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Abstract 

 
Developmental plasticity is the capacity of a single genotype to express multiple 

phenotypes in response to different early-life environments. Because developmental 

environments differ across space and time, they create heterogenous conditions that induce 

phenotypic differences among offspring. Embryonic and early-life environments can generate 

nongenetic variation in traits through developmental plasticity, which can strongly influence 

fitness outcomes. Theory predicts that developmental plasticity should produce phenotypes that 

are adaptively matched to a given environment, especially when an environmental cue reliably 

predicts the conditions in which the fitness consequences are realized (i.e., environmental 

matching hypothesis; EMH). On the other hand, developmental plasticity could generate 

phenotypes that are universally beneficial across all environments if offspring develop in high-

quality conditions (i.e., silver spoon hypothesis; SSH). Developmentally plastic responses are 

often measured as a reaction norm, a mathematical function, which may vary among individuals 

or populations. Reaction norms are a useful tool when evaluating developmental plasticity. In 

this dissertation we use a lizard (Anoles sagrei) to create developmental family-level reaction 

norms to compare between populations, assess the EMH and SSH, and evaluate fitness in early 

life traits subject to developmental genetic by environment interactions.  

 In Chapter 1, we quantified variation in embryonic developmental plasticity within and 

between populations using the brown anole lizard. We captured lizards from two islands in the 

Matanzas River (Florida, USA) and incubated their eggs under one of two multivariate 

treatments that mimicked the temperature, moisture and substrates of nest sites in either a shaded 

or open habitat. We measured hatchling morphology, performance, and physiology to quantify 

variation in family-level reaction norms. We observed evidence of family-level variation in 
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reaction norms for morphology but not for performance or physiology, indicating an opportunity 

for natural selection to shape plasticity in hatchling body size. Overall, the results indicate that 

multiple abiotic conditions in natural nests combine to increase or reduce phenotypic variation, 

and that family-level variation in reaction norms provides a potential for natural selection to 

shape plasticity. 

In Chapter 2, we tested the EMH and the SSH by incubating eggs under conditions that 

simulated spatial variation in natural nest sites (open and shaded environments) and temporal 

variation (shaded environments in the mid versus early season). After hatching, juvenile lizards 

were raised in outdoor cages that mimicked either an open or shaded environment. Based on 

measurements of offspring growth and survival, we found no support for the EMH across any of 

our experiments. Although egg incubation conditions induced variation in offspring phenotypes, 

those conditions did not differentially affect growth or survival in either post-hatch environment. 

However, we found strong support for the SSH in the temporal test, but not the spatial test, 

whereby offspring exposed to mid-season developmental environments had greater growth and 

survival in both post-hatch environments. Our results suggest that developmental plasticity may 

be shaped more by silver spoon effects rather than by environmental matching of phenotypes to 

post-hatch conditions.     

 In Chapter 3, we tested the EHM by incubating eggs under ecologically relevant 

conditions simulating open or shaded nest environments. Hatchlings were released on islands 

that either matched or mismatched their developmental environments, and survival was 

monitored through mark–recapture surveys. This experiment was replicated in 2022 and 2024. 

We found no evidence supporting the EMH; hatchlings in matched environments did not survive 

at higher rates than those in mismatched environments. However, families exhibiting greater 
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plasticity in body size showed higher survival, and both hatchling mass and hatching date were 

under directional selection. These findings suggest that, rather than environmental matching, 

selection may favor early hatching and greater developmental plasticity in body size. 
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Background Information 

 This dissertation investigates how embryos respond to natural incubation conditions 

across space and time, with a particular focus on developmental plasticity and early-life survival. 

Natural environments vary substantially both spatially and temporally and understanding how 

organisms cope with this heterogeneity is central to evolutionary ecology. The broad aims of this 

work are to measure developmental plasticity and assess its consequences for fitness, thereby 

testing hypotheses about the evolution of developmental plasticity. To achieve this goal, I 

combined laboratory and field-based approaches, allowing for a comprehensive understanding of 

the relationships between developmental plasticity and fitness. 

Heterogeneity, Plasticity, and Reaction Norms 

 Organisms respond to environmental heterogeneity in ways that directly influence 

fitness (Bull 1987, Frank and Slatkin 1990). One of the major pathways through which early and 

embryonic environments shape phenotypes is developmental plasticity, the capacity of a single 

genotype to produce different phenotypes depending on developmental conditions (West-

Eberhard 2003, DeWitt and Scheiner 2004, Fusco and Minelli 2010, Sommer 2020). Plastic 

responses are often described as reaction norms, which are mathematical functions that capture 

how trait values shift across environmental gradients. When reaction norm slopes (i.e., trait 

differences across environments) vary among genotypes or family groups, plasticity itself can 

become a target of natural selection (Scheiner 1993, Lande 2009). In Chapter 1, I examine the 

degree of variation in reaction norms for a wide range of traits across family groups within and 

between populations. By demonstrating that reaction norms vary among individual families, this 

chapter sets the stage for my next chapters that examine how selection may operate on variation 

in developmental plasticity. 
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The Environmental Matching and Silver Spoon Hypotheses 

 Chapter 2 addresses two non-mutually exclusive hypotheses for when developmental 

plasticity is adaptive. The Environmental Matching Hypothesis (EMH) predicts that plasticity is 

favored when developmental cues reliably forecast the conditions individuals will encounter later 

in life, leading to traits that are optimally suited for those environments (DeWitt and Scheiner 

2004, Marshall and Uller 2007, Monaghan 2008, Mathur and Schmidt 2017). By contrast, the 

Silver Spoon Hypothesis (SSH) proposes that individuals developing in high-quality 

environments gain advantages that enhance survival and performance regardless of later 

conditions. In heterogeneous landscapes, both processes may operate simultaneously: some 

microhabitats may produce robust, high-performing phenotypes (SSH), yet the realized benefits 

of those phenotypes may still depend on where and when they are expressed (EMH). Chapter 3 

further investigates the EMH and evaluates the relationship between reaction norms and survival. 

Together these chapters address how variation in developmental environments generates 

phenotypic diversity, how this diversity translates into fitness outcomes, and under what 

conditions developmental plasticity is favored by natural selection.  

Natural selection and fitness 

 Natural selection operates when variation in heritable traits is associated with 

differences in survival or reproduction. In quantitative traits, these associations can be captured 

by selection gradients that describe the strength and direction of selection (Lande and Arnold 

1983). Early life traits are particularly important targets of selection because they strongly 

influence survival during vulnerable stages. In the context of developmental plasticity, selection 

may act on the slope or shape of a reaction norm if genotypes have variation in their responses to 

environmental conditions (Scheiner 1993, Lande 2009). Additionally, measuring natural 
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selection on early life traits and their environmentally dependent variation provides insight into 

both the immediate fitness consequences of plasticity and its longer-term evolutionary potential.   

Study organism and field sites  

 Reptiles provide an excellent system for evaluating developmental plasticity and 

testing these hypotheses, as incubation temperature, moisture, and substrate strongly influence 

developmental rate, morphology, physiology, and performance (Noble et al. 2018, While et al. 

2018). The brown anole (Anolis sagrei) is a small lizard native to Cuba and the Bahamas that is 

now widespread across Florida and much of the southeastern United States. This species is an 

ecological generalist that thrives in diverse environments (Kamath and Losos 2016). Adults are 

sexually dimorphic where males are larger than females and display a larger red dewlap. Females 

reproduce throughout the warm season, typically laying a single-egg clutch every 7–10 days 

from April through September. Egg size is smallest early in the season and increases later (Hall 

et al. 2020). Females usually deposit eggs in shallow soil or beneath leaf litter across a range of 

microhabitats, exposing embryos to substantial variation in thermal and hydric conditions (Pruett 

et al. 2020). Hatchlings are precocial, and juvenile mortality is high (Gilbert et al. 2025). Early 

survival is strongly influenced by body size (Cox and Calsbeek 2014) and hatching date (Pearson 

and Warner 2018). 

 All dissertation data were collected from populations of A. sagrei within their 

invasive range in Volusia and Flagler Counties, two neighboring counties along the east coast of 

Florida, where brown anoles are extremely abundant. Our field work focused on small, human-

made spoil islands on or near the Intracoastal Waterway. These islands contain a mosaic of 

microhabitats that vary depending on the extent and type of plant colonization. Brown anoles 

have been documented laying eggs across this heterogeneous environment (Pruett et al. 2020). 
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To simulate natural developmental conditions, we used temperature profiles from maternally 

chosen nest sites to generate ecologically meaningful incubation treatments in the laboratory. In 

addition to thermal variation, we incorporated substrate and moisture conditions characteristic of 

common microhabitats at the study sites. These incubation conditions allowed us to study how 

brown anoles respond to natural environment and how plasticity in the wild impacts fitness.  

Goals of this dissertation 

 The overarching goal of this dissertation is to evaluate how developmental plasticity 

shapes phenotypic variation and fitness outcomes. Specifically, this work aims to test theoretical 

prediction about when and why plasticity evolves by integrating laboratory-based manipulations 

with field experiments. The specific objectives are: (1) Quantify variation in reaction norms 

within and among families and populations of brown anoles to evaluate the potential for 

selection on plasticity (Ch 1). (2) Test alternative hypotheses for adaptive plasticity including the 

EHM and the SSH, by examining whether survival is higher when developmental and post 

hatching environments align (EHM), or whether individuals from high-quality developmental 

environments perform well across conditions regardless of matching (SSH) (Ch 2). (3) Evaluate 

the relationships between plasticity and fitness by linking reaction norm values to survival in the 

field. Providing a direct test of whether plasticity enhances survival in heterogenous landscapes 

(Ch 3). (4) Measure natural selection on plastic early life traits to determine how these traits 

influence survival and how selection pressures interact with developmental environments. 

Collectively these objectives provide an integrative framework for understanding how 

developmental plasticity arises, and how it influences early-life survival. Additionally, this work 

also sheds light on the success of brown anoles as a widespread invasive species, offering insight 
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into how plasticity may produce phenotypes that thrive across a broad range of environmental 

conditions.    

Animal care ethics and permitting  

  All experiments and animal care were approved through and supervised by the 

Auburn University Institutional Animal Care and Use Committee; Chapter 1 & 2 (IACUC # 

2019-3637 and Chapter 3(IACUC # 2019-3637 and IACUC# 2023-5160). Field work was 

approved by Guana Tolomato Matanzas Estuarine Research Reserve (Chapter 1), Tomoka State 

Park (Chapter 3), and permits were maintained throughout all experiments with the Florida 

Department of Environmental Protection. 

Code used in analysis  

 All code used in analysis is deposited in Auburn University Scholarly Repository. 

The first web address below is for the data and code used in chapter 1. The second web address 

below will take you to the code used in chapters 2 and 3. All code is stored in zip files that 

contain scripts created in R programing language.  

https://aurora.auburn.edu/handle/11200/50649 (Chapter 1) 

https://aurora.auburn.edu/handle/11200/50729 (Chapters 2 and 3) 

 

 

 

 
 

 



20 
 

Chapter 1: Developmental reaction norms vary among families of lizards in response to 

multivariate nest environments. 

Manuscript published in Oikos (Norris et al. 2024) 

 

Abstract 

 Developmental plasticity is the capacity of a single genotype to express multiple 

phenotypes in response to different early-life environments. Such responses are defined by 

reaction norms, which may vary among individuals or populations. Variation in developmental 

reaction norms allows natural selection to operate on plasticity and is rarely examined in 

vertebrates. We quantified variation in embryonic developmental plasticity within and between 

populations using the brown anole lizard. We captured lizards from two islands in the Matanzas 

River (Florida, USA) and incubated their eggs under one of two multivariate treatments that 

mimicked the temperature, moisture, and substrates of nest sites in either a shaded or open 

habitat. We measured hatchling morphology, performance, and physiology to quantify variation 

in family-level reaction norms. We observed evidence of family-level variation in reaction norms 

for morphology but not for performance or physiology, indicating an opportunity for natural 

selection to shape plasticity in hatchling body size. Overall, the results indicate that multiple 

abiotic conditions in natural nests combine to increase or reduce phenotypic variation, and that 

family-level variation in reaction norms provides a potential for natural selection to shape 

plasticity. 

Introduction 

 Most organisms exhibit plastic responses to the developmental environment. These 

responses are adaptive if they generate phenotypes suited to conditions in spatially and/or 
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temporally heterogeneous habitats (Lande 2009, Monaghan 2008, Arnold et al. 2019). Indeed, 

developmental plasticity (i.e. the capacity of a genotype to express multiple phenotypes in 

response to early-life environments) is one route by which organisms could overcome the 

challenges of environmental heterogeneity (West-Eberhard 2003, DeWitt and Scheiner 2004, 

Snell-Rood and Ehlman 2021). For example, some species develop defensive morphologies 

when predators are detected, but otherwise, do not expend energy on these traits (e.g., Daphnia 

water fleas, Parejko and Dodson 1991; larval amphibians, Newman 1989). Such plasticity is 

described by a reaction norm, which is a mathematical function that describes phenotype values 

across continuous environments. Consequently, reaction norms are useful tools to calculate, 

visualize and evaluate differences in plastic traits among environments, populations, and 

individuals (Gomulkiewicz and Kirkpatrick 1992, Brommer et al. 2005, Monaghan 2008). 

 Reaction norms may vary among individuals and populations, potentially due to 

genetic variation (Ellis and Boyce 2008, Scheiner 1993, Murren et al. 2015). This indicates an 

opportunity for natural selection to shape plasticity in adaptive ways (Levis and Pfenning 2016) 

like any trait with additive genetic variation (Hillesheim and Stearns 1991, Gavrilets and 

Scheiner 1993, Scheiner 2002). Environmental heterogeneity and predictability create conditions 

that allow developmental plasticity to be adaptive (Gomulkiewicz and Kirkpatrick 1992, Lande 

2009), as selection will favor reaction norms that match phenotypes to different environments, 

thereby enhancing fitness. That is, adaptive plasticity should arise if the environmental cues that 

generate a phenotype also predict the future environment in which the phenotype is expressed 

and where its fitness consequences are realized (Casal et al. 2004, Beldade et al 2011). 

Moreover, in heterogeneous environments, plasticity may evolve as a response to multiple 
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correlated environmental variables that predict future selection pressures (Chevin and Lande 

2015). 

 Variation in reaction norms among individuals of a population provides an 

opportunity for selection to act on plasticity, whereas variation across populations may signify 

past selection that has shaped plasticity in response to local environments. Both theory (Gavrilets 

and Scheiner 1993, Lande 2009, Levis and Pfenning 2016) and empirical studies (Suzuki and 

Nijhout 2006) indicate that under strong selection, the extent (i.e., slope) of reaction norms 

should be maintained and become homogenized, decreasing within-population variation. 

Alternatively, if distinct populations experience different environmental pressures with varying 

levels of heterogeneity, then both the magnitude and variation of reaction norms might change 

(Duffy et al. 2015). Moreover, experimental evolution studies demonstrate that patterns of 

plasticity can vary between populations (e.g., populations with or without plasticity; van der 

Burg et al. 2020), and this process could be reversed with artificial or natural selection. 

Ultimately, a population’s genetic structure may contain individuals that are more (or less) 

plastic to environmental conditions. Consequently, when a population is faced with a major 

environmental change due to natural or human-induced causes, or resulting from invasion, 

plasticity may be amenable to selection. 

 The aim of this study is to quantify variation in developmental reaction norms among 

individuals and between populations of a non-native lizard, the brown anole Anolis sagrei. Past 

work on A. sagrei (Warner et al. 2012, Pearson and Warner 2018, Hall et al. 2022), as well as 

studies on other reptiles (Mitchell et al. 2018, Noble et al. 2018, Warner et al. 2018), demonstrate 

strong effects of egg incubation environments on developmental rate, offspring body size, 

locomotor performance, behavior, physiology and fitness. While among-population variation in 
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embryonic reaction norms of other Anolis species has been documented (Goodman 2008, 

Goodman and Heah 2010), little evidence exists for among-population variation in A. sagrei 

(Pruett and Warner 2021), and within-population variation in embryonic reaction norms has 

never been examined for this species. Here, we collected lizards from two islands that differ in 

habitat structure and, thus, the predominant nest environments in which embryos develop (i.e., 

open-canopy island with warm, dry conditions versus closed-canopy with cool, moist 

conditions). Individuals from each island were bred in a common garden, and we incubated eggs 

in one of two regimes that mimic natural conditions on each island. Because each females’ eggs 

were divided between treatments (i.e., split-clutch design), we could quantify among-individual 

and among-population variation in reaction norms for a range of fitness-related phenotypes. 

 Our novel study design helps fill two important knowledge gaps in studies of 

developmental plasticity. First, most studies of developmental plasticity consider the isolated 

effects of factors like incubation temperature or moisture, but such factors usually co-vary in 

predictable ways in the wild (e.g., warmer nests are often drier; Pruett et al. 2020). We need a 

better understanding of plasticity in response to real nest environments. For example, warmer 

temperatures result in greater sprint speed at hatching (Pearson and Warner 2018), but dry 

incubation conditions can decrease hatchling performance (Gatto and Reina 2022). Moreover, 

the effect of temperature on sprint speed may depend upon thermal variation, not just mean 

temperature (Hall and Warner 2020). Thus, we need studies that combine multiple nest 

conditions that represent real habitats to better understand developmental plasticity in the wild. 

 Second, we test the hypothesis that variation in offspring phenotypes results from the 

influence of the environment (i.e. open- versus closed-canopy conditions), intrinsic variation in 

phenotypes (i.e. family-group reaction norm intercepts possibly due to genetics), and plasticity 
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(i.e. family-group reaction norm slopes). We address this hypothesis by quantifying the slopes of 

reaction norms (for morphological, physiological, and performance traits) for each family group 

and comparing them among families and populations. Variation in reaction norm slopes among 

family groups (indicative of genetic × environment interactions) would support this hypothesis 

and indicate potential for plasticity to evolve in response to future pressures. Our results have 

important implications for understanding how natural developmental environments generate 

phenotypic variation, and the capacity for populations to adapt to changing environments. 

Methods 

 The brown anole Anolis sagrei is a small tropical lizard native to Cuba and The 

Bahamas and invasive throughout Florida, USA, and other parts of the world (Losos 2011, Kolbe 

et al. 2014, Fig. 1a). They are considered a generalist and are successful biological invaders 

because they tolerate a broad range of thermal conditions (Kolbe et al. 2014), inhabit a range of 

structural environments, consume a diversity of prey (Chejanovski et al. 2022), and have a high 

reproductive rate (Lee et al. 1989, Hall et al. 2020). Females bury eggs in a variety of 

microhabitats and embryos successfully develop over a broad range of thermal and hydric 

conditions (Pruett et al. 2020, 2021, Hall and Warner 2021). 
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 Our study populations are from human-made islands in Cresent Beach, Florida, which 

were formed during the creation of the Atlantic Intracoastal Waterway between 1928 and 1970  

 
(Baker 2014). The patterns of range expansion of A. sagrei into northern Florida through the 

1940s–1970s and evidence of multiple introductions from Cuba (Kolbe et al. 2004, 2014) 

indicate that this species may have arrived at our study area in the 1970s. Although it is not clear 

when A. sagrei colonized our study islands, it is possible that our island populations have been 

present for at least 40 generations and additional repeated dispersal from the mainland over this 

time is likely. 

 The habitat of our study sites varies among islands depending upon tree density. The 

primary ground substrate is marine sediment (sand and crushed coquina), but trees (cedar trees, 

live oaks, and palm trees) and other vegetation have colonized the islands, forming varying 

densities of dark organic soil. Thus, some islands are mostly ‘shaded’ with many tall trees that 

provide cool, moist nesting habitat. Conversely, others are ‘open’ with little shade and relatively 

warm, dry nest environments. Importantly, the percentage of open and shaded habitat differs 

Figure 1. Study species and field sites. (a) Female brown anole (Anolis sagrei). (b) Shaded island with 
high tree density. (c) Open island with sparse tree cover. 
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across islands with conditions on open islands being more variable than shaded islands. Brown 

anole nests are found in both open and shaded microhabitats on each island, and eggs experience 

considerable variation in temperature, moisture, and substrate type within and among islands 

(Pruett et al. 2020). These factors influence many traits in reptiles (Warner et al. 2018) including 

developmental rate, egg hatching success, body size, and performance in A. sagrei (Warner et al. 

2012, Pearson and Warner 2018, Pruett and Warner 2021). Moreover, the combined effects of 

several nest abiotic conditions can have important consequences for A. sagrei development (Hall 

et al. 2022). 

Breeding colony collection and husbandry 

 Lizards were collected from a shaded (Fig. 1b) (n males = 17; n females = 32) and 

open (Fig. 1c) (n males = 21; n females = 33) island on 29 June 2020. The total vegetated area on 

the open island was only 5.9%, whereas the shaded island was 98.3% covered by vegetation 

(analyzed in ImageJ, Schneider et al. 2012). 

 Females were housed individually in our laboratory at Auburn University in plastic 

cages (29 × 26 × 39 cm), and were provided a nesting pot filled with moist peat moss (checked 

for eggs thrice weekly), two perching rods, artificial plants, and a 12 h:12 h light:dark cycle of 

UV light. A male lizard was swapped weekly between a block of two cages, but males from one 

population were never mixed with females from another. Because female A. sagrei can store 

viable sperm for multiple months (Calsbeek et al. 2007), either of the captive males or an 

unknown male from the wild could have sired offspring. Thus, we cannot confidently decouple 

genetic from non-genetic sources of variation in this study. We fed lizards two crickets (dusted 

with calcium and vitamin powder) twice per week. 
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Egg incubation 

 Eggs were allocated to one of two incubation treatments that mimicked multivariate 

nest conditions (temperature, moisture, substrate) on the shaded and open islands (Pruett et al. 

2020). Each female’s first egg was randomly allocated to one treatment, and subsequent eggs 

were alternated between the two treatments to create a split-clutch design. Thermal and hydric 

conditions for the shaded treatment were based on average values for three nests that had > 75% 

shade cover (Fig. 2). Additionally, eggs were incubated in organic soil collected from the shaded 

island, dried to constant weight, and rehydrated to 50% moisture by mass (Fig. 2a). Conditions 

for the open treatment were based on average values for three nests that had < 40% shade cover. 

 

Figure 2. Experimental conditions for egg incubation. Eggs in the shaded treatment were incubated in (a) 
organic soil from the shaded island, and those in the open treatment were incubated in (b) shell substrate 
from the open island. (c) Water retention curves for soil types from each island. Water potential was 
measured at multiple water contents of the substrate (% water by mass), and eggs were incubated at water 
potentials of at -30 kPa and -150 kPa for the shaded and open treatments, respectively. (d) Nest 
temperatures in open and shaded locations on an island near our study site (Pruett et al. 2020). Our 
incubators were programmed to mimic these thermal profiles. Blue and red lines represent shaded and 
open nest sites, respectively. 

The eggs in this treatment were incubated in sand/crushed shell substrate collected from the open 

island, which was dried to constant weight and rehydrated to 5% moisture by mass (Fig. 2b). We 
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created water retention curves for these substrates using a Wescor microvoltmeter equipped with 

a C-52 sample chamber (Fig. 2c); based on these curves, incubation substrate in the open and 

shaded treatments were about −150 kPa and −30 kPa, respectively, which result in high hatching 

success (Hall et al. 2022). 

 To mimic nest temperatures, we created two 16-day thermal profiles collected from 

nests using Thermochron iButtons (Pruett et al. 2020) (Fig. 2d). These 16-day profiles were 

uploaded into four programmable incubators (Memmert IP55 Plus; two incubators per treatment) 

and looped continuously. Eggs were incubated in glass jars (59.14 ml) filled approximately half 

full of substrate. Plastic wrap was stretched across the top and secured with a rubber band to 

reduce evaporation but allow gas exchange. Jars were provided with fresh substrate once per 

week to maintain moisture treatments throughout development. We checked incubators for 

hatchlings daily. 

Hatchling measurements and care 

 Hatchlings were measured for snout-vent length (SVL), tail length (nearest mm) and 

mass (nearest 0.0001 g) and placed individually in a clear plastic cup (946.3 ml, 11.4 cm 

diameter × 13.9 cm tall) that contained a bamboo perch and artificial plant and was sealed with a 

screen mesh top. Hatchlings were fed 10 fruit flies (dusted with calcium and vitamin powder) 

three times per week and experienced the same ambient conditions as adults. 

 Desiccation rate varies with habitat in Anolis lizards (Gunderson et al. 2011) and can 

impact hydration in ways that influence performance (Walvoord 2003, Moeller et al. 2023). At 

3–5 days post-hatch, desiccation rate was measured by placing hatchlings in small cylinder-

shaped mesh containers (approximately 3 cm diameter × 10 cm long) that were laid inside a glass 

chamber filled with Dry Rite desiccant (Supporting information). The glass chamber was placed 
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in an incubator set to 28°C for one hour. We measured the body mass of hatchlings before and 

after the trial to calculate water loss over the one-hour interval. Fecal matter was left in the 

chamber in 12 trials (3.87% of all trials), and these data were excluded from analysis. Due to 

slight variation in humidity, we measured the relative humidity of the chamber for analysis. 

 Because locomotor performance influences survival in hatchling lizards (Miles 2004), 

we measured sprint speed (at 7–9 days post hatching) by chasing lizards along a 100 cm 

racetrack containing photo sensors every 25 cm. The track was composed of wood with grains of 

sand glued to the surface to enhance traction and was placed at a 45° incline to stimulate natural 

running behavior (Supporting information). Hatchlings were prompted to run by gently tapping 

the base of the tail with a paint brush. Each hatchling was raced three times, with a 5–10 minute 

rest between trials. Across all trials, we considered the fastest speed across a single 25 cm section 

of the track to be the sprint speed. Hatchlings that refused to run or jumped out of the track were 

given a rest period and ran again. Hatchlings with more than five failed attempts were excluded 

from analysis. 

Data analysis 

 All analyses were performed in R (www.r-project.org). To quantify female 

differences between islands, potentially influencing reaction norms, we used general (for female 

SVL, mass) and generalized (fecundity: Poisson distribution) linear models with island source as 

a fixed effect. 

 To address our first objective which considers the effects of multivariate conditions 

on plasticity, we used linear mixed-effects models to analyze egg mass, incubation period, 

hatchling body mass, SVL, sprint speed and water loss, as response variables and included 

source island, incubation treatment and appropriate covariates as fixed effects. Egg survival was 
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analyzed using a generalized linear mixed model with a binomial distribution. We compared 

models with different random effects structures to determine the best fit. We initially included all 

two-way interactions but removed them from final models if they were not statistically 

significant (Engqvist 2005, Zuur et al 2009). We used package ‘lme4’ (Bates et al. 2015) to 

conduct general and generalized linear mixed effects models for phenotypes and survival 

(binomial distribution), respectively. For hatchling phenotypes, data were scaled and centered 

using the ‘scale’ function (Becker et. al. 1988). 

 For analyses of hatchling size (i.e., SVL and mass), egg mass and oviposition date 

were included as covariates to account for these specific maternal effects; indeed, females 

produce increasingly larger eggs throughout the breeding season (Pearson and Warner 2018). For 

analysis of sprint speed, we included hatchling SVL, the number of stops by lizards during 

running trials and the ambient room temperature as covariates as all these variables can affect 

running speed (Logan et al 2018). For analysis of desiccation rate, relative humidity was a 

covariate to account for small variation in the desiccation chamber, and values of water loss were 

log transformed to reduce heteroskedasticity. For analysis of incubation period (number of days 

between oviposition and hatching), egg mass was included as a covariate because larger eggs 

often take longer to develop. Additionally, because eggs were collected three times per week 

some eggs remained longer in the nesting pots than others and therefore had more time to absorb 

water; including egg size as a covariate allowed us to control for this effect. For egg and 

hatchling survival, we included week of oviposition as independent variables to account for 

possible differences in seasonal maternal investment (Hall et al. 2020). 

 To address our second objective, which was to test the hypothesis that plasticity 

varies among family groups, we conducted two types of analyses: comparisons of mixed models 
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and assessment of family-level regressions. We used different analyses because they provide 

more (model comparisons or less (family-level regressions) conservative approaches for 

understanding the biological (versus statistical) relevance of family level variation in reaction 

norms. For example, selection may still operate on reaction norms even when differences among 

genotypes (or families) are not statistically supported (Morrissey and Lieftin 2015). Thus, the 

mixed model comparisons provide the strongest support of family-level variation in reaction 

norms and the family-level regressions relatively weaker support. The additional family-level 

regression analysis, although less conservative, may detect important biological patterns that are 

not apparent in the mixed model approach. For model comparisons of hatching phenotypes, we 

constructed  four models that varied in random effects structure and evaluated their fits using an 

F-test. Maternal identification was used as the random effect, and the model structures included a 

random intercept, random slope, random intercept and slope, and a null model with no random 

effect (Fig. 3). A random intercept model indicates family-level differences in the mean trait 

value, but little among-individual plasticity (Fig. 3a). This supports consistent past selection on 

plasticity and weak selection on the value of the phenotype (i.e., homogenous reaction norms) 

and indicates little present opportunity for selection to act on plasticity. A random slope model 

indicates little variation in the mean phenotype, but substantial among-individual plasticity (Fig. 

3b). This model indicates strong past selection on the phenotype, particularly under mean 

environmental conditions, and weak past selection on plasticity, but also indicates present 

opportunity for selection on plasticity. The random slope and intercept model indicates weak past 

selection on both the phenotype value and plasticity (Fig. 3c) and presents opportunity for 

selection to operate on both. Finally, the null model indicates strong past selection on both the 
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phenotype value and plasticity (Fig. 3d) and little, if any, current opportunity for natural 

selection to shape either. 

 

Figure 3. Possible family-level relationships between the slope and intercept of reaction norms. Each line 
represents a reaction norm for an individual family-group (i.e., offspring from a single female and her 
mate): (a) random intercept model; (b) random slope model; (c) random intercept and slope model; (d) 
null model with no random effect (i.e., identical slope and intercept among families). 

 

 Our final set of analyses used a less conservative approach; here, we analyzed each 

family group independently and visualized differences in plasticity within and between islands. 

We calculated family-level reaction norms using a linear model of sibling offspring (i.e., 

offspring produced by the same female) from both treatments. Only families that contained at 

least five total siblings and two siblings per treatment were used in this analysis. The slopes of 

the models were then grouped by source island. Slope values of these maternal reaction norms 

were compared using liner models for among and within island habitat types and analyzed using 

fishers F test and Fligner–Killeen test. This allowed us to directly compare each family group (an 

index of genotype) and how they interacted across developmental environments both among and 
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within populations. Because Fishers F test can be susceptible to outliers (Crawley 2013), 

Fligner–Killeen tests were also performed to test for variance to ensure robustness. 

Results 

Effect of multivariate conditions on hatchling phenotypes  

 Body size, fecundity, and egg mass were similar between females from the open 

versus shaded islands (Supporting information). Egg survival did not differ between incubation 

treatments (survival of 87.0% ± 4.56 CL in the shaded treatment and 88.8% ± 4.40 CL in the 

open treatment) or islands (87.0% ± 4.61% CL from shaded island females, 89.9% ± 4.45% CL 

from open island females.). Incubation period was 7.905 (± 0.402 95% CI) days longer for eggs 

from the shaded treatment than eggs in the open treatment (p < 0.001) and was negatively 

correlated with egg mass (β = −0.032 ± 0.009 95% CI; p < 0.001). Source island did not affect 

incubation period (β = 0.23 ± 0.403 95% CI; p = 0.269). 

 Hatchling body size was influenced by incubation treatment but did not differ 

between source islands (Table 1). Hatchlings from the shaded treatment were heavier in mass 

and longer in SVL than hatchlings from the open treatment (Fig. 4a, b). Hatchling mass and SVL 

were positively correlated with egg mass; however, an interaction between incubation treatment 

and egg mass (Table 1) revealed that the positive effect of egg mass (i.e., slope) on SVL was 

greater for the open versus shaded treatment (Supporting information). 

 Neither incubation treatment nor source island substantially influenced hatchling 

sprint speed (Table 1, Fig. 4c). Longer hatchlings ran faster than shorter individuals, and the 

number of stops during a trial had a negative effect on running speed (Table 1). Hatchling water 

loss was not affected by incubation treatment, source island (Table 1, Fig. 4d) or relative 

humidity during the trial (p = 0.183). Raw means and standard deviations for all phenotypes are 
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in the Supporting information, and distributions are graphically shown in the Supporting 

information. 

 

 

Figure 4. Effect of incubation treatment on body size and performance of Anolis sagrei hatchlings. (a) 
Body mass at hatching; (b) Snout-vent length (SVL) at hatching; (c) Running speed; (d) Water loss 
during desiccation trials. All data points in the graphs are model adjusted for time of hatching, egg mass, 
and maternal island of origin. All points have been mean standardized as described in methods (but see 
supplemental figure 2 for plots of non-scaled means). Results from statistical tests are reported in Table 1. 
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Table 1. Effect of incubation treatment, island, and covariates on hatchling phenotypes. Statistically 
significant interaction terms were retained in the final models. Descriptive statistics (means and standard 
deviations) for each island and incubation treatment are reported in supplemental Table 2). Estimates for 
treatment and source island effects were calculated with the shaded incubation treatment and shaded 
island as references. In the random effects columns σ2 = the residual variance, τ00 = the random intercept 
variance (maternal ID was the random effect in models for mass and SVL), ICC = interclass correlation. 

 

 Estimates 95% CI d.f. f value P 

Hatchling Mass (N=358, conditional r2=0.425, marginal r2=0.254) 
    Treatment (Shade) 0.2391 0.09 – 0.39 292.73 9.3538 0.0022 

    Island (Shade) -0.0049 -0.26 – 0.25 43.94 0.0015 0.9696 
    Hatch Day 0.0898 -0.17 – -0.01 329.19 4.7965 0.029 
    Egg mass 0.4568 0.37 – 0.55 340.63 98.7034 <0.0001 
    Random effect (σ2 = 0.53, τ00 = 0.16, ICC = 0.23, N = 63) 
      
Hatchling SVL (N=358, conditional r2=0.274, marginal r2=0.101) 
    Treatment (Shade) 0.3579 0.18 – 0.54 301.64 15.5641 <0.0001 

    Island (Shade) 0.1349 -0.14 – 0.41 50.37 0.9292 0.33966 
    Hatch Day -0.0781 -0.17 – 0.02 335.5 2.7053 0.10095 
    Egg mass 0.3659 0.22 – 0.51 329.13 23.5409 <0.0001 
    Treatment:Eggmass -0.2220 -0.40 – -0.04 316.5 507535 0.01703 
    Random effect (σ2 = 0.72, τ00 = 0.17, ICC = 0.19, N = 63) 
      
Sprint Speed (N=341, r2= 0.223) 
    Treatment (Shade) -0.094 -0.29 – 0.10 335 0.1801 0.3836 
    Island (Shade) 0.02 -0.17 – 0.21 335 0.0346 0.9081 
    Snout-vent Length 0.19 0.09 – 0.29 335 27.2059 0.0002 
    Trial Temperature 0.08 -0.02 – 0.18 335 4.2103 0.1076 
    Number of Stops  -0.39 -0.48 – -0.29 335 65.001 >0.0001 
      
Desiccation (N=328, r2=0.94)  
    Treatment (Shade) -0.0643 -0.22 – 0.09 328 0.6041 0.438 
    Island (Shade) 0.0325 -0.12 – 0.19 328 0.2039 0.692 
    Relative humidity (%)  0.0545 -0.02 – 0.13 328 0.2175 0.183 
    Starting Mass 0.2330 0.15 – 0.31 328 31.2057 >0.0001 
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Table 2. Models to test for difference in variance of reaction norms. Results of Fishers F-test for variance 
and Flinger – Killeen test for homogeneity of group variance. The null hypothesis for both tests is that 
population variances are equal. The +/- slope count records the number of positive or negative slopes in 
the group. 

 Slope 
Mean 

Slope Range  Slope 
variance   

F-test of 
variance 

Fligner-
Killeen 

+/- Slope 
Count 

Body mass (mg) 4.585 -23.58 – 34.65 167.453 F1,23= 0.684, 
p = 0.373 

x2=0.191, 
p = 0.661 

31/16 

    Open Island 9.230 -15.15 – 32.81 120.505    18/6 
    Shaded Island  -0.260 -23.58 – 34.65 176.062   13/10 
       
SVL (mm) 0.315 -1.00 – 2.00 0.392 F1,23=1.212, 

p = 0.653 
x2=0.002, 
p = 0.961 

6/41 

    Open Island 0.379 -0.66 – 2.00 0.433   3/21 
    Shaded Island  0.247 -1.00 – 1.33 0.357   3/20 
       
Speed (cm/s) 0.07 -27.33 – 35.80 145.115 F1,23=0.885, 

p = 0.772 
x2=0.584, 
p = 0.444 

21/26 

    Open Island -0.038 -22.58 – 18.27 139.471   12/12 
    Shaded Island  0.201 -27.33 – 35.80 157.582   9/14 
       
Water loss (mg) -0.235 -2.24 – 2.90 1.273 F1,17=1.105, 

p = 0.852 
x2=0.055, 
p = 0.814 

3/31 

    Open Island -0.233 -2.24 – 2.90 1.375   2/16 
    Shaded Island  -0.238 -1.96 – 2.27 1.243   1/15 

 

Family-level variation in reaction norms 

 Model comparisons revealed that the random intercept model was the best fit for 

hatchling mass (p < 0.001) and hatchling SVL (p <0.001) (Supporting information) with 

interclass correlations of 0.23 and 0.19, respectively (Table 1); however, the null model was best 

for water loss (p = 1.00) and sprint speed (p = 1.00). No phenotype was best fit with the random 

slope or random slope and intercept model (Supporting information). The analysis of family 

level reaction norms indicated some variation among family groups in slope and intercept (Fig. 
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5), but variance in slopes did not differ between source islands for any phenotype (Table 2). 

However, the mean slope for hatchling mass from the open island population was steeper than 

the mean slope from the shaded island (Table 3, p = 0.0103) but slopes were similar between 

populations for other traits. 

Table 3. Models to test for difference in means of reaction norms. Shaded island is the reference in all 
models. 

 Estimates 95% C.I. S.E. d.f. F value P value R2 
Mass (mg) -9.230 -16.63 – -2.35 2.480 45 7.164 0.0103 0.137 
SVL (mm) -0.132 -0.50 – 0.24 1.837 45 0.5166 0.4760 0.011 

Speed (cm/s) 0.240 -6.92 – 7.40 3.553 45 0.0046 0.9463 0.001 
Water Loss (ml) 0.004 -0.81 – 0.80 0.393 32 0.0004 0.9902 0.001 

Bold text denotes statistical significance at alpha = 0.05 
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Figure 5. Reaction norms for each family separated by source island; the first and second columns of 
graphs are for individuals from the open and shaded islands, respectively (i.e., reaction norms reflect the 
trait values for all offspring from a single mother. The third column represents the reaction norms 
averaged for each family group (red curve = open island, blue curve = shaded island, black curve = 
average of all family groups). (a) Reaction norms for body mass; (b) Reaction norms for snout-vent 
length; (c) Reaction norms for spring speed; (d) Reaction norms for water loss. All reaction norm slopes 
reported are measured directionally from the open to the shaded incubation treatment. That is, a positive 
slope conveys a larger trait value in the shaded treatment, and a negative slope conveys a larger trait value 
in the open treatment. The y-axis has been changed for the plots showing the average reaction norms to 
better see the patterns. 
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Discussion 

 Developmental environments have strong effects on offspring phenotypes in many 

organisms, and the strength of those effects can vary among populations and individuals 

(Johansson and Richter-Boix 2013). This variation provides an opportunity for natural selection 

to shape developmental plasticity in adaptive ways when environmentally induced phenotypes 

have fitness consequences. Our objectives were to quantify the effects of multivariate, natural 

nest environments in two distinct habitats (open versus shade). Additionally, we examined 

variation in family level reaction norms for phenotypes within and among populations. Although 

incubation conditions influenced phenotypes, the effects were not always consistent with results 

from previous studies which tested nest conditions in isolation. For example, while open nest 

environments produced smaller hatchlings as expected, incubation treatments had no effect on 

egg survival or offspring performance. Phenotypic responses to incubation conditions varied 

among family groups but support for family-level plasticity was relatively weak. Moreover, 

phenotypes and reaction norms varied little between the two island populations. 

 Incubation conditions influenced several, but not all, hatchling phenotypes. Open nest 

conditions caused eggs to hatch sooner than those in the shaded nest environments, as increased 

temperature accelerates development rate in ectotherms (Zuo et al. 2012). However, incubation 

treatment had no effect on egg survival, although high temperatures can reduce hatching success 

(Hall and Warner 2021). Nevertheless, as expected, the open incubation treatment produced 

smaller offspring than the shaded treatment, which is a pattern commonly attributed to reduced 

yolk catabolism under dry conditions (Miller and Packard 1991). Indeed, relatively dry 

incubation conditions produce smaller hatchlings with more residual yolk in A. sagrei (Warner et 

al. 2012) and other reptiles (Tucker et al. 1998, Ji and Du 2001). This pattern was pronounced 
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for offspring from relatively small eggs (i.e. egg mass ⨯ incubation treatment interaction); due to 

a large surface area to volume ratio, small eggs in the open treatment were probably less 

effective at maintaining water balance while converting yolk to body tissue than larger eggs 

(reviewed by Gatto and Reina 2022). Additionally, the warm temperature of the open treatment 

may have contributed to smaller body size, due to differences in the thermal sensitivity of rates 

of development and tissue growth (i.e., the ‘temperature-size rule’; Zuo et al. 2012). Despite 

these effects on body size, incubation treatment did not influence desiccation rate or running 

speed even though warmer temperatures usually enhance locomotor performance (Noble et al. 

2018, Pearson and Warner 2018, Hall and Warner 2020). Importantly, the incubation treatments 

in our study reflected natural multivariate environments, and all hatchlings in dry conditions also 

experienced warmer temperatures which can induce smaller hatchling size (Atkison 1994). 

 The combination of expected and unexpected results may be explained by complex 

interactions among the multivariate nest conditions. A unique aspect of our experiment was to 

simulate natural nest environments in a controlled laboratory setting, whereas previous studies 

examine the effects of each incubation factor in isolation, which could hinder our understanding 

of these environmental effects in nature (Tezak et al. 2020). Indeed, the individual variables we 

used could affect phenotypes in opposing ways, masking single variable effects on phenotype or 

plasticity. Given that our treatments simulated real nest sites, it is possible that females choose 

microhabitats that generally maintain a desirable range of phenotypes rather than selecting based 

on individual abiotic factors. We urge researchers to exercise caution when interpreting the 

ecological relevance of results based on studies that isolate single environmental factors (Hall 

and Warner 2018, discussed in While et al 2018, Hall and Warner 2019, Pruett and Warner 

2021), particularly when considering the evolution of developmental reaction norms. 
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 Maternal and offspring phenotypes did not differ between the open and shaded 

islands per se, providing no evidence of trait divergence between the populations. Moreover, 

reaction norms generally did not differ between populations, indicating little, if any, divergence 

in plasticity. Despite this general pattern, we show that hatchling body mass of individuals from 

the open island is more sensitive to incubation environments (i.e. steeper reaction norm slope) 

than those from the shaded island (Fig. 5a); this may be a spurious observation, but it raises 

speculation about different benefits of plasticity in open versus shaded habitats. For example, 

increased plasticity in body size in the open island population combined with the negative effect 

of the open nest environment on body size indicates that offspring from the open island will be 

relatively small. However, although the landscape on the open island is mostly devoid of canopy 

cover, it still contains a small area that provides shade. This shaded microhabitat, which is 

preferred by females for nesting (Pruett et al. 2020), will generate large hatchlings that typically 

have increased survival (Warner and Lovern 2014, Delaney and Warner 2016, Chejanovski and 

Kolbe 2019). In contrast, eggs/embryos that are laid in the open microhabitat will have 

accelerated development and hatch early, which in turn, also increases survival compared to 

those that hatch later in the season (Pearson and Warner 2018). Overall, both shaded and open 

microhabitats may have different benefits and costs for offspring. This level of environmental 

heterogeneity is not present on the shaded island as all eggs will experience shaded conditions 

during incubation and thus providing little opportunity for selection to act on plasticity. Although 

the increased plasticity in body size in the more heterogeneous environment (i.e. the open island) 

is consistent with predictions from adaptive models for the evolution of plasticity (Lande 2009, 

Arnold et al. 2019), we recognize that our study contains no replication at the population level, 
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and therefore are cautious about drawing adaptive explanations for the population difference in 

body size plasticity that we observed. 

 Evidence for family-level differences in reaction norms was weak but mixed model 

comparison and individual reaction norms demonstrate that the developmental environment most 

strongly affects hatchling morphology. Family-level variation can have important biological 

implications because it provides opportunity for natural selection to act on plasticity (Nussey et 

al. 2005) and indicates that strong stabilizing selection has not shaped reaction norms to 

polyphenism (Levis and Pfenning 2016). Importantly, for natural selection to drive the evolution 

of developmental plasticity, the nest environments must generate variation in phenotypes that 

have fitness consequences. Indeed, body size of juvenile A. sagrei has been shown to positively 

correlate with survival in the lab (Warner and Lovern 2014) and field (Delaney and Warner 

2016), whereas locomotor performance is less important (Pearson and Warner 2018). In addition, 

stabilizing selection on these traits and/or reaction norms must be consistent over generations for 

evolution to reduce variance in plastic responses (Suzuki and Nijhout 2006, van der Burg et al. 

2020) or plasticity for these traits could be limited by developmental constraints or costs (DeWitt 

et al. 1998). Lastly, reaction norms must have a heritable genetic component for an evolutionary 

response to arise (Li et al 2017). While we show that reaction norms exhibit some among-family 

variation (a proxy for genotype), studies that examine the genetic underpinnings of this plasticity 

will provide further insight into the evolutionary potential of reaction norms in the wild. 

 The within-population variation in reaction norms that we document (albeit, with our 

less conservative analysis) may provide an opportunity for selection to act on plasticity. While 

this is an important component of plasticity evolution, we still need a stronger understanding of 

the narrow-sense heritability of reaction norms to provide insight into the potential for 
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developmental plasticity to adapt to environmental heterogeneity. This is critical in the context of 

invasion biology and global change (Davidson et al. 2011, Engel et al. 2011), which are two 

important contemporary issues that pose challenges to natural populations. The plastic responses 

to natural environments and the among-family variation in reaction norms we observed are 

features that may have contributed to the invasion success of many taxa (like A. sagrei) in 

various parts of the planet (Davidson et al. 2011). This variation in plasticity may also facilitate 

future adaptation to novel environments induced by aspects of global change (Levis and Pfennig 

2016). Indeed, even non-adaptive plasticity could increase the strength of selection in new 

environments (Ghalambor et al. 2015). Although we show little evidence for population 

differences in plasticity, the steeper reaction norm slope for body size on the open island might 

generate fitness benefits in ways that lead to adaptation. While rapid morphological adaptation in 

response to island habitat structure has been demonstrated for A. sagrei (Losos et al. 1997), 

adaptive plasticity may rapidly arise due to selection associated with habitat heterogeneity, 

especially in populations that exhibit genetic variation in plasticity (Promy et al. 2023). More 

work is needed to determine if this pattern is consistent in other populations that inhabit open and 

forested environments, which would provide a more robust understanding of plasticity as an 

adaptation to environmental heterogeneity. Overall, quantifying the complex associations among 

habitat-specific developmental environments, variation in the capacity of organisms to respond 

to environmental cues (plasticity), and their phenotypic/fitness consequences will provide insight 

into how populations will continue to cope with temporal and spatial environmental 

heterogeneity. 
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Supplemental Tables 

Supplementary Table 1. Comparison of female brown anoles collected from the forested and open 
islands. 

Dependent variable Forested island 
(mean ± SD) 

Open island 
(mean ± SD) 

β ± 95% CI P-value 

Maternal SVL (mm) 46.08 ± 2.25 45.37 ± 1.81 0.223 ± 1.074 0.679 
Maternal mass (g) 2.39 ± 0.32 2.43 ± 0.43 0.095 ± 0.191 0.324 
Fecundity (# eggs) 6.75 ± 2.87 6.37 ± 2.66 0.940 ± 0.180 0.547 
Egg mass (g) 0.1666 ± 0.020 0.169 ± 0.024 -0.003 ± 0.004 0.175 

*Note: Shaded Island is the reference variable for all Beta values 

Supplemental Table 2. Raw means with SD for hatchling phenotypes 

Variable  Total 
mean ± 
SD 

Open 
Incubation 
mean ± SD 

Shaded 
Incubation 
mean ± SD 

Maternal 
open mean ± 
SD 

Maternal 
Shaded 
mean ± SD 

Hatchling Mass (g) 0.170 ± 
0.019 

0.1689 ± 
0.020 

0.1726 ± 
0.0178 

0.1714 ± 
0.019 

0.1702 ± 
0.018 

Hatchling SVL 
(mm) 

18.809 
±0.988 

18.687 ± 
0.961 

18.9890 ± 
0.9223 

18.810 ± 
0.9992 

18.8695 ± 
0.9079 

Sprint Speed (m/s) 0.4314 ± 
0.13866 

0.4331 ± 
0.1464 

0.4268 ± 
0.1308 

0.4326 ± 
0.1305 

0.4299 ± 
0.1478 

Desiccation (mg) 2.4765 ± 
2.5718 

2.4556 ± 
2.4997 

2.4958 ± 
2.6443 

2.3297 ± 
2.3909 

2.6129 ± 
2.7292 

Incubation Period 
(Days)  

30.7905 
± 4.4668 

26.7670 ± 
1.518 

36.6813 ± 
3.4825 

30.7816 ± 
4.4602 

30.7989 ± 
4.4852 

Survival to Hatching 
(%) 

86% 85% 
 

87% 88% 85% 
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Supplemental Table 3. Model comparison table for random effects.  

 N Par AIC BIC LogLik X2 Df P 
Hatchling Mass        
No random effect 11 875.76 918.45 -426.88    
Random intercept 12 857.98 904.55 -416.99 19.77 1 <0.001 

Random slope 14 861.41 915.74 -416.71 0.56 2 0.752 
Random intercept and slope 26 884.39 985.28 -416.19 1.02 12 1.000 

Hatchling SVL        
No random effect 11 971.22 1013.9 -474.61    
Random intercept 12 956.28 1002.9 -466.14 16.93 1 <0.001 

Random slope 14 960.28 1014.6 -466.14 0.007 2 0.9996 
Random intercept and slope 26 983.86 1084.8 -465.93 0.424 12 1.000 

Hatchling Sprint Speed        
No random effect 7 895.30 922.13 -440.65    
Random intercept 9 898.02 932.51 -440.01 1.280 2 0.5271 

Random slope 11 902.02 944.17 -440.01 0.000 2 1.000 
Random intercept and slope 23 924.88 1013.01 -439.44 1.142 12 1.000 

Hatchling Sprint Speed        
No random effect 6 139.34 762.09 -363.67    
Random intercept 7 741.34 767.89 -363.67 0.000 1 1.000 

Random slope 9 745.34 779.47 -363.67 0.000 2 1.000 
Random intercept and slope 21 769.32 848.98 -363.66 0.012 12 1.000 

 

 

Supplamentel Figures 

 
Supplemental Figure 1. Materials used in the desiccation trials. A) Mesh tubes used to contain 
hatchlings and B) the glass desiccation chamber with Dry Rite™ on the bottom. 
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Supplemental Figure 2. Racetrack used to measure running speed in lizards. Light sensors are placed on 
the track every 25 cm. As the lizards pass the sensors their time is recorded. The wooden racetrack is 1 m 
in length and was custom built. The light sensors (5 mm sensors) and software (Slot Car Lap Counter) 
were purchased from Trackmate Racing (8-19122 27 Ave, Surrey, British Columbia, V3Z5T1, Canada; 
https://trackmateracing.com/shop/en/).  

 

 

 

 
Supplement Figure 3. The interaction between egg mass and treatment on hatchling snout-vent length 
(SVL). Egg mass and SVL are both centered and scaled. This interaction may result from the greater 
surface area to volume ratio of small eggs and the tendency for eggs to lose water in relatively warm, dry 
conditions.  
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Chapter 2: Laboratory test of environmental matching and silver spoon hypotheses using 

ecologically relevant spatial and temporal developmental environments. 

 

Abstract 

Early life environments can shape fitness outcomes by changing trait values through 

developmental plasticity. Importantly, developmental environments often vary across space and 

over time, creating heterogeneous conditions that induce phenotypic differences among offspring 

generated by plasticity. Theory predicts that developmental plasticity should produce phenotypes 

that are adaptively matched to a given environment, especially when an environmental cue 

reliably predicts the conditions in which the fitness consequences are realized (i.e., 

environmental matching hypothesis; EMH). On the other hand, developmental plasticity could 

generate phenotypes that are universally beneficial across all environments if offspring develop 

in high-quality conditions (i.e., silver spoon hypothesis SSH). We tested these hypotheses in 

brown anole lizards (Anolis sagrei) by incubating eggs under conditions that simulated spatial 

variation in natural nest sites (open and shaded environments) and temporal variation (shaded 

environments in the mid versus early season). After hatching, juvenile lizards were raised in 

outdoor cages that mimicked either an open or shaded environment. Based on measurements of 

offspring growth and survival, we found no support for the EMH across any of our experiments. 

Although egg incubation conditions induced variation in offspring phenotypes, those conditions 

did not differentially affect growth or survival in either post-hatch environment. However, we 

found strong support for the SSH in the temporal test, but not the spatial test, whereby offspring 

exposed to mid-season developmental environments had greater growth and survival in both 

post-hatch environments. Our results suggest that developmental plasticity may be shaped more 
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by silver spoon effects rather than by environmental matching of phenotypes to post-hatch 

conditions.   

Introduction 

Environmental heterogeneity occurs at different spatial and temporal scales, and most 

organisms respond to this variation in ways that enhance fitness (Bull 1987, Frank and Slatkin 

1990). For example, thermal conditions across landscapes often vary among patches of forest 

versus open areas, and these conditions can change seasonally in ways that generate shifts in 

other abiotic (e.g., moisture) or biotic (e.g., predators) factors (Frenne et al., 2021, Antala et al., 

2022). Organisms deal with this heterogeneity in many ways. Populations might adapt to local 

environments via natural selection, which would give rise to morphological, physiological, 

and/or behavioral adaptations that are suited for the local conditions (Freudiger et al., 2021). 

While this solution requires some level of isolation (i.e., limited gene flow) among populations 

to facilitate local adaptation (Meek et al., 2023, Bisschop et al., 2020), many single populations 

can occur continuously across spatial scales that encompass a wide range of environmental 

conditions. In these cases, phenotypic plasticity can allow organisms to develop phenotypes 

suited to their environment (Fusco and Minelli 2010, Sommer 2020).  

Developmental plasticity is a key mechanism for coping with environmental variability, 

and several hypotheses have been proposed to explain the conditions under which it is adaptive, 

particularly as it pertains to natural environments which fluctuate across both space and time. 

The Environmental Matching Hypothesis (EMH) posits that plasticity will be favored by natural 

selection when the conditions that induce plastic responses are reliable predictors of the future 

environment in which the fitness consequences of those phenotypes are realized (Figure 1a; 

DeWitt and Scheiner 2004, Mathur and Schmidt 2017). Consequently, plasticity can increase 
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fitness if environmental cues induce phenotypes that match the environments in which they are 

expressed (Marshall and Uller 2007, Burgess and Marshall 2014, Warner and Shine 2007, 

Warner and Shine 2008). On the other hand, if environments are unpredictable, then selection 

should not favor plasticity because it could induce phenotype-environment mismatches that 

reduce fitness. Additionally, certain developmental conditions may induce phenotypes that 

increase individual fitness regardless of the future environment in which that phenotype is 

expressed (Grafen 1988). The Silver Spoon Hypothesis (SSH) predicts that individuals that 

develop under “good” conditions will have life-long benefits across different environments 

(Figure 1b; Monaghan 2008). Rather, selection might favor certain developmental responses to 

the environment if embryos/offspring are consistently exposed to high quality environments 

within a heterogeneous landscape. For example, certain types of parental effects (e.g., offspring 

provisioning, maternal nest-site choice) can consistently expose offspring to more optimal 

conditions. Selection may optimize developmental responses to those conditions in ways that 

generate phenotypes that enhance fitness irrespective of the future environmental conditions 

(Badyaev and Uller 2009). Silver-spoon effects may ensure that developing offspring that 

experience “good” conditions will have life-long fitness benefits (Donelan et al., 2019, Bateson 

et al., 2014, Agrelius et al., 2025). Indeed, females of many oviparous organisms select nest sites 

with specific conditions that shield offspring from stressful environmental extremes 

(Bodensteiner et al., 2023, Tiatragul et al., 2019, Carroll et al., 2018, Kolbe and Janzen 2002, 

Weisrock and Janzen 1999), resulting in silver spoon effects on offspring.  
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Both the EMH and SSH can explain the evolution of developmental plasticity in 

environments that vary across spatial and temporal scales. Importantly, the EMH and SSH are 

not mutually exclusive, as elements of both hypotheses may occur (Figure 1c; Monaghan 2008) 

when environments vary across space and time.  

 

Figure 1. General predictions for the (a) environmental matching hypothesis (EMH), (b) The silver spoon 
hypothesis (SSH) and (c) a combination for both hypotheses. The EMH predicts that when the 
developmental environment matches the early life environment that fitness will be increased. The silver 
spoon hypothesis predicts that there is an optimum developmental environment that will give an organism 
the highest fitness regardless of the early life environment. Elements of both hypotheses will be supported 
if a given developmental environment consistently benefits offspring, but the magnitude of the benefit 
differs across environments.  

For example, a given developmental environment may consistently benefit offspring across a 

range of future environments (a prediction of the SSH), but the magnitude of the benefit may be 

greatest when future environments are representative of conditions offspring experience during 

development (a prediction of the EMH). Concerning the EMH, plasticity may be favored so that 

phenotypes match specific habitats or conditions at a specific time of year. Concerning the SSH, 

only specific microhabitats or seasons may induce phenotypes that induce silver-spoon benefits 

regardless of the post-developmental habitat or the time when offspring emerge. This spatial and 

temporal variation can have significant effects on the development of fitness-related phenotypes 
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of offspring in ways that enable both habitat- and season-specific phenotypes to arise. To 

determine how silver spoon or environmental matching effects contribute to the expression of 

adaptive developmental plasticity in a system that exhibits strong spatial and temporal variation 

in developmental environments.  

Our overarching goal is to test the predictions of the EMH and SSH simultaneously using 

the brown anole lizard (Anolis sagrei), which has several characteristics that are suited for 

addressing these hypotheses. First, our study site is composed of several islands that exhibit 

considerable heterogeneity, but aspects of this heterogeneity are consistent over time, resulting in 

embryonic environments that are predictive of juvenile environments. Some islands are densely 

forested, others contain almost no canopy cover, and others contain a mix of open and forest 

habitat (Hall et al. 2020, Norris et al. 2024). Moreover, females use both open and shaded 

habitats for nesting (Pruett et al. 2020, Pruett et al., 2022). This difference in nest site choice 

contributes to spatial heterogeneity among developmental environments (McLnerney et al., 

2016, Carroll et al., 2018). Eggs that develop on open islands experience warm, thermally 

variable conditions and sandy soils that have poor water-holding capacity, and the offspring 

hatch to open warm environments with little vegetative structure. Shaded islands, however, 

experience relatively cool, more stable thermal environments and the nest substrate tend to be 

dark organic soil with greater water-holding capacity. Offspring on shaded islands hatch into 

cooler conditions with more vegetative structure and shade cover. These habitat-specific nest 

environments affect offspring body size and locomotor performance (Pearson and Warner 2018, 

Pruett and Warner 2021, Norris et al. 2024, Hall et al. 2022). Second, brown anoles have a long 

reproductive season from April to October and there are seasonal increases in temperature and 

precipitation over this time (Pearson and Warner 2018, Martinez et al. 2012). Previous work 
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shows that seasonal variation in nest temperature generates greater effects on offspring 

phenotypes than spatial variation (Pearson and Warner 2016) and hatching early increases 

offspring survival regardless of the season-specific temperature conditions during egg incubation 

(Pearson and Warner 2018). Importantly, seasonal shifts in the environmental characteristics of 

nest sites (Pearson and Warner 2018; Pruett et al. 2000) combined with spatial differences (i.e., 

open or shaded) provide an opportunity for both silver spoon effects and environmental matching 

to affect the expression of developmental plasticity in brown anoles.    

We performed two sets of analyses to address spatial and temporal aspects of the EMH 

and SSH. For our first analysis, we tested the effects of spatial variation by simulating natural 

incubation environments that mimicked the shaded (cooler and moister) versus open (warmer 

and drier) nest sites at our study site. After eggs hatched, we measured fitness-relevant 

phenotypes of offspring (body size and critical thermal maximum [CTmax]) and then raised the 

hatchlings in outdoor cages that mimicked the natural environments of both habitat types. This 

fully factorial design allows us to measure growth and survival of hatchlings to evaluate the 

fitness consequences under matched and mismatched embryo and juvenile environments. If 

growth and/or survival are highest when embryonic and juvenile environments match (and 

lowest when mismatched), then the EMH would be supported. However, if these fitness 

components are maximized by either the shaded or open egg incubation environment, regardless 

of the juvenile environment, then the SSH would be supported. 

Our second set of analyses was designed to test the SSH from a temporal perspective. 

Our developmental treatments mimicked early and mid-season nest conditions that we 

previously measured on shaded islands, and offspring were raised in one of the two habitats 

described above (i.e., shaded vs open). If incubation environments induce a Silver Spoon effect, 
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then we expect that one of the two seasonal incubation environments will enhance offspring 

growth and survival regardless of the juvenile environment. Importantly, our design did not 

allow us to test the EMH from a temporal perspective per se since we did not manipulate the 

temporal axis of the juvenile environment, but elements of the EMH would be supported if we 

observe an interaction between seasonal incubation treatment and the date of hatching on growth 

or survival (e.g., early-produced eggs that experience early incubation temperature results in high 

offspring survival). 

Methods 

Study species and breeding colony collection  

The brown anole (A. sagrei) is a small (~ 2-5 g) sub-tropical lizard species native to Cuba 

and the Bahamas but is invasive to North America and other parts of the world (Losos 2011). 

Males are larger than females (Lee et al. 1989), and females typically mate with many males 

over the course of a long reproductive season from March to October, laying a single egg clutch 

every 4-14 days (Hall et al. 2018). They have short lifespans (~1-2 years; Lee et al 1989), and 

high juvenile mortality in the wild (Cox and Calsbeek 2014). Their long reproductive season 

exposes embryos to a wide range of nest microenvironments that vary over time (Pearson and 

Warner 2018; Pruett et al. 2020), and early offspring have greater survival than those produced 

later in the season (Cox and Calsbeek. 2014, Pearson and Warner 2018).  

We collected a breeding colony of adult lizards from Palm Cost, Florida (N = 71 males, 

N = 142 females) from 7 to 11 March 2021. Lizards were captured with lassos and held in plastic 

bags during field measurement and transportation to Auburn University, Alabama. Two females 

and one male were housed within a single terrarium (29 ×26×39 cm). All cages were equipped 

with bamboo sticks for perching, and a nesting pot filled with peat moss provided females a 
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place for oviposition. Cages were placed under UV lights set to a 12h:12h light:dark cycle. Adult 

lizards were fed crickets three times a week dusted with vitamin and calcium powder (Rep-Cal 

Calcium with Vitamin D and Rep-Cal Herptivite Multivitamins). All cages were sprayed daily 

with water. Nesting pots were removed thrice weekly and checked for eggs.  

Egg Incubation Treatments  

After collecting eggs (n = 400), we assigned them to one of three incubation treatments 

that mimicked the multivariate incubation environments of natural nests in open and shaded 

islands in the Intracoastal Waterway in Palm Coast, Florida. The first egg of each female was 

randomly assigned to one of the incubation treatments and subsequent eggs produced by a given 

female were then alternated among treatments to ensure equal allocation to treatments. The 

incubation experiment included an open treatment and a shaded treatment that simulated nest 

conditions measured during the mid-reproductive season. Our third treatment simulated shaded 

nests during the early nesting season when conditions are cooler (Figure 2a). Each egg was 

incubated in an individual glass jar (59.14 mL) within substrate described below. The jars were 

covered with plastic wrap and sealed with a rubber band to prevent moisture evaporation. The 

substrate in each incubation jar was changed once per week to maintain the target water potential 

for incubation. 

Our incubation treatments simulated the temperature profile, substrate type, and substrate 

moisture characteristic of nests in shaded versus open areas at our field site. While many studies 

consider a single variable at a time (While 2018), our multivariate approach realistically mimics 

the conditions of nest sites in the field and provides an ecologically meaningful cue for 

developmental plasticity (Norris et al. 2024). The thermal conditions for the open and shaded 

treatment were based on temperatures measured in natural nests found in each of these 
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microhabitats from previous experiments (Pruett et al. 2020). We averaged temperatures across 

three natural nest sites within each microhabitat to create 16-day profiles that were set on a 

repeating loop in incubators (Memmert IP55 Plus, Figure 2a). The incubation profile for the 

early shade treatment was identical to the shaded treatment in variation, but all temperature 

points were lowered 3.5 ºC to resemble shaded conditions early in the brown anole breeding 

season as measured in previous studies (Person and Warner 2018). The substrate for eggs 

incubated in the open treatment was a mixture of sand and crushed shell collected from the open 

island habitat; this substrate was dried and then rehydrated to 5% (-150 kPa) moisture by mass in 

the lab. The substrate for eggs incubated in both the shade and early-shade treatments was a dark 

organic soil that was collected in shaded island habitat; this soil is higher in organic matter and 

was dried and then rehydrated to 50% (-30 kPa) by mass in the lab. Incubators were checked 

daily for the presence of hatchlings. 

Immediately after hatching, individuals were measured for mass (nearest 0.0001g) and 

snout-vent length (SVL; nearest mm). We also estimated body condition at hatching using 

residual scores of the regression of log transformed body mass on SVL (Warner et al. 2016). The 

sex of each hatchling was identified by the presence (males) or the absence (females) of post anal 

scales. Hatchlings were temporarily held in plastic cups with vented lids (946.3 ml, 11.4 × 13.9 

cm) containing small sticks for perching, and plastic leaves for hiding. Hatchlings were held in 

cups for 2 days before release in experimental cages. 

On the day following hatching, all individuals were measured for CTmax, which describes 

the body temperature at which an individual cannot sustain coordinated neuromuscular activity. 

This temperature is often used to denote an individual’s heat tolerance and is measured by using 

righting behavior (Huey and Stevenson 1979). A 100-w reptile basking bulb was used as a heat 



56 
 

source. A small hole was drilled in the top of a falcon tube (50 ml) and a thermal couple wire 

(Omega model HH800A) was inserted into the cap so that it extended 2.5 cm into tube. Putty 

was placed around the wire to seal the cap to hold the wire in place. Before the trial, the tube was 

heated to approximately 31 ºC, at which time a hatchling was placed into the tube, and a timer 

was started. We rotated the tube 180º each time the temperature rose 0.5 ºC to check for the 

righting response of the hatchlings. We continued to let the temperature rise until the hatchling 

failed to right itself within 5 seconds. The temperature and time at which this happened was 

recorded as the CTmax of the individual. Because of the small size of hatchlings, the 

thermocouple was not placed in the cloaca, but the air temperature in the tube is a strong 

predictor of the lizard body temperature (slope = 0.911, r2 = 0.99, p < 0.0001; Supplementary 

Material Figure 2). 

Outdoor juvenile cage treatments 

Two days after hatching, lizards were placed in individual mesh cages (30.48 × 30.48 × 

30.48 cm) that resembled either the open environment or the shaded environment (Supplemental 

figure 1) at an outdoor animal housing facility at Auburn University. Cages were arranged in 

blocks of 12 all consisting of a single cage treatment within a walk-in enclosure at the facility to 

prevent potential predators from interfering with the study. Each block of cages was assigned an 

equal number of lizards per incubation treatment. The open environment cages contained sand 

substrate, a rock to use as a cover item, and small twigs as perches. The shaded environment 

cages used dark organic soil as substrate, a palm frond as a perch and Spanish moss (Tillandsia 

usneoides) to provide additional cover. Importantly, all perch items and substrates in hatchling 

cages were collected from natural microhabitats in our field site. We placed high density 

polyethylene shade cloth (DGSL, 90% shade rating) over the shaded cages to mimic canopy 
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cover. Based on data from iButton temperature loggers placed at the bottom of five open and five 

shaded cages, the open cages exhibited higher temperature and greater thermal variance than the 

shaded temperatures (Figure 2b), similar to that of our study islands. To assess if incubation 

condition had effects on growth rates, hatchling mass (to 0.001 g) and SVL (using calipers to 

0.001 mm) were measured at 15, 30 and 60 days of age for each hatchling. For SVL, hatchlings 

were measured three times, and the average was used to account for measurement error. For 

analysis of growth rate, we used the difference between body mass (or SVL) at hatching and at 

day 60 divided by 60 days.

 

Figure 2. a) Egg incubation temperature profiles for our three treatments. Incubation conditions 
mimicked the temperatures measured in nests found at our field site in Palm Cost, Florida. The open and 
shade treatments are reconstructions of nest temperatures from these two habitat types. Early Shade 
represents the shaded nest sites but from an early part of the reproductive season. This 16-day profile was 
looped repeatedly in our programmable incubators.  b) Temperatures recorded using iButton loggers 
within juvenile environments that simulate both the open and shaded environments commonly found at 
our field site. 
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Hatchlings were checked daily for survival, and we recorded the date of any individuals 

that were found dead. The natural substrate in the cages and rapid decomposition rates often 

made it difficult to readily identify a dead hatchling, so carcasses were not always observed. If a 

hatchling could not be found, it was not recorded as dead until it could not be found at the next 

census; at this point, the cage was deconstructed to search for the hatchling. If there were tears in 

the fabric of the cage or other evidence of possible escape, the hatchling was not considered 

when analyzing survival. 

Statistical analysis  

Effects of incubation treatment on development and hatchling phenotypes: Egg survival 

to hatching was assessed with a generalized linear model (GLM), using incubation treatment and 

egg mass at oviposition as fixed effects. Incubation duration was calculated as the total number 

of days that an egg took to hatch and was analyzed using a liner model with incubation treatment 

and egg mass at oviposition as fixed effects.  

Linear models were used to quantify the effects of incubation treatment on hatchling size. 

Separate analyses were performed for SVL, body mass, and body condition, but all models 

contained incubation treatment, egg mass at oviposition, and week of oviposition as variables in 

the model. The week of oviposition was used as a proxy for season and is important because egg 

size has previously been shown to increase over the reproductive season (Pearson and Warner 

2018, Hall et al. 2020, Mitchell et al. 2018). Correlations between all body size measurements 

and survival to sixty days were analyzed using a binomial GLM.  For the analysis of CTmax, we 

included incubation treatment and hatchling SVL as variables in the model. To assess if body 

size at hatching or CTmax correlated with survival, we used a binomial generalized linear mixed 
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model (GLMM) with the cage block as the random effect. Uncorrected mean and variance of all 

measurements taken are reported in Supplement Table 2.  

Effects of embryonic and juvenile environments on growth and survival: To quantify 

treatment effects on growth and survival, we performed separate analyses to assess the spatial 

(environment) and temporal (season) aspects of our study. First, to quantify the effects of 

Environment-specific incubation temperatures, juvenile habitat, and their interaction (i.e., spatial 

effects), our analyses were restricted to individuals from the open and shaded incubation 

treatments; henceforth, referred to as the spatial test. Second, to quantify the effects of season-

specific incubation temperature (i.e., temporal differences), juvenile habitat, and their interaction, 

our analyses were restricted to individuals from the early-shaded treatment and those from the 

shaded treatment (which mimicked mid-season nest temperatures); henceforth, referred to as the 

temporal test. Importantly, the shaded treatment was based on the same individuals for each of 

these two sets of analyses. 

We used linear mixed effect models to analyze growth rate for mass and SVL over 60 

days. All models included incubation treatment (open vs shade or early-shade vs shade), juvenile 

treatment (open juvenile cage vs shade juvenile cages), and the interaction between these two 

treatments. However, we removed non-significant interactions (Engqvist 2005), which was the 

case for all models. All models were fit with a random effect of experimental block representing 

the location of the juvenile cage treatment.   

  The model structures for analyses of survival were similar to those described above for 

growth in that separate sets of analyses were performed for the spatial and temporal tests. 

Binomial GLMM’s were fit to test survival to 60 days post-hatch. Models were fit with 

incubation treatment, juvenile treatment, SVL at hatchling, hatch day and the interaction between 
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incubation treatment and juvenile treatment as fixed effects. We used the cage block as a random 

effect. Cox proportional hazard models were used to quantify differences in survival curves 

among our treatments. All models included hatchling survival each day as the response variable, 

incubation treatment and cage treatment as a fixed effect, and the cage block as a random effect. 

All Cox model assumptions were tested using Grambsch-Therneau test, and visually with 

Schoenfeld residual plot (Grambsch and Therneau 1994).  

All data analysis was performed in R (R Core Team 2023). All models without random 

effects were performed in base R without the use of additional packages. Mixed models were fit 

using the “lmer” package (Bates et al. 2015). Cox proportional hazard models with random 

effects were fit using the “coxme” package (Therneau 2012). All figures were created using the 

“ggplot2” package (Wickham 2016). All models (unless otherwise described) were tested for 

assumptions visually using residuals. We interpreted effects as statistically significant when p < 

0.05.   

Results 

Effects of incubation treatment on development and hatchling phenotypes  

 Incubation duration differed across all treatments (F2,281 = 2107.41, p < 0.00001, 

Table 1), where eggs in the open and early-shade treatments had the shortest and longest 

incubation durations, respectively (Figure 3a), and warmer temperatures shortened the length of 

incubation. Additionally, larger eggs had a shorter incubation duration than smaller eggs (F1,281 = 

20.99, p < 0.0001). Egg survival in the shaded treatment did not differ from the open treatment (z 

= -0.137, p = 0.8910) or the early-shaded incubation (z = 1.028, p = 0.3041) in comparison using 

binomial GLM. Egg mass at oviposition did not affect egg survival (z = 1.77, p = 0.076). 
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 Hatchlings from the shaded treatment were heaviest and differed significantly from 

those in the other two treatments (Table 1, Figure 3b). Hatchlings from the open treatment were 

shorter in SVL than those from the shaded treatment, but those from the early-shade treatment 

were similar in SVL to those from the shaded treatment (Table 1, Figure 3c). Hatchling body 

condition differed among all treatments with those incubated in the open treatment exhibiting the 

lowest condition scores, and those in the early-shade treatment had the highest condition scores 

(F2,280 =21.73, p < 0.0001, Table 1, Figure 3d). 

 Generally, hatchlings from warmer incubation temperatures had a lower CTmax (Table 1, 

Figure 3e). Hatchlings from the shaded incubation treatment had a CTmax that was 0.95 ºC 

(±0.59, 95% C.I.) higher than those from the open treatment hatchlings (p = 0.0004) and 1.01 ºC 

(±0.60; 95% C.I.) lower than those from the early-shade treatment (p = 0.0029). However, 

hatchlings exhibited substantial variation in CTmax with considerable overlap of values for each 

incubation treatment (Figure 3e). Pairwise comparisons for all treatments can be found in 

Supplemental Table 1, and uncorrected means and variances for all phenotypes are in 

Supplemental Table 2.  
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Table 1. Effect of incubation treatment on hatchling traits. For all models reported here the shade 
incubation treatment was used as a reference. Bold text denotes statistical significance. 

Developmental Time (Days) Estimate 95% CI SE DF t value p value 
   Intercept 38.819 2.014 1.023 280 37.933 <0.0001 
  Early Shade 13.232 0.638 0.324 280 40.819 <0.0001 
  Open -7.421 0.652 0.331 280 -22.405 <0.0001 
  Egg Mass (mg) -28.545 12.265 6.231 280 -4.581 <0.0001 
Body mass (mg)       
   Intercept 18.713 23.192 11.782 280 1.588 0.1134 
   Early Shade -4.888 4.661 2.368 280 -2.064 0.0399 
   Open -12.661 4.771 2.423 280 -5.224 <0.0001 
    Egg Mass (mg) 0.432 0.090 0.046 280 9.473 <0.0001 
    Oviposition Week 3.376 0.813 0.413 280 8.172 <0.0001 
Snout-vent length (cm)       
    Intercept 11.930 1.017 0.516 280 23.102 <0.0001 
   Early Shade 0.140 0.204 0.104 280 1.348 0.1791 
   Open -0.664 0.209 0.106 280 -6.252 <0.0001 
    Egg Mass (mg) 0.016 0.004 0.002 280 7.766 <0.0001 
    Oviposition Week 0.187 0.036 0.018 280 10.314 <0.0001 
Body Condition       
    Intercept -0.105 0.046 0.0234 280 -4.467 <0.0001 
   Early Shade 0.017 0.009 0.0047 280 3.519 0.0005 
   Open -0.014 0.009 0.0048 280 -2.911 0.0039 
    Egg Mass (mg) <0.0001 <0.0001 <0.0001 280 0.638 0.5240 
    Oviposition Week 0.004 0.002 0.001 280 4.993 <0.0001 
CTmax (ºC)       
    Intercept 29.107 5.072 2.576 273 11.298 <0.0001 
   Early Shade  0.964 0.599 0.304 273 3.172 0.0011 
   Open -0.572 0.629 0.319 273 -1.792 0.0742 
    SVL 0.557 0.270 0.137 273 4.071 <0.0001 
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Figure 3. Effects of incubation treatment on (a) incubation duration, (b) hatchling body mass, (c) 
hatchling snout-vent length (SVL), (d) hatchling body condition, and (e) the thermal tolerance (CTmax) of 
hatchlings. Black points represent model adjusted means and error bars represent 95% confidence 
intervals. 
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Body size and CTmax correlation with survival  

 None of the hatchling phenotypes that we measured were directly related to survival. 

CTmax had no effect on survival to the end of the study (β = -0.543 ± 0.151 95% C.I., z = -0.715, 

p = 0.475). Neither SVL (β = -0.101 ± 0.344 95% C.I., z = -0.581, p=0.561), nor mass (β = 

17.278 ± 19.110 95% C.I., z = 1.782, p= 0.0747), nor body condition (β = -0.373 ± -0.436 95% 

C.I., z = -1.678, p = 0.0931), nor day of hatching (β = 0.042 ± 0.047 95% C.I., z = 1.809 , p = 

0.0705) were significantly linked to survival over the 60-day post-hatch period.  

Spatial and temporal tests of growth and survival 

 For analysis of growth for the spatial test, we found that incubation treatment had no 

effect on the growth rate of hatchling SVL or mass over 60 days (Table 2, Figure 4a). Hatchlings 

from both incubation treatments grew faster in SVL in the shaded cage environment than in the 

open cage environment (β = 0.030 ± 0.014 95% C.I., t = 4.143, p < 0.0001, Table 2, Figure 4a). 

However, hatchling mass growth was similar between the open and shaded incubation treatments 

and the juvenile cage environments (Table 2, Figure 4b). We found that the interaction between 

incubation treatment and juvenile cage environment was not significant in all models.  
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Table 2. Results of spatial and temporal analyses for testing the effects of incubation and post-hatch 
treatments on growth rates of hatchling brown anoles (Anolis sagrei). Growth in SVL was calculated as 
the change in mm/day, and growth in mass was change in mg/day over the 60-day post-hatch period. 
Interactions were initially included in the model but were removed when found to not be significant.  

 Estimate 95% CI SE DF t value p value 
Spatial test for growth in SVL       
    Intercept 0.130 0.013 0.006 18.280 20.152 <0.0001 
    Incubation: Shade 0.007 0.014 0.007 47.547 0.970 0.336 
    Post-hatch Treatment: Shade 0.030 0.014 0.007 7.512 4.143 <0.0001 
Spatial test for growth in mass       

    Intercept -
2607.330 121.511 62.490 17.000 -41.726 <0.0001 

    Incubation: Shade -43.780 140.327 72.160 46.677 -0.607 0.546 
    Post-hatch Treatment: Shade -28.750 140.327 72.160 6.416 -0.398 0.692 
Temporal test for growth in SVL       
    Intercept 0.138 0.017 0.009 18.280 15.548 <0.0001 
    Incubation: Shade 0.001 0.015 0.008 47.547 0.184 0.8544 
    Post-hatch Treatment: Shade 0.024 0.019 0.010 7.512 2.474 0.0403 
Temporal test for growth in mass       

    Intercept -
2537.610 160.214 85.050 17.000 -29.840 <0.0001 

    Incubation: Shade -163.199 150.237 75.561 46.677 -2.160 0.036 
    Post-hatch Treatment: Shade 66.388 177.150 92.236 6.416 0.720 0.497 
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Figure 4. Effects of incubation treatment and juvenile cage treatment on growth in snout-vent length. 
(SVL) and mass over 60 days. a.) Spatial Comparison of SVL growth, b.) temporal comparison of SVL 
growth. c.) Spatial comparison of mass growth, d.) temporal comparison of SVL growth.   

 For analyses of hatchling survival for the spatial test, hatchlings from the shaded 

incubation treatment tended to have greater, but not statistically significant, survival (Figure 5a). 

Indeed, neither the open versus shaded incubation treatments (p = 0.6611) nor the open juvenile 

environment versus shaded juvenile environment differed from each other (p = 0.3588; Table 3). 
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Likewise, the interaction between incubation treatments and juvenile environments was not 

significant (p = 0.9035, Table 3). The date of hatching and SVL at hatching did not predict 

hatchling survival (Table 3). The Cox Proportional Hazards analysis revealed similar patterns in 

that survival rate over 60 days tended to be greater for hatchlings from the shaded, compared to 

the open, incubation treatment regardless of the juvenile environment (Figure 5a), but this 

difference was not statistically different (Table 3).  

Table 3. Results of spatial and temporal analyses for testing the effects of incubation and post-hatch 
treatments on survival of hatchling brown anoles (Anolis sagrei). Analyses were performed using both 
Generalized Linear Mixed models (GLMM) and Cox Proportional Hazard models (CPH). The shaded 
treatments were used as references for calculating effect sizes. Growth in SVL was calculated as the 
change in mm/day, and growth in mass was change in mg/day over the 60-day post-hatch period. 

Spatial test (GLMM) Estimate Odds Ratio 95% CI SE Z 
value P value 

    Intercept 2.628 0.933 9.758 4.550 0.578 0.5636 
    Incubation: Shade 0.264 0.566 1.300 0.602 0.438 0.6611 
    Post-hatch environment: Shade 0.604 0.647 1.482 0.669 0.902 0.3669 
    SVL at Hatching -0.149 0.463 0.570 0.258 -0.579 0.5625 
    Hatch Date 0.046 0.511 0.066 0.026 1.739 0.0821 
    Incubation Shade x Juv Shade 0.113 0.528 2.125 0.932 0.121 0.9036 
       
 Spatial test (CPH)        
    Incubation: Shade -0.319 0.727 0.567 0.366 -0.8700 0.38 
    Post-hatch environment: Shade -0.426 0.653 0.613 0.427 -1.0000 0.32 
       
Temporal test (GLMM)       
    Intercept -0.044 0.489 9.722 4.839 -0.009 0.9927 
    Incubation: Shade 2.672 0.935 1.532 0.876 3.052 0.0023 
    Post-hatch environment: Shade 2.324 0.911 1.506 0.758 3.068 0.0022 
    SVL at Hatching -0.132 0.467 0.562 0.265 -0.498 0.6188 
    Hatch Date 0.040 0.510 0.065 0.032 1.249 0.2117 
    Incubation Shade X Juv Shade -1.529 0.178 2.405 1.000 -1.530 0.1261 
       
Temporal test (CPH)       
    Incubation: Shade  1.159 3.185 1.013 0.344 3.3700 0.0008 
    Post-hatch environment: Shade -1.256 0.285 0.770 0.479 -2.6200 0.0087 
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Figure 5. Survival curves over 60 days post hatching in two different habitats for hatchling brown anoles 
(Anolis sagrei) from different incubation treatments. A) Survival curves from the spatial test that 
compares hatchlings from the open versus shaded egg incubation treatments. B) Survival curves from the 
temporal test that compares hatchlings from the early-shade versus mid-season shade egg incubation 
treatments. The panels to the right of each survival curve show the overall % survival of hatchlings at the 
end of 60 days for each egg incubation and post-hatch treatment. 

 For analyses of growth for the temporal test, we found that incubation treatment had 

no effect on the growth in SVL over the period of 60 days (table 2, Figure 4c). However, 

hatchlings in the shaded juvenile environments SVL grew faster than those in the open juvenile 

environment (β = 0.024 ± 0.019; 95% C.I., t = 2.474, p = 0.0403). Hatchlings from the early-

shade incubation treatment mass grew slightly faster than those from the mid-season shade 

incubation treatment (p = 0.036). Neither juvenile environments, nor the interaction between 
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incubation treatment and juvenile environment influenced hatchling growth (Table 2, Figure 4d). 

We found that the interaction between incubation treatment and juvenile environment were not 

significant in all models. 

 For analyses of hatchling survival for the temporal test (Figure 5b), we show that 

hatchlings from the shaded incubation treatment had higher survival than those from the early-

shade incubation treatment (p = 00023, Table 3). Hatchlings incubated in the early shade 

treatment had low survival in the open juvenile environment compared to those in the shaded 

juvenile environment, but the interaction was not statistically significant (p = 0.1261). However, 

hatchlings raised in the shaded juvenile environment had higher survival (p = 0.0022, Table 3). 

Additionally, the date of hatching and SVL at hatching did not predict survival (Table 3). The 

survival patterns from the Cox Proportional Hazard model showed similar treatment effects on 

survival to those of the GLMM; hatchlings from the shaded incubation treatment had relatively 

high survival compared to those from the early-shade incubation treatment (p  = 0.0008); this 

pattern was most pronounced in the open juvenile environment where survival of hatchlings 

from the early-shaded incubation treatment dropped rapidly between 10-15 days. Raw means and 

variance for all the survival data in reported in Supplement Table 3. 

Discussion 

Our goal was to assess how developing organisms respond to environmental 

heterogeneity during egg incubation and determine how those responses influence early-life 

growth and survival under different post-hatch juvenile environments. More specifically, we test 

two competing hypotheses that provide explanations for the evolution of adaptive developmental 

plasticity in environments that vary across space and time. Our results provide little to no support 

for the EMH, as incubation conditions did not differentially affect growth or survival in matched 
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versus mismatched post-hatch environments. This pattern was observed in our spatial test as well 

as in a previous temporal test of the EMH (Pearson and Warner 2018). Instead, our results point 

to a silver spoon effect in that shaded incubation conditions, which tend to be chosen most by 

nesting females (Pruett et al., 2020), generate phenotypes that have high survival across different 

environments. 

The effect of the egg incubation environment on offspring phenotypes is well 

documented in many ectotherms (While et al. 2018, Noble et al 2018, Bell 2025), but many 

studies use conditions that neither accurately simulate the natural environment nor quantify 

effects on important components of fitness (Massey and Hutchings 2020, Wayne et al. 2025, 

Norris et al. 2023). In our study, we simulated the multivariate conditions measured within nests 

and confirmed that natural environments generate variation in phenotypes and survival of 

hatchling A. sagrei. The most notable effect of the incubation environment is on developmental 

rate, which is strongly influenced by temperature (Noble et al. 2018). Consistent with this, we 

show that eggs from the early-shade treatment took considerably longer to hatch than those from 

the warmer open incubation treatment. This effect of the early incubation conditions on embryo 

development may cause early produced eggs to hatch around the same time as those laid several 

weeks later in the season, thereby reducing the variation in hatching dates around this time. 

While early hatching benefits offspring survival (Pearson and Warner 2018), the cooler 

temperature of the early season may ensure that hatchlings do not emerge too early, as resources 

or environmental conditions may be suboptimal for hatchlings at this time, as shown in other 

organisms (Warkentin 2011).  

Incubation conditions also affected body size and thermal physiology of hatchlings. 

Whether the shaded incubation treatment mimicked early or mid-season temperatures, the 
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offspring produced were on average larger (in mass, SVL, and condition) and had a higher CTmax 

than those from the open egg incubation treatment. The open treatment simulated relatively hot 

and dry nest sites at our field site. These drier conditions have previously been shown to reduce 

yolk metabolism in reptiles, resulting in relatively small hatchlings (Packard et al. 1988; Warner 

et al. 2012; Bell et al. 2025). The open incubation treatment also experienced high fluctuations in 

temperature, which often exceeded 35 ºC for brief periods during several days (Figure 2a); these 

are stressful conditions for many reptiles, including A. sagrei, that hinder development (Hall and 

Warner 2021, Sanger et al. 2018) and were likely detrimental to phenotypic development. Lastly, 

eggs from cooler treatments produced offspring that had progressively higher CTmax values; this 

pattern is consistent with studies on other lizards (Dayananda et al. 2017), and these effects do 

not extend into adulthood in A. sagrei (Gunderson et al. 2020). While we show that cool early-

season incubation temperatures produce hatchlings with high thermal tolerance, temperature 

extremes are usually not present until later in the season. Additionally, heat resistance in 

ectotherms is constrained by body size (Klockmann et al. 2016) meaning that the higher CTmax in 

hatchlings from the shaded incubation treatment were likely due to larger bodies that had a 

greater capacity to deal with thermal stress.  

Our spatial test revealed no support for the EMH and little support for the SSH with 

respect to hatchling growth rate or survival. Although our results show the survival pattern 

expected for the silver spoon hypothesis (Figure 5a), the results were not statistically significant. 

Despite the phenotypic effects of our incubation treatments, none of phenotypes that we 

measured predicted survival of offspring. While some past studies demonstrate that offspring 

body size and thermal physiology affect survival in other organisms (Janzen et al. 2000, Cabrera-

Guzman et al. 2013), other studies reveal no effect (Cox and Calsbeek 2014, Paterson and 
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Litzgus 2014) as in our study. An important consideration is that our post-hatch treatments did 

not simulate all attributes of the complex environment in the field, as conditions in nature would 

also include a range of different biotic (e.g., predators, competitors, food resources) and abiotic 

conditions that future work should consider. Importantly, we have previously shown that 

maternally selected nest sites in shaded habitat enhances egg survival compared to that in sites 

with less shade cover (Pruett et al. 2020), but here we show marginal support that one nest 

habitat has a consistent benefit over another nest habitat for hatchlings during the early stages of 

growth.  

Our temporal tests revealed more complex patterns than the spatial tests. Importantly, the 

incubation treatments (early-shade vs mid-season shade) for the temporal test differed only in 

temperature, which enabled us to interpret our results with respect to the thermal environment. 

The temperature conditions of the mid-season incubation treatment in shaded habitat produced 

offspring with greater growth and survival than those that experienced early-season incubation 

temperatures; this benefit was similar across juvenile environments, supporting the predictions of 

the SSH. While hatch date had no effect on survival in the current study, past work indicates that 

early hatching increases survival (Pearson and Warner 2018), likely because early offspring enter 

a low competitive environment and have time to grow before late offspring emerge. However, in 

the absence of competition, as in our study, the importance of hatch date may be dampened. The 

negative effect of early incubation conditions on offspring survival indicates that the benefits of 

early reproduction are likely driven mostly from the juvenile environment rather than the egg 

incubation environment. Interestingly, the negative impact of early incubation temperature was 

most apparent in the open juvenile environment. The lack of a relationship between our 

phenotypic measurements and survival hinders explanations for this pattern. Notably, hatchlings 
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from the early-shade incubation treatment survived poorly in the warmer juvenile environment 

(i.e., open environment) despite their increased thermal tolerance. Although we cannot identify 

the cause of this pattern, this result partially reflects predictions of the EMH in that the early-

shade incubation treatment would never occur on an open island at our field site, and this 

mismatched treatment resulted in low offspring survival. However, previous work on A. sagrei at 

our study site shows no evidence for the environmental matching from a temporal perspective 

(Warner and Pearson 2018). 

The SSH predicts that offspring developing in “good” early-life environments have 

relatively high performance across a range of environments (Monaghan 2008, Grafen 1988). In 

support of this hypothesis, our incubation treatment that mimicked mid-season shaded conditions 

produced offspring with relatively high growth and survival in both habitats. We consider this 

treatment to be “intermediate” between our open and early-shade treatments based on 

temperature conditions, which is a major driver of incubation-induced phenotypic variation in 

reptiles (Noble et al. 2018; While et al. 2018). Importantly, because female A. sagrei most often 

select relatively shaded microhabitats for nesting (Pruett et al. 2020) and reproductive output 

reaches its peak in the middle of the season (Mitchell et al. 2018), we expect that most nests at 

our field site experience temperatures similar to our mid-season shaded treatment. Thus, 

maternal reproductive physiology and behavior are likely to influence silver spoon effects in 

nature. An important caveat, however, is that the SSH predicts that the fitness benefits would 

persist over the lifetime in a range of environments (Song et al. 2019, Grafen 1988). While our 

study focused on only a 60-day post-hatch period, the survival curves show that survival in the 

open juvenile environment declines most rapidly over the first 15-20 days after hatching. 

Nevertheless, future work that examines lifetime consequences on other aspects of fitness (e.g., 
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reproductive success) into adulthood is needed to comprehensively test the SSH and EMH. 

 This study provides experimental evidence that embryonic developmental conditions 

influence offspring size, thermal physiology, and survival. Intriguingly, however, the effect of 

the developmental environment on survival was not mediated by any of the phenotypes that we 

measured and was only significant in our temporal, rather than spatial, test. The greater effect of 

temporal variation on offspring survival may not be surprising given previous observations that 

thermal variation across the season is greater than that between shaded and open habitat (Pearson 

and Warner 2016), leading to greater fitness consequences of temporal effects. Moreover, 

hatchlings that experienced incubation conditions that mimic shaded mid-season habitats had 

higher overall survival regardless of the post-hatch environment. These results were more 

consistent with predictions of the silver spoon hypothesis than those of the environmental 

matching hypothesis. Consequently, females that choose shaded conditions for nesting should 

positively affect components of offspring fitness, as previously suggested for A. sagrei (Pruett et 

al. 2020). The conditions of the shaded post-hatch environments are also important, as they 

positively influenced offspring growth and survival; these patterns might reflect treatment 

differences in activity or foraging behavior. Indeed, greater habitat structure could increase food 

availability and acquisition (Folpp et al. 2020). Overall, our results indicate that silver spoon 

effects associated with temporal variation in developmental environments may have a greater 

influence on offspring fitness than spatial variation and environmental matching. These results 

provide novel insight into how plasticity enables organisms to deal with the challenges of 

environmental heterogeneity during two sensitive early-life stages. 
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Supplemental Tables 

Supplemental Table 1. Pairwise comparisons for all traits after hatching using estimated marginal 
means. Values were obtained using the emmean() package in R.  

Hatchling body mass (mg)     
Incubation Treatment emmean SE df Lower CL Upper CL 
   cold 161 1.84 178 158 165 
   open 154 1.87 189 151 158 
   shade 166 1.81 177 163 170 
contrast estimate SE df t.ratio p.value 
   cold - open 6.86 2.2 237 3.115 0.0058 
   cold - shade -5.06 2.14 234 -2.364 0.0494 
   Open - shade -11.92 2.19 235 -5.431 <.0001 
      
Snout-vent length (mm)     
Incubation treatment emmean SE df Lower CL Upper CL 
   open 18.1 0.0747 201 18 18.3 
   cold 18.9 0.0731 189 18.7 19 
   shade 18.8 0.0722 190 18.6 18.9 
contrast estimate SE df T ratio p-value 
   open - cold -0.732 0.0913 240 -8.018 <.0001 
   open - shade -0.614 0.091 238 -6.748 <.0001 
   cold - shade 0.118 0.0888 238 1.329 0.3803 
      
CTmax (°C)      
Incubation treatment emmean SE df Lower CL Upper CL 
   cold 40.5 0.218 272 40 40.9 
   open 38.9 0.231 272 38.5 39.4 
   shade 39.4 0.216 272 39 39.9 
contrast estimate SE df t ratio p-value 
   cold - open 1.53 0.324 272 4.715 <.0001 
   cold - shade 1.018 0.306 272 3.326 0.0029 
   open - shade -0.511 0.321 272 -1.593 0.2504 
      
Water loss (mg)     
Incubation treatment emmean SE df Lower CL Upper CL 
   cold 3.03 0.532 95 1.98 4.09 
   open 2.4 0.596 95 1.22 3.59 
   shade 3.32 0.461 95 2.4 4.23 
contrast estimate SE df T ratio p-value 
   cold - open 0.631 0.884 95 0.714 0.7558 
   cold - shade -0.283 0.74 95 -0.383 0.9224 
   open - shade -0.914 0.718 95 -1.274 0.4134 
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Supplamental Table 2. Raw means, standard deviations and errors for all measured traits in the study.   

Incubation Treatment  N  Mean SD SE 
Body mass (mg)     
   cold 96 160.425 22.855 2.332 
   open 93 155.838 18.223 1.889 
   shade 96 165.742 20.474 2.089 
Snout-vent length (mm)         
   cold 96 18.847 0.937 0.095 
   open 93 18.138 0.947 0.098 
   shade 96 18.723 0.858 0.0876 
Body Condition (residuals)         
   cold 96 0.015 0.029 0.003 
   open 93 -0.015 0.041 0.004 
   shade 96 -0.001 0.029 0.003 
CTmax         
   cold 94 40.595 2.107 0.217 
   open 88 38.653 1.975 0.210 
   shade 95 39.557 2.325 0.238 
Survival (days survived for each incubation treatment)      
   cold 53 37.698 23.259 3.194 
   open 57 46.052 19.941 2.641 
   shade 47 49.531 19.593 2.858 
Survival (days survived for each cage type)       
   Open Cage 88 39.306 22.510 2.399 
   Shade Cage 69 50.608 18.313 2.204 
Survival (days survived for each incubation treatment 
by cage combination)      

   Open Cage X Early Shade 33 28.181 21.953 3.821 
   Open Cage X Open 30 44.466 20.429 3.729 
   Open Cage X Shade 25 47.8 20.283 4.056 
   Shade Cage X Early Shade  20 53.4 15.879 3.555 
   Shade Cage X Open 27 47.814 19.617 3.775 
   Shade Cage X Shade  22 51.5 19.055 4.062 
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Supplemental Figures 

 
Supplemental Figure 1. Hatchling cages were constructed to mimic the (a) open environment and (b) the 
shaded environment. Hatchling cages that mimicked the shaded environment were also covered with 
shade cloth that blocks 90% of the sunlight. Hatchling cages were set into a block design; (c) each block 
consisted of 12 cages that were set on adjacent tables, and hatchlings were randomly assigned to cages. 
Hatchling in a (d) open cage and (e) a hatchling in a shaded cage. 

 
 
Supplemental Figure 2. To validate our measurements of CTmax, we heated the carcass of two recently 
euthanized hatchlings in the same manner as we heated hatchlings for CTmax measurement. Each falcon 
tube for this test was equipped with 2 thermocouples; one thermocouple was inside the carcass of the 
hatchling and other thermocouple was outside to measure the temperature within the tube (which 
simulates how we measured CTmax of live hatchlings). Additionally, we heated control tube, with two 
thermocouples for comparison. We found no significant difference between the temperature inside the 
tube and the temperature inside the hatchling. (a) The relationship between the air temperature within the 
tube and within the hatchlings (β = 0.88625, r2  = 0.9956, p < 0.0001). (b) There were no significant 
differences in temperature between the control tube and the temperatures measured inside the hatchling 
(F(2,96) = 0.1765, p = 0.8383).  
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Chapter 3: Natural selection favors developmental plasticity regardless of environmental 

mismatches: A field test of the environmental matching hypothesis. 

 

Abstract 

 Embryonic and early-life environments can generate nongenetic variation in traits 

through developmental plasticity, which can strongly influence fitness outcomes. The 

Environmental Matching Hypothesis (EMH) is a leading explanation for how plasticity could 

evolve and predicts that developmental environments shape phenotypes to adaptively match the 

conditions experienced later in life. We tested this hypothesis in the brown anole (Anolis sagrei) 

by incubating eggs under ecologically relevant conditions simulating open or shaded nest 

environments. Hatchlings were released onto islands that either matched or mismatched their 

developmental environments, and survival was monitored through mark–recapture surveys. This 

experiment was replicated in 2022 and 2024. We found no evidence supporting the EMH; 

hatchlings in matched environments did not survive at higher rates than those in mismatched 

environments. However, families exhibiting greater plasticity in body size showed higher 

survival, and both hatchling mass and hatching date were under directional selection. These 

findings suggest that, rather than environmental matching, selection may favor early hatching 

and greater developmental plasticity. 

Introduction 

 Developmental plasticity is the ability of a single genotype to produce different 

phenotypes in response to developmental conditions (Fusco and Minelli 2010, Sommer 2020). 

Individuals of the same species often experience different developmental environments due to a 

wide range of biotic and abiotic factors. This variation in the developmental environment can 
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generate phenotypic variation that natural selection can act on. Importantly, variation in the 

extent of plasticity exhibited (Norris et.al 2024, Murren et al 2015, Sommer 2020) is often due to 

genetic variation (Ellis and Boyce 2008, Scheiner 1993, Murren et al 2015), and therefore 

selection could shape plasticity in an adaptive direction. 

 Theory predicts that developmental plasticity arises in response to environmental 

heterogeneity. All organisms experience heterogeneity in the environment on different scales 

throughout their lifetime, and developmental plasticity is one way in which organisms can adjust 

to that variation. Although many consider plasticity to be a lifetime change in a phenotype 

(Fusco 2010), it is important to understand how changes in the developmental environment can 

(1) create phenotypic changes in an organism’s early life or juvenile stages, and (2) how these 

changes affect early life survival. High mortality in juvenile stages is common (Healy 2023, 

Giamo 2024, Martin 2018), which indicates that this early-life stage likely represents a critical 

time selection can act upon. Establishing whether these early-life responses to developmental 

conditions are related to evolutionary processes is a persistent problem in biology (Uller et al. 

2024).  

 Reaction norms are mathematical functions that describe patterns of plasticity 

(Manuck 2010, Stearns 1989), and can vary among populations, (Oomen 2022), family groups 

(Norris et al. 2024), and individuals (Martin 2011). Family level reaction norms are particularly 

useful because they include a group of genetically related individuals. For example, data from 

full and/or half siblings can be used together to measure a plastic response of a family (or 

genotype) to the environment. Because an organism can only experience development once, 

using genetically-related replicates (i.e., siblings) allows evaluation of within-population 

variation in developmental plasticity across environments (Norris et al. 2024, Lafuente 2019). 
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Moreover, family level reaction norms reflect variation in the genetic underpinning of plasticity 

(Norris et al 2024, de la Mata 2023) and can be used in empirical studies to assess how selection 

operates on plasticity at the genotypic level. Unfortunately, how the extent of plasticity affects 

fitness has rarely, if ever, been assessed under natural conditions, particularly in vertebrate 

animals.  

 The environmental matching hypothesis (EMH) states that an organism’s 

environment during development not only shapes phenotypes but does so in a way that provides 

an optimal match to the future environment (Dewitt and Scheiner 2004, Mathur and Schmidt 

2017). An important assumption of this hypothesis is that the developmental environment must 

provide reliable cues for the future environment in which phenotypes are expressed and where 

fitness consequences are realized. The EMH is one of the primary adaptive explanations for the 

evolution of developmental plasticity (Gluckman 2005, Bateson 2014). In other words, plasticity 

should be favored by selection if the environment that induces phenotypic variation predicts the 

conditions in which selection is operating on those phenotypes (Marshall and Uller 2007, 

Burgess and Marshall 2014).  

 Our main goal was to address the EMH under natural conditions using the brown 

anole as our study organism. We incubated anole eggs under conditions that closely matched 

those of island habitats at our field site. Specifically, the incubation conditions mimicked nest 

sites on an island with very little canopy cover and sandy soil or mimicked the developmental 

conditions on an island with more canopy cover and dark organic substrate. After hatching we 

quantified family-level plasticity in hatchling body size. Importantly, body size of hatchlings has 

repeatedly been shown to be under selection during the hatchling and juvenile stages at our study 

site (Delaney and Warner 2017; Gilbert et al. 2025). Uniquely-marked hatchlings from each 
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family group were then released on islands that matched or mismatched the incubation 

treatments. Subsequent mark-recapture efforts to quantify survival enabled us to measure the 

relationship between survival and family-level reaction norms for body size. This design allowed 

us to evaluate the environmental matching hypothesis by comparing survival of hatchlings under 

conditions that matched or mismatched their incubation conditions, as well as assess selection on 

plasticity under these conditions. Based on the EMH, we predicted that hatching on islands that 

matched their developmental environment would have higher survival, and that plasticity would 

be favored by selection, i.e., family groups with greater plasticity in body size would have higher 

survival than those with less plasticity. Conversely, we predicted negative or no selection on 

plasticity under conditions that were mismatched. 

Methods 

Study organism and field site 

 Brown anoles (Anoles sagrei) are a small lizard native to The Bahamas and Cuba but 

now invasive throughout Florida and elsewhere. Anoles lay a single egg clutch about once a 

week, and brown anoles in Florida (our study area) have a long reproductive season from April 

to October (Lee et al. 1989).  Brown anoles at our study site have been shown to nest across a 

range of temperatures and soil types (Pruett et al. 2020). Incubation studies on brown anoles 

show that environmental variation in incubation temperature (Rodgers et al. 2024, Muell et al. 

2025), moisture (Wayne et al. 2025), and substrate (Hall et al. 2022, Rodgers et al. 2024) can 

cause developmental plasticity in body size and physiology. Brown anoles also show variation 

between populations in their invasive range in critical thermal minimum, desiccation rates and 

metabolic rates (Kolbe et al. 2014). 
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 The islands used in this experiment are located in the Intracoastal Waterway in 

Tomoka State Park (Ormond Beach, FL), near the intersection of the Tomoka and Halifax 

Rivers. The conditions used in our egg incubation experiment mimicked the nest conditions 

found on these islands (Pruett et al., 2020, Figure 1). The shaded island consists of several trees 

that provide a canopy cover across most of the island. The soil on the shaded island is primarily 

dark organic material (from decaying leaf litter) that has a relatively high capacity to retain water 

(Figure 1a). The open island consisted of a single dead tree and grasses and is covered in sandy 

crushed shell substrate (Figure 1b) that has a relatively poor water holding capacity (Norris et al 

2024, Hall et al. 2022). In the winter of 2023 vandals destroyed the single tree on the open 

island. Before the experiment in 2024 we replaced this tree with an artificial structure. Before the 

start of this study wild lizards were removed from both islands in April of 2022 and 2024.   

 

Figure 1. Experimental islands located at Tomoka State Park, Florida. The island in panel (a.) is the 
shaded island and the island in panel (b.) is the open island.   

Breeding colony collection and care 

 The following experiment and associated protocols were conducted twice (in 2022 

and 2024), and while the replicate experiments were nearly identical, some differences are noted 

below. Lizards were collected from the mainland at Tomoka State Park, FL (30 March – 2 April 

2022: n = 179 males, n = 179 females; 6-9 April 2024: n = 200 males and 200 females), and 

transported to Auburn University. Lizards were housed in male-female pairs (family groups) in 
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cages that contained a pot filled with peatmoss that females used for nesting. The details of 

housing were described previously (Norris et al. 2024, Chapter 2). Small tissue samples (tail 

snips) were taken from all adults in the colony and stored in 95% ethanol. Adult lizards were fed 

two large crickets three times per week dusted with vitamin and calcium powder (Rep-Cal). All 

lizards were misted with water once daily. Nesting pots were checked for eggs thrice weekly. If 

eggs were found, they were weighed (nearest 0.0001g) and assigned to an incubation treatment 

(see details below). For each cage, the first egg produced by a female was randomly assigned to 

an incubation treatment, and subsequent eggs were alternated between treatments.  

 All offspring produced by a female (i.e., siblings) within a cage were randomly 

assigned to either matched or mismatched treatments. If assigned to the matched treatment, all 

offspring from that breeding pair would be transferred to the island that matched the environment 

of the incubation treatment (i.e., those assigned to the open incubation treatment were released 

on the open island, and those in a shaded incubation treatment were released on the shaded 

island). If assigned to the mismatched, all offspring from the breeding pair were assigned to the 

island of the opposite treatment (i.e., offspring in the open incubation treatment were released on 

the shaded island, and vice versa for those in the shaded incubation treatment). 

Incubation experiment in the laboratory 

 Methods used for incubation in 2022 matched that exactly of the open and shaded 

incubation treatment in Chapters 1 and 2 (Norris et al. 2024). Open treatment mimics an island 

environment with minimal overhead vegetation and a relatively dry substrate, primarily 

composed of sand and crushed seashells (Pruett et al. 2020). Sand and crushed shell substrate 

was collected from the island, dried to constant weight in an oven, and rehydrated to 5% 

moisture by mass. The shaded treatment mimicked an environment with more overhead 



85 
 

vegetation and relatively moist organic soil (Pruett et al. 2020). Organic soil was collected from 

the island, dried to constant weight, and rehydrated to 50% moisture by mass. Soil types used in 

incubation were evaluated using water retention curves; based on these curves, the incubation 

substrate in the open and shaded treatments had water retention values of approximately -150 

kPa and -30 kPa, respectively. Sand and soil were replaced in egg jars weekly to ensure that 

proper moisture was maintained. In 2024, we used vermiculite as our incubation substrates since 

we found in a separate study that substrate has no effect on hatchling phenotypes (Rodgers et al., 

2024). Instead, we rehydrated vermiculate to create the same water potential for the eggs (i.e., 

open Incubation treatment = -150 kPa; shaded incubation treatment = -30kPa). Unlike the 

substrate from the islands, because vermiculate retains water better than substates from the 

islands, we did not rehydrate the vermiculite weekly during incubation in 2024 experiment. All-

other aspects of incubation were identical. Eggs were placed into 59.14 ml glass jars and with 

approximately halfway with substrate and placed into programable incubators (Memmert IP55 

Plus). Incubators were programed with temperatures found at maternally chosen nest sites (Pruett 

et al. 2020). See Chapter 1 (Norris et al. 2024) for the specific thermal profiles that were 

programmed into the incubators for our two treatments.  

 After hatching, the hatchlings were measured for SVL, tail length (nearest mm), and 

mass (nearest 0.0001 g). The sex of each hatchling was determined by the presence or absence of 

post anal scales and recorded. After all measurements were taken, the hatchlings were then toe-

clipped with a unique number (Perry 2011) and had a small segment of the tail removed and 

stored in 95% ethanol. Hatchlings were individually housed in plastic cups (946.3 ml, 11.4cm 

diameter) with mesh lids. Plastic cups contained a small bamboo perch and an artificial plant. 
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Hatchlings were housed in the same room as the adults. Hatchlings were fed fruit flies dusted 

with vitamins and calcium powder on the same schedule as the adults and watered daily. 

Mark-recapture study in the field 

 We released 1,539 hatchlings from June to September in 2022 and 1,507 hatchlings 

from June to September in 2024. Hatchlings were either driven to the field site or sent by next-

day mail. Before shipping, hatchlings were grouped together by island destination in small cages 

(21 cm × 16.5 cm × 11 cm) with dampened paper towels to prevent desiccation and add surface 

area for hatchlings to hide (≤ 50 hatchlings per cage). When driven, the sperate hatchling cages 

were placed into a cooler with an ice pack to prevent overheating. If shipped, cages were put into 

boxes with thermal lining with an ice pack to prevent overheating. Hatchlings were sent for 

release every 7 to 10 days for both experiments and were released within about 24 hours of 

packing them for transportation. During both experiments only 4 of the 3,046 hatchlings (0.13%) 

died during transportation. 

 The recapture period in 2022 started on 13 June and consisted of daily efforts for 

recapture on both islands. Recapture numbers increased greatly near the end of July when we 

started our surveys at night when the lizards were sleeping. On September 28, 2022, Hurricane 

Ian made land fall at our field site, and only one additional survey was conducted after this event 

on October 5, 2022. The hurricane caused heavy mortality on both islands but particularly on the 

open island where only two survivors remained. Both islands were temporarily submerged, but 

the tall trees on the shaded island likely contributed to the greater survival on that island (53.38% 

survival) compared to the open island (1.71% survival). Thus, analyses of survival extended up 

to the time point just before the hurricane.  
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 The recapture period in 2024 started on 14 June and consisted of efforts every 10 

days throughout the summer. Each recapture consisted of a day and night effort on the open and 

the shaded island. Periods of recapture were disrupted in late September by Hurricane Helene 

due to the closing of Tomoka State Park. However, Hurricane Helene did not cause flooding or 

damage, and lizard populations appeared to be unaffected. Nevertheless, Hurricane Milton made 

contact with our study site a few weeks later on 9 October 2024, resulting in substantial flooding 

and winds. Based on our post-hurricane surveys, both island populations experience complete 

extinction due to Hurricane Milton. Thus, similar to the 2022 experiment, our analyses of 

survival extended to the time point just before Hurricane Milton. 

 During both years, recaptured hatchlings were measured for mass and SVL. Toeclips 

were identified and recorded along with time, date and location on the island hatchlings were 

caught. Location was determined by using a 5 × 5 m grid that was established across both 

islands. After measurement hatchlings were returned to the area of their island in which they 

were caught. Hatchlings were either measured on the island or kept less than 24 hours before 

being released back on to this island.  

Statistical methods  

All statistical methods below were performed separately for 2022 and 2024. For analysis of egg 

survival, hatching success was a binomial response variable in a generalized linear model, with 

incubation treatment and egg mass as predictor variables. Egg incubation duration was analyzed 

with a linear model using the number of days eggs took to hatch as the response with incubation 

treatment and egg mass as predictor variables. 

 All body size measurements of hatchlings were analyzed using mix effect models. 

Hatching mass, snout-vent length, and body condition scores were all analyzed using incubation 
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treatment, egg mass and day of hatching as predictor variables. The maternal identity was used 

as a random intercept. Body condition score was calculated as the residuals of a regression of log 

transformed hatchling mass and log transformed hatchling SVL. All models were visually 

inspected for assumptions using residuals.  

 Cormack-Jolly-Seber (CJS) (Schaub 2014) mark recapture models were used to 

estimate survival and detectability over the course of the mark recapture periods. For the mark 

recapture model, the period used was month, meaning that the model will estimate the monthly 

probability of survival and detection. Predictors of survival and detectability in the model were 

incubation treatment and island environment and the interaction between the two variables. 

 Family-level reaction norms and family level survival were compared to assess 

relationships between survival and plasticity using quasibinomial regression. This model 

included the slope of the reaction norm for a family group and whether the hatchling was on a 

matched or mismatched island as predictor variables, and family level survival as the response 

variable. Family level survival was calculated as the proportion of hatchlings from a given 

female that survived to the last month of the experiment. Family level reaction norms were 

created for hatchling mass and hatchling SVL by back transforming random effects from a model 

that used a hatchling trait (mass or SVL) as the response variable and incubation treatment as the 

predictor variable. When creating the reaction norms, the open treatment was given the value of -

0.5 and the shaded treatment a value of 0.5. This means that family groups with negative reaction 

norm slopes have hatchlings with higher trait values in the open treatment, and family groups 

with positive reaction norms had larger trait values in the shaded treatment. The models to create 

reaction norms also included random intercepts and slopes for maternal identity that were 

allowed to vary among cages. We then transformed the deviations calculated from the random 
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effects by adding the fixed effect value for the model. Additionally, this transformation allowed 

us to understand the directionality of the regression analysis with survival, as a negative slope 

meant higher survival in the open treatment whereas positive slopes mean higher survival in the 

shaded treatments. 

For models of phenotypic selection, the response variable was relative fitness (Lande and Arnold 

1983). For both 2022 and 2024, we considered individuals to have survived if they were captured 

after September 1 in both years. We used mass, SVL and day of hatching as predictor variables 

in linear and quadratic models. All traits were standardized to a mean of 0 and a standard 

deviation of 1. Quadratic estimates, standard errors and confidence intervales were multiplied by 

2 before reporting (Lande and Arnold 1983, Stinchcombe et al. 2008). Selection differentials 

were calculated as the covariance between the unstandardized trait and relative fitness. All 

models were visually inspected for assumptions and variance inflations was checked using 

package “cars” (Weisberg 2019) in R (R Core Team).  

All statistics were performed in R. (R Core Team, 2021). Mixed effect models were performed 

with package “lmer4” (Bates 2015). Mark recapture models were created with package “Rmark” 

(Laake 2013). All figures were created using package “ggplot” (Wickham 2016). We interpreted 

effects as statistically significant when p < 0.05.      

Results 

 We found that in both 2022 and 2024 that eggs in the shaded incubation treatment 

had longer incubation periods than those in the open treatment, and that smaller eggs tended to 

have shorter incubation periods (Table 1, Figure 2a). In 2022, eggs in shaded conditions were 

less likely to survive hatching (n = 1,142 total, n = 896 survived) compared to eggs in the open 
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treatment (n = 1,157 total, n = 917 survived) (Table 1), but this pattern was only significant in 

2024 (Table 1).  

Table 1. Effects of incubation treatment and egg mass on incubation duration and egg survival for the 
2022 and the 2024 experiments. Effect size of treatment was calculated using the open incubation 
treatment as the reference. 

Incubation duration (2022) Estimate 95% C.I.  SE t value p value 
   Intercept 30.593 0.930 0.474 64.516 <0.0001 
   Incubation treatment (shade)  13.276 0.242 0.123 107.812 <0.0001 
   Egg Mass -14.159 5.062 2.581 -5.487 <0.0001 
Incubation duration (2024)      
   Intercept 28.747 0.694 0.354 81.307 <0.0001 
   Incubation treatment (shade) 11.206 0.178 0.091 123.209 <0.0001 
   Egg Mass -8.160 4.053 2.066 -3.949 <0.0001 
Egg survival (2022)      
   Intercept -0.357 0.714 0.364 -0.980 0.327 
   Incubation treatment (shade) -0.047 0.202 0.103 -0.457 0.648 
   Egg Mass 9.668 4.006 2.043 4.732 <0.0001 
Egg Survival (2024)      
   Intercept -1.689 1.166 0.593 -2.848 0.0044 
   Incubation treatment (shade) 0.854 0.405 0.206 4.142 <0.0001 
   Egg Mass 24.468 7.381 3.755 6.517 <0.0001 

 

 The effect of the incubation environment on body mass in 2022 was the reverse of 

that in 2024. In 2022, hatchlings from the open treatment were 8.28 mg (± 2.28 95% C.I., Table 

2, Figure 2B) heavier than those from the shaded treatment. Whereas in 2024, those from the 

shaded treatment were heavier by 12.50 mg (± 1.13 95% C.I., Table 2, Figure 2b). In both years, 

larger eggs produced larger hatchlings (Table 2). Hatching mass at the time of hatching increased 

over season in both 2022 and 2024 with individuals that hatched earlier being smaller and those 

that hatched later being larger (Table 2). This seasonal increase in offspring mass was mirrored 

by the temporal change in egg mass, and the effect of hatching date on offspring mass remained 

significant even when egg mass was included in the model (Table 2). 
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 In 2022 and 2024, hatchling SVL was longer on average for individuals in the shaded 

incubation treatment. In 2022, hatchlings from the shaded incubation treatment were on average 

0.411 mm (± 0.12 95% C.I.) longer than hatchlings form the open incubation treatment (Table 2 

Figure 2c). In 2024, hatchlings from the shaded incubation treatment were on average 0.453 mm 

(±0.08 95% C.I.) longer than hatchlings form the open incubation treatment (Table 2). Both egg 

mass and date of hatching were positively related to hatching SVL where heavier eggs produced 

longer hatchlings, and those that hatched later in the season were longer than those produced 

earlier (Table 2).  
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Table 2.  Hatchling body size measurements (mass, snout-vent length, and body condition scores) for the 
2022 and the 2024 experiments as measured directly after hatching. Effect size of treatment was 
calculated using the open incubation treatment as the reference. Maternal ID was used as a random effect 
in all models.  

Mass 2022 Estimate 95% C.I  SE df t value p value 
   Intercept 35.462 11.65 5.825 1461.44 6.09 <0.0001 
   Shade Inc -8.282 2.28 1.166 1468.13 -7.10 <0.0001 
   Egg mass  576.583 54.78 27.068 1316.10 21.30 <0.0001 
   Hatch day  0.294 0.04 0.022 1553.97 13.41 <0.0001 
SVL 2022       
   Intercept 13.500 0.61 0.303 1343.00 44.53 <0.0001 
   Shade Inc 0.411 0.12 0.063 1496.00 6.57 <0.0001 
   Egg mass  15.840 2.79 1.394 1089.00 11.36 <0.0001 
   Hatch day  0.006 0.00 0.001 1568.00 4.89 <0.0001 
Body condition 2022       
   Intercept -0.657 0.06 0.030 1368.00 -22.03 <0.0001 
   Shade -0.062 0.01 0.006 1488.00 -10.10 <0.0001 
   Egg mass  2.377 0.27 0.137 1132.00 17.30 <0.0001 
   Hatch day  0.001 0.0001 0.0001 1567.00 11.43 <0.0001 
Mass 2024       
   Intercept 50.770 6.84 3.450 1502.00 14.72 <0.0001 
   Shade Inc 12.500 1.31 0.670 1331.00 18.66 <0.0001 
   Egg mass  405.100 39.34 19.380 1437.00 20.90 <0.0001 
   Hatch day  0.178 0.03 0.014 1442.00 13.00 <0.0001 
SVL 2024       
   Intercept 14.380 0.41 0.206 1445.00 69.79 <0.0001 
   Shade Inc 0.453 0.08 0.042 1361.00 10.70 <0.0001 
   Egg mass  11.250 2.22 1.107 981.90 10.16 <0.0001 
   Hatch day  0.006 0.002 0.001 1495.00 6.72 <0.0001 
Body Condition 2024       
   Intercept -0.440 0.04 0.021 1463.00 -20.93 <0.0001 
   Shade Inc 0.037 0.01 0.004 1362.00 8.75 <0.0001 
   Egg mass  1.810 0.23 0.114 1076.00 15.87 <0.0001 
   Hatch day  0.001 0.0002 0.0001 1490.00 6.91 <0.0001 

 

 The effect of the incubation environment on body condition in 2022 was the reverse 

of that in 2024. In 2022, body condition scores were lower on average for hatchlings from the 

shaded incubation treatment (p < 0.0001, Table 2, Figure 2d), whereas body condition scores 

were larger for those from the shaded incubation treatment in 2024 (p < 0.0001, Table 2). Both 
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egg mass (p < 0.0001) and date of hatching (p < 0.0001) were positively related to body 

condition in both years.  

 

Figure 2. Effects of incubation treatment in the 2022 and 2024 experiments on (a.) days of incubation 
until hatching, (b.) mass at time of hatching, (c.) snout vent length at the time of hatching, and (d.) Body 
condition score at the time of hatching. Trait means with standard deviations are shown.   
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Table 3. Results for 2022 and the 2024 mark recapture models. Survival probability estimates show 
likelihood of monthly survival. Detection probability estimates show the likelihood of capturing an 
individual over the period of a month. Both survival and detection are calculated for every incubation 
treatment on every island. Interactions between incubation treatment and Island were used in the 
probability calculations. 

Survival Probability 2022 Estimate SE Lower C.I. Upper 
C.I. 

   Open Incubation  | Open Island 0.676 0.053 0.564 0.771 
   Shade Incubation | Open Island 0.503 0.060 0.387 0.619 
   Open Incubation  | Shade Island 0.762 0.062 0.622 0.861 
   Shade Incubation | Shade Island 0.712 0.069 0.562 0.826 
Detection Probability 2022         
   Open Incubation  | Open Island 0.233 0.035 0.172 0.307 
   Shade Incubation | Open Island 0.321 0.057 0.220 0.441 
   Open Incubation | Shade Island 0.173 0.029 0.123 0.238 
   Shade Incubation | Shade Island 0.203 0.036 0.142 0.282 
Survival Probability 2024         
   Open Incubation | Open Island 0.785 0.047 0.678 0.864 
   Shade Incubation | Open Island 0.818 0.040 0.727 0.883 
   Open Incubation | Shade Island 0.466 0.057 0.357 0.578 
   Shade Incubation | Shade Island 0.672 0.081 0.499 0.809 
Detection Probability 2024         
   Open Incubation | Open Island 0.441 0.044 0.358 0.528 
   Shade Incubation | Open Island 0.526 0.041 0.446 0.605 
   Open Incubation | Shade Island 0.440 0.072 0.307 0.583 
   Shade Incubation | Shade Island 0.329 0.057 0.227 0.449 
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Figure 3. Detection and survival probabilities for hatchlings from two incubation treatments on two 
islands in 2022 (a.) and (b.) 2024.  Dots with error bars connected with lines represent the probability of 
survival each month of the study with standard errors represented by the error bars. Red represents 
hatchlings in the open incubation treatment and blue represents hatchlings in the shaded incubation 
treatment. Triangles represent the probability of recapture with standard error as the error bars. In 
2022, family-level reaction norm slopes for hatchling mass and SVL were negatively correlated with 
survival (Table 4, Figure 4a, b). Importantly, because of the directionality of the reaction norms, negative 
correlation implies higher survival for hatchlings from the open incubation treatment (which had greater 
mass on average than those from the shaded treatment). We saw the opposite pattern in 2024 where mass 
reaction norm slopes for hatchling mass and SVL were positively related to survival (β = 0.198 ± 0.161, p 
= 0.0167, Table 4, Figure 4c); however, the relationship with SVL reaction norm slope was not 
statistically supported in 2024. This pattern implies higher survival for hatchlings from shaded incubation 
treatment (which had greater mass on average than those from the open treatment in 2024). Relationships 
between reaction norms and survival did not differ between matched and mismatched groups for all 
models (all p > 0.5). 
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Table 4. The relationship between family-level survival and reaction norms for hatchling body mass and 
snout-vent length (SVL). Reaction norms represent the differences between the open and the shaded 
incubation for each family group. Matched is the reference collum when comparing matched (hatchlings 
whose island matched the incubation treatment) and mismatched (hatchlings whose island mismatched 
their incubation treatment). 

Rx Norm Mass 2022 Estimate 95% C.I. SE t value p value 
   Intercept -3.660 1.561 0.795 -4.602 <0.0001 
   Rx Norm Slope -0.447 0.350 0.178 -2.510 0.0131 
   Mismatched 0.090 0.340 0.173 0.519 0.6042 
Rx Norm SVL 2022      
   Intercept -0.804 0.694 0.354 -2.274 0.02428 
   Rx Norm Slope -1.894 1.400 0.713 -2.656 0.00872 
   Mismatched 0.100 0.336 0.171 0.584 0.56004 
Rx Norm Mass 2024      
   Intercept -4.894 2.192 1.117 -4.379 <0.0001 
   Rx Norm Slope 0.198 0.161 0.082 2.416 0.0167 
   Mismatched 0.021 0.370 0.189 0.111 0.9119 
Rx Norm SVL 2024      
   Intercept -2.883 1.764 0.899 -3.206 0.00159 
   Rx Norm Slope 1.302 3.489 1.778 0.732 0.46493 
   Mismatched 0.077 0.373 0.190 0.407 0.68463 
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Figure 4. Relationship between family-level survival and reaction norms for hatchling body mass and 
snout-vent length (SVL). Panels a and b are for reaction norms in body mass and SVL reaction norms in 
2022, and panels c and d are for reaction norms in body mass and SVL in 2024. Offspring survival was 
calculated as the percent of offspring survived from a particular female. The reaction norms values 
represent all sibling offspring produced by a single mother. Reaction norms were created by back 
transforming random effects in models to account for error in the reaction norms. The two regression 
lines illustrate relationships for matched (green) and mis-matched (black) treatments. 

 Patterns of phenotypic selection differed between islands and years. On the open 

island in 2022, there was significant positive directional and stabilizing selection on hatchling 

mass at time of hatching (S = 5.678 mg; Table 5). Neither SVL at hatching nor time of hatching 
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were significantly correlated with survival  (Table 5) on the open island in 2022. On the shaded 

island in 2022, there was significant negative directional selection on time of hatching (S = -4.19, 

Table 5), and significant stabilizing selection for SVL at time of hatching (S = 0.1603 mm, Table 

5). Mass at the time of hatching was not significantly correlated with fitness on the shaded island 

in 2022 in both linear and quadratic models (Table 5).  

Table 5. Directional and quadratic selection for mass, snout-vent length (SVL) and day of hatching for 
hatchlings in 2022. Mass and SVL use the measurements taken at the time of hatching. Islands were 
analyzed separately as they were different populations with different environmental pressures. For 
quadratic selection, gamma, standard error, and 95% confidence intervals were multiplied by two.   

Directional Selection Open 2022 Estimate 95% C.I. SE t value p value  
   Intercept 1.0000 0.1571 0.0800 12.499 <0.0001 
   β Hatch Mass 0.2008 0.1719 0.0876 2.293 0.0221 
   β Hatch SVL 0.0181 0.1671 0.0851 0.213 0.8313 
   β Hatch Day  -0.1373 0.1672 0.0852 -1.612 0.1074 
Quadratic Selection Open 2022      
   Intercept 1.1069 0.2241 0.1143 9.685 <0.0001 
   Mass 0.3163 0.2126 0.1084 2.917 0.0036 
   SVL -0.0017 0.1741 0.0888 -0.020 0.9837 
   Hatch Day -0.1559 0.1759 0.0897 -1.739 0.0824 
   γ Mass -0.0496 0.0493 0.0251 -1.974 0.0488 
   γ SVL -0.0497 0.0921 0.0469 -1.060 0.2894 
   γ Hatch Day -0.1117 0.3070 0.1564 -0.714 0.4753 
Directional Selection Shade 2022      
   Intercept 1.0026 0.1612 0.0821 12.214 <0.0001 
   β Hatch Mass 0.1509 0.1878 0.0957 1.577 0.1152 
   β Hatch SVL 0.0898 0.1817 0.0925 0.970 0.3323 
   β Hatch Day  -0.2165 0.1713 0.0872 -2.481 0.0133 
Quadratic Selection Shade 2022      
   Intercept 1.17843 0.2347 0.11954 9.858 <0.0001 
   Mass 0.13281 0.1928 0.09823 1.352 0.1767 
   SVL 0.13253 0.1891 0.09633 1.376 0.1693 
   Hatch Day -0.21469 0.1757 0.0895 -2.399 0.0167 
   γ Mass -0.0778 0.2038 0.1038 -0.749 0.4539 
   γ SVL -0.0992 0.0951 0.0485 -2.048 0.0409 
   γ Hatch Day -0.1750 0.2752 0.1402 -1.248 0.2123 

 

On the open island in 2024, mass at hatching was under positive directional selection (S = 

4.5212, Table 6) and day of hatching was under significant negative selection (S = -11.5369, 
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Table 6). No other traits show a significant correlation with relative fitness on the open island in 

2024. On the shaded island in 2024, we saw significant negative directional selection for day of 

hatching (S = 10.1534 days, Table 6).  

Table 6. Directional and quadratic selection for mass, Snout-vent length (SVL), and day of hatching for 
hatchlings in 2024. Mass and SVL use the measurements taken at the time of hatching. Islands were 
analyzed separately as they were different populations with different environmental pressures. For 
quadratic selection gamma, standard error, and 95% confidence intervals were multiplied by two.  

Directional Selection Open 2024 Estimate 95% C.I. SE t value p value  
   Intercept 1 0.1520 0.07743 12.915 <0.0001 
   β Hatch Mass 0.50581 0.2022 0.10299 4.911 <0.0001 
   β Hatch SVL -0.11074 0.1964 0.10002 -1.107 0.269 
   β Hatch Day  -0.58486 0.1637 0.08337 -7.015 <0.0001 
Quadratic Selection Open 2024      
   Intercept 1.1468 0.2456 0.1251 9.167 <0.0001 
   Mass 0.4705 0.2074 0.1056 4.454 <0.0001 
   SVL -0.0771 0.2007 0.1022 -0.754 0.4513 
   Hatch Day -0.5738 0.1640 0.0835 -6.868 <0.0001 
   γ Mass 0.0493 0.2037 0.1038 0.475 0.6349 
   γ SVL 0.0012 0.2257 0.1150 0.010 0.9917 
   γ Hatch Day -0.3446 0.3366 0.1715 -2.009 0.0449 
Directional Selection Shade 
2024      

   Intercept 1.0000 0.3929 0.2001 4.996 <0.0001 
   β Hatch Mass 0.4937 0.5199 0.2649 1.864 0.0627 
   β Hatch SVL 0.0476 0.4860 0.2476 0.192 0.8475 
   β Hatch Day  -0.6113 0.4408 0.2245 -2.722 0.0066 
Quadratic Selection Shade 2024      
   Intercept 1.1685 0.6294 0.3206 3.645 0.0003 
   Mass 0.4464 0.5506 0.2805 1.592 0.1119 
   SVL 0.0702 0.4966 0.2530 0.277 0.7815 
   Hatch Day -0.5951 0.4455 0.2269 -2.622 0.0089 
   γ Mass 0.0141 0.6322 0.3220 0.044 0.9651 
   γ SVL -0.0554 0.5859 0.2985 -0.185 0.8529 
   γ Hatch Day -0.2961 0.8896 0.4531 -0.653 0.5137 

 

No other traits were significant for directional or quadratic selection on the shade island in 2024. 

Across both years and islands, β values were positive for hatchling mass and negative for day of 

hatching although not statistically supported in all cases. All selection differentials are reported 
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in supplemental Table 1 and natural selection splines for mass at hatching, SVL at hatching and 

day of hatching are on Figure 5. 

 

Figure 5. Selection surfaces for mass at time of hatching, SVL at the time of hatching, Day of hatching 
for the on the open island (red) and the shaded island (blue) for both the 2022 and the 2024 experiments. 
Shaded area represents 95% C.I. 

Discussion 

 The goal of this study was to test the environmental matching hypothesis to gain 

insights into the adaptive significance of developmental plasticity. An important and novel 

aspect of our approach was that we tested correlations between reaction norm slopes and survival 

under natural conditions in the wild, as well as measured selection on body size, a trait that 
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exhibits plasticity in response to developmental environments (Pearson and Warner 2018; Norris 

et al. 2024). While we show significant effects of ecologically-relevant incubation conditions on 

body size, our results provide no support for the environmental matching hypothesis, as 

relationships between reaction norm slopes and survival did not differ between family groups 

from matched and mis-matched treatments. Importantly, patterns of plasticity were inconsistent 

across years, providing further evidence that the plastic response is not induced for preparation 

into a future environment (which is predicted by the EMH). We found that the family-level 

reaction norm slope was correlated with survival, and the direction of this pattern changed from 

year to year depending on the body size outcomes of the incubation treatment. Regardless, we 

found groups with larger reaction norm slopes survived at higher rates. When considering natural 

selection on phenotypes, we most often saw positive directional selection on hatchling mass and 

negative directional selection on day of hatching indicating pressure for increased mass at 

hatching and earlier day of hatching. 

 We observed different patterns of developmental plasticity in body mass in 2022 

versus 2024. Our patterns in 2024 were consistent with those reported in Chapter 1 (Norris et al. 

2024) and Chapter 2, but the inconsistency with our data from 2022 is unclear. Nevertheless, 

inconsistent patterns of developmental plasticity have been documented before in many 

organisms (Del Giudice 2018), including A. sagrei where reaction norm slopes have been shown 

to not be completely consistent between family groups (Norris et al. 2024). These inconsistencies 

in body size plasticity could have been due to the breeding values (genetics) of the mothers in the 

captive colonies. Slight differences in incubation protocols may also have contributed to the 

inconsistent results between years. For example, the different incubation substrates in 2022 (i.e., 

natural sand or soil) and 2024 (i.e., vermiculite). However, the water potentials during 2024 and 
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2022 were the same. Moreover, the 2022 experiment used the same natural substrates as those in 

Chapter 1, but still exhibited opposite results. If anything, we would have expected the results 

from 2024 to be different from those in our past studies. Importantly, other studies have found 

that substrate does not affect the body size of brown anoles at the time of hatching (Hall 2022, 

Rogers 2024). This inconsistency, as well as our survival results, demonstrates the importance of 

repeating ecological studies, especially when so much work is based upon data from a single 

season or year. 

 Monthly survival showed trends that varied from year to year during mark recapture 

periods, which reflects the temporal variation in survival observed in other organisms (Grant et 

al. 1976, Grafen 1988, Siepielski 2009). When considering just the incubation treatment, we 

found that in 2022 hatchlings from the open incubation treatment had higher survival whereas in 

2024 we found hatchlings from the shaded incubation had higher survival. This matched the 

body size inconsistency, and the selection analysis confirms that body size at hatching was the 

most important factor in determining survival. The survival rates also differed from island to 

island by year where hatchlings on the shaded island had higher survival in 2022 but those on the 

open island had greater survival in 2024. This difference could be explained by a range of 

unmeasured environmental factors that varied between years, but one notable difference was a 

structural change on the open islands. Prior to the 2024 experiment, the single tree on the open 

island was removed. Thus, we created artificial structures to make the habitat suitable A. sagrei 

(Supplemental Figure 1). While we attempted to replicate habitat like that in 2022, there was a 

greater area of structure in 2024. Thus, it is possible that the artificial habitat was more suitable 

in 2024 than the previous single tree, thereby providing structure that allowed for greater 

survival (Folpp 2020). 
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 Maternal reaction norms varied in the direction of their relationship with survival in a 

pattern that would be expected if there was yearly variation in the plasticity for body size. It is 

important here to understand that reaction norm slopes represent the differences between the 

open and the shaded incubation treatments. The directionality is such that negative reaction norm 

slopes mean higher values in the open incubation treatment would lead to negative slopes 

whereas higher values in the shaded incubation treatment would create positive slopes. 

Directionality is important when considering the interpretation of the correlations between 

reaction norms and survival. In 2022 there was a negative correlation between reaction norms 

and survival for mass and SVL, meaning that families exhibiting greater plasticity by producing 

larger offspring in the open incubation environments had higher survival. In 2024 we see a 

similar trend but in the opposite direction (albeit, the pattern was significant only for body mass). 

For body mass in 2024, we again see a correlation between reaction norm slope and survival, but 

in this case the families that exhibit a positive reaction norm slope had greater survival. The 

direction of the effect of incubation treatment on body size in 2022 was opposite that in 2024; 

this pattern combined with positive selection on hatchling body size in hatchling A. sagrei (Fig. 

5, Delaney and Warner 2017; Gilbert et al. 2025), the relationship between reaction norm slope 

and survival reflects this difference between years. Importantly, because selection operates on 

phenotypes (e.g., body size) regardless of the source of variation in that phenotype, plasticity 

may be favored as a consequence of generating advantageous phenotypic values. In particular, 

body mass at the time of hatching was favored by selection in both years but the treatment that 

created the larger mass was different across years. This result implies that natural selection may 

act in a way that could shape plasticity. Because family groups with higher reaction norm slopes 
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had greater survival, it is feasible that future generations would have increased plasticity 

assuming heritability for this trait.  

 Although phenotypic selection at the individual level showed variation, some 

consistent patterns across years were still evident. Mass at the time of hatching was consistently 

under directional selection on the open island in both 2022 and 2024. Previous work on nearby 

islands also shows consistent selection across years on hatchling/juvenile body size in A. sagrei 

(Gilbert et al. 2025). However, directional selection on SVL at hatching was never significant on 

either island. Across years, early-produced hatchlings that were released earlier were more likely 

to survive on the shaded island, which was evident due to significant directional selection on 

hatch date. Hatchlings on the shaded island may have experienced less competition at these 

earlier dates, which is an explanation used previously for similar patterns between hatch date and 

survival (Warner and Pearson 2018). Additionally, the greater range of predators observed on the 

shaded island (herons, rats, corn snakes, cottonmouths, Cuban tree frogs on shade island vs the 

occasional heron on the open island, personal observation) may have led to greater variance in 

survival and hence a greater opportunity for selection. Moreover, early hatchlings might have 

been released before peak activity in some of the ectothermic predators, allowing time for them 

to grow, increase performance which may have reduced their vulnerability to predators later in 

the season. This pattern of early hatching enhancing survival has been demonstrated before in 

brown anoles despite the increased size of hatchlings later in the reproductive season shown in 

this study and previous work (Person and Warner 2018; Hall et al. 2020). 

 This study provides evidence that natural selection can shape body size at the time of 

hatching. We additionally demonstrated  that the degree of plasticity is related to survival, which 

provides evidence that plasticity might be under selection. Furthermore, consistent with past 
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work on juvenile A. sagrei, both body size and the timing of hatching are two traits that are 

strong correlates with survival (Pearson and Warner 2018; Gilbert et al. 2025), but the relative 

importance of these variables varies across habitat and time. We also show that family lines have 

considerable variation in how they respond plastically, which provides the variation needed for 

selection to act on plasticity. Our results do not support the environmental matching hypothesis, 

as our experimental test provides no evidence that developmental plasticity is favored in ways 

that match phenotypes to habitats. Nevertheless, we show that developmental plasticity of body 

size can enhance offspring survival; hatchlings were more likely to survive if they were larger or 

hatched sooner, but of which are consistently influenced by the egg incubation environment 

(albeit the direction of the effect can vary for body size). Together, these findings suggest that 

increased production of large offspring early in the season may be most advantageous for 

females. However, such a pattern may be constrained by the classic life-history tradeoff between 

the number vs size of offspring produced. To truly tease this apart we need further investigation 

into maternal nest site choice that attempts to match family reaction norm slopes with the nest 

site preferences of the mother, which can influence the developmental outcomes of her offspring. 

These results provide novel insight into the potential for plastic change and how selection may 

shape reaction norms. Given that A. sagrei is invasive on our study islands, these results 

highlight how selection might be act on plasticity in ways that might contribute to the success of 

biological invasion across a range of environmental conditions.   
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Supplemental Figures 

 
Supplemental Figure 1. The open island structures differed in a.) 2022 and b.) 2024. In 2022 there was a 
dead tree on the open island that provided structure on the island for brown anoles. In 2023 this tree was 
removed. Before the release of lizards in 2024 we moved wood from the mainland to the island to replace 
the structure that was lost in 2023.  
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Chapter 4: General Conclusions 

Summary  
 
 In this dissertation, we found evidence that natural selection is acting on reaction 

norms and that selection favors heavy brown anole hatchlings that are born earlier. We found no 

support for the environmental matching hypothesis and limited support for the silver spoon 

hypothesis. In Chapter 1, we incubated eggs under open and shaded incubation conditions and 

described reaction norms from two island populations showing variation in family level reaction 

norms. In Chapter 2 we performed a test of the EHM and SSH. We did this by putting hatchlings 

in juvenal cages with environments that either matched or mismatched their developmental 

environment. For Chapter 2, we examined spatial and temporal aspects of the incubation 

environment by including a third incubation treatment that simulated a shaded nesting 

environment in the cooler temperatures of the early reproductive season. In Chapter 2 we found 

support for the SSH in the temporal replication, and weak support for the SSH in the spatial 

replication. In Chapter 3, we again matched or mismatched hatchlings to their incubation 

environment but rather than using cages we released hatchings on to small experimental islands. 

We then performed a mark-recapture study to assess survival. This process was repeated twice in 

2022 and 2024. In Chapter thee we showed that the degree of plasticity was linked with family 

level survival and showed no support of the EMH.  

 

Considerations for future research  
 
 Every experiment in this dissertation considers juvenile survival as the fitness 

component of interest. Although juvenile survival is an important measurement, ideally it would 

be combined with reproductive success. The initial goals of Chapter 3 were to measure 
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reproductive success but, due to several hurricanes, we were unable to obtain this. Going forward 

extended mark-recapture into the next breeding season could allow us to understand links 

between the developmental environment and reproductive success.   

 It was not unnoticed that the true primary cause of mortality and selection were the 

multiple hurricanes that caused flooding and high winds at our field site. The effects of climate 

change are causing earlier and more frequent tropical storms that could have significant impact 

on wildlife populations (Dalsgaard and Temeles 2024). Flooding not only causes immediate 

death but also has the potential to change the salinity levels of substrate affecting the next 

generation of eggs. The flooding and winds also have the potential to change the environment 

such that natural selection would be inconsistent from year to year as different traits would have 

adaptive values in the different environment. 

 A critical next step is to quantify heritability of reaction norms so we can predict 

whether observed plasticity will translate into evolutionary change. To more accurately predict 

evolutionary patterns, we need to understand the transgenerational responses to selection that is 

acting on reaction norms and body size. However, the large-scale pedigrees required to 

accurately perform this work might be better performed on a species with shorter generation 

times and easily determined paternity. 

 

Patterns of developmental plasticity  

 One of the important aspects of this dissertation is that we used ecological relevant 

incubation conditions. These conditions were created to mimic maternally chosen nest sites. An 

aspect to consider is that female nest site choice might limit the type and amount of 
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environmental variation embryos experience. Therefore, it was our goal to understand 

developmental plasticity as it exists in wild conditions.  

 Across this experiment, cooler incubation regimes generally produced larger 

hatchlings (mass and SVL), consistent with broad reptile patterns (Rhen and Lang 1999, Wu et al 

2023). The only exception to this was in 2022, when eggs incubated in open conditions were on 

average 8.2 mg heavier (Chapter 3, Table 2). Interestingly, we see in Chapter 1 that not all 

family groups have reaction norms that favor larger hatchlings in cooler environments. Meaning 

that it is possible that our inconsistences represent natural variation in developmental plasticity. 

This highlights the importance of replicating studies across years to capture variation.  

 No differences were recorded in hatchling sprint speed or desiccation. Other studies 

looking at less complex incubation conditions have found patterns linking these traits to the 

developmental environment (Amiel and Shine, 2012; Angilletta et al., 2002; Booth, 2006; 

Deeming, 2004; Doody et al., 2004; Janzen, 1994). We did see a trend in CtMax where cooler 

incubation temperatures produced hatchlings with higher CtMax consistent with other studies.  

  

Patterns of survival across the dissertation 

During this dissertation we measured hatchling survival in enclosures mimicking natural 

conditions (Chapter 2) and in wild field conditions (Chapter 3). During three separate incubation 

experiments where early life survival was measured after hatching, we amassed no evidence for 

the EMH. Indeed, all three survival experiments showed different patterns of survival when 

considering hatchings in matched (development and early life match) or in mismatched 

environments (Chapter 2, Figure 5 and Chapter 3, Figure 3).   
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 In Chapter 2 we did find evidence for the silver spoon hypothesis. We found that 

hatchlings from the shaded incubation treatment survived at a higher rate regardless of the 

juvenile environment. The only time we did not see this pattern was in 2022 (Chapter 3, Figure 

3a.). Interestingly, this coincided with the period when plasticity was inconsistent, and hatchlings 

were larger in the open treatment. This points towards a pattern of higher survival in larger 

hatchlings. This pattern is consistent with the selection analysis in Chapter 3, where all estimates 

for selection on mass are positive and often significant (Chapter 3, Table 5 and 6). 

 Larger hatchlings have better survival, but developmental plasticity for larger body 

size can be inconsistent from year to year and from family group to family group. This 

inconsistency could lead to a silver spoon effect that might differ among family groups, which 

could possibly lead to variation in the preferred nesting environments chosen by mothers. Past 

studies have found patterns in anole nesting that are consistent with this, where the majority of 

eggs tend to be in cool most areas but there are some nested in warm open conditions (Pruett et 

al. 2020). It is feasible that an evolved nesting behavior can compensate for the possibility of 

inconsistency in plasticity by having some range of flexibility in behavior when choosing a nest 

site. However, further investigation is required to untangle the links between plasticity, survival 

and the nesting environment.  

 Another interesting aspect of survival was the comparison between simulated natural 

environments (Chapter 2) and wild environments (Chapter 3). Importantly, in the simulated 

environment, hatchlings did not experience many of the selection pressures that hatchlings faced 

in the wild. Hatchings in the simulated environment were fed regularly and given water daily, 

individually housed and free of competition and predators. When looking at survival patterns of 

hatchlings in Chapter 2, we did not show a strong signal of survival correlated with body size or 
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for day of hatching, however, in Chapter 3 we see these patterns often. Day of hatching was 

under significant directional selection in every measurement in Chapter 3 other than the open 

island in 2022, but the pattern still indicated that survival is greater for hatchlings that emerged 

early in the season. This increase in survival could be because hatchlings born early have less 

competition in the early and more fragile life stages (Pearson and Warner 2018). They also might 

have more time to grow before the peak of the summer allowing them to better handle thermal 

stress (Hall and Warner 2018). More research is needed to understand the interactions between 

age, competition and survival in this system to completely understand these results.  

 Reaction norm slopes correlated with survival but the direction on the correlation 

differed from 2022 to 2024. As discussed above, in 2022 hatchlings in the open incubation 

condition were both larger and survived at higher rates than hatchlings in the shaded incubation 

environment (Chapter 3).  

  

Closing remarks  

 Natural systems are messy. This dissertation took that as a premise, and anchored 

methods in the realities of natural field conditions. These methods included ecological relevant 

incubation environments, and multi-year releases into wild conditions. The payoff was not a 

single tidy answer but rather a complex understanding of interactions between the developmental 

environment, time, space and survival. I hope that this work not only informs others about 

developmental plasticity in the wild but acts as a template for others that plan to pursue the 

difficult, but essential, task of evaluating plasticity in natural conditions.  
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