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Abstract

Parents are expected to evolve tactics to care for eggs or offspring when providing such care increases fitness above the
costs incurred by this behavior. Costs to the parent include the energetic demands of protecting offspring, delaying future
fecundity, and increased risk of predation. We used cost-benefit models to test the ecological conditions favoring the
evolution of parental care, using lizard populations that differ in whether or not they express maternal care. We found that
predators play an important role in the evolution of maternal care because: (1) evolving maternal care is unlikely when care
increases predation pressure on the parents; (2) maternal care cannot evolve under low levels of predation pressure on both
parents and offspring; and (3) maternal care evolves only when parents are able to successfully defend offspring from
predators without increasing predation risk to themselves. Our studies of one of the only known vertebrate species to
exhibit interpopulation differences in the expression of maternal care provide clear support for some of the hypothesized
circumstances under which maternal care should evolve (e.g., when nests are in exposed locations, parents are able to
defend the eggs from predators, and egg incubation periods are brief), but do not support others (e.g., when nest-sites are
scarce, life history strategies are ‘‘risky’’, reproductive frequency is low, and environmental conditions are harsh). We
conclude that multiple pathways can lead to the evolution of parental care from a non-caring state, even in a single
population of a widespread species.
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Introduction

Parental care should evolve when the benefits of providing care

increase offspring survival above the costs of reduced survival and

future reproduction of adults [1–3]. Offspring benefit from

parental care through an increased chance of survival, which is

relatively easy to measure, but the costs for parents are complex,

and thus much more difficult to detect [4]. Parental costs are

twofold: (1) reproductive costs, including loss of mating opportu-

nities when providing long-term parental care, which can decrease

future fecundity or reduce the number of offspring produced

during the next reproductive event due to lower energy intake; and

(2) survival costs, in which long-term parental care can reduce

survival of the parent. Evolutionary theory suggests that parents

will adjust their parental care expenditure in relation to the

variation in costs to themselves and the benefits to their offspring,

so as to maximize fitness [5].

Several mathematical models of parental care have been

proposed, most of which involve cost-benefit tradeoffs between

the parents and offspring [1–2,5–8]. However, one of the principle

constraints with predicting the circumstances under which

parental care evolves is that the ecological form of the cost and

benefit functions is unknown, making models difficult to test

empirically [2]. Consequently, models are normally tested using

focal species which vary in the type or intensity of care provided

(but in which all populations express care to some degree), or to

examine interspecific variation in care strategies. Because parental

care is either absent altogether or present in the vast majority of

species, our capacity to understand the direct ecological influences

of parental care evolution at the population level is limited.

Long-tailed skinks (Eutropis longicaudata) are widely distributed

throughout southeast Asia, but only one insular population is

known to display maternal care [9]; this presents a unique

opportunity for testing how ecological circumstances can contrib-

ute to parental care evolution. On Orchid Island (Taiwan), nesting

female long-tailed skinks guard their nests during incubation,

whereas females in at least 13 other populations abandon the nest

immediately after laying eggs [9]. This pattern is driven by

significantly higher levels of predation pressure on Orchid Island,

necessitating maternal care to ensure reproductive success [9]. We

developed cost-benefit models of parental care, which we tested

using ecological data from the population which provides maternal

care and two other populations lacking maternal care. We focus

on the fitness consequences of maternal care, where mothers

benefit by increasing egg hatching rates but incur a cost in terms of

the survival of the nest-guarding female and reduced opportunity

for future reproduction. This extends other models, in which
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parental care evolves solely in response to selection on trade-offs

between growth rate and future reproduction, or the relationship

between parental care and fecundity [2]. Eventually, a balance

between the costs and benefits should lead to parental care

evolving from a non-caring ancestor, and if the long-term benefits

outweigh the costs, then parental care should be maintained. Our

study suggests that natural selection acting directly on the female

and her ability to produce offspring exerts a strong influence on

the evolution of maternal care. We integrate our findings into

existing predictive frameworks that propose mechanisms leading

to the evolution of parental care [1], and find support for some

hypotheses, but not others.

Methods

Ethics statement
This study was approved by the Taiwanese National Museum of

Natural Science Animal Care and Use Committee (Protocol

Permit NMNSHP02-002).

Study populations and empirical data
From 2001–2010 we collected clutch size data for Eutropis

longicaudata on Orchid Island, located 60 km southeast of Taiwan

(22u029N, 121u349E); Green Island, located 33 km southeast of

Taiwan (22u409N, 121u289E); and mainland Taiwan (Santimen,

Pingtung County; 22u429N, 120u389E). At each location long-

tailed skinks nest within drainage holes running through a concrete

retaining wall located along a mountain road. For full details of

study sites and methods, see [9–11]. Incubating eggs fail due to a

variety of reasons, including fungal infections, or predation by ants

or egg-eating snakes (Oligodon formosanus) [9]. Egg-eating snakes,

however, are the major egg predator and the maternal care

expressed by Orchid Island long-tailed skinks is aimed at deterring

snakes from eating lizard eggs, which are more abundant on this

island than our other two study sites [9]. We conducted a

manipulative experiment to determine the fitness effects of

excluding snake predators (as mother lizards do on Orchid Island)

[9]. This entailed gluing mesh over the pipes housing lizard nests;

by doing so, we could estimate the fitness effects that maternal care

would provide in our two study populations which do not display

maternal care (Table 1) [9]. We also conducted these trials on

Orchid Island to serve as controls (Table 1) [9].

Model overview
We used an evolutionary stable strategy (ESS) game theory

model [12]. The game theory model predicts that the selective

pressures maintaining parental care by both sexes, and desertion

by one parent, affects investment by the other parent (Table 2)

[12]. We can use the game theory model to define four different

evolutionary stable strategies for parental care evolution (ESS): (1)

both parents express parental care, and if the costs outweigh the

benefits, either parent can abandon care; (2) the female deserts the

offspring while the male provides care; (3) the female provides care

for the offspring while the male deserts; or (4) both sexes desert the

nest resulting in no parental care. Because parental care by male

reptiles is virtually nonexistent [1], here we focus on the conditions

under which maternal care is likely to evolve (ESS1 and ESS3).

The long-tailed skink populations on Green Island and mainland

Taiwan are described by evolutionary stable strategy ESS 1: both

parents desert the nest, whereas the Orchid Island population is

described by ESS 3: the female cares for incubating eggs and the

male deserts (Table 2). Because the payoff from these two

strategies relates to egg numbers and egg survival, we can calculate

Table 1. Predation, competition, and parental care attributes of three long-tailed skink populations.

Variable Location

Mainland Taiwan Green Island Orchid Island

Individual predation Strong Weak Weak

Egg predation Weak Weak Strong

Parental care No No Yes

Clutch size (eggs) 6.7 6.0 6.5

Hatching success with parental care 59% 55% 81%

Hatching success without parental care 62% 51% 18%

Relative change in hatching success with care 23% 4% 63%

Cost-benefit model without maternal care 1.15 0.06 21.83

Cost-benefit model evolving maternal care 0.95 0.30 2.27

Individual predation pressure was assessed using the number of lizard predator species present in each location; intensity of egg predation was estimated using
numbers of egg-eating snakes (Oligodon formosanus) [33] encountered during our study; and intra-specific competition was estimated using skink density. Data for
hatching success with and without parental care are from [9].
doi:10.1371/journal.pone.0054065.t001

Table 2. Payoff matrix and four evolutionary stable strategies
(ESS) from the game theory model [12].

Female

Care Desert

Male Care R wP2 WP1

= wP2 WP1

Desert R wP1 WP0

= wP1 (1+p) WP0 (1+p)

W: egg without care; w: egg with care; P0: egg survival without parental care;
P1: egg survival with uni-parental care; P2: egg survival with bi-parental care;
P2. P1. P0; p: male deserts and then obtains another mating opportunity.
ESS1: both sexes show care; wP2. WP1, otherwise female deserts; wP2. wP1
(1+p), otherwise male deserts. ESS2: female deserts and male cares; WP1 . wP2,
otherwise female cares; WP1 . WP0 (1+P), otherwise male deserts. ESS3: female
cares and male deserts; wP1 . WP0, otherwise female deserts; wP1 (1+p) .

wP2 otherwise male cares. ESS4: both sexes desert; WP0 . wP1, otherwise the
female cares; WP0 (1+p) . WP1, otherwise the male cares.
doi:10.1371/journal.pone.0054065.t002

Parental Care Evolution in a Lizard
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the benefits in terms of numbers of eggs produced and the

proportion of those eggs that hatch into baby lizards.

Benefits of parental care
The benefit of parental care is the successful production of

offspring. In long-tailed skinks, the proportion of eggs laid that

produce hatchlings is a function of incubation temperature [11]

and the probability that the eggs will be located and consumed by

predators [10]. Eggs exposed to relatively moderate temperatures

have high hatching success ratios [11], which increases the benefit

of providing parental care. Similarly, parental care maintains a

benefit when females successfully attack and deter egg-eating snake

predators [9,10].

Costs of maternal care
The costs of maternal care are fourfold: (1) the energetic cost of

producing a clutch; (2) delay of future mating opportunities (when

a female remains with the eggs, she delays opportunities for mating

and acquiring the energy necessary for producing her next clutch);

(3) anti-predator ability (the ability of a lizard to defend the nest

from obligate egg predators); and (4) risk of predation (maternal

care could reduce survival through increased predator exposure

during care). When considering these costs as point values in a

model, the total costs cannot exceed the value of the female

herself.

Model development
The model without maternal care (which is representative of the

long-tailed skink populations on mainland Taiwan and Green

Island) is:

Clay z Begg � (1-X) ~ Constant ð1Þ

Where Clay is the cost of laying a clutch of eggs by a mother lizard,

Begg is the benefit of egg-hatching ratios, and X is the proportion

of eggs that fail to hatch.

We assumed that a mother lizard represents ten points, and that

laying a clutch of eggs costs the female 30% of her body mass [10],

or three points. If all of the eggs in a clutch hatch, the female

benefits ten points; this value can be adjusted based on egg

hatching rates. We assumed that a female lays eggs twice during

her lifetime, and at least one hatchling from each clutch reaches

adulthood. This means that in her lifetime each female will replace

herself and one mate (20 lifetime points), thereby maintaining a

stable population size. These assumptions can be adjusted based

on life history attributes; for example, if a female lays four clutches

of eggs in her lifetime, then each clutch would represent five

points.

The model evolving parental care (which is representative of the

long-tailed skink population on Orchid Island) is:

Clay z Cdelay z Cpredation z Cantipredator z Begg � (1-X) ~

Constant
ð2Þ

Where Cdelay is the cost to a female in terms of delaying

reproduction while guarding eggs, Cpredation is the risk of the

female provisioning care being preyed upon, and Cantipredator is the

cost the female incurs when using antipredator behaviors.

If a female develops maternal care, then the costs relative to not

providing care include the cost of future reproduction, the risk of

predation, and the cost of deterring predators. Delaying future

reproduction may be the most important cost for females in our

study system [13]. Consequently, Cdelay = 23 (in Equation 1, we

assumed that a clutch represents 3 points, and the greatest benefit

to a female would be a clutch that is not preyed upon by snakes,

and thus all eggs hatch. In this case X = 0 and 23+6 * (1–0) = 3. If

the entire clutch is consumed by snakes, then X = 1 and 23+6 *

(1–1) = 23; a female loses at most 3 points by delaying the second

clutch). Cpredation and Cantipredator are dependent on the female’s

ability to escape lizard predators and to deter egg predators,

respectively. These costs sum to at most 7 points because females

invest 3 in the clutch. In our study system, female lizards easily

deter egg predators (the reptile egg-eating snake Oligodon formosanus,

which does not eat lizards; [9,10]), so we assume Cantipredator to be

negligible (i.e., 0).

Results

Testing the model without parental care
We solved the model without parental care (Equation 1) using

empirical data (Table 1). The benefits of not providing care

outweigh the costs for the mainland and Green Island populations,

but not for the Orchid Island population (Table 1). For the Orchid

Island population to persist in the absence of maternal care (i.e., to

obtain a positive value for the equation) would require either a

decrease in Clay or an increase Begg. To obtain a positive value for

the equation, X would have to be above 0.46, or, given the current

hatching success rate of eggs in the absence of maternal care

(18%), females would have to increase their clutch size to .17 eggs

(the known maximum clutch size is 13 eggs; [14]). With lower

clutch sizes and given the high rate of egg predation in the absence

of maternal care, long-tailed skinks would become extirpated from

Orchid Island if the eggs were not protected from predation

during incubation.

Testing the model evolving maternal care
We solved the model evolving maternal care (Equation 2) using

empirical data (Table 1). Our experimental exclusion of egg

predators, which simulates maternal defense of the nest site,

revealed that when eggs are protected from predation, Begg

increases from 18% to 81% on Orchid Island, but in the other two

populations there is negligible change (,4% change; Table 1 [9]).

The benefits of providing care thus outweigh the costs only for the

Orchid Island population. The absolute value for the Green Island

population is higher for the model evolving maternal care than for

the model not evolving maternal care (Table 1), but the difference

is so small that when using the empirically-derived hatching

success data as input (instead of data from the predator exclusion

experiment; Table 1), the values for the models with and without

maternal care are equal (i.e., 0.06). Lizards on mainland Taiwan

and Green Island should therefore continue burying their eggs in

the soil and abandoning them after oviposition (as is common

throughout most of the species’ range).

Discussion

A major objective in behavioral and evolutionary ecology is to

understand how animals make decisions in complex environments,

and the strategies adopted by animals under realistic conditions

[15]. Our cost-benefit model used an optimization framework

[12,15,16] to examine the evolution of maternal care in complex

environments, and revealed four major insights: (1) maternal care

can evolve from a non-parental caring ancestor if the benefits

outweigh the costs; (2) in species lacking anti-predator behaviors,

the benefits of maternal care can increase with ecological or

environmental factors; (3) the benefits and costs of maternal care

Parental Care Evolution in a Lizard
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increase when individuals actively defend their nests against

predation; and (4) predators play important roles in the evolution

of maternal care. The evolution of parental care represents a

considerable evolutionary challenge: to change behavior in a

manner that interacts positively with offspring. Nonetheless,

phylogenetic studies from a wide range of taxa all suggest that

this is the pathway by which parental care evolves (reviewed by

[2]).

Although the costs and benefits of parental care are many, we

currently know little of the form of the relationships between

parental investment and offspring fitness. It seems likely that this

relationship could involve one or more threshold effects (e.g., see

Fig. 1 for one putative relationship between selecting nest sites with

appropriate incubation temperatures and predation pressure).

However, there are many problems associated with measuring the

costs of reproduction to the parents. Individual variation in

phenotypic or genetic quality may obscure the effects of parental

expenditure on subsequent fitness. Furthermore, experimental

manipulation of parental expenditure is needed, even though it is

difficult to measure reproductive costs and offspring benefits using

either laboratory of field experiments [2]. Theoretical models of

parental investment necessarily incorporate assumptions about the

form of cost and benefit functions. Because it is impossible to deal

with all of these functions adequately, few predictions concerning

the form or extent of parental investment in practice have a basis

grounded in ecology. For example, we do not currently know

whether parents should generally invest more heavily in offspring

of superior quality because they are more likely to survive, or

inferior ones because parental expenditure will have a greater

influence on their fitness. Because we know nothing about whether

environmental factors affect the parents’ decisions, those uncer-

tainties lead us to be skeptical of predictions based only on

theoretical principles. This may be a problem in our model as well,

but our goal was to use biologically meaningful parameters to

understand how these might relate to parental care evolution.

Why the mainland Taiwan population has not evolved
maternal care

There are two explanations for why the long-tailed skink

population on mainland Taiwan has not evolved maternal care.

First, on the mainland there is a substantial risk of predation to the

parent while guarding the nest because of the diverse array of

lizard predators there (e.g., at least 4 snake species; Table 1 [9]).

The presence of a higher diversity of lizard predators could

increase Crisk. If the mother lizard is preyed upon, then the X

value will increase simultaneously because the eggs are vulnerable

to predators without maternal care. Secondly, experimental

exclusion of vertebrate predators in the mainland population

revealed that the benefits of care and desertion are almost

equivalent in terms of hatching success (Table 1 [9]). Excluding

vertebrate predators did not result in a significant increase in

hatching success on mainland Taiwan or Green Island, as

compared to a 63% increase for the Orchid Island population

(Table 1 [9]). When there is no positive net benefit to maternal

care, natural selection will favor nest desertion.

Our cost-benefit model predicts that animals will seek further

benefits if the environment allows it, regardless of whether the

species shows aggression towards egg predators. For example,

higher temperatures influence egg incubation time and egg

mortality of long-tailed skinks on Orchid Island [11]. Eggs

incubated in the warmer concrete wall have higher hatching

success (88%) than natural nests (67%), and hatch 7 days earlier

[11]. In warmer environments, shorter incubation times could

reduce the duration of maternal care (when the female remains at

the nest for the entire duration of incubation) and allow the

hatchlings to have longer activity seasons (and thus reach larger

sizes) prior to winter. Thus, these concrete walls are likely to attract

female lizards because of the benefits to incubating eggs, regardless

of whether that female has the ability to deter predators or even

provide maternal care at all. The Taiwanese and Green Island

populations are consistent with this prediction in that they have

not evolved maternal care, but do lay their eggs inside the concrete

walls.

Predation is a strong selective force that influences the behavior,

morphology and life history of prey species [17–18]. Studies of the

effects of predation on prey responses are biased towards studies of

life history and morphology. Nevertheless, exposure to predators

has been shown to influence prey behavioral changes and

evolution (e.g. [18–20]). The current cost-benefit model suggests

that both individual predators and reptile egg predators are

important to the evolution of maternal care in long-tailed skinks.

Direct contact between prey and potential predators is unlikely to

induce parental care in smaller species on the island, because they

are unable to successfully deter egg-eating snakes. However, when

predators are rare (or multiple predators co-occur) it may be

difficult to evolve maternal care because the costs of providing care

may not outweigh the benefits. For example, the Taiwanese

population of skinks is exposed to many different predators, many

of which eat lizards. Likewise, on Green Island there are very few

predators at all, and consequently maternal care would accrue

only minimal benefits (Table 1).

Figure 1. A hypothetical cost-benefit model describing the
evolution of parental care in long-tailed skinks (Eutropis
longicaudata), showing how parental care can evolve based
on the relationship between incubation temperature (the
benefit is increased hatching success, x-axis) and egg preda-
tion pressure from snakes (the cost of laying eggs in
populations with varying snake population size, y-axis). Note
that these relationships are hypothetical, and provide only one example
of how these two variables could influence the evolution of maternal
care (similar relationships can be developed between other variables of
interest). Parental care has a high likelihood of evolving in instances
where female lizards select nest sites that are relatively high (i.e., inside
of a retaining wall as compared to in natural habitats) but in which
there are large numbers of egg-eating snakes (and thus high risk of any
eggs left unattended becoming depredated). This matches the situation
on Orchid Island, Taiwan. Maternal care is unlikely to evolve when
predation pressure is relatively low, which matches the situation on
Green Island and mainland Taiwan.
doi:10.1371/journal.pone.0054065.g001
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The cost and benefit model in a hypothesis-testing
framework

Existing hypotheses about the mechanisms behind the evolution

of parental care [1] can be integrated into our findings, which

results in eight hypotheses spanning: (1) attributes of the external

environment, including nesting sites; and (2) reproductive attri-

butes of the species, both of which must result in the parental

action increasing fitness. We address each of these hypotheses in

turn.

Characteristics of the external environment
1. Harsh and unpredictable environments. This hypoth-

esis suggests that parental care will most often be found in

environments in which resources for adults are limited at the time

of egg guarding [21]. For example, if resources are scarce prior to

or during the period of parental care, then the parents might

increase the rate of food searching while guarding the nest, which

could increase the risk of predation to the parent or offspring,

which would reduce the benefits of providing maternal care [21].

However, if food resources are abundant at the time of nesting, an

alternative hypothesis is that parents would not necessarily tradeoff

egg guarding with food searching. This would lessen the time spent

away from the nest and provide the female with more energy with

which to protect the nest. Parental care might strongly benefit egg

survivorship in these instances. In our current study, for instance,

long-tailed skinks breed from February to September when the

food resources are abundant [14], in contrast to the harsh and

unpredictable environment hypothesis, but in support of the

abundant food resource hypothesis. Although skinks occasionally

leave the nest to forage in the forest near the concrete wall [9],

these excursions may be infrequent enough or of sufficiently short

duration that foraging does not increase the risk of predation to the

mother or eggs. Addressing this hypothesis using more detailed

behavioral observations will help clarify this.

2. Selection for ‘‘risky’’ life history strategies. Our

model predicts that parental care will evolve more commonly

when reproductive output is low. This implies that short-lived

species are more likely to evolve parental care than long-lived

species. Short-lived species often have lower reproductive outputs

than long-lived species, and thus could be more likely to pursue

‘‘risky’’ reproductive strategies than long-lived ones [1,22].

Parental care is a ‘‘risky’’ behavior because it can render the

parents vulnerable to predators. In lizards, parental care is more

common in late-maturing or large species [22,23]. Tinkle (1969)

suggested that parental care generally should be found in long-

lived iteroparous species, especially those with a short, annual

breeding season. However, the long-tailed skink, an iteroparous

species with a long breeding season and large body size relative to

other sympatric lizards, does not support this prediction. This

inconsistency might correlate with a lizard’s ability to defend

against predators. For example, Sphenomorphus incognitus, a lizard

with a small body size, cannot defend its nest from Oligodon

formosanus [24] because its head width (8.1–10.9 mm; [25]) is

smaller than the chest diameter of O. formosanus (11.5–14.5 mm;

[26]), but the head width of Eutropis females (13.3–18.3 mm; [14])

is larger than the chest diameter of the snake; thus they can defend

nests from intruding snakes.

3. Exposed vs hidden nest sites. Tinkle (1969) reviewed

parental care of lizards and suggested that lizards laying their eggs

in well-hidden nests might be less exposed to dangers than a

female that does not accompany her eggs. Likewise, eggs

incubating in exposed areas, rather than buried or hidden, may

be easier for predators to locate. Hence, parental care should

evolve more often in species that do not bury their eggs [1,27].

Although long-tailed skinks bury their eggs beneath rocks in

natural habitats, the eggs of females nesting inside the retaining

wall remain exposed during incubation. Females nesting in

populations expressing or not expressing maternal care both nest

in these retaining walls, suggesting that egg exposure in and of

itself does not always lead to maternal care.

4. Suitability of habitat for clutch attendance. Parental

care is predicted to be more common when adults occupy the

same habitat in which eggs are laid. This is because the parents

may be less susceptible to predation inside their own territory,

which also provides vital resources. This hypothesis is difficult to

test in lizards because the males are more likely to be territorial,

although females are more likely to show parental care [1]. Long-

tailed skinks do not support this prediction because females

generally spend the period outside the nesting season in natural

habitats, but move onto the retaining wall during the nesting

season [10]. A related hypothesis concerns the abundance of nest-

sites available. Parental care might evolve when nest sites are

scarce relative to the number of nesting females, because the

arrival of new females can destroy existing nests. This scenario has

been described in sea turtles [28] and island populations of

iguanine lizards [29]. However, at our study areas there are nearly

1,200 identical potential nest-sites available, but we have never

observed more than 50 nesting females at any given time. Because

the number of suitable nesting sites vastly outnumbers the number

of breeding females, our data do not support this prediction.

5. Ability of parents to defend eggs from predators. If a

major benefit of parental care is to deter potential egg-predators,

then parental care should evolve most often in species in which a

parent is physically capable of deterring egg predators [1,3,30].

For example, parental care is common in the largest snakes

(Pythoninae), and those with venom (Viperidae, .50% of species

and Elapidae, 41% of species). Likewise, the few reports of

parental care in the Colubridae (7.5%) are in species with

relatively large body sizes (e.g., the genera Elaphe, Farancia, Ptyas) or

belonging to the minority of venomous species within the family

(e.g., Psammophylax, Rhabdophis; [1]). The ubiquity of parental care

in the large and formidable crocodilians is consistent with this

prediction. Likewise, due to their relatively large body size, long-

tailed skinks appear to be the only lizard species on Orchid Island

large enough to successfully deter egg-eating snakes [24].

Reproductive attributes
6. Parental care is more likely to evolve in species with

low reproductive frequency. Parental care may be more likely

to evolve in species that produce only a single clutch of large eggs

per reproductive season, as opposed to species that produce small

and frequent clutches. This is because the cost of caring for a single

clutch of eggs is most likely smaller than the cost of caring for

several clutches over a much longer duration. Data from several

studies seemingly support this prediction [23,31]. However,

because multiple clutching is more common in tropical species

than in temperate species, parental care should evolve more often

in temperate rather than tropical species. This is not the case for

reptiles, in which parental care is most common in tropical species

(e.g., Iguaninae, Pythoninae, Alligatorinae, Crocodylinae [1]). The

costs for long-tailed skinks to guard their eggs are minimal, and

similar for females with both large and small clutches [13]. Some

long-tailed skinks reproduce twice within a single breeding season,

and guard both clutches, which does not support this prediction.

7. Brief incubation periods. Parental care should evolve

when incubation periods are short because females investing less

time engaged in parental care will incur fewer costs. A comparison

of the incubation periods of egg-attending vs non-attending species

Parental Care Evolution in a Lizard
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supports this hypothesis [21]. However, such interspecific com-

parisons could be confounded if large species that tend to have

large eggs (which need longer incubation periods) are dispropor-

tionately represented in the non-attending species. Our field data

support hypothesis; long-tailed skink eggs incubate more quickly

on Orchid Island than on the mainland [13]. However, the

incubation period may not be a major factor in the evolution of

maternal care in this species because females in populations with

and without maternal care nest in two habitat types: some females

bury eggs beneath the soil (where they are not visible to predators)

and some females lay eggs inside of a retaining wall (where they

are visible to predators; [32]). Furthermore, the duration of

maternal care does not always last the entire incubation period,

but can vary due to the frequency of attempted egg predation by

snakes [9]. Hence, this prediction may be overly simplistic.

Parental action enhancing fitness
8. Parental care is more likely to evolve when it increases

egg hatching ratios. According to our model, the higher the

hatching ratio (in terms of benefit, Begg) the greater the

opportunity for parental care evolution. For example, long-tailed

skink eggs laid inside concrete walls have higher hatching success

than those in natural nests [11]. Exposing the eggs to higher

incubation temperatures might play an important role in the

evolution of parental care. This prediction may help explain why

tropical species more commonly display parental care than

temperate species [1]. Eggs in tropical environments are exposed

to higher temperatures, and in many species this results in higher

hatching success, which would bring the benefits in line with our

model. Further, our model might predict that endotherms would

show parental care more commonly than ectotherms, because

most of the temperatures experienced by embryos are higher in

ectotherms than in ectotherms. This could help explain why

almost all birds and mammals show parental care.

Conclusions
We know so little about the mechanisms leading to the evolution

of parental care that it is difficult to predict how parents should

invest in their offspring. Our general cost-benefit framework can

be used to examine how a relatively large number of biologically-

relevant variables simultaneously influence quantitative estimates

of parental care. This approach revealed that the evolution of

maternal care in long-tailed skinks is related to at least five

different factors: the energetic investment in a clutch, the delay of

future fecundity, the risk of predation to the parent, the ability to

defend the eggs from predation, and the increase in hatching

success provided by maternal care. The relative magnitudes of the

cost and benefits of these variables are important in determining

the evolution of parental care. Consequently, multiple pathways

can lead to the evolution of parental care from a non-caring state,

even in a single population of a widespread species.
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