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Abstract When fitness returns are sex-specific, selection should favor the facultative

adjustment of offspring sex ratios. Seasonal shifts in offspring sex ratios are predicted to be

particularly beneficial in short-lived, sexually dimorphic species in which hatching date is

linked to adult size, which is related to fitness in a sex-specific fashion. We used four time

series of hatching dates and progeny sex ratios in the brown anole (Anolis sagrei), a short-

lived lizard with male-biased sexual size dimorphism, to test for such a seasonal shift in

progeny sex ratio. In 2 of the 4 years, we also released hatchlings to their natural envi-

ronment to test for sex-specific effects of hatching date on juvenile survival and adult size.

We found that the relationship between hatching date and size the following year was

significantly steeper in males than in females, and previous work has shown that adult size

is more strongly tied to fitness in males than in females. Based on those results and on

further evidence linking hatching date and body size to sex-specific survival and repro-

ductive success, we predicted that sex ratios should shift from male- to female-biased as

the breeding season progressed. Contrary to our prediction, we detected no clear seasonal

shift in progeny sex ratio. Furthermore, although juvenile survival was correlated with

hatching date, this relationship did not consistently differ between the sexes. The obser-

vation that progeny sex ratios are seasonally invariant despite several apparent links to

adult fitness suggests that the evolution of a seasonal sex-ratio bias is either inherently

constrained or requires a stronger selective advantage with respect to juvenile survival.
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Introduction

Sex-allocation theory predicts that when the fitness returns of producing daughters and

sons are comparable, natural selection should favor identical investment in the sexes

(Fisher 1930) and sex ratios should consequently be unbiased amongst individuals and

across populations. However, when fitness returns are sex-specific, females should bias

their investment into one or the other sex (Charnov 1982; Clutton-Brock and Iason 1986;

Frank 1990; Hardy 1997; West 2009). Biased sex allocation is likely to be adaptive in a

number of cases, including when sex allocation is condition-dependent and the correlation

between maternal investment and reproductive return is sex-specific (Trivers-Willard

hypothesis, Trivers and Willard 1973; Clutton-Brock 1994; Leimar 1996; Hewison and

Gaillard 1999; Veeroja et al. 2010), when the operational sex ratio is imbalanced (Werren

and Charnov 1978; Werren and Taylor 1984; Warner and Shine 2007; Robert et al. 2010),

when attractiveness is heritable and the correlation between attractiveness and reproductive

success is sex-specific (Burley 1981; Ellengren et al. 1996; Cockburn et al. 2002; Korsten

et al. 2006; Karino and Sato 2009), or when local resource competition between mothers

and their offspring favors overproduction of the sex with greater dispersal (Clark 1978;

Taylor 1981; Silk 1983; Hewison and Gaillard 1996).

One further case of adaptive sex allocation occurs when offspring sex ratio changes in a

systematic manner over the course of the breeding season because one sex experiences a

higher fitness gain from hatching earlier than does the other sex (e.g., Dijkstra et al. 1990;

Weatherhead et al. 1998; Pen et al. 1999; Korpimaki et al. 2000; Laaksonen et al. 2004;

Husby et al. 2006). Seasonal shifts in progeny sex ratio have been described in a variety of

species, including long-lived birds (see e.g., Daan et al. 1996; Andersson et al. 2003) and

mammals (Clutton-Brock and Iason 1986). However, sex-specific selection on hatching

date is likely to be particularly strong in (1) short-lived species in which hatching or

emergence time is strongly correlated with the timing of maturation and size at maturity,

and (2) sexually dimorphic species in which age at maturity, size at maturity, or the

relationship between adult size and fitness differs between the sexes (e.g., Uller and Olsson

2006; Blouin-Demers and Weatherhead 2007; Uller and Olsson 2010).

An example of a species that fits these predictions is the brown anole lizard, Anolis
sagrei. Brown anoles reach sexual maturity within a year of hatching and most adults die

before reaching a second breeding season (Calsbeek et al. 2008; Cox and Calsbeek 2010c).

Brown anoles lay single-egg clutches at 1–2 week intervals over a 5–6 month breeding

season (Cox and Calsbeek 2010b), such that variation in hatching date is considerable and

size at the beginning of the subsequent breeding season also varies substantially. This

species also exhibits extreme sexual size dimorphism in which adult males average 30 %

longer and 150 % heavier than adult females (Cox et al. 2009; Cox and Calsbeek 2010c).

This sexual size dimorphism is associated with dramatic sex differences in growth rate and

size at maturity (Lee et al. 1989; Cox et al. 2009).

In brown anoles, a suite of observations suggests that early hatching date should be

more strongly tied to fitness in males than in females. First, early hatching date appears to

be strongly correlated with survival in juvenile males, but this relationship is weak and

non-significant in juvenile females (Cox and Calsbeek 2010a). Second, survival of adult

males is positively correlated with body size at the beginning of the breeding season,

whereas viability selection favors intermediate size with no strong directional component

in adult females (Cox and Calsbeek 2010b). Third, sexual selection favors large body size

in male–male competition for high-quality breeding territories (Tokarz 1985) and possibly

also via cryptic female preference for large mates (Cox and Calsbeek 2010a). Fourth,
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although the frequency of egg production appears to increase modestly with maternal body

size (Cox and Calsbeek 2011), fecundity selection for large female size is thought to be

relatively weak in anoles due to their single-egg clutch. Thus, multiple aspects of selection

acting via juvenile survival, adult survival, and reproductive success all seemingly favor

early hatching date and large adult size more strongly in males than in females.

Collectively, these observations suggest that female anoles would benefit from prefer-

entially producing sons early in the year to maximize their survival to, and size at, the

beginning of the first breeding season. Moreover, recent evidence suggests that female

brown anoles differentially produce sons and daughters as a function of sire body size and

condition, which implies that progeny sex ratios can be adaptively adjusted in this species

(Calsbeek et al. 2008; Cox et al. 2009; Cox et al. 2011). Although the basis of sex

determination is not precisely known for A. sagrei, all members of this genus that have

been studied exhibit some form of chromosomal, rather than temperature-dependent, sex

determination. Most also exhibit some form of male heterogamety (XY, XXY or XXXY),

even though many also lack heteromorphic sex chromosomes (Gorman and Atkins 1966;

Janzen and Phillips 2006). Here, we test the prediction that progeny sex ratios exhibit a

seasonal shift from male-biased to female-biased using 4 years of data on hatching date

and offspring sex collected in captive brown anoles. In 2 of these 4 years, we also tracked

the survival and growth of the progeny in their natural environment to determine whether

hatching date has sex-specific effects on juvenile survival and adult size, a predictor of

adult fitness.

Materials and methods

Lizard rearing

We gathered data on hatching date and progeny sex during the years 2004, 2007, 2009 and

2010. Each year involved a unique breeding cohort of male and female brown anole

lizards, Anolis sagrei. All breeding cohorts were derived from populations near George-

town, Great Exuma, The Bahamas (23�300N, 75�450W). All data on hatching date and

offspring sex were collected from dams that mated naturally in the wild and were then

captured and held in captivity for several months until they ceased egg production, pre-

sumably because they depleted their stores of viable sperm. Hatchlings were collected from

47, 69, 59 and 79 dams, respectively.

All lizards were housed separately in 10-gallon glass terraria (ca. 50 9 28 9 30.5 cm,

38 L). Individual 40-W incandescent bulbs nested in aluminum hoods were placed above

each terrarium to provide heat (diurnal temperature range = 26–35 �C) and we used two

Repti Glo 5.0 full-spectrum fluorescent bulbs for ultraviolet radiation (5 % UVB, Hagen,

Montreal). The incandescent heat lamps were illuminated for 10 h/day and the fluorescent

UVB lights for 12 h/day, turning on 1 h before and turning off 1 h after the heat lamps. We

fed lizards an ad libitum diet of fruit flies (Drosophila, for hatchlings) and crickets (Acheta,

for juveniles and adults). We dusted food with vitamin and mineral supplements once per

week (Repta-Vitamin, Fluker Farms, Port Allen, LA).

Field-collected brown anoles use stored sperm to lay fertilized eggs at 1–2 week

intervals for at least 3 months following mating (Calsbeek et al. 2007, 2008). Because

females can produce up to 16 successive progeny following isolation, no additional access

to males was needed in our study. Females oviposited in potted plants placed in their

terraria and we left the eggs undisturbed until hatching. We have previously had higher
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hatching success using this method compared to removal and relocation of eggs to stan-

dardized incubation conditions. All potted plants were connected to a central, automatic

watering system and placed directly beneath the 40-W incandescent bulb. Thus, incubation

conditions were standardized across cages. Progeny sex was diagnosed on the basis of

enlarged post-anal scales (present only in males) and dorsal color patterns (present only in

females; Calsbeek et al. 2010). This method is completely accurate for sexing A. sagrei
hatchlings in this population.

Seasonal variation in sex ratio

We tested for seasonal variation in sex ratios by assuming that changes occurred either

(i) linearly, (ii) nonlinearly but smoothly, or (iii) stepwise. Linear (i) and stepwise (iii)

analyzes were performed using generalized linear mixed models (GLMM, Krackow and

Tkadlec 2001; Wilson and Hardy 2002) and nonlinear analyzes (ii) were performed using

generalized additive mixed models with smoothing splines (GAMM, Venables and Ripley

1999). Linear mixed models were fit using the R library lme4 and the function glmer.

Additive mixed models were fit using the gamm4 library and the function gamm. Sex was

treated as a binary response (1 for males and 0 for females) and we used individual

offspring as our unit of observation (Wilson and Hardy 2002). Errors were modeled using a

binomial distribution. We accounted for non-independence among observations within

dams by including dam identity as a random intercept in all models (e.g., Pinheiro and

Bates 2000). Under the assumptions of both linearity and non-linearity, we analyzed sex

ratios on a daily basis by defining Julian hatching date as a continuous variable. Under the

assumption of stepwise variation, we divided time into intervals of identical length and

considered these intervals as categorical predictors. Intervals were created using the R

package Hmisc and the cut2 function, which divides ranges of data into quantiles. We

divided the data into either three or five intervals and used the information theoretic

approach (Burnham and Anderson 2002) and the Akaike Information Criterion (AIC) to

select the most parsimonious of these two models. AIC scores were systematically lower

with three intervals (0.9 B DAIC B 59.7). To estimate the predictive power of all these

models, we tested each of them against a null model assuming no temporal variation.

Comparisons were performed using likelihood ratio tests (Pinheiro and Bates 2000).

An important assumption of the models described above is that patterns of seasonal

variation in sex ratios are comparable across dams and that the average slope for the

population is therefore representative of all dams. To test for the existence of variation

among dams in patterns of seasonal variation, we added random slopes to our linear mixed

effects models by nesting dams within date (Schielzeth and Forstmeier 2008; Van de Pol

and Wright 2009). We compared these latter, more general models to the more restricted

models including those without random slopes using a likelihood ratio test (Pinheiro and

Bates 2000). Data were analyzed both on a yearly basis and with models applied to all

years at once. When data were combined and under the assumption of linearity (i) only, we

included ‘‘year’’ as a fixed factor in our model and tested for interactions between year and

hatching date. This model was compared to a model with no interaction terms and to a

model with hatching date as the only predictive variable, using the information-theoretic

approach (Burnham and Anderson 2002) and the Akaike Information Criterion (AIC). The

selected model included hatching date, year and the interaction between the two

(1184.4 \ AIC \ 1218.2).
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Hatching date and juvenile survival

We tested for sex-specific fitness effects of hatching date by tracking the survival of

juvenile males and females in their natural environment on Kidd Cay, a small (1,600 m2)

island in The Bahamas (23�300N, 75�490W) on which we have studied natural selection for

seven consecutive years (Calsbeek 2009; Calsbeek et al. 2009; Cox and Calsbeek 2010c).

In May of 2009 and 2010, we captured gravid adult females from this population and

returned them to our captive breeding facility. Over the ensuing 4 months, we collected all

progeny produced by these dams (see above) and then returned hatchlings to Kidd Cay in a

series of three sequential releases per year, which we conducted at approximately monthly

intervals (August, September, October). Sequentially releasing juveniles within several

weeks of hatching eliminated any overall correlation between hatching date and size at

release (this study: r2 = 0.002; n = 526; P = 0.31), which had complicated our inter-

pretations in a previous study using a single release date (previous study: r2 = 0.74;

n = 116; P \ 0.001; see (Cox and Calsbeek 2010a). However, because the hatchlings

within each release group varied by several weeks in age, weak correlations between

hatching date and size at release were still present within each release group

(r2 = 0.11–0.38; all P \ 0.002). We therefore included size at release as a covariate in our

analyses (see below). Including age at release as a covariate generated similar results, and

we focus on analyses including size as a covariate. To reduce the potentially confounding

effects of maternal nest site, we randomly assigned each hatchling to one of 10 prede-

termined release locations on Kidd Cay and ensured that each location received a similar

number, sex ratio, and size distribution of hatchlings at each release date. We released a

total of 237 hatchlings (123 males, 114 females) from 59 dams in 2009, and 290 hatchlings

(151 males, 139 females) from 81 dams in 2010. Prior to release, we measured each

hatchling’s snout-vent length (SVL, nearest 0.5 mm) and marked it with a unique toe-clip

for subsequent identification. Mean age at release (± SD) was 13.71 ± 10.09 days.

After releasing hatchlings to the wild, we left them undisturbed until the following May,

at which point we thoroughly searched Kidd Cay for 1 week and attempted to recapture all

survivors. Most males and females had attained the minimum size of sexual maturity by

then, so our recapture interval encompassed the majority of the period over which viability

selection acted on juveniles. Within each year, we used logistic regressions with survival (0

or 1) as the dependent variable to test for sex-specific fitness effects of hatching date,

which we inferred from significant interactions between sex and hatching date. Across

years, we conducted similar analyses including year as an effect, along with all two- and

three-way interactions involving year. To estimate the strength of selection on hatching

date, we standardized hatching date to the population mean in units of standard deviation

and calculated relative fitness by dividing individual survival (0 or 1) by the population

mean (Arnold and Wade 1984). To estimate selection within each sex, we standardized

trait values and relative fitness using separate population means for each sex. To estimate

selection across all progeny, we pooled the sexes and used mean trait values and survival

rates for the entire population.

We estimated directional selection gradients as the partial regression coefficients

(b ± SEM) from ordinary least squares regressions of relative fitness on standardized

hatching date and size at release in each sex. Models used to estimate linear gradients did

not include quadratic terms. We estimated quadratic selection gradients (c1,1 ± SEM) by

doubling the quadratic regression coefficients (and their associated SEM) from models that

included both linear and quadratic (i.e., squared) terms for hatching date and size at release

(Phillips and Arnold 1989; Stinchcombe et al. 2008). Robust estimates of correlational

Evol Ecol (2013) 27:205–220 209

123



selection require large sample sizes (Brodie et al. 1995), and inclusion of cross-product

terms (hatching date 9 size at release) occasionally altered the fit of linear and quadratic

terms in our models in a non-informative and potentially spurious fashion. Hence, we did

not attempt to estimate correlational selection, nor did we include cross-product terms

when estimating quadratic selection within each sex and year. However, we found no

evidence for correlational selection on combinations of hatching date and size at release

when pooling data across sexes and years (c1,2 = -0.036 ± 0.118; n = 527; logistic:

P = 0.70). We visualized fitness surfaces for hatching date by fitting cubic splines with

binomial fitness distributions (Schluter 1988). To find the best-fit cubic spline, we searched

a range of possible smoothing parameters (-10 B k B 10) and selected the value of k that

minimized the generalized cross validation (GCV) score.

Hatching date and adult size

In addition to directly measuring juvenile viability, we indirectly estimated the potential

for hatching date to influence adult fitness by examining body size (SVL) at recapture near

the beginning of the breeding season (May) as a function of hatching date in the previous

year. As discussed above, several lines of evidence link body size at the beginning of the

breeding season to subsequent adult fitness for both males and females in this population.

We analyzed SVL in May as the response variable in linear mixed effect models that

included hatching date and sex as fixed effects and year as a random effect. We specifically

tested for a sex 9 hatching date interaction to determine whether the relationship between

hatching date and adult size differed between sexes.

Results

Seasonal variation in sex ratio

Our data provided essentially no support for our prediction that female brown anoles shift

offspring sex ratios over the course of the reproductive season. All likelihood ratio tests

comparing models with and without main effects of hatching date on sex ratios favored the

null model (i.e., no seasonal bias in sex ratio—2004: v2
1 ¼ 0:57, P = 0.45; 2007: v2

1 ¼
2:47, P = 0.12; 2009: v2

1 ¼ 0:34, P = 0.60; 2010: v2
1 ¼ 2:95, P = 0.09). Accordingly,

when sex ratios were analyzed on a daily basis, linear effects of hatching date on sex ratio

were extremely weak and shifted signs between positive and negative, the former indi-

cating an increasing bias towards males and the latter an increasing bias towards females

(2004: b = 0.0055 ± 0.0073, P = 0.45; 2007: b = -0.0084 ± 0.0052, P = 0.11; 2009:

b = 0.0035 ± 0.006, P = 0.56; 2010: b = -0.0094 ± 0.0055, P = 0.09). That is, the

probability of producing a male increased over time in 2004 and 2009 by 0.14 and 0.09 %

each day, respectively, and decreased over time in 2007 and 2010 by 0.02 and 0.24 %,

respectively. Probabilities were calculated using the ‘‘divide by 4’’ rule (Gelman 2007;

Hamel et al. 2012). Non-linear effects of hatching date on sex ratio were also non-sig-

nificant (2004: F1,195 = 0.56, P = 0.46; 2007: F1,275 = 2.61, P = 0.11; 2009:

F1,247 = 0.28, P = 0.60; 2010: F1,310 = 2.79, P = 0.10), regardless of the complexity of

the fitted spline (i.e., the number of degrees of freedom associated with the curve, d.f.spline;

here d.f.spline = 1). When time was divided into categorical intervals, no statistically sig-

nificant deviation from equilibrium was detected at any point in time in 2004, 2007, or
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2009, but sex ratios tended to be female-biased late in the 2010 hatching season (Table 1).

This pattern was congruent with the marginally significant P values (P = 0.09) estimated

with the linear model (see above). Finally, likelihood ratio tests systematically favored

models with no random slope, i.e., they favored models detecting no among-female dif-

ferences in patterns of seasonal variation, both when data were analyzed on a daily basis

(2004: v2
2 \ 0.01, P = 1.0; 2007: v2

2 = 1.47, P = 0.48; 2009: v2
2 = 0.03, P = 0.99; 2010:

v2
2 = 0.02, P = 0.99) and when they were analyzed by discrete time periods (2004:

v2
5 = 0.39, P = 0.99; 2007: v2

5 = 3.65, P = 0.60; 2009: v2
5 = 0.66, P = 0.99; 2010:

v2
5 = 1.00, P = 0.96). Mean temporal variation in offspring sex ratio is shown in Fig. 1.

The overall absence of a seasonal effect was confirmed by the absence of any effect of

hatching date on sex ratio in analyses performed using all four data sets combined. When

applied to the pooled data set, the comparison between a linear model with and without a

main effect of hatching date on sex ratios favored the null model (v2
7 = 6.12, P = 0.53).

The null hypothesis was also favored when comparing models with and without a random

slope (linear model: v2
3 0.01, P * 1, stepwise model: v2

5 = 0.37, P * 1). When sex ratios

were analyzed on a daily basis under the assumption of linearity, none of the terms of the

interaction model were significant and effect sizes were small: bdate = 0.0055 ± 0.0073

(0.14 %), P = 0.45, (reference level: first hatching day in year 2004); byear—2007:

3.06 ± 2.16, P = 0.15; 2009: 0.93 ± 2.86, P = 0.72; 2010: 2.94 ± 2.2, P = 0.18;

bdate9year—2007: -0.012 ± 0.009 (0.3 %), P = 0.18; 2009: -0.0023 ± 0.011 (0.06 %),

Table 1 Generalized linear mixed-effect model coefficients (ß), standard errors (SE), P values (P) and
probabilities of producing a male for each period (%) for models of variation in sex ratios over successive
time intervals in four independent data sets (2004, 2007, 2009, 2010) and the pooled data set (Pooled) of
hatching date and offspring sex ratio in brown anoles

Year Interval (N) ß SE P %

2004 1 (60) -0.18 0.25 0.45 4.5*

2 (58) -0.22 0.36 0.54 5.5*

3 (57) 0.31 0.35 0.38 7.8

2007 1 (61) 0.20 0.20 0.31 5.0

2 (49) -0.22 0.30 0.46 5.5*

3 (51) -0.48 0.31 0.13 12.0*

2009 1 (88) -0.01 0.20 1.00 0.25*

2 (71) 0.34 0.31 0.28 8.5

3 (74) 0.15 0.30 0.61 3.8

2010 1 (99) 0.34 0.20 0.09 8.5

2 (112) -0.32 0.27 0.23 8.0*

3 (85) -0.57 0.29 0.05 14.3*

Pooled 1 (288) 0.13 0.11 0.24 3.3

2 (310) -0.15 0.15 0.31 3.8*

3 (241) -0.18 0.16 0.27 4.5*

Time series were divided into three intervals (samples sizes are given in parenthesis). Intervals were defined
as factors and the first one was used as reference level for comparison with effect sizes in successive
intervals. Coefficients differing significantly from the reference level (P B 0.05) are in bold. Patterns of ß
shifting from positive to negative indicate that sex ratios are male-biased first and female-biased later. Hence
values identified with a * correspond to a decrease in the probability of producing a male
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P = 0.83; 2010: -0.012 ± 0.009 (0.4 %), P = 0.21. This remained the case when time

was divided into intervals (Table 1). Under the assumption of non-linearity, no significant

effect of hatching date on sex ratio was detected either (F1;1027 = 1.95, P = 0.16).

The comparison among our four independent data sets revealed that there was no

relationship between the effect sizes we estimated with our various analyses (see above)

and the size of the data sets (2004: 175 eggs laid by 47 dams; 2007: 161 eggs laid by 69

dams; 2009: 233 eggs laid by 59 dams; 2010: 269 eggs laid by 79 dams), indicating that the

absence of temporal variation in sex ratio is unlikely to be attributable to a lack of power.

This was further confirmed by the results obtained based on the analyses we performed on

the pooled data, which also showed small effect sizes and no sign of a significant seasonal

shift in hatchling sex ratios.

Hatching date and juvenile survival

Early hatching dates were associated with higher survival in 2009 (v2
1 = 14.30; P \ 0.001;

Fig. 2a, b) and 2010 (v2
1 = 4.94; P = 0.026; Fig. 2c, d). Juvenile survival was higher for

females than for males in 2009 (v2
1 = 11.89; P \ 0.001), but the sexes did not differ in

survival in 2010 (v2
1 = 0.26; P = 0.61). Males and females did not differ in the rela-

tionship between hatching date and survival in either 2009 (sex 9 hatching date:

v2
1 = 0.92; P = 0.34) or 2010 (sex 9 hatching date: v2

1 = 0.08; P = 0.78). Combining

both years into a single analysis revealed a strong association between hatching date and

survival (v2
1 = 14.88; P \ 0.001) that did not differ between the sexes (sex 9 hatching

date: v2
1 = 0.76; P = 0.38) or between years (year 9 hatching date: v2

1 = 1.62; P = 0.20).

Survival was marginally higher in females (v2
1 = 3.30; P = 0.069), but this trend was

driven by data from 2009 and was not consistent across years (sex 9 year: v2
1 = 7.48;

P = 0.006). Survival did not differ across years (v2
1 = 1.16; P = 0.28), nor was it

Fig. 1 Sex ratio (male/total) as a function of time in four independent data sets. Values represent daily
means over all dams, dashed lines correspond to a 1:1 sex ratio and plain lines serve to guide the eye only. A
negative slope indicates that sex ratios are becoming biased towards females along time
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influenced by the three-way interaction between sex, year, and hatching date (v2
1 = 0.31;

P = 0.58)

Because the proportion of females that survived (0.31) was more than double that of

males (0.14) in 2009, the relative fitness of a surviving female (1/0.31 = 3.22) was less

than half that of a surviving male (1/0.14 = 7.14). Consequently, although selection

favored early hatching date in both sexes, it was nearly twice as strong in males as in

females for this year (Table 2). In 2010, survival was low for both females (0.14) and

males (0.17) and selection favoring early hatching date was comparable in both sexes

(Table 2). Hence, patterns of sex-specific relative fitness in 2009 were similar to those

observed in a previous study (Cox and Calsbeek 2010a; redrawn in Fig. 3a of this study)

and suggested that dams should preferentially produce sons early and daughters late in the

breeding season (Fig. 3b). However, this sex-specific fitness effect was not significant in

2009, and it was entirely absent in 2010 (Fig. 3c). In general, selection on size at release

was weaker than selection on hatching date and was never statistically significant

(Table 2). We did not detect quadratic selection on hatching date or size at release in either

males or females (Table 2).

Fig. 2 Best-fit cubic splines (± 1 SEM) for survival as a function of Julian hatching date in juvenile
females (top) and males (bottom) from two cohorts (2009, 2010). Each symbol reports the proportional
survival of all males or females with a given hatching date, although individual animals with binomial
survival outcomes were used to fit splines. Selection favored early hatching date in both sexes and in both
years. See text for details and Fig. 3 for an alternative presentation of these data that emphasizes sex
differences in relative fitness as a function of early or late hatching date
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Table 2 Directional (b) and quadratic (c) selection on hatching date and size (SVL) at release in 2009 and
2010

Year Sex N Trait Directional selection Quadratic selection
b ± SE c ± SE

2009 Female 114 Hatching date -0.335 ± 0.146* 0.007 ± 0.250

Size at release 0.174 ± 0.139 -0.135 ± 0.135

Male 123 Hatching date -0.646 ± 0.242* 0.373 ± 0.375

Size at release 0.151 ± 0.332 -0.162 ± 0.654

Both 237 Hatching date -0.408 ± 0.121* 0.104 ± 0.207

Size at release 0.055 ± 0.121 -0.056 ± 0.149

2010 Female 139 Hatching date -0.303 ± 0.221 0.014 ± 0.359

Size at release 0.095 ± 0.217 -0.060 ± 0.239

Male 151 Hatching date -0.352 ± 0.190 0.168 ± 0.316

Size at release 0.272 ± 0.180 0.019 ± 0.242

Both 290 Hatching date -0.333 ± 0.139* 0.087 ± 0.222

Size at release 0.198 ± 0.136 -0.016 ± 0.159

Both Female 253 Hatching date -0.322 ± 0.137* 0.028 ± 0.220

Size at release 0.133 ± 0.133 -0.094 ± 0.134

Male 274 Hatching date -0.449 ± 0.147* 0.199 ± 0.236

Size at release 0.176 ± 0.159 0.061 ± 0.223

Both 527 Hatching date -0.365 ± 0.097* 0.080 ± 0.155

Size at release 0.196 ± 0.099* -0.046 ± 0.112

Relative fitness and standardized trait values were calculated separately within each sex for ‘‘male’’ and
‘‘female’’ selection estimates and collectively for all progeny in analyses including ‘‘both’’ sexes. Asterisks
indicate significant (P \ 0.05) selection, as determined by separate logistic regressions with survival (0 or 1)
as the response variable. See text for details

Fig. 3 Mean (± 1 SEM) relative fitness for early- and late-hatching males and females in three cohorts.
Data from 2008 are redrawn from Cox and Calsbeek (2010a) and are presented here for comparison,
although we note that the site of that study and other details of the experimental design differ from those
reported in the present study. Data from 2009 and 2010 are from the present study. Relative fitness was
calculated by dividing individual survival (0 or 1) by the sex-specific population mean survival rates for
males and females in each year. For graphical clarity, individuals are dichotomized into ‘‘early-’’ and ‘‘late-’’
hatching dates relative to the population mean hatching date in each year
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Hatching date and adult size

Body size at the beginning of the reproductive season was strongly influenced by hatching

date the previous year (F1,66 = 8.79; P = 0.004). Males had grown significantly larger

than females by this point (F1,66 = 66.16; P \ 0.001), and the relationship between

hatching date and body size the following year was significantly steeper in males than in

females (sex 9 hatching date: F1,66 = 5.69; P = 0.019). Based on these regressions, the

difference in adult body size between an early- and a late-hatching female (Julian hatching

dates 200 vs. 260) is relatively small (2.02 mm), whereas the predicted difference between

an early- and a late-hatching male over this same interval is substantial (12.84 mm; Fig. 4).

Discussion

Previous studies suggested that male brown anoles benefit more than females from (1)

early hatching dates, which are associated with higher juvenile survival, and (2) large body

size at the onset of the breeding season, which is favored by both natural and sexual

selection and is associated with early hatching dates in the previous year (Calsbeek and

Cox 2010; Cox and Calsbeek 2010a). Accordingly, the present study tested the hypothesis

that offspring sex ratio should shift from male-biased early in the season to female-biased

later in the season. We found essentially no evidence to support this hypothesis in our four

independent data sets documenting progeny sex ratios across 3–4 months of variation in

hatching dates. This general lack of seasonal shift in sex ratio of brown anoles in our study

corroborates previous studies in other reptiles, such as the green anole Anolis carolinensis
(Lovern and Passek 2002), the mallee dragon Ctenophorus fordi (Uller and Olsson 2006),

and the meadow viper Vipera ursinii (Baron et al. 2010). However, seasonal shifts in sex-

ratios have been documented in some reptiles, including the jacky dragon Amphibolurus
murcatus (Warner and Shine 2008), the snow skink Niveoscincus ocellatus (Wapstra et al.

2004; Pen et al. 2010), and other short-lived lizards (Warner et al. 2009).

Several factors may help to explain why sex ratios appear to be seasonally invariant in

brown anoles. First, the sex-specific fitness benefits of early hatching date may not be as

strong or as consistent as inferred from previous studies (Fig. 3a). To address this possibility,

we supplemented and expanded upon our previous study (Cox and Calsbeek 2010a) by

Fig. 4 Body size (snout-vent
length, SVL) near the beginning
of the breeding season (May) as a
function of hatching date in the
previous year. Data from two
cohorts (2009, 2010) are shown.
The relationship between body
size and hatching date is
significantly steeper in males
(open symbols, dashed line) than
in females (filled symbols, solid
line)
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tracking juvenile viability for two additional cohorts using larger sample sizes and an

experimental design that decoupled hatching date from size at release. Although patterns of

juvenile survival in 2009 were qualitatively consistent with our previous finding that males

benefit more from early hatching dates than do females, this result was not significant

(Fig. 3b). Moreover, we did not find any evidence for such a pattern in 2010 (Fig. 3c). This

suggests that sex differences in the relationship between juvenile viability and hatching date

are generally weak and/or variable across years, and that a seasonal shift in sex ratio might

therefore not be consistently adaptive. However, we also investigated the potential effects of

hatching date on adult fitness by examining size at the beginning of the breeding season as a

function of hatching date in the previous year. At the beginning of the breeding season, nearly

every female had attained the minimum size of reproduction of 38 mm (Cox and Calsbeek

2011), and variation in female size was only weakly related to hatching date (Fig. 4). By

contrast, variation in male size was substantial and negatively related to hatching date

(Fig. 4). Because both survival and mating success of adult males increase with body size in

A. sagrei and related species (Trivers 1976; Tokarz 1998; Cox and Calsbeek 2010c), this

result suggests that the overproduction of males early in the season could be adaptive even in

the absence of sex-specific effects of hatching date on juvenile survival.

A second factor that may explain why anole sex ratios appear to be seasonally invariant

is that progeny sex has also been shown to vary as a function of sire phenotype in this

species, with the production of sons increasing significantly with the size and condition of

the sire (Calsbeek and Bonneaud 2008; Cox and Calsbeek 2010a). Hence, these sex-

allocation decisions based on individual sire phenotypes could mask any additional allo-

cation biases occurring seasonally. Although previous work has shown that adult body size

is heritable from father to son (Calsbeek and Bonneaud 2008), there is no evidence for a

significant association between the size or condition of an adult male and that of his sons or

daughters at hatching (Cox et al. 2011). We currently have no data to suggest a correlation

between the sex ratio produced by a dam and the condition of her sons. Moroever, maternal

condition does not appear to affect sex allocation decisions (Cox et al. 2011), and is

therefore unlikely to have prevented us from detecting seasonal sex ratio adjustments.

A third consideration is that facultative sex-ratio adjustment should only be favored if

the fitness benefits of such behavior outweigh its costs (West and Sheldon 2002). The costs

of biasing sex ratios are difficult to estimate (Burley 1982; Godfray and Werren 1996) and

our limited understanding of the mechanisms of progeny sex allocation in the brown anole

exacerbates these difficulties. However, the existence of physiological costs to the

adjustment mechanism itself is well-supported (e.g., West et al. 2002) and residual

reproductive values are expected to decrease with sex ratio manipulation based on prin-

ciples of energy allocation (Burley 1982). The cost of sex-ratio control may also explain

the absence of sex-ratio adjustment in other reptile species (Baron et al. 2010). Moreover,

in species with genetic sex determination, the costs of sex-allocation adjustments are likely

to be intrinsically high (Charnov 1982; Hardy 1997; Pen and Weissing 2002), and are

likely to limit the situations where facultative adjustment is adaptive (West and Sheldon

2002). Accordingly, even though seasonal variation in sex ratio exists in species with

genetic sex determination (see e.g., Baron et al. 2010), it is typically observed in species

with temperature-dependent sex determination (e.g., Wapstra et al. 2004; Warner et al.

2009; Pen et al. 2010). Though the exact mechanism remains unclear, sex determination in

brown anoles appears to have a genetic basis (Gorman and Atkins 1966), and sex ratio

adjustment might therefore be inherently constrained. Accordingly, the benefits gained

from seasonal adjustments might be too small or temporally inconsistent for such allo-

cation biases to be profitable.
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Finally, transferring females from their natural environment to the laboratory during ovi-

position may have deprived them of information on operational sex ratio and local resource

competition, both of which can trigger adaptive sex allocation, (e.g., Hardy 1997; Olsson and

Shine 2001) and eliminated the appropriate seasonal variation in environmental cues such as

day length, temperature, rainfall, and food abundance. If these cues influence female sex

allocation decisions, it may be unrealistic to expect a seasonal bias in offspring sex ratio in

captivity. However, excluding operational sex ratio and local resource competition in a labo-

ratory common-garden served to rule out these two factors as potential explanation for any

putative bias. Although it would be informative to examine seasonal patterns in sex ratios of

free-living anoles, the frequency with which females lay their single-egg clutches, along with

the secrecy of their nesting sites, makes it extremely difficult to precisely track the sequential

production of offspring in the wild. We also note that our removal of dams from the natural field

environment necessitated the use of stored sperm for most fertilization decisions, as females

were not allowed to re-mate in captivity. Contrary to results from another lizard in which

females produce relatively more sons when fertilizing their eggs with stored sperm (Olsson et al.

2007), the lack of a seasonal pattern in sex-ratio bias suggests that there is no inherent tendency

for older sperm to produce male progeny in brown anoles. Moreover, given the absence of a

relationship between sample size and effect size in our four independent data sets and in the

pooled data set, our results are unlikely to be attributable to a lack of statistical power.

In conclusion, we found no evidence for a seasonal shift in offspring sex ratio in brown

anoles, despite recent evidence that this species can adaptively adjust progeny sex allocation

in response to other factors (Calsbeek and Bonneaud 2008; Cox and Calsbeek 2010a; Cox

et al. 2011). Although results from the present study confirm that early hatching dates are

associated with higher juvenile survival, they also reveal that this benefit is only weakly and

inconsistently sex-specific. However, sex differences in the relationship between hatching

date and adult size indirectly suggest that males are more likely than females to benefit from

early hatching dates in terms of their adult survival and reproductive success. Hence,

available data generally support the idea that a seasonal shift from male- to female-biased sex

ratios would be adaptive, yet we see no evidence that such a seasonal pattern has evolved. By

contrast, seasonal biases in progeny sex ratios have been documented in several lizards with

temperature-dependent sex determination and may even provide an adaptive explanation for

the evolution of this mode of sex determination (Wapstra et al. 2004; Warner and Shine 2008;

Wapstra et al. 2009; Warner et al. 2009; Pen et al. 2010). Our results generally agree with

those from several other reptiles exhibiting genotypic sex determination, in which sex ratios

are often seasonally invariant even in situations where a seasonal bias would appear to be

adaptive (Lovern and Passek 2002; Uller and Olsson 2006; Baron et al. 2010).
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