% endogenous source in first and
second clutches, respectively; F1,13 = 0·03, P = 0·875) or in
egg lipid (77·5% vs. 79·3% endogenous source for first and
second clutches, respectively; F1,13 = 0·02, P = 0·893); nor did
these patterns shift throughout the reproductive season (δ13C
in protein r 2 = 0·05, P = 0·448; δ13C in lipid: r 2 = 0·09, P =
0·269).

Fig. 3. Relationship between date of oviposition and stable isotope
values. Solid symbols and lines represent eggs from lizards that were
fed corn-raised crickets, open symbols and dashed lines represent
eggs from animals on the control diet. Circles represent first clutches,
squares represent second clutches and diamonds represent third
clutches. (a) δ13C values from egg protein. (b) δ13C values from egg
lipid.

Discussion
BODY CONDITION AND REPRODUCTIVE OUTPUT

The decline in body condition of females maintained on the
poor-quality diet (i.e. corn-raised crickets), and the stability
of body condition of females fed the control diet, hints at
income breeding in jacky dragons. However, the effect of
maternal diet on reproductive output can be interpreted
as either income breeding or a mixture of strategies. For
example, the decline in total reproductive output due to the
poor-quality diet is indicative of income breeding (Gregory
2006). Upon closer examination, however, the main reason
for this decline in total reproductive output was that most
females fed the poor-quality diet failed to produce a second
clutch of the season. Thus, this pattern suggests that the first
clutch of the season relies, at least partially, on stored reserves,
and the second clutch is fuelled primarily by recently acquired
prey (Shanbhag & Prasad 1992; Brown & Shine 2002). Our
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analyses of the stable isotope data enabled us to address these
interpretations further (see more discussion below).
We also found that dietary quality influenced maternal
investment into eggs. That is, females fed the poor-quality diet
produced larger eggs and a greater clutch mass, despite the
overall negative effect on reproductive output. This allocation
strategy has been shown previously (Warner, Lovern & Shine
2007), and could potentially counterbalance the negative
effect of poor maternal nutrition on total reproductive output.
By producing larger eggs (which produce large offspring)
when poor resources are available, females may be able to
enhance offspring quality under suboptimal reproductive
conditions. Similar patterns have been observed in other taxa
(Semlitsch & Gibbons 1990).
Although our dietary manipulations had dramatic effects
on maternal reproductive output, it is difficult to know how
these manipulations relate to variation in diet quality in
nature. Indeed, variation in diet quality has never been
quantified for wild populations of jacky dragons. Nevertheless,
the plant diet of herbivorous insects can vary dramatically in
nutritive value, particularly in protein quality (Boulter &
Derbyshire 1978). The consequent variation in protein
quality of host plants can influence the chemistry (including
amino acid composition) of the insects that ingest those
plants (Felton 1996). Thus, our dietary manipulations to the
insect prey (crickets) used in this study may reflect the variation
in diet quality available to jacky dragons in the field. More
detailed research is needed to understand the full range of diet
quality that jacky dragons ingest in nature.

ISOTOPIC EVIDENCE FOR A MIXED CAPITAL/INCOME
STRATEGY

Overall, stable isotope analyses provide evidence that jacky
dragons use a mixture of income and capital to fuel reproduction.
Patterns of isotopic changes in eggs with oviposition date
would suggest temporal shifts in allocation of endogenous
and exogenous nutrients to eggs (as has been suggested for
other multiple-clutching lizard species, based on other types
of data: Hahn & Tinkle 1965; Shanbhag & Prasad 1992).
Indeed, seasonal shifts in isotopic signatures were evident in
eggs from the control treatment; however, the lack of
temporal change in the percentage of endogenous input into
eggs contradicts this interpretation, and rather suggests that
the source of energy for reproduction does not change seasonally
in jacky dragons. That is, females consistently utilize both
endogenous and exogenous sources of energy for the production of first and second clutches.
Although females used a mixture of capital and income for
reproduction, diet quality may influence the relative contributions of endogenous vs. exogenous input into egg
production. For both protein and lipid δ 13C values, the
difference in eggs from females maintained on the different
diets was less than half the difference between dietary isotopic
values. Because both experimental and control animals
started off with the same endogenous isotopic signatures, this
lack of a 1 : 1 relationship between dietary isotopic differences

and egg differences is best explained by the experimental
group mobilizing more isotopically depleted endogenous
reserves to eggs thereby dampening the dietary difference in
δ13C values. This hypothesis is strengthened by the fact that
the control animals showed δ13C isotopic discrimination
factors between diet and eggs that resemble closely those for
carnivorous birds using a purely income strategy (Hobson
1995). These patterns suggest that female jacky dragons may
combine the relative quantities of exogenous vs. endogenous
input flexibly depending upon the quality of the diet.

EGG COMPOSITION

Although reproduction is fuelled by both income and capital
in jacky dragons, the sources of energy used for channelling
proteins vs. lipids into eggs differ. Isotopic analyses indicated
that egg protein is derived approximately equally from
exogenous (53·3%) and endogenous (46·7%) sources, whereas
egg lipids are derived primarily from stored energy (78%).
This pattern resembles that found in an oviparous water
snake (Natrix maura), although this species tends to rely
mainly upon income for proteins (Santos et al. 2007).
Because proteins and lipids are the primary nutrients within
eggs, and are critical for the maintenance of embryonic
development, these patterns of endogenous and exogenous
sources of energy allocation have important implications for
the survival of embryos. Generally, yolk proteins make up
nearly 60% of the dry mass of lizard eggs, whereas lipids make
up about 30% (Thompson & Speake 2004). Although
proteins support some of the development and growth of
embryos (Palmer & Guillette 1991), lipids act as the primary
source of energy in the yolk to support embryonic development in birds (Speake, Murray & Noble 1998) and oviparous
lizards (Thompson et al. 2001).
These different sources of egg lipid and protein have
important ecological and evolutionary implications for
utilization of overwinter energy stores, as well as foraging
behaviours. Our results suggest a high demand for stored
lipids at the onset of the reproductive season, soon after
winter (Derickson 1976; Taylor 1986). Such a demand may
place strong selection on prewinter foraging efficiency and fat
storage ability because lipid stores influence female reproductive
success in the following spring (Zuffi, Giudici & Ioalè 1999).
However, our results also suggest that reproductive success
depends on the mobilization of amino acids, and hence on
prey abundance both before and during the reproductive
season. Indeed, female jacky dragons adjust their reproductive
tactics based upon the availability of these nutrients, either
drawn on protein stores or on income. Such divergence in the
mother’s reliance on lipids vs. proteins for reproduction may
reflect the greater physiological costs of protein storage
compared to lipid storage (Schmidt-Nielsen 1990). Indeed,
because proteins come primarily from muscle, protein
mobilization can compromise locomotion and performance
after reproduction (Lourdais et al. 2004; Santos et al. 2007);
lipid mobilization would have little effect because the lipids
are derived primarily from fat bodies.
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Conclusions
Although theory suggests that most ectotherms rely primarily
upon stored energy for reproduction (and hence are capital
breeders: Bonnet et al. 1998), this generality has been
challenged by several recent findings. For example, the snake
Vipera aspis, long considered a ‘typical’ capital breeder, also
relies to some degree on recently acquired energy for
reproduction (Bonnet et al. 1999, 2001; Lourdais et al. 2002).
In the snake Natrix maura, females facultatively adjust their
reliance on stored reserves in response to food availability
(Santos & Llorente 2004). Similarly, multi-clutching tropical
lizards (Calotes versicolour) and snakes (Tropidonophis mairii)
rely on capital for early clutches, but depend on income
for producing late clutches (Shanbhag & Prasad 1992; Brown
& Shine 2002). It is likely that both income and capital breeding strategies occur in single-clutch reptile species as well
(Doughty & Shine 1997), but detailed information for such
species is currently lacking.
In the present study, we add to this diversity of tactics by
showing that another multi-clutching ectotherm (the jacky
dragon) relies on both recently acquired and stored energy for
reproduction, but the relative contributions of these energy
sources differ between egg components and the pattern does
not change across successive clutches. Importantly, interpretations of our results based solely upon dietary effects on
body condition and reproductive output could lead to
incorrect interpretations, but coupled with data from stable
isotopes, we were able to characterize more accurately the
reproductive allocation strategy used by the jacky dragon. It
seems likely that further research on energy-allocation tactics
in ectotherms will reveal a considerable diversity in patterns,
reinforcing the value of these organisms as model systems in
addressing ecological and evolutionary questions.
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