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Abstract

Aim: Both theory and empirical data suggest that life histories of insular species slow

down (the “island syndrome”). Insular individuals are hypothesized to lay smaller

clutches of larger eggs compared with individuals belonging to closely related main-

land species. Most lizards have variable clutch sizes and can lay any number between

one egg and a species-specific maximum which can be well over 50 eggs. Many lizards,

such as geckos and anoles, however, lay invariant small clutches of one or two eggs,

and may thus be unable to manifest some aspects of the island syndrome. We tested

whether insular species with either variable or invariant clutch sizes respond to insu-

larity differently.

Location: Worldwide.

Methods: We assembled data on egg, clutch, hatchling and female sizes and brood

frequencies of 2,511 lizard species. We tested whether the predictions of the island

syndrome were met for lizards laying invariant versus variable clutches, controlling

for female size and phylogenetic non-independence. We further examined whether

geckos and anoles, the major clades with invariant clutches, differ from other lizards

in the way they respond to insularity.

Results: On islands, species with variable clutch sizes lay smaller clutches of larger

eggs, from which larger hatchlings emerge, compared with mainland species. Lizards

with invariant clutch sizes, however, decrease clutch size and increase clutch

frequency but not hatchling or egg size, compared with mainland species.

Main conclusions: Lizards with invariant clutch sizes may be unable to increase egg

and hatchling sizes because of limitations set by the female body cavity and pelvic

opening, or by arboreality. They nonetheless lay smaller clutches on islands and

increase clutch frequency. We suggest that this may result from lower seasonality

of tropical islands, leading to a greater spread of reproductive effort. Alternatively,

the higher clutch frequency on tropical islands could result from fluctuations in pop-

ulation densities caused by tropical storms.
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1 | INTRODUCTION

Life-history traits are usually described as ranging between fast and

slow. Fast life histories are characterized by short lifespans and fre-

quent large clutches of fast-developing small hatchlings (i.e. “r strat-

egy”). Slow life histories, on the other hand, are characterized by

long lives and infrequent small clutches of slow-developing large

hatchlings (i.e. “K strategy”, MacArthur & Wilson, 1967; Pianka,

1970, 2011). The “pace” of a life history responds to the selection

pressures acting in different environments, such as along climatic

gradients or on islands (Roff, 2002).

The clutch sizes of most lizards, and most other reptiles, can vary

greatly among individuals and even over the life span of a single

female (and sometimes seasonally, Shine & Greer, 1991). The clutch

size of Iguana iguana, for instance, may include 9–90 eggs (Joglar,

2005), that of Sceloporus clarkii may comprise 1–24 eggs (Jimenez-

Arcos, Sanabria-Urban, & Cueva del Castillo, 2017), while Draco bec-

carii, for example, lays 1–4 eggs (Doody, Usman, Ul-Hasanah, Shel-

ton, & Gillespie, 2010). Many lizard taxa, however (e.g. anoles,

gymnophthalmids, geckos), lay small clutches that only contain one

or two eggs (Kratochvil & Kubicka, 2007). These are termed species

with invariant clutch sizes in the herpetological literature. Variable

clutch sizes are thought to be the ancestral mode of squamate

reproduction. Invariant clutch sizes have evolved independently

more than 20 times (Shine & Greer, 1991).

Invariant clutch sizes have been claimed to evolve in response to

various selection pressures (Kratochvil & Kubicka, 2007). Having an

arboreal or fossorial life style, for instance, may select for fewer off-

spring per clutch in order to reduce the burden on the female and

maintain her agility while climbing or “swimming” through the sub-

strate, e.g. in the mostly arboreal anoles and geckos (Andrews &

Rand, 1974; Kratochvil & Kubicka, 2007), and some of the leg-

reduced fossorial skinks and gymnophthalmids. Under some selection

pressures, such as resource limitation and predation (especially by

conspecifics), increasing hatchling size may be key to increasing sur-

vival (Ashton, 2005; Cooper, Dimopoulos, & Pafilis, 2015; Kratochvil

& Kubicka, 2007). Consequently, there is an interplay between the

need to produce small or large hatchlings. Furthermore, both mini-

mum and maximum hatchling sizes are probably constrained: small

hatchlings may have low fitness (the “lower limit hypothesis,” Kra-

tochvil & Frynta, 2006a). However, maximum egg size is limited by

the size of the female body cavity and pelvic opening (the “upper

limit hypothesis,” Kratochvil & Frynta, 2006a). In habitats in which

the climate enables an extended reproductive season, selection may

favour species that lay frequent small clutches of larger offspring

(Andrews & Rand, 1974; James & Shine, 1988; Meiri, Brown, & Sibly,

2012; Mesquita, Faria, Colli, Vitt, & Pianka, 2016; Shine, 1992), maxi-

mizing offspring quality without reducing their overall number.

Islands may exert different selection pressures on their inhabi-

tants than those of mainland settings. The lower number of species

on islands means that their inhabitants will face fewer (and often dif-

ferent) competitor, predator and prey species. Furthermore, islands

often differ from the mainland in attributes such as population

density (causing stronger intra-specific competition), habitat diversity

and food abundance (Buckley & Jetz, 2007; MacArthur, Diamond, &

Karr, 1972; Novosolov et al., 2016). Adler and Levins (1994) coined

the term “island syndrome” for a suit of correlated changes in traits

of insular rodents. These mainly include shifts in life-history charac-

teristics towards the slow end of the fast–slow continuum. As a

response to lower top-down regulation of population density (mainly

through relaxation in predation pressure on islands which they

claimed to have the greatest effect on rodent numbers), selection

acts to maximize individual ability to outcompete conspecifics. This

will result in insular animals selecting for offspring quality at the

expense of quantity. Thus, insular females will have larger offspring

but will reproduce more slowly: they will start to breed at older ages,

breeding less frequently and having smaller litters than females in

mainland populations (Adler & Levins, 1994; MacArthur & Wilson,

1967; MacArthur et al., 1972). Similar correlated trait shifts have

since been found in other taxa, especially in birds and lizards, at both

the population and species levels (Blondel, 2000; Covas, 2012;

Novosolov & Meiri, 2013; Novosolov, Raia, & Meiri, 2013; Pafilis

et al., 2011; Slavenko, Itescu, Foufopoulos, Pafilis, & Meiri, 2015).

Lizard species laying invariant clutches, however, may already be lay-

ing eggs as large as can be produced. Related insular species thus

may be unable to increase egg size further, while the invariant clutch

makes them unable to decrease clutch size. Such species may, there-

fore, not manifest the island syndrome.

Novosolov et al. (2013) found that insular lizard species largely

follow the predictions of the island syndrome regarding the slow-

down of reproduction. They lay smaller clutches of larger hatchlings

than the closely related similar-size mainland species (Novosolov

et al., 2013). They also found that brood frequency of species from

islands was higher than that of mainland species, but this effect dis-

appeared when accounting for phylogeny. Novosolov et al. (2013)

attributed this pattern to the higher abundance of island species

with invariant clutch sizes and high brood frequency, i.e. anoles and

geckos, compared with other taxa.

The effect of insularity on egg volume has never been studied to

our knowledge. We suspect that hatchling size in oviparous species

may not be the ideal measure by which to study maternal invest-

ment. This is because eggs are influenced by the environmental con-

ditions to which they were exposed during incubation, such as

temperature and water availability, which in turn affect hatchling size

(Deeming & Unwin, 2004). Thus, hatchling size may reflect the

changes caused by incubation rather than direct maternal investment

(Overall, 1994; Van Damme, Bauwens, Bra~na, & Verheyen, 1992).

We suggest that evaluating the developmental stages preceding

hatchling size, i.e. egg and clutch size, may be key to understanding

the evolutionary processes related to insularity.

We hypothesized that species with variable clutch sizes would

follow the island syndrome, as a response to stronger intra-specific

competition and lower predation and inter-specific competition

regimes that often characterize islands. Species with variable clutch

sizes would manifest slower life histories compared with mainland

relatives as a means of increasing offspring quality. Thus, they would
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produce smaller clutches of larger eggs and hatchlings and would

decrease brood frequency. We predict, however, that species with

invariant clutch sizes would not reduce clutch size further or

increase egg or hatchling size because these are already strongly

constrained. We also predicted that clutch frequency of insular and

mainland species with invariant clutch sizes would be similar across

islands and continents. Additionally, we predicted that, in the pres-

ence of predators, insular lizards would have faster life histories.

Thus, we predicted that lizards would lay larger and more frequent

clutches and have smaller hatchlings in the presence of predators,

compared with species from predator-free islands.

Using a large dataset of lizard species life-history traits, we

tested the multiple predictions of the island syndrome while distin-

guishing between lizard species with variable versus invariant clutch

sizes.

2 | MATERIALS AND METHODS

2.1 | Data collection

We collected data on mean size of female (2,280 species, following

the taxonomy of Uetz, 2016) and hatchling (1,324 species) lizards

from the literature. We also collected clutch size and frequency data

for 2,511 and 947 species, respectively. The reproductive trait

data and a full list of sources are reported in Appendix S1a and

Appendix S1b, c respectively. We excluded viviparous and ovo-

viviparous species because our focus was on egg-related traits. We

used mean masses of females and hatchlings to quantify body size.

When means were not available, we used the midpoint between

published maxima and minima. Our database included lizards with

very different morphology (e.g. legless, elongated pygopodids and

anguids versus heavy bodied chameleons and iguanas). We, there-

fore, could not use snout–vent length (SVL), the commonest measure

of lizard size (Meiri, 2010). Thus, we inferred masses from SVLs

using family-specific equations from Feldman, Sabath, Pyron, May-

rose, and Meiri (2016).

We collected egg volume data for 806 lizard species. Egg

dimensions were usually reported as either minimum or maximum

egg lengths and widths (from which we calculated the midpoint

value for each metric) or as means. We calculated egg volume (V)

using the equation for a prolate spheroid: V = (4p/3)ab2 (Kratochvil

& Frynta, 2006b), with “a” being half the egg length and “b” half

the egg width. Egg sizes of species that lay parchment-shelled eggs

increase throughout incubation due to water absorption from the

environment (Tracy, 1980). Calcareous eggs, in contrast, lose water

through evaporation during incubation and therefore decrease in

size (Deeming & Unwin, 2004). Our data comprised measurements

of eggs of five types: (1) eggs freshly laid in captivity (hereafter

“fresh”); (2) eggs collected from the wild (“wild”); (3) oviductal eggs

in various vitellogenic stages (“oviductal”); (4) preserved, dried,

rehydrated eggs and eggs measured immediately prior to hatching

(“old”); and (5) eggs for which no data were available regarding

their state (“unknown”). We performed a sensitivity analysis to

determine whether the nature of our data affected the general

trends, using a regression of egg volume on female mass and clutch

size. We performed the analysis on subsets of our full database: (1)

on the full dataset containing all five data types; and (2) on a

trimmed dataset comprising only “fresh” data (i.e. eggs measured in

captivity, shortly after being laid).

We categorized all species for which the maximal known clutch

size is one or two as having invariant clutch sizes. This group com-

prised geckos (Carphodactylidae, Diplodactylidae, Eublepharidae,

Gekkonidae, Phyllodactylidae, Pygopodidae and Sphaerodactylidae),

anoles (Dactyloidae), gymnophthalmids and some lacertids (Lacer-

tidae), skinks (Scincidae) and other taxa (Appendix S1a). The variable

clutch size group comprised all other lizards for which we had clutch

size data for (i.e. those with maximum clutch sizes of three or more

eggs; Appendix S1a). We also tried a different, more conservative

classification method, by which we categorized only geckos, anoles

and gymnophthalmids (i.e. the families in which nearly all species lay

invariant clutches) as having invariant clutches. Results of analyses

using this conservative dataset were qualitatively similar to the less-

conservative classification method (Appendix S2a). We, therefore,

decided to use the less-conservative dataset only, because it

included more species and evolutionary transitions.

We determined whether a species is an island endemic or inhab-

its only the mainland (“mainland endemic”) using distribution data

from the GARD initiative (Global Assessment of Reptile Distribu-

tions: http://www.gardinitiative.org/, accessed on 10th September

2016). We calculated the proportion of island and mainland area of

the distributions of each species using ArcGIS (ESRI, 2011). We cate-

gorized lizards as mainland species if at least 95% of their distribu-

tion area is on the mainland. Species with wide distributions on both

islands and the mainland were excluded.

We recorded whether snakes (data from Feldman, 2015) or

mammalian carnivore species (data from Meiri, Simberloff, & Dayan,

2005 and Meiri et al., 2014, potential predators of lizards) are pre-

sent on the largest island in the distribution of each insular lizard

species in our database, and we used these data as proxies for pre-

dation pressure. We had no data on birds, amphibians and inverte-

brates that prey on lizards, or as to which lizard species prey on

conspecifics or on other lizards, and thus only considered snakes and

mammalian carnivores as potential predators.

2.2 | Statistical analyses

We tested the differences between the reproductive traits of insular

and mainland species with variable and invariant clutch sizes sepa-

rately. Egg volume, clutch size, hatchling size and brood frequency

were the response variables, while female mass and insularity (is-

land/mainland) were the predictors. Because anoles are thought to

lay very small eggs while geckos are thought to lay eggs close to the

maximum size possible (Kratochvil & Kubicka, 2007), we repeated

the analysis for geckos and for anoles separately. In order to account

for phylogenetic non-independence, we used phylogenetically cor-

rected general least square models (PGLS, Freckleton, Harvey, &
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Pagel, 2002), using the phylogeny proposed by Tonini, Beard, Fer-

reira, Jetz, and Pyron (2016), computed with the R package “Caper”

(Orme et al., 2013). We then tested the possible effects of the pres-

ence of snakes and Carnivora species on the reproductive traits of

insular lizards by means of a PGLS regression (corrected for female

mass in all cases). We log10 transformed all continuous variables (i.e.

female and hatchling mass, egg volume, clutch size and brood fre-

quency) prior to all analyses in order to meet the assumptions of lin-

earity of the response, homoscedasticity and normal distribution of

the residuals. All analyses were carried out using R version 3.0.1 (R

Development Core Team, 2013).

3 | RESULTS

3.1 | Sensitivity analyses-determinants of egg
volume

The best models obtained for the full dataset were qualitatively simi-

lar to the models obtained for the dataset with only freshly laid eggs

(Appendix S2b). Phylogenetic signal was present in all models (k sig-

nificantly higher than zero, Appendix S2b). We, therefore, performed

only PGLS analyses on the full dataset.

3.2 | Allometry of invariant versus variable clutch
size

Egg volume and hatchling mass were positively and strongly correlated

with female mass both in species with variable clutch sizes (egg vol-

ume: slope = 0.61 � 0.03, t = 23.94, p < .0001, n = 356, R2 = .63,

Figure 1a; hatchling mass: slope = 0.55 � 0.02, t = 28.86, p < .0001,

n = 680, R2 = .58, Appendix S3c) and in those with invariant clutch

sizes (egg volume: slope = 0.79 � 0.03, t = 26.15, p < .0001,

n = 327, R2 = .68, Figure 1b; hatchling mass: slope = 0.77 � 0.02,

t = 33.35, p < .0001, n = 545, R2 = .67, Appendix S2c). There was a

significant difference between the slopes of egg volume and female

mass between species with variable or invariant clutch sizes (invariant:

slope = 0.77 � 0.03, t = 26.78; variable: slope = 0.64 � 0.02,

t = 27.98, p < .001, n = 729, R2 = .67). Clutch size was positively cor-

related with female mass in species with variable or invariant clutch

sizes (variable: slope = 0.26 � 0.01, t = 20.20, p < .0001, n = 1,118;

invariant: slope = 0.05 � 0.007, t = 6.89, p < .0001, n = 1,161,

Appendix S3c), but the fit was poor for species with invariant clutch

sizes (R2 = .05 vs. .28). Brood frequency was negatively and signifi-

cantly, but weakly, correlated with female mass (slope =

�0.05 � 0.02, t = �3.42, p > .001, n = 623, R2 = .02), egg volume

(slope = �0.09 � 0.03, t = �3.36, p < .001, n = 287, R2 = .04) and

clutch size (slope = �0.12 � 0.03, t = �3.74, p > .0005, n = 701,

R2 = .02, Appendix S2c) among species with variable clutch sizes.

Brood frequency was not correlated with these traits in species with

invariant clutch sizes.

3.3 | The island syndrome in species with variable
versus invariant clutch sizes

In accordance with the island syndrome, eggs and hatchlings of

island endemic species were larger and clutch size was smaller than

those of mainland species (corrected for phylogeny and female mass)

in lizards with variable clutch sizes (Table 1a, Appendix S2c). Island

endemics with invariant clutch sizes also had smaller clutch sizes and

further had higher brood frequency compared with mainland species

(Table 1b, Appendix S2c), contradicting our predictions. Eggs and

hatchlings of species with invariant clutch sizes were similar in size

on islands and on the mainland (Table 1b, Appendix S2c).

3.4 | The island syndrome in geckos and anoles

Anoles lay smaller eggs than geckos for a given female mass (anoles:

slope = 0.69 � 0.05, intercept = 2.07 � 0.04, t = 13.24, p < .0001,

n = 59, R2 = .76, k = 0; geckos: slope = 0.79 � 0.03, inter-

cept = 2.22 � 0.07, t = 25.30, p < .0001, n = 263, R2 = .71,

k = 0.76). The correlations between hatchling and female masses

were strongly positive in both groups, but the correlation between
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F IGURE 1 Egg volume allometry of
mainland (red triangles and dashed line)
and island (blue rectangles and solid line)
species with (a) variable or (b) invariant
clutch sizes (one regression line is shown
because the difference between island and
mainland was not significant). Statistics of
the PGLS model are presented in Table 1a
and 1b
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hatchling mass and egg volume was stronger and had a steeper slope

in geckos compared with anoles (Appendix S2d). There was also a

weak positive correlation between clutch size and female size in

geckos but not in anoles (Appendix S2d), indicating that larger gecko

females usually lay two eggs per clutch, whereas anole females

almost exclusively lay one egg per clutch. Brood frequency was not

correlated with clutch size and egg volume in either group

(Appendix S2d), suggesting no trade-off between these traits.

There was no difference in egg volume, clutch size and hatchling

size between insular and mainland geckos or between insular and

mainland anoles (Appendix S2e). Clutch frequency was marginally

significantly higher in insular compared with mainland geckos (islands

intercept = 0.50 � 0.10, mainland intercept = 0.40 � 0.10, t = 1.85,

n = 195, p = .07, k = 0.85) and significantly so in anoles (islands

intercept = 1.11 � 0.09, mainland intercept = 0.85 � 0.09, t = 2.01,

n = 40, p = .05, k = 0, Figure 2).

3.5 | Predation pressure effect on reproduction
traits of insular lizards

Islands inhabited by snakes and mammalian carnivores were much

larger than islands without these predators (average area [in km2,

log transformed] of islands inhabited by snakes: 4.72 � 0.07,

islands without snakes: 2.88 � 0.12, t = 13.28, p < .0001,

n = 509, R2 = .26; islands inhabited by Carnivora: 5.43 � 0.14,

islands uninhabited by Carnivora: 3.77 � 0.10, t = 9.84,

p < .0001, n = 223, R2 = .31). The only life-history traits that were

significantly related to the presence of Carnivora species were lar-

ger clutches in lizards with invariant clutch sizes (t = 3.40,

p < .001) and smaller eggs in species with variable clutch sizes

(t = .03, p = .03, Appendix S2f). There was no significant relation-

ship between carnivore presence and either hatchling mass or

brood frequency (Appendix S2f). There was also no relationship

between snake species presence and any of the reproductive

traits in either group (Appendix S2f).

4 | DISCUSSION

We found some evidence for the island syndrome, as manifested in

slower life history, in insular lizard species with variable clutch sizes.

Surprisingly, we also found some evidence for such adaptations in

lizards with invariant clutch sizes. Additionally, we found support for

the claim that the presence of predators (at least mammalian carni-

vore species) is associated with a shift to faster reproduction, prefer-

ring offspring quantity over quality. Insular endemic species with

variable clutch sizes laid smaller clutches of larger eggs that devel-

oped into larger hatchlings compared with the closely related and

similarly sized mainland species. This is probably caused by the

selection pressures considered to drive similar responses in other

taxa (Adler & Levins, 1994; Blondel, 2000; Covas, 2012). Lower pre-

dation pressure coupled with stronger intraspecific competition, for

TABLE 1 Full model results for PGLS of reproduction traits (egg volume, clutch size, hatchling mass and brood frequency; log transformed)
in island versus mainland endemic species, for variable (a) and invariant (b) clutch size groups. Egg volume, clutch size and hatchling size are
corrected for female mass (allometric slopes of these relationships appear in the text). The sample size of each model is presented along with
the number of species from islands and from the mainland in parentheses

Response Predictor Estimate t p-value n (Island/Mainland) k

(a) Variable clutch size lizards

Egg volume (mm3) Mainland 2.26 � 0.10 3.05 <.005 356 (64/292) 0.68

Island 2.37 � 0.11

Clutch size (eggs/clutch) Mainland 0.31 � 0.10 �7.51 <.0001 1,118 (236/882) 0.88

Island 0.19 � 0.10

Hatchling mass (g) Mainland �0.75 � 0.12 3.99 <.0001 680 (122/558) 0.83

Island �0.64 � 0.12

Brood frequency (clutches/year) Mainland 0.25 � 0.09 �0.42 .68 671 (119/552) 0.77

Island 0.24 � 0.09

Response Predictor Intercept t p-value n (Island/Mainland) k

(b) Invariant clutch size lizards

Egg volume (mm3) Mainland 2.13 � 0.09 1.15 .25 327 (145/182) 0.39

Island 2.09 � 0.09

Clutch size (eggs/clutch) Mainland 0.16 � 0.05 3.23 .001 1,161 (487/674) 0.84

Insular 0.14 � 0.05

Hatchling mass (g) Mainland �0.85 � 0.10 �0.94 .35 545 (193/352) 0.66

Island �0.87 � 0.10

Brood frequency (clutches/year) Mainland 0.29 � 0.18 4.11 <.0001 276 (85/191) 0.88

Island 0.48 � 0.18
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instance, may make it advantageous to invest in offspring quality

rather than in offspring number (Adler & Levins, 1994; MacArthur &

Wilson, 1967; Melton, 1982; Pafilis, Meiri, Foufopoulos, & Valakos,

2009; Slavenko et al., 2015, and our data). Even species with invari-

ant clutch sizes lay fewer eggs on islands (i.e. they tend to lay a sin-

gle egg more often on islands and two eggs more often on the

mainland), as predicted by the island syndrome. This decrease

(12.5%), however, was three times lower than the clutch size

decrease in insular species with variable clutch sizes, which lay 40%

fewer eggs compared to related mainland species.

By definition, invariant clutch size species lay small clutches of

one or two eggs, and thus reducing clutch size further might be non-

adaptive (in species laying two eggs), or impossible (in species laying

one). Our results suggest, however, that insular species with invari-

ant clutch sizes tend to lay one egg more often than mainland rela-

tives. When geckos and anoles are analysed separately, however,

clutch size is similar among mainland and island species. Because

there is an upper limit to egg size, defined by the female cloacal

opening and body volume (the upper limit hypothesis, Kratochvil &

Frynta, 2006a), mainland species with invariant clutches may already

be laying the largest eggs possible, and a further increase on islands

is thus physically impossible. Even anoles, which have smaller eggs

relative to female body mass compared with geckos (Kratochvil &

Kubicka, 2007; Meiri, Feldman, & Kratochvil, 2015; and our data), do

not increase egg size on islands. This conservatism is most probably

selected in order not to compromise female agility and climbing abil-

ity in arboreal species (Andrews & Rand, 1974; Kratochvil & Kubicka,

2007). Nevertheless, lizards with invariant clutches are widespread

on islands, with geckos and anoles comprising a greater part of the

insular lizard faunas than would be expected by chance (Novosolov

et al., 2013 and our own results: Appendix S2g). Species with invari-

ant clutch sizes may possess traits that pre-adapt them to successful

colonization or reduce their extinction rates on islands. Perhaps, the

small clutches themselves pre-adapt lizards with invariant clutches to

island life. Alternatively, their success on islands could be due to

completely unrelated traits, including an enhanced ability for adap-

tive radiation (e.g. of anole ecomorphs, Losos, 2009), or a better

ability of eggs (especially the calcareous eggs of most gecko clades)

and adults to survive ocean voyages. Parthenogenesis of some Paci-

fic island geckos (e.g. Lepidodactylus lugubris, Hemidactylus garnotii

and Hemiphyllodactylus typus) may also contribute to geckos being

better represented on islands than expected by chance.

Decreased brood frequency in insular species with invariant

clutch sizes is an expectation of the island syndrome, reflecting a

shift to a slower life-history regime. However, species with invariant

clutch sizes lay 40% more frequently on islands than on the main-

land, contradicting this expectation and suggesting a shift to an r

strategy (Raia et al., 2010). Lower predation pressure is likely to

result in increased population density on islands. The resulting higher

intraspecific competition and the cannibalistic behaviour towards

hatchlings that may ensue could select for larger offspring in order

to increase hatchling survival (Case, 1978; Cooper et al., 2015; Meiri,

2008). For species that cannot increase their egg, hatchling or clutch

size, i.e. invariant clutch size species, the only way to overcome the

impacts of cannibalism may be to increase brood frequency, similarly

to the predicted response to predation. A shift to K strategy on

medium-sized islands and a shift to r strategy on very small

islands are predicted under the reverse island syndrome, as a

response to highly unpredictable environments and strong fluctua-

tions in population size (Raia et al., 2010). The brood frequency of

geckos weakly decreases with increasing island area (areas obtained

from the UN island directory: http://islands.unep.ch/isldir.htm;

slope = �0.08 � 0.02, t = �4.88, n = 52, p < .0001, R2 = .32), as

predicted by the reversed island syndrome. This pattern is not pre-

sent in anoles (slope = �0.04 � 0.04, t = �0.96, p = .35, R2 = .05;

but note low sample size: n = 20). Ninety-two per cent of the insular

geckos and all anole species in our dataset inhabit islands in tropical

areas where hurricanes may occur (Gray, 1968). Storms can fre-

quently cause the populations of these species to crash (Losos &

Spiller, 1999; Spiller, Losos, & Schoener, 1998). Species inhabiting

very small hurricane-prone islands may adapt to environmental insta-

bility by increasing their clutch size or, in the case of geckos and

anoles, by increasing brood frequency. Alternatively, the increased

clutch frequency and lower clutch size of insular lizards with
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F IGURE 2 Differences in mean brood
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mainland species of (a) geckos (p = .07)
and (b) anoles (p = .05). Statistics of the
PGLS model are presented in the Results
section
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invariant clutch sizes may reflect lower seasonality of islands, leading

to a greater spread of reproductive effort, akin to the latitudinal phe-

nomena of smaller clutches near the tropics (Ashmole’s hypothesis,

e.g. Griebeler & Bohning-Gaese, 2004; Griebeler, Caprano, & Bohn-

ing-Gaese, 2010; Jetz, Sekercioglu, & Bohning-Gaese, 2008).

In conclusion, species with variable or invariant clutch sizes

respond differently to insularity. The former decrease clutch size and

increase egg volume and hatchling size, while the latter decrease

clutch size and increase brood frequency, perhaps because of the dif-

ferences in the nature of their reproduction. When studying lizard

reproductive traits on large phylogenetic scales, it is thus important to

take into account this fundamental difference in order to avoid over-

simplification of the observed patterns. Failing to do so may hinder

our understanding of the drivers of evolution on islands and beyond.
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