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Abstract 

 

Understanding the role of the environment in shaping phenotypic variation has been a 

goal at the heart of evolutionary biology since its inception. Through the work that led to the 

modern synthesis framework, we see that the environment can act as a force in natural selection, 

leading to the “survival of the fittest” in a given environment. However, from more recent work, 

we also see that the environment can shape variation through phenotypic plasticity, or the ability 

of a genotype to produce more than one phenotype in response to the environment. The role of 

plasticity in evolution is still a complicated topic, particularly with regard to how selection can 

act on plastic traits and how plasticity contributes to an individual’s fitness. 

 My PhD work aims to understand the adaptive nature of phenotypic plasticity with a 

particular focus on maternal nest site choice and its effects on offspring development. An 

organism’s developmental environment is composed of several dynamic components (e.g. 

temperature, moisture) that can influence survival and phenotypic outcomes at this very critical 

early-life stage. While there is a significant amount of literature on developmental plasticity, 

there is a lack of studies that examine these topics under ecologically relevant conditions. 

Oviparous reptiles serve as excellent systems for studies on developmental plasticity because 

many species exhibit no parental care after the point of nesting. This allows for examining the 

effects of nest site selection and nest environment on development without the confounding 

effects of parental care throughout development. My work uses these systems to test the adaptive 

significance of nesting behavior by examining its effects on offspring fitness across life stages in 

reptile systems.   

The first chapter of my dissertation assessed nest-site choice and its effects on offspring 

in the Western painted turtle (Chrysemys picta). I used long-term data on nest-site selection and 
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natural nest microclimates to design a cross-fostering experiment that tested the effects of 

canopy cover on egg hatching success. I found that female painted turtles choose nest sites that 

are relatively warm with open canopy, which increase egg hatching success. The results from 

this experiment support nesting as an adaptive behavior.  

For the remaining chapters of my dissertation, I focused on a different study system, the 

brown anole (Anolis sagrei). My second chapter sought to assess brown anole nesting behavior 

in the field. Though anoles are a popular system for research across several biological 

disciplines, very little was known about their nesting behavior beyond chance natural history 

encounters and lab studies. I collected the largest data set to date on anole nest-site choice in the 

field, and established that females actively choose nest sites with specific environmental 

parameters. Once this was established, I also incubated anole eggs in the field to determine 

which conditions improve hatching success and hatchling condition. Taken together, the results 

of my experiments show that females select nest sites that improve survival probability of 

offspring, again suggesting that their nesting behavior is adaptive.  

 In my third chapter, I tested the effect of predation pressure on nesting behavior in the 

brown anole. Curly tailed lizards (Leiocephalus carinatus) overlap in their native range and are 

established predators for brown anoles, though they are confined to the ground and cannot prey 

on anoles that are perched in trees. Previous work on their relationship in the field has shown that 

curly tail presence leads to reduced exploration and higher perching in the brown anole. We 

housed a group of brown anoles in enclosures with and without curly tails and gave them a 

choice of a nesting container that was on vs above the ground. Females that were in enclosures 

with predators used above-ground nesting containers more often than females in predator-free 

enclosures. 
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Finally, for my fourth chapter, I conducted a study that examined the effects of a 

continuous range of constant temperature incubation treatments on offspring development and 

survival to adulthood in the brown anole. I incubated eggs across eight treatments and released 

the resulting hatchlings into the field to assess survival to adulthood. We found that optimum 

incubation conditions for survival varied among life stages. Though these results are novel on 

their own, these data have more potential to be used in theoretical models estimating 

environmental impact on lifetime fitness. Overall, my dissertation work supports the idea that 

nesting is an adaptive behavior and underlines the importance of developmental conditions in 

shaping offspring fitness across life stages.   
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Background Information 

 

Natural environments are endlessly complex with innumerable interacting elements that shape the 

experiences of organisms across their lifetime. Living things have a suite of responses to this 

environmental variation that allow them to persist in the complexity from one generation to the next. 

Behavior is often a first response to environmental fluctuations that allows animals to mitigate the 

environmental pressures they might experience (Huey et al. 2003). Environmental heterogeneity can also 

play a role in shaping phenotypes, including behavior, both directly, via phenotypic plasticity, and 

indirectly, via natural selection acting on existing variation (Pigliucci et al. 2006). These three responses 

to environmental variation—behavior, plasticity, and selection—are not independent of each other and 

can often be deeply intertwined and synergistic. Biologists still have a long way to go in parsing out the 

tangled web of responses to the equally complex array of environmental variables that induce them, and 

plasticity represents a promising point from which to enter into such integrative inquiry—plasticity 

generates phenotypic variation that selection acts on and behavior intervenes in, and is thus shaped by 

both processes (Fusco & Minelli 2010).  

 Phenotypic plasticity is ubiquitous across taxa and can be observed at all life stages, but early-life 

stages are particularly sensitive and labile (West-Eberhard 2003). Developing organisms, from eggs in a 

nest or seeds in the ground to juvenile animals and saplings, are at the mercy of a constantly changing 

environment that will interact with their genes to shape phenotypic expression. Furthermore, the 

environment developing organisms experience is often heavily dependent on their parents. In viviparous 

organisms, developing embryos are subject to the internal workings of the mother’s physiology, which 

can be shaped by innumerable factors such as her behavior, choice in partner, and initial body condition 

that dictates how she might intervene in their development. Oviparous organisms that display parental 

care are similarly able to continuously monitor and change the conditions their eggs are developing under. 

Oviparous reptiles, however, often lay their eggs somewhere and leave them to develop with no care or 

intervention. This places a tremendous amount of importance on the initial choice of a nest site. 
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When a mother chooses a site for oviposition, she determines the conditions, both biotic and 

abiotic, her offspring will experience during development (Angilletta et. al. 2009). The choice of (1) 

microhabitat and (2) geographical location of a nest has tremendous impacts on offspring survival and 

fitness as well as potential effects on maternal survival (Refsnider & Janzen 2010). Nest microhabitat 

factors may include shade cover (solar transmittance), soil type, and nest temperature, all of which play a 

key role in development and have been shown to affect offspring phenotype (Weisrock & Janzen 1999).  

Furthermore, maternal nest location may affect post-hatching survival depending upon the macrohabitat 

and the distance of the nest to suitable habitat for newly-hatched offspring; These factors have important 

consequences on predation rates or success in dispersal to suitable habitat (Warner & Mitchell 2013, 

Møller, 1988). Of course, all of these findings are predicated on the assumption that females selected nest 

sites non-randomly, which is supported by numerous studies (Mitchell et. al. 2013).   

These plastic responses to the environment during development have the potential to set the 

trajectory of an individual’s life and intervene across its lifetime, with long-term implications for fitness. 

However, while the phenotypic effects of individual environmental variables have been quantified, the 

direct relationship between variation in phenotypic traits derived from phenotypic plasticity and the 

resulting fitness variation is still poorly understood.  Furthermore, the connection between maternal nest 

site choice and resulting offspring fitness aren’t well studied, particularly under natural field conditions 

where embryos experience the environmental complexity they would in the wild. My dissertation work 

seeks to address these gaps by examining 1) maternal nesting behavior, 2) the effects of nest conditions 

on offspring phenotype and survival, and 3) the long-term effects of developmental environments into 

adulthood.  
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Study Species 

Chrysemys picta 

 The western painted turtle (Chrysemys picta) is widespread across the continental United States. 

The painted turtle has several qualities that are ideal for studies of maternal nesting behavior. They nest 

during the summer months from May-July and can lay 1-3 relatively large clutches (1-23 eggs/clutch) 

during a season. The large clutch size allows for cross fostering studies that are ideal for disentangling the 

effects of the nest environment from the effects of maternal identity. They also spend a significant amount 

of time constructing underground nests, meaning it is logistically easy to observe them in the act of nesting. 

This allows researchers to capture nesting females, mark them, and release them so maternal identity is a 

known factor in the experiment. Painted turtles are not suited for lab studies or longitudinal studies, but are 

ideal for field-based studies on nesting and maternal effects. Specific benefits of this study species are 

outlined in chapter 1.  

Anolis sagrei 

Brown anoles (Anolis sagrei) are native to Cuba and the Bahamas but have a continuous invasive 

distribution across the state of Florida. Brown anoles are relatively well studied. However, despite their 

increasing popularity as a study system, we know very little about their nesting ecology and the effects of 

Figure 1. A diagram connecting each of my dissertation chapters to the concepts they address 
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natural nest conditions on development. We know that anoles lay approximately one egg every 7-10 days 

across a long nesting season (April-October), that females choose nest sites with high moisture levels in the 

lab, and that eggs have been found in aggregations in the field. This species has several qualities that are 

ideal for addressing the questions posed in my dissertation. First, capture and husbandry for these lizards is 

extremely logistically feasible. They are highly abundant in their native range, relatively easy to capture, 

and very hardy in captivity. Additionally, they are extremely fecund with a long reproductive season, 

leading to large sample sizes and an additional layer of environmental variation. There is seasonal variation 

in climate within the reproductive season, meaning females can alter behavior, nesting phenology, and 

provisioning for eggs. Within one season, the early-laid eggs can hatch and reach adulthood before the later 

eggs are even laid. This allows for novel approaches to questions around nesting behavior, its effects on 

development, and fitness consequences. Because we know so little about anole nesting in the field, research 

in this area has the potential to be highly influential and impactful. Finally, brown anoles are relatively 

short-lived and easy to uniquely mark. This makes them ideally suited for longitudinal mark-recapture 

studies. Specific benefits of this species are outlined in each chapter. 
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Figure 2. Study species used in this dissertation. (A) Western painted turtle in Round Lake, Id (B) 

Western painted turtle hatchlings on top of a nest (C) Female brown anole in Palm Coast, Fl (D) 

Brown anole eggs found in the field. All photos taken by J. Pruett. 
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Chapter 1 

The influence of maternal nesting behavior on offspring survival: evidence from 

correlational and cross-fostering studies 

Manuscript published in Animal Behaviour (Pruett et al. 2019) 

Introduction 

 Maternal effects arise when the mother’s environment or phenotype, rather than her 

genes, affects the phenotype of her offspring (Mousseau & Fox 1998). These effects can occur 

through many mechanisms (e.g., cellular and epigenetic modifications, physiological or 

provisioning alterations, behaviour) and play a unique role in shaping the evolutionary landscape 

(Roosenburg, 1996). Historically, maternal and environmental effects have been viewed mostly 

as a nuisance when attempting to determine the genetic basis for phenotypic variation (Falconer 

1989; Mousseau & Fox 1998). In the past couple decades, however, maternal effects have been 

considered an important reproductive trait that is shaped by natural selection (Mousseau & Fox 

1998; Marshall & Uller 2007). 

 Mothers can have profound influences on the phenotypes and survival of their offspring 

beyond the direct effects of their genetic material (Mousseau & Fox 1998; Galloway 2005; 

Räsänen & Kruuk 2007). Indeed, the level of nutrient provisioning for embryo development 

(Lipar & Ketterson, 2000; Polich et al. 2018), quality or quantity of post-natal care (Champagne 

2008, Franklin et al. 2010; Curley & Champagne 2016), and several environmental factors 

experienced by females affect phenotypes and survival of offspring (Painter et al. 2008; 

Hasselquist & Nilsson 2009, Shama et al. 2016). However, maternal effects are often difficult to 

quantify in nature, due to several potential confounding environmental factors (Wolf & Wade 

2009). Thus, several experimental approaches have been implemented to separate effects of 
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intrinsic maternal factors from extrinsic environmental factors on offspring phenotypes and 

fitness (Warner & Andrews 2002; Paquet, Covas & Doutrelant 2015; Raveh et al. 2016). Cross-

fostering enables researchers to quantify the relative contributions of maternal and environmental 

factors to variation in offspring phenotypes and survival (e.g., Van De Pol, Bakker et al. 2006; 

Hager et al. 2009; Mitchell et al. 2013B). By exposing offspring of one female to the 

developmental conditions provided by another female, this approach isolates the environmental 

conditions experienced by the offspring and decouples them from intrinsic maternal effects. 

 Oviparous animals that lack parental care after oviposition are excellent models for 

studying the effects of the abiotic environment and maternal provisioning on offspring phenotype 

(Warner 2014). Offspring are strongly influenced by the developmental conditions that their 

mothers select for nesting, and embryos have little to no control over these conditions (Telemeco 

et al. 2016; but see Du & Shine 2015). Furthermore, because maternal provisioning terminates 

immediately after oviposition, the effects of abiotic conditions within nests are not confounded 

with those of prolonged additional parental care, which facilitates experimental designs and 

interpretation of results.  

 Behavioural choice of nest site is an example of a maternal effect that greatly influences 

the biotic and abiotic conditions that offspring experience during development (Angilletta et al. 

2009). In many reptiles, mothers choose nest sites with relatively warm and moist microhabitats 

with little shade cover (Janzen & Morjan 2001; Doody et al. 2006; Warner & Shine 2008), all of 

which can positively affect offspring phenotype and survival (Brown & Shine 2004; Weisrock & 

Janzen 1999; Reedy et al. 2013). Furthermore, nest-site choice may affect post-hatching survival 

depending upon the distance of the nest to suitable habitat for newly-hatched offspring; these 

factors could have important consequences on predation rates or likelihood of finding suitable 
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habitat (Møller, 1988; but see Paitz et al. 2007; Warner & Mitchell 2013). Considering that nest 

conditions can have major consequences on offspring fitness, natural selection should favour 

mothers that choose nest sites with environments that positively affect offspring phenotypes and 

survival, which is supported by numerous studies (Brown & Shine 2004; Peet-Paré & Blouin-

Demers 2012; Reedy et al.  2013; Mitchell et al. 2013A; Li et al. 2017). 

 Among many microclimate variables, temperature plays a key role in reptile 

development. Embryos can tolerate a broad range of incubation temperatures that affect 

developmental and phenotypic characteristics of offspring (Deeming 2004; Noble et al. 2018). 

For example, relatively high temperatures increase metabolic rates of embryos which accelerates 

development (Birchard & Reiber 1996; Janzen & Morjan 2002; Du et al. 2007; Du et al. 2010; 

Hulbert et al. 2017). Warm incubation temperatures also produce larger offspring with faster 

running speeds than those incubated under cool environments (Pearson & Warner 2016; Noble et 

al. 2018). Despite thermal tolerance for a wide array of developmental temperatures, slight 

departures from an optimum can produce abnormalities (Telemeco et al. 2013), and also increase 

egg mortality (Liang et al. 2015; Smith et al. 2015; Hall & Warner 2018). Thus, maternal control 

over thermal conditions experienced by embryos is critical, and is strongly influenced by canopy 

cover over the nest or its distance from water (via hydric differences; Morjan 2003). 

 Much of our current knowledge about the effects of incubation microclimate on offspring 

development comes from laboratory-based studies. Although this work has provided substantial 

contributions, ecologically-relevant interpretations can be difficult to draw because 

environmental parameters reproduced in the lab (such as temperature) do not mimic natural 

variation (Bowden et al. 2014). To overcome these issues, researchers have monitored 

environmental conditions inside nests and evaluated correlations between those conditions and 
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the resultant hatching success or phenotypes produced (Warner & Shine 2009; Warner et al. 

2010). In this study, we combined correlational data from the field with a cross-fostering 

experiment to better understand the role of maternal nesting behaviour in shaping offspring 

survival in a population of painted turtles (Chrysemys picta) from northern Idaho, USA. In 

addition to cross fostering eggs among maternal nests, we also placed eggs in artificial nests that 

span the range of maternally-chosen shade cover and distance from water to experimentally 

examine the importance of these variables. 

Our study addressed two primary questions. First, do mothers choose nest sites 

nonrandomly with respect to several microhabitat variables? We predicted that females would 

choose relatively open, warm areas for nesting compared to randomly chosen sites, as observed 

previously in other C. picta populations (Janzen & Morjan 2002). Second, is variation in egg 

survival explained by maternally-chosen nest sites (natal vs non-natal), by specific microhabitat 

variables of the nest sites, or by both? We predicted that egg survival would be positively 

associated with temperature and canopy openness, and would be relatively high for eggs 

incubated in natal nests.  

 

Methods 

Study species and field site 

 The painted turtle (Chrysemys picta) is widespread across much of the United States. 

They nest during the summer months from mid May to early July, with some females nesting 

multiple times in one season. Clutch size ranges from 1-23 eggs. Eggs usually hatch in the fall 

and hatchlings usually remain in their natal nests until spring the following year when they 

disperse to suitable habitat (Ernst, Lovich, & Barbour 1994). 
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Field research was conducted at Round Lake State Park near Sagle, Idaho. Our field site 

consisted of three nesting areas along a stream on the west side of Round Lake (Fig. 1). From 

late May to early July, female C. picta emerge from the stream to nest on a south-facing bank 

immediately adjacent to the water. The three nesting areas have little canopy cover compared to 

the surrounding forest habitat, and they differ from each other in size and some microhabitat 

features.  

 

Figure 1. Map of the field site with each nesting area circled and labelled (A, B, and C) and each 

randomly chosen GIS site represented by a white dot. Water flows from Round Lake into a 

stream and collects in a small pond above the dam on the west end of the study site. Female 

turtles emerge from the stream and can be observed nesting near a hiking trail that runs parallel 

to the stream (See Fig. 2B). 

 

 

Observational study from 2013-2016  

 Nesting activity of C. picta was monitored during May and June from 2013-2016 

(Supplementary Table 1). The three nesting areas were patrolled daily for nesting females 

between 15:00 and 21:00. When a nesting female was discovered, we observed it from a distance 

to minimize disturbance. Upon completion of nesting, females were captured, identified by 

unique marks on their marginal scutes (or given a unique mark if not captured previously) 
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(Cagle, 1939), measured, and then released. Each nest was carefully opened at its neck using a 

spoon, and the depth to the top egg was measured. Each egg was removed from the nest and 

weighed. After all eggs were removed, the depth to the bottom of the nest was measured. After 

processing, eggs were returned to their nests for incubation. A Thermochron iButton 

(programmed to take hourly temperature readings) was placed among the eggs in each nest; 

iButtons were wrapped in a balloon and parafilm for waterproofing. After all eggs were replaced, 

the nest was covered with soil (similar to how females left the nest) and a wire mesh nest 

protector was staked down to deter predators. Hemispherical photographs were taken above each 

nest with a digital camera (Nikon Coolpix L30) and 180° fish-eye lens (Zykkor). The 

photographs were uploaded into Gap Light Analysis software where percent canopy openness 

was quantified (Doody et al. 2006). 

 Measurements of canopy cover and ground temperature were recorded for forty randomly 

selected locations around the study site (Fig. 1). The randomly selected locations (henceforth, 

“random nests”) were determined with GIS using unequal probability-based spatial sampling 

within the area around the stream and the surrounding forest (Krivoruchko & Butler 2013). 

Given the area in which random sites were chosen (which included the three nesting areas), the 

maximum distance a random could have been from the stream was ~100 m. Random nests 

provided a quantitative assessment of what microclimates were available in the landscape at 

large and served as a comparison to the microhabitats that mothers actually used for nesting. 

Importantly, turtles were observed in both forested and open areas while in search of nest sites, 

and thus both these habitats were included within the area that random sites were chosen. An 

iButton (programmed to record hourly temperatures) was buried at each random nest at a 

randomly chosen depth ranging from 6 to 12 cm, which is within the range of depths of C. picta 
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nests. Canopy cover measurements were made with hemispherical photographs as described 

above for maternally-chosen nests. Temperature data were collected each year at the same 

random nest locations from 2013-2016. In September of each year, we carefully excavated nests 

to assess hatchling survival. At this time, all iButtons were retrieved (from random and maternal 

nests) and hatchlings were measured and then placed back into their nest for overwintering. 

 An Analysis of Variance (R Version 3.4.2) was used to quantify annual differences in 

habitat parameters between maternally selected nest sites and random sites, with a Tukey’s HSD 

post-hoc test to compare among years. A linear mixed model with maternal identity as a random 

factor was used to quantify differences in habitat parameters (e.g., canopy openness, average 

temperature) across nesting areas. Finally, egg survival was assessed as a percentage of eggs that 

hatched out of the total number of eggs in each nest. A linear mixed model was used to quantify 

the effects nest temperature, nesting area, egg mass, canopy openness, year, and various 2-way 

interactions on egg survival; the mean value of nest temperature and egg mass for each nest was 

used for this analysis. Maternal identity was used as a random factor because some females had 

multiple nests across and within years. For the interaction terms, we were specifically interested 

in whether the influence of nest temperature and egg mass on egg survival differed among years 

(i.e., temperature x year and egg mass x year interactions).  

Experimental study in 2017 

 In 2017, we conducted a cross-fostering experiment to decouple the effects of nest 

environment and intrinsic maternal effects on egg hatching success. For this experiment, all nests 

were located and monitored according to the 2013-16 protocol described above. Egg processing 

was also similar, but not identical, to the protocol in the previous years (details below). After 

eggs were processed, they were placed into plastic containers with moist soil from their nest, and 
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kept temporarily in a cool, shaded area until they were partitioned into their appropriate 

incubation treatments. Eggs were kept for 1-4 days (mean = 2.2 days) before returning them to 

nests. 

 The experimental design consisted of 5 “blocks” of nests with eggs that were cross-

fostered among nests (Fig. 2A). Each block consisted of three maternally-chosen nests and four 

artificial nests. Thus, eggs from the three maternally-chosen nests were distributed among seven 

nests in total. Our design ensured that each nest contained two eggs from three different females 

(i.e., six eggs per nest); thus, each block required 42 eggs (6 eggs per nest x 7 nests). This 

protocol required a minimum of 14 eggs produced in a clutch. For the three maternally-chosen 

nests (per block), eggs were cross-fostered so that each nest contained two natal eggs, and four 

non-natal eggs; the four non-natal eggs consisted of two from each of the non-natal mothers. 

Nests were assigned to blocks chronologically and irrespective of nesting area. Thus, eggs from a 

given nesting area could be assigned to a block with eggs from a different nesting area. For nests 

with less than the 14 eggs required for a full block, eggs were only crossed among the four 

artificial nests, and not among the three maternally selected nests; this was referred to as a 

“partial block”, which required a minimum of 8 eggs per nest for a total of 24 eggs per partial 

block. In total, the experiment contained 24 maternally-chosen nests (i.e., 3 nests x 5 full blocks 

+ 3 nests x 3 partial blocks = 24 nests). 

Artificial nests within blocks were organized into a full 2x2 factorial design of shade 

cover vs distance to water (Fig. 2B). These artificial nests were placed in nesting area B (Fig. 1) 

because the landscape in that area is a mosaic of open and shaded locations and was large 

enough to place nests near or far from the stream. To manipulate shade cover, we leveraged the 

shade variation at this site so that nests were either placed in open grass or in the shade from 
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nearby trees. In total, we constructed 32 artificial nests, and each contained 6 eggs, 2 from each 

of the 3 females in a block (or partial block), where one nest was far from water and shaded, one 

was far from water in the open, one was close to water and shaded, and the last was close to 

water in the open. Each treatment contained two replicate locations, and every other block was 

distributed into one or the other replicate (Fig. 2B). Importantly, the locations of the artificial 

nests were within the range of distances that females travel from water to nest, and the shade 

cover mimicked the lower and upper ends of the distribution for maternally-chosen nest sites 

(Fig. 3). 

 

Figure 2. Schematic of the experimental design used in 2017. Panel A represents one 

experimental block of three maternally selected nests and four artificial nests. Two eggs from 

each mother were allocated to each nest within a block for a total of six eggs in each nest. Thus, 

a single block consisted of three clutches that were placed in three maternally-selected, and four 

artificially-constructed nests. Eggs with the same shading represent siblings. Panel B illustrates 

the layout of artificial nests at nesting site B (see Fig. 1). Each circle represents a nest. Black 

circles in gray boxes represent shaded nests while white nests in white boxes represent the open 

treatment. The exact distances of each nest set from the stream is indicated below the nests in 

panel B. Nests on either side of the dashed line represent two replicate locations for this 

experiment. 
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Figure 3. Distribution of canopy openness for maternally-selected nest sites (A), and a 

comparison of canopy openness of artificial nest sites between the shaded and unshaded 

treatments in the 2017 experiment (B). The bold line represents the 50th percentile lower and 

upper bounds represent the 1st and 3rd quartiles respectively. The whiskers extending from the 

boxes represent the 1st and 3rd quartiles ± 1.5 x interquartile range and the points represent 

outliers in the dataset. Statistical results are in the text. 

 

 Within each block or partial block, eggs were assigned to a nest using a random number 

generator. Artificial nests were dug to the average depth of the three maternal nests for that 

block. To ensure eggs could be reliably matched to hatchlings, eggs were placed into mesh nylon 

pouches and sealed with a colour-coded zip tie to ensure correct identification of hatchlings upon 

excavation in the fall. On 23 September, we returned to the field site to excavate nests, quantify 

egg survival, and measure hatchlings. All nests were relocated and carefully opened. All dead 

eggs were counted to ensure that none were missed.  

 Due to a correlation between nest temperature and canopy openness, a principal 

component analysis (PCA) was used to collapse the variation in these measurements into 

uncorrelated axes using the FactorMineR package (Lê et al. 2008). The PCA included daily 

average minimum temperature, daily average maximum temperature, daily average mean 
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temperature, daily average temperature variance, and canopy openness values for each nest. The 

first two PC axes explained 84% of the variation in the data (between 56% and 28%, 

respectively) (Supplementary Table 2). PC1 loadings were related to mean, maximum, and 

variance of nest temperature, while PC2 loadings were related to minimum temperature and 

canopy openness where canopy openness correlated positively with minimum temperature of a 

nest. The scores for PC1 and PC2 were used in the analysis of egg survival for the cross-

fostering experiment. 

The cross-fostering experiment addressed three primary questions with two separate 

analyses. Each analysis used a generalized linear mixed model with egg survival as the 

dependent variable (binomial distribution) and maternal identity nested within block as a random 

effect. The first analysis was aimed at determining if natal status (natal vs non-natal nest) and 

microhabitat contribute to variation in egg survival. For this analysis, only maternally-selected 

nest sites were used, and independent variables included natal status, egg mass, PC1 scores, and 

PC2 scores. The second analysis aimed at determining if maternally-chosen vs artificial nests 

differed in egg survival and determined if shade cover and distance to water (treated as 

continuous variables) contributed to variation in egg survival. For this analysis, all nests were 

used, and independent variables included nest type (maternal vs artificial), egg mass, distance to 

water, PC1 scores, PC2 scores, as well as interactions between nest type and each of the PC 

scores. We were also interested with whether maternal identity (an index of intrinsic genetic or 

maternal effects) contributed to variation in egg survival. Thus, the effect of maternal identity 

(random factor in our models) was assessed with Akaike information criterion values for models 

with and without the random factor included. 
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Results 

Observational study from 2013-2016 

 Females consistently nested in relatively open, warm microhabitats across years. 

Maternal nest sites were warmer than random sites (F1=599.1, p<0.0001; Fig. 4). Similar trends 

were observed when comparing nesting frequency across areas; most females nested in areas B 

(60.4% nested) and C (34.8% nested), which are both more open and warmer than area A (4.9% 

nested) (All pairwise comparisons p≤0.0082; Fig. 5, Supplementary Table 3); this pattern was 

consistent across years (F1,71=1.41, p=0.2511). 

 

Figure 4. Canopy openness (A) and nest temperature (B) for maternally selected nest sites and 

randomly selected sites for the 2013-2016 nesting season (see text for statistics). The bold line 

represents the 50th percentile lower and upper bounds represent the 1st and 3rd quartiles 

respectively. The whiskers extending from the boxes represent the 1st and 3rd quartiles ± 1.5 x 

interquartile range and the points represent outliers in the dataset.  
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Figure 5. Comparison of (A) canopy openness and (B) temperature of nests among nesting areas 

and (C) number of nests in each area from 2013-2017. The bold line represents the 50th 

percentile lower and upper bounds represent the 1st and 3rd quartiles respectively. The whiskers 

extending from the boxes represent the 1st and 3rd quartiles ± 1.5 x interquartile range and the 

points represent outliers in the dataset. All nesting areas differed from each other for both canopy 

openness (P≤0.0082) and nest temperature (P≤0.013).  

  

Egg survival varied among years (60.5%, 65.1%, 36.7%, and 73.1% for 2013-2016, 

respectively) but was not explained by nesting area, average egg mass, and canopy openness 

(Table 1). However, the influence of nest temperature on egg survival varied among years 

(temperature x year interaction). Egg survival was positively related to mean nest temperature in 

2016 (p=0.00012, r2 = 0.32), but no relationship was evident in 2013, 2014, or 2015 

(Supplementary Figure 1). Importantly, nest temperature was relatively low in 2016 compared to 

the other years. 

 

 

 

 

 

 

B A C 
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Table 1. Effects of nest area, year (2013-2016), and microhabitat variables on egg hatching 

success (dependent variable). Analyses were performed with a linear mixed model.  

Independent Variable                  denDF   numDF   F-Value    P-Value                     

Average Temperature   60      1         0.1960      0.6596 

Nesting Area    60      2        0.6603      0.5204 

Average Egg Mass   60      1       1.2738      0.2635 

Canopy Openness    60      1         0.4616      0.4995 

Year     60      3       5.2053      0.0029* 

Nesting Area×Canopy Openness 60      2         0.4857      0.6176 

Average Temperature×Year  60      3         6.6481      0.0006* 

Average Egg Mass×Year     60      3         2.7139      0.0527 

 

Experimental study in 2017 

Egg hatching success in 2017 was relatively low (11.7%) compared to that in the 

previous four years. For eggs that were cross fostered among maternally-chosen nest sites, 

hatching success was not related to egg mass or any microhabitat variable measured; nor did 

hatching success differ between eggs that remained in their natal nest vs those cross-fostered into 

another maternally-chosen nest (Table 2). In the analysis that included all nests (maternal and 

artificial), hatching success was not influenced by egg mass or PC1 (i.e., mean, maximum, and 

temperature variance), but eggs in maternally-chosen nests had greater survival than those in 

artificial nests (Fig. 6). Additionally, egg hatching success increased with higher canopy 

openness and warmer minimum temperatures (variables described by PC2), particularly for eggs 

in artificial nests as indicated by an interaction between PC2 and nest type (maternal or artificial) 

(Fig. 6). Distance from water, however, had no effect on survival, and was removed from the 
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model. These patterns were corroborated by analyses using raw data for nest temperature and 

canopy openness, rather than using PC scores.  The inclusion of maternal identity as a random 

factor in the model contributed to a better fit for both the model analyzing only maternal nests 

(AIC with Maternal ID:80.00, without:82.252), and the model analyzing both maternal and 

artificial nests (AIC with Maternal ID:150.8, without:155.06), suggesting that maternal identity 

is an important source of variation in egg survival.   

 

Figure 6. Probability of egg hatching success for Chrysemys picta in relation to (A) canopy 

openness and (B) average daily minimum temperature of the nest. The survival probability 

curves were generated using curves from generalized linear models of survival plotted against 

canopy openness and temperature respectively. The bold lines represent predicted survival 

probability and the corresponding dashed lines represent the upper and lower confidence limits.  
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Table 2. Effects of nest microenvironment on egg hatching success in 2017. The first analysis 

(generalized linear mixed model with binomial distribution) used only eggs that were cross-

fostered and incubated in maternally-selected nest sites. The second analysis used all eggs from 

the cross-foster experiment and examined differences due to nest type (maternal vs artificial 

nests) rather than differences between natal and non-natal eggs.  

   Independent Variable  β ± SE           F  P 

Maternal Nests PC1     -2.25±1.35        3.86  0.0955 

   PC2     -1.17±0.99        1.60  0.2365 

   Egg Mass    -1.90±0.40        2.98  0.1728 

   Natal/Non-Natal  -0.81±1.12  0.87  0.4680 

 

All Nests  PC1     -0.23±0.40        0.52  0.5659 

   PC2      1.83±0.63        3.71  0.0037 

   Egg Mass    -0.35±0.49        0.04  0.4655 

   Nest Type     5.12±1.37       9.31  0.0002 

   Nest Type×PC1   -1.22±0.67       3.37  0.0675 

   Nest Type×PC2   -2.33±0.89  8.45  0.0086 
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Maternally selected nests did not differ from artificial nest sites in canopy openness 

(F1,40=0.742, p=0.394) as the range of canopy openness overlapped greatly between these nest 

types (maternal range: 31.57 – 52.04%; mean= 41.01%; artificial range: 28.82 – 48.33%; mean= 

37.79%). However, the average temperature for maternally selected nests (ranged from 21.87 – 

27.81℃; mean= 25.22℃) was warmer than that for artificial nests (ranged from 16.76 – 

25.78℃; mean= 21.33℃) (F1,40=31.8, p<0.0001).  

 

Discussion 

The main goals of this study were to (1) determine if female turtles nest non-randomly 

with respect to different microhabitat variables, and to (2) quantify the effects of nest site (natal 

vs non-natal) and nest microhabitat features on egg survival. The first goal was addressed using 

four years of observational data on nesting behaviour, and the second was addressed using an 

experimental approach that was guided by the observational data. Our experimental design was 

unique in that we cross-fostered eggs into maternally-selected nests and artificial nests that were 

exposed to discrete differences in shade cover and distance from water; this cross-foster design 

minimized variation due to maternal identity and enabled us to directly examine the effects of 

these two environmental factors. Additionally, all aspects of this study were conducted in the 

field, and thus provide ecologically meaningful information about the importance of nesting 

behaviour in generating variation in egg survival (Paitz et al. 2010). 

Females chose sites that were more open and warmer than randomly selected sites (Fig. 

4). This pattern has been demonstrated in other turtles (Wilson 1998; Janzen & Morjan 2001; 

Mitchell et al. 2013A) and this behaviour should facilitate egg hatching success as relatively 

warm conditions are favourable for development in many reptiles (Warner & Shine 2008; Noble 
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et al. 2018). Although most of our search efforts focused within three known nesting areas that 

are considerably more open than the surrounding forest, no turtle has ever been observed nesting 

in the forest habitat during five years of surveys. This supports our assertion that females prefer 

open habitat for nesting, likely due to favourable thermal conditions (Angilletta et al. 2009). In 

further support of this observation, relatively few females were observed nesting in area A, 

which is more shaded than the other two nesting areas (Fig. 5). 

Maternally-chosen nest environments can have strong effects on egg survival and 

offspring phenotypes in many organisms (Refsnider & Janzen 2010; Mainwaring et al. 2017), 

including painted turtles (Mitchell et al. 2015). In our observational study, no nest variable had 

an overarching influence on egg survival. For example, the relationship between nest 

temperature and egg survival varied among years, which has also been shown in another 

population of painted turtles (Warner et al. 2010). Although some of the variation in annual egg 

survival may have been due to annual differences in temperature (Table 1), correlations between 

nest temperature and egg survival were generally weak (Fig S1). Thus, an environmental source 

of variation in egg survival remains unknown using these correlative data. Nevertheless, egg 

survival varied considerably among nests, ranging from 0% to 100% in a single season. Given 

that maternal identity was a significant contributor to variation in egg survival, this variation may 

reflect intrinsic differences that may be attributed to maternal factors. 

The correlative results from 2013-2016 guided our experimental design in 2017. We 

indirectly manipulated nest temperature by placing artificial nests in open and shaded locations, 

and we manipulated the distance of nests to water. Nest distance from water is important as it 

affects the time (and length of exposure to predators) that hatchings travel to suitable habitat 

after emergence from the nest (Warner & Mitchell 2013). Additionally, distance from water can 
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impact the hydric environment of the nest (Morjan 2003), which has several consequences for 

embryo development and offspring phenotypes (Packard et al. 1988). Distance, however, had no 

effect on egg survival and was removed from our final statistical models. We showed no 

variation in egg survival among maternally-chosen nests, and variation was not explained by 

whether eggs were in a natal or non-natal nest. This result provides evidence that microhabitats 

chosen by nesting females do not have family-specific consequences on survival, and that 

females may nest in microhabitats that have similar effects on development across the population 

(Mitchell et al. 2013B). Alternatively, the lack of an effect of natal status may have been due to 

unusually dry conditions in 2017 that reduced variance in egg survival among nests. 

Despite low egg survival in 2017, eggs incubated in maternal nests had greater survival 

than those in artificial nests. This difference between maternal and artificial nests suggests that 

either mothers generally select nest sites that confer relatively high survival (Wilson 1998, 

Warner & Andrews 2002, Mitchell et al. 2015), or we chose poor locations for artificial nests or 

constructed nests in a way that reduced egg survival. Our data cannot distinguish between these 

alternative explanations, but we provide some possible explanations and rule out others. First, 

although artificial nests were placed only meters away from maternally-selected nests, minimum 

nest temperature was relatively cool in artificial nests, despite no difference in canopy cover. 

This pattern may be explained by the direction of shade cover over nests, which can impact the 

length and intensity of solar radiation transmitted to a nest site (a tree south of a nest blocks more 

solar radiation than a tree to the north despite similar values for openness). The low minimum 

temperatures (rather than canopy openness) in artificial nests may have contributed to reduced 

egg survival, which has been observed in other reptiles (Noble et al. 2018).  



36 
 

Second, the difference in egg survival between maternal and artificial nests may be due to 

differences in the distribution of canopy openness between nest types. For instance, artificial 

nests were constructed at the extremes of the distribution (Fig. 3), where the fewest number of 

nests were observed across all nesting seasons. Because we did not construct artificial nests at 

intermediate levels of canopy openness, we cannot compare egg survival between artificial and 

maternal nests under the average shade conditions chosen by mothers. Nevertheless, egg survival 

in artificial nests increased with canopy openness, suggesting that increased canopy openness 

slightly offsets the negative effect of artificial nest sites on egg survival. This pattern was similar 

for minimum temperature, which is positively correlated with openness (both loaded on PC2). It 

is possible that canopy openness or minimum temperature interact with some unmeasured 

variable in artificial nests in ways that reduce egg survival. Although female C. picta choose 

relatively open nest sites that confer greater hatching success (Mitchell et al. 2015) the cause of 

relatively low egg survival in artificial nests, but not maternal nests, under shaded conditions 

warrants further investigation. Lastly, the possibility of researcher-induced mortality via egg 

movement is unlikely (Mitchell et al. 2013A) given that survival did not differ between eggs that 

were moved and those that remained in natal nests. Poor artificial nest construction might 

explain variation in egg mortality, but we saw similarly high levels of mortality in natural nests 

that were not included in the 2017 experiment (n=21 eggs from 4 nests). Additionally, research 

on another emydid turtle that compares egg survival between artificial and natural nests located 

just 50 cm from each other reveals no effect of nest construction on egg survival (Lloyd & 

Warner 2019). 
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Conclusions 

Nesting behaviour is an important maternal effect with consequences on offspring survival. 

Identifying nesting behaviour as a maternal effect is difficult, however, because the 

consequences can be mediated by intrinsic maternal factors (e.g., genes, egg investment) and 

extrinsic factors (e.g., nest temperature, shade cover) that are typically confounded. Field 

experiments like ours are needed to decouple these effects and identify the specific factors that 

generate variation in nest success in the wild, and hence will provide novel insights into the 

ecological relevance of variation in nesting behaviour. 

Our study showed that mothers select relatively open sites for nesting that are warmer 

than randomly selected nest sites. However, relationships among nest canopy openness and 

temperature with egg survival varied among years despite considerable within-year variation in 

egg hatching success. These patterns suggest that the ecological consequences of maternal 

nesting behaviour are temporally dynamic, and that intrinsic factors also likely generate variation 

in hatching success. We also experimentally showed that shade cover and minimum nest 

temperature are important drivers of variation in egg survival in the field. Eggs that are moved to 

shaded nest sites with low minimum temperatures have relatively low survival, which are 

conditions that females tend to avoid. This result suggests that females select specific 

microclimate parameters that lead to improved hatching success and reinforces the importance of 

behavioural maternal effects in generating variation in fitness. 
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Chapter 1 Supplemental Material 

 

Figure S1. Regressions of egg hatching success (% of eggs that survived to hatching in a nest) in 

relation to average daily minimum temperature (℃), average daily maximum temperature (℃), 

and overall mean temperature (℃) for nests in the 2013-2016 seasons. Each point represents a 

nest, the dashed line represents the line of best fit, and the grey cloud represents standard error.  
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Table S1.  Dates of field work and number of nests in each nesting area (A-C) from 2013-2017. 

Each field season consists of a summer nesting season and a fall trip to excavate and measure 

hatchlings.  

Year 

Nesting season 

observed 

Egg excavation Number of nests at each nesting area 

 A B C 

2013 10 June – 8 July 21 Sept 1 18 11 

2014 7 June – 2 July 13 Sept 0 22 10 

2015 21 May – 29 June 4 Sept 2 27 19 

2016 21 May – 30 June 16 Sept 5 32 17 

2017 20 May – 30 June 23 Sept 3 20 10 

 

Table S2. Loading scores on each principal component (PC) axis.  

 PC axis 1 PC axis 2 PC axis 3 

 

   

Mean temperature  0.9260   0.2499    0.1760 

Maximum temperature  0.9842  -0.0373    0.1417 

Minimum temperature -0.1245   0.8907    0.4136 

Temperature variance   0.8616  -0.4426    0.0537 

Canopy Openness   0.4803   0.6196   -0.6187 

Proportion of Variance Explained   56%    28%    12% 
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Table S3. Pairwise comparisons of canopy openness (%) and average nest temperatures (℃) 

between each of the three nesting areas in our field site. Pairwise values were obtained using a 

linear mixed model with maternal identity as a random factor coupled with a pairwise lease-

squares means test.  

Dependent Variable          Contrast        Estimate                  P-Value 

Canopy Openness (%)        C -A    12.58±2.41        <0.0001* 

            C - B                6.21±1.10             <0.0001* 

            A - B     -6.37±2.35               0.0082* 

Average Temperature (℃)   C - A       1.89±0.64            0.0130* 

           C - B      -1.14±0.30            0.0003* 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



41 
 

Chapter 2 

Temporal variation in maternal nest choice and its consequences for lizard embryos 

Manuscript published in Behavioral Ecology (Pruett et al. 2020) 

 

Introduction 

 Maternal effects play a critical role in generating phenotypic variation and determining 

the fitness of offspring (Moore et al. 2019). Because early life stages are often very sensitive to 

developmental environments, mothers have the potential to impact survival and phenotypes of 

their progeny via variation in their own physiology or behavior beyond the effects of heritable 

genetic material (Mousseau & Fox 1998). Although maternal effects can be energetically costly 

to females (e.g. increased provisioning to embryos, long-term parental care), they can enhance 

fitness by improving offspring survival and perpetuating the mother’s genetic material into future 

generations (Marshall & Uller 2007). Parental care is a prime example of how behavior can 

impact the fitness of offspring. In many birds, for example, parental attendance of eggs or food 

provisioning to offspring can influence a suite of fitness-relevant traits of offspring, such as 

growth and immunocompetence (Saino et al. 1997, Tinne et al. 2005). In oviparous organisms, 

maternal nesting behavior can be viewed as another form of parental care because it determines 

the environmental conditions offspring will experience during development (Mainwaring et al. 

2016).   

 Nesting is common across vertebrate and invertebrate taxa (Hansell 2005), and much of 

our understanding of nesting behavior and its consequences comes from studies of avian systems 

(Refsnider 2016). Birds provide extensive post-laying parental care, and invest considerable 

energy towards maintaining consistent nest temperatures through brooding and caring for their 

young post-hatching (Deeming & Reynolds 2015). In species that exhibit extended post-laying 
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parental care, mothers have continued opportunities to modify the developmental conditions 

experienced by their offspring. In many species, however, females lay eggs and leave them 

unattended for the rest of development (Shine 2005), which limits opportunities for parents to 

modify the nest environment during the development of their offspring. Therefore, the timing of 

nesting, environmental conditions chosen by females, and design of nests are particularly 

important at the time of oviposition (Deeming & Ferguson 1991, Telemeco et al. 2009). 

 Evidence that females make active choices of oviposition sites is needed to classify 

nesting behavior as a true “maternal effect” (Wolf & Wade 2009). This evidence is observed in 

many reptiles whereby females actively select specific microclimates for nests (Brown & Shine 

2004, Mitchell et al. 2013a, Li et al. 2017). Furthermore, nesting is a plastic behavior that is 

dependent on prevailing conditions. For example, the onset of nesting is influenced by winter 

temperatures in painted turtles (Schwanz & Janzen 2008), and nest site choice can vary to match 

local climates (Refsnider et al. 2013) or change depending on predation risk (Spencer 2002; but 

see Refsnider et al. 2015). Aspects of nest construction by three-lined skinks, such as nest depth, 

correlate with changes in ambient temperatures (Telemeco et al. 2009). Several lab-based studies 

reveal that females choose nesting conditions that are favorable for offspring fitness, suggesting 

that this behavior is adaptive (Warner & Andrews 2002, Pike et al. 2010, Reedy et al. 2013). 

Importantly, most species inhabit temporally heterogeneous environments, and consequently, 

available nesting conditions shift through the reproductive season (Warner & Shine 2008). This 

heterogeneity could influence nesting behavior and its consequences for offspring development 

and survival. Few studies have examined the importance of temporally-shifting environments 

because many organisms have a relatively short window for reproduction due to seasonal 

constraints. 
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 Anolis lizards provide a unique and understudied system for examining adaptive nesting 

behavior. Anoles produce one egg at a time, approximately once a week (Smith et al. 1973) over 

a reproductive season that can extend 6 or more months. This means that energy allocation 

toward reproduction is temporally extended in anoles compared to species that produce large, but 

infrequent clutches. Moreover, this reproductive pattern could enable females to spread their 

eggs across multiple sites that experience different conditions. This aspect of Anolis life history 

leads to seasonal variation in nesting conditions across the long reproductive season, thereby 

providing females an opportunity to adjust their nest choices to changes in ambient conditions. 

  Although Anolis lizards have been models for testing concepts in behavior, ecology, and 

evolution (Losos 2009), and are emerging as a model for developmental biology (Sanger et al. 

2007) and plasticity (Warner 2014), nearly nothing is known about their nesting behavior in 

nature. Anecdotal reports of anole nesting suggest that these lizards lay eggs in a variety of 

habitats (Delaney et al. 2013) and might nest communally (Rand 1967, Swierk et al. 2019), and 

lab studies show that females prefer moist substrate with leaf cover for nesting (Reedy et al. 

2013, Socci et al. 2005). Empirical work on anole nesting in the field is, however, limited 

(Tiatragul et al. 2019). Relatively more is known about the effects of developmental conditions 

on anole embryos (Goodman & Heah 2010, Warner et al. 2012, Pearson & Warner 2016, 2018), 

but much of this work has also been done in lab settings and does not fully capture the 

environmental fluctuations embryos would experience in the field. Nevertheless, these studies 

have provided valuable insight into this crucial life stage of a very prolific model system, but we 

need a better understanding of nesting behavior in the field to advance research on their 

reproduction and development. Furthermore, the unique nature of anole reproductive biology 
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enables us to answer new questions that will advance understanding of maternal investment in 

nesting.  

 We sought to address these knowledge gaps using a two-part study on the brown anole, 

Anolis sagrei. The first objective was to quantify the nest microhabitats chosen by females in the 

field and to characterize general qualitative patterns of anole nesting behavior. We did this by 

searching for anole eggs using randomized and targeted approaches in the field. Furthermore, 

because females lay approximately one egg per week from April to October, we repeated our 

approach three times to examine seasonal changes in nesting behavior. We predicted that females 

would choose relatively cool and moist nesting sites because these microhabitats would prevent 

desiccation and limit exposure to extreme thermal fluctuations that might be lethal to embryos 

(Hall & Warner 2018). The second objective was to examine the effects of microclimate 

conditions on embryo development in the field. To do this, we planted anole eggs across our 

field site at two times during the nesting season; our approach exposed eggs to a broad range of 

temperature and moisture conditions, and enabled us to assess the effects on hatching success 

and offspring phenotype. We predicted that cooler sites with more moisture would be beneficial 

for both hatching success and fitness-relevant hatchling phenotypes, which would suggest that 

nesting behavior is adaptive (according to our first prediction). Lastly, given that ambient 

conditions change through the season, we expect that patterns of maternal nesting behavior and 

egg hatching success will also shift seasonally.  

Methods 

Study Species and Field Site 



45 
 

 The Cuban brown anole (Anolis sagrei) is native to Cuba and the Bahamas, and invasive 

across the southeastern United States. This species produces about one egg per week from April 

to early October, and eggs hatch continuously throughout the season (Mitchell et al. 2018). 

Embryos exhibit considerable plasticity in response to incubation conditions over the season 

(Pearson & Warner 2018).  

 This study was conducted on an island in the Intracoastal Waterway located within the 

Guana Tolomato Matanzas National Estuarine Research Reserve near Palm Coast, Florida (Fig. 

1A). Based on continuous surveys since 2011, the numbers of adult lizards on this island has 

varied from about 73 to 486 individuals (unpubl. data). The island also has a diversity of habitat 

types including a central area of dense tree canopy (cedar trees and palm trees) surrounded by 

open areas. The north, south, and west ends of the island are densely covered in needlerush 

(Juncus roemerianus). To facilitate habitat measurements and egg searches for our study, we 

installed a permanent grid system across the island using PVC stakes that were spaced 5 m from 

each other, which created a 9x11 grid of 5x5 m squares across the island (Fig. 1B).  

 

Figure 1. Aerial photographs of the field site. The island marked with a white arrow (panel A) 

was used to quantify nesting microhabitat and for the egg placement experiment, and the islands 

with white stars (in addition to the mainland) are locations used to collect the breeding colony. 

The permanent grid system is represented by white dots (panel B). 
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Quantifying maternal nesting behavior 

 To quantify maternal nesting behavior, we searched for A. sagrei eggs at our field site 

(Fig. 1) during early, middle, and late periods of the nesting season in 2018 (June 25-27, July 21-

24, and October 3-5, respectively). We randomly located plots to search for eggs to ensure that 

our sampling was not biased towards any specific microhabitat. During each trip, a random 

number generator was used to select 20 stakes in the grid and to determine a distance (1-500 cm) 

and direction (0-359°) from each stake. At each of the 20 randomly-selected locations, a flag was 

placed at the designated distance and direction from the stake, and a 1x1 m quadrat was placed 

around it. The quadrat was searched thoroughly for eggs by turning up 1-2 cm of soil with a 

spoon and searching under any rocks or debris within the quadrat. We also conducted targeted 

searches for eggs in locations that appeared to be suitable incubation habitat based on 

information from laboratory studies (Reedy et al. 2013) and anecdotal field observations 

(Delaney et al. 2013). Targeted searches were conducted independently of the grid system and 

were opportunistic in nature, with each potential nest site being searched as we came upon a 

suitable location based on our previous anecdotal observations of nests; the key factors that led 

us to choose targeted sites were presence of leaf litter, nearby trees, and cover objects (e.g. rocks, 

fallen palm fronds). When an egg was located, a 1x1 m quadrat was placed around it, and the 

quadrat was searched thoroughly for eggs as described above for the random searches. A search 

was only counted as a targeted search when an egg was found, but we searched more areas that 

did not contain eggs.  

When an egg was found using either search method, a soil sample (~2 tablespoons) was 

collected at the location of the egg, hemispherical photographs were taken with a digital camera 

(Nikon Coolpix L30) with a 180° fish-eye lens (Zykkor), and Thermocron iButtons 
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(programmed to take hourly temperature readings) were placed next to the egg. When multiple 

eggs were found near each other (within 25 cm), a single soil sample, photograph, and iButton 

were used to quantify microhabitat of that site. We conducted 20 random searches and 20 

targeted (until we found 20 sites with eggs present) searches in June, July, and October to 

capture potential temporal variation in nesting behavior. However, in October only 7 maternal 

nest sites were found, likely because this was the end of the nesting season. Therefore, only 7 

successful targeted searches were conducted for this final time period.  

 Microhabitat measurements were taken at every other stake (n=50 stakes) across the grid 

(henceforth, “available nest site”) to compare to maternally-selected sites. iButtons were buried 

under ~2 cm of soil at the base of the stake, and soil samples (~2 tablespoons) were collected. 

These samples were taken concurrently with samples from maternally selected sites. 

Temperature was recorded hourly for 15 days for each period after loggers were placed in the 

ground. Soil moisture was determined by weighing samples before and after drying (to a 

consistent mass) and calculating the percent water content (Warner & Andrews 2002).  

 An analysis of variance (R Version 3.4.2) was used to quantify temporal differences in 

microhabitat parameters between maternally selected and available nest sites. Temperature, 

canopy openness, and soil moisture were the dependent variables in three separate models; 

month (June, July, and October), nest type (Maternal or Available), and their interaction were the 

independent variables. A Least Squares Means test was used for pairwise comparisons among 

months and nest type. Analyses of variance were also used to quantify differences in 

microhabitat variables (temperature, soil moisture, and canopy openness) between eggs found 

individually versus those in aggregations, using the microhabitat variable as the dependent 

variable and aggregation status as the independent variable.  
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Animal Husbandry and Egg Collection 

 In addition to egg searches, we planted eggs across the island landscape to assess the 

effects of a broad range of microclimate variables on egg survival and embryo development. To 

obtain eggs for this study, we housed a captive breeding colony of A. sagrei at Auburn 

University. Adult lizards for the breeding colony (321 females and 46 males) were collected 

from 1-3 April 2018 from nearby islands (Fig. 1A) and the mainland of Palm Coast, Florida. 

Adults were housed outdoors at Auburn University in screen cages (0.61 m long x 0.61 m wide x 

1.22 m high) (~9 females and one male per cage) that contained an upright bamboo perch (1.37 

m) wrapped in artificial leaves for hiding and climbing. Each cage contained a plastic nesting pot 

(19 cm long x 12 cm wide x 9 cm high) filled with potting soil and placed at the base of the 

bamboo perch. Lizards were fed crickets (dusted with calcium and vitamins) twice per week and 

misted with water daily if there was no rain. 

 Nest pots were checked for eggs twice weekly. Eggs found were weighed and placed in 

petri dishes (radius: 26 mm; height: 15 mm) filled halfway with moist vermiculite (-150 kPa) and 

sealed with parafilm. Eggs were incubated (Peltier-cooled Incubator IPP55 Plus, Memmert 

GmbH, Schwabach, Germany) under fluctuating incubation regimes that mimicked conditions 

measured from the early season (Figure S1). This cool, early-season temperature regime was 

chosen because it slows development and thus minimized the amount of development that 

occurred prior to being placed in the field for incubation. All eggs were between 1-14 days 

(Stage 4-10; Sanger et al. 2007) from oviposition at the time of their placement, and, on average, 

only 18.6% of the incubation period occurred in the lab prior to egg placement in the field 

(Figure S2).  
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Development of embryos under field conditions  

 On June 22 and August 22, 2018, eggs were transported to the field in compartmentalized 

tackle boxes with moist vermiculite (-300 kPa), and were weighed before being placed on the 

island. To control for possible effects of transportation, 40 additional eggs traveled to the field 

site and then immediately back to Auburn for incubation; hatching success was 92.5%, 

suggesting minimal, if any, impact of transportation. Four eggs were placed at every other stake 

on the island grid system starting with the south-westernmost stake (4 eggs at 50 stakes=200 

eggs). Eggs at each stake were randomly assigned one of the cardinal directions and buried 25 

cm from the stake under ~2 cm of soil. A small piece of hardwire cloth (3x3 cm square of 0.5 cm 

mesh size) was placed over each egg and buried just under the soil surface to narrow the search 

area for relocation when eggs were recovered for assessment of survival. This cloth was not in 

physical contact with the egg and had no measurable impact on the nest environment. 

Microclimate data (e.g. temperature, percent soil moisture, and canopy cover) were collected 

from each egg placement location; similar to methods outlined above, ibuttons were buried 2 cm 

at the base of each stake, and soil samples and canopy photos were taken at the time of egg 

placement for measurements of substrate moisture and canopy openness, respectively. 

 Because of the importance of substrate moisture for development (Packard & Packard 

1988) and due to its correlation with other microhabitat variables (i.e., open/warm sites tend to 

be drier than shaded cooler sites), we performed an additional experiment to isolate the effects of 

moisture on egg hatching success from other variables. To do this, an additional 30 eggs were 

placed in moisture-controlled chambers and buried at randomly selected stakes. These chambers 

were petri dishes filled halfway with moist vermiculite (-150 kPa) and sealed with parafilm and 

duct tape, which controlled moisture level and allowed comparisons with eggs that were 
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subjected to natural moisture conditions. This comparison enabled us to determine the relative 

importance of moisture vs other microhabitat variables (temperature, substrate) towards egg 

survival and offspring phenotypes. 

 Eggs incubated on the island for 18 days (percentage of incubation prior to collection: 

min: 51.3%; mean: 68.9%; max: 85.7%), at which point they were collected, weighed, and 

returned to the laboratory where they were placed in fresh petri dishes with moist vermiculite (-

150 kPa) and placed in a programmable incubator set at a natural fluctuating incubation regime 

(Figure S1) until hatching. Collecting eggs prior to hatching was necessary to ensure that 

hatching success was reliably scored and offspring phenotypes measured. Because several eggs 

hatched within 24 hours of collection, this confirmed that the timing of collection was 

appropriate. Moreover, the 18-day incubation period in the field subjected eggs to predation and 

extreme thermal and hydric conditions, which led to some eggs not being recovered on each trip 

(though signs of predation were never observed as hardwire cloth always remained in position). 

Rather than counting those eggs as dead, they were removed from the analyses to take the most 

conservative approach. Hatchlings were measured (mass, snout-vent length (SVL), and tail 

length) before being euthanized according to our animal care protocol. We calculated individual 

body condition as residuals from a regression of hatchling mass against SVL. This protocol was 

performed in June and August to capture temporal changes in the effect of nest conditions on 

embryo development and survival. 

 A general linear model was used to determine differences in microclimate parameters 

between June and August. A generalized linear mixed model with a binomial distribution (R 

package lme4; Bates et al. 2015) was used to determine the effect of average daily mean and 

maximum temperatures, canopy cover, month (June or August), treatment (petri dish or no petri 
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dish), and a month by treatment interaction on hatching success with egg mass as a covariate and 

stake as a random factor. A similar model was used to analyze survival using only eggs 

contained within petri dishes. This model provided an analysis of survival for eggs under 

constant moisture conditions known to be suitable for development. To analyze hatching success 

of eggs placed in the ground in August (low survival in June prevented further analysis), a 

generalized linear mixed model was used with average daily mean and maximum temperature, 

canopy cover, and percent soil moisture as fixed effects, egg mass as a covariate, and a random 

effect of stake.  

 Mass gained during incubation for eggs with no petri dish was analyzed using a linear 

mixed model with initial egg mass, average daily mean temperature, canopy openness, and soil 

moisture as fixed effects and stake as a random effect. Incubation duration was analyzed by 

using the number of days before hatching after eggs were removed from the field as the 

dependent variable and estimated egg stage (see figure S2), average daily mean temperature, 

canopy cover, percent soil moisture, and initial egg mass as independent variables. Hatchling 

body condition was analyzed using a linear mixed model with mass as the dependent variable, 

and with SVL, soil moisture, canopy cover, and average daily mean temperature as independent 

variables, and stake as a random variable. Similar models were used to analyze these traits for 

eggs in petri dishes, but soil moisture was not included in these models. A principal component 

analysis (PCA) was conducted (loadings in Table S1) to collapse the variation in microhabitat 

variables into uncorrelated axes, but produced the same results as the raw values, so we elected 

to use raw values for ease of interpretation. 
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Results 

Nest Microhabitat 

 Females consistently used relatively cool and moist sites to lay their eggs. Maternally 

selected sites were significantly cooler (β=-1.43±0.19, F1,190=53.80, p<0.0001; Fig. 2) with 

higher soil moisture (β=5.36±1.21, F1,199=43.47, p<0.0001; Fig. 2), and lower canopy openness 

(β=-6.12±2.66, F1,193=8.79, p=0.0222) than what was available across the island. This pattern 

remained consistent between time periods for temperature (F2,190=2.81,p=0.063; Fig. 2). 

Additionally, temperature for both maternally selected and available sites declined as the season 

progressed with June being the warmest and October being the coolest (Fig. 2, Table S2). 

Although soil moisture of maternally-selected sites in June and July differed from that available 

across the island, this pattern was not evident in October (F2,199=9.10, p<0.0001; Fig. 2). Canopy 

openness was consistent in June and October, but a significant interaction was driven by lower 

canopy openness for maternally selected sites in July (F2,193=6.20, p=0.002). Of the 80 eggs that 

we found, 3.75% were found using the random search method, and 96.25% were found using the 

targeted method. Most eggs (68.75%) were found under cover objects (e.g., rocks, palm fronds) 

or in aggregations (21 sites that were searched contained 2 or more eggs; the largest aggregation 

was 5 eggs). Nests with aggregations versus those with a single egg did not differ in temperature 

(β=0.16±0.32, p=0.609), moisture (β= -0.26±3.30, p=0.938) or canopy openness (β=4.35±4.52, 

p=0.341).  
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Figure 2. Soil moisture (A) and average daily mean nest temperature (B) for maternally selected 

nest sites and available sites for each month of egg searches (see text for statistics). The bold line 

represents the 50th percentile lower and upper bounds represent the 1st and 3rd quartiles 

respectively. The whiskers extending from the boxes represent the 1st and 3rd quartiles ± 1.5 x 

interquartile range and the points represent outliers in the dataset. 

 

Effect of Nest Microclimate on Development 

 Microclimate conditions and egg survival differed between the two egg placement trials 

(Fig. 3). Eggs placed in June experienced warmer mean (β=1.02±0.23, p<0.001) and maximum 

temperatures (β=4.24±0.91, p<0.001) than those in August with no significant difference in soil 

moisture (β=1.08±0.96, p=0.263). Of the 200 eggs placed in the June trial, 138 were recovered, 

and only 4 hatched (2.89% survival). In the August trial, 182 eggs were recovered and 118 eggs 

hatched (64.83% survival). Furthermore, hatching success of the eggs placed in the field within 

sealed petri dishes showed similar temporal trends with 43.3% and 93.3% survival for June and 

August, respectively (Fig. 3). Eggs incubated in petri dishes were 10.68±2.23 times more likely 

to survive than eggs incubated with no petri dish (p=0.003), and eggs from both treatments had 

lower survival in June than in August (F1,376=26.57, p<0.001, Table S3).  
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Because of low egg survival in June (2% survival for eggs not in petri dishes) further 

analyses that examined relationships between egg survival and microhabitat variables were 

restricted to the August trial. Survival of eggs incubated in August decreased with increasing 

canopy openness (F1,173=12.19; p=0.001; Table S3) and increasing temperatures (mean 

temperature: F1,173=3.52, p=0.007; max temperature: F1,173=3.03, p=0.014; Fig. 4; Table S3). 

Mass gained by eggs during incubation in the field increased significantly with average daily 

mean incubation temperature (β=0.03±0.005, p<0.001; Fig. 5A), but had no relationship with 

soil moisture or canopy openness. Incubation duration decreased with increasing average daily 

mean temperature (β=-0.82±0.25, p=0.002), stage at placement (β=-1.01±0.10, p<0.001), and 

decreased 1.9 days with each 0.1 g increase in egg mass (p=0.020). Hatchling body condition 

increased with soil moisture (β=0.001±0.0004; F1,35=5.76, p=0.022; Fig. 5B).  

Figure 3. Survival percentages for eggs with and without a petri dish in June and August (A), 

and a density distribution of average daily mean temperatures for egg placement locations in 

June and August (B). The vertical dashed lines in panel B represent the range of the average 

daily mean temperatures selected by females across the season. 

 



55 
 

 

Figure 4. Probability of egg hatching success in relation to average daily mean temperature of 

the egg placement location. The survival probability curves were generated using generalized 

linear models of survival plotted against temperature. The bold line represents survival 

probability and the dashed lines represent the upper and lower (95%) confidence limits. The raw 

survival data (1=alive, 0=dead) is plotted and jittered.  

 

Figure 5. (A) The effect of average daily mean incubation temperature on percent egg mass gain 

during incubation in the field. Each dot represents an individual egg from the August placement 

experiment. The grey cloud represents the standard error. (B) A linear regression of hatchling 

body condition (residuals of snout-vent length plotted against body mass) against soil moisture 

for August hatchlings. Each dot represents an individual hatchling. The grey cloud represents the 

standard error.   
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 For eggs incubated within petri dishes, egg survival probability was higher in August 

than in June (F1,51=5.69; p=0.004) and decreased with increasing average daily maximum 

temperatures (F1,35=2.75; p=0.045). Body condition of hatchlings from eggs incubated in petri 

dishes was not affected by temperature or canopy cover (p>0.335). Incubation duration of eggs 

in petri dishes was not affected by stage at placement (β=0.785±0.530; F1,8=3.39, p=0.103), 

average daily mean temperature (β= -0.416±0.857; F1,8=0.77, p=0.407), canopy cover (β=-

0.014±0.045; F1,26=0.022, p=0.884), or egg mass (β=-62.108±28.96; F1,8=4.60, p=0.064). 

Discussion 

 The consequences of maternal nesting behavior on offspring are well documented via 

correlative and experimental studies on a wide range of organisms (Morse 1990, Lloyd & Martin 

2004, Mitchell et al. 2013b, Pruett et al. 2019). Importantly, temporally changing micro-

environments impose challenges to reproductive females when selecting nest sites, since the 

consequences of a particular nest site may be unpredictable. In this study, we quantified maternal 

nesting behavior in the brown anole by assessing microhabitat of nest sites across three periods 

during the reproductive season. We also performed an experiment to determine the effects of 

nest microhabitat on egg survival under field conditions. To our knowledge, we gathered the 

most comprehensive data set on anole nesting in the field and provide critical insights into this 

poorly understood aspect of Anolis biology. We show that nest sites are relatively cool compared 

to available microhabitat across the landscape, and that nest sites used by mothers facilitate 

embryo development and increase egg hatching success. These patterns of microhabitat choice 

remained consistent across the reproductive season as ambient temperature changed, but eggs 

suffered substantially greater mortality early in the season. 
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Maternal Nesting Behavior 

 In line with our predictions, females chose sites that were relatively cool and moist 

compared to what was broadly available on the island across the season. In addition, maternally 

selected sites generally followed the seasonal ground temperature trends observed in the 

available sites, which steadily decreased across the season. This seasonal decrease in ground 

temperature contrasts past work at our field site that shows increases in temperature as the season 

progresses (Pearson & Warner 2018). However, average air temperature in June and July in 2018 

did not differ substantially from each other (27.8 vs 28.6ºC), and average October air 

temperature was considerably lower (25.2ºC) during our study (Fig. S3). This seasonal decline in 

air temperature in 2018 parallels the decline in ground temperature that we measured. The 

decline in ground temperature from June to July can also occur due to increased rainfall over the 

season (a common weather pattern in Florida), which has been shown to dampen nest 

temperatures in other reptiles (Warner & Shine 2008; Lolavar & Wyneken 2015). Importantly, 

even with the seasonal decline in temperature, females were still able to find nest sites that were 

significantly cooler than other sites available across the island, even during the cooler part of the 

season. Indeed, nearly all nests found were in shaded areas and under cover objects (rocks, leaf 

litter), which remain cooler than the average ground temperature across the island landscape. 

  The similar seasonal trends of maternal and available nest temperatures suggest that 

females choose similar sites across the season rather than changing their behavior, and the 

thermal characteristics of those sites change with ambient conditions. Importantly, average daily 

mean temperatures of nest sites used by females are within the range of temperatures that are 

favorable for development (Warner et al. 2012). Females also nested in sites with relatively high 

levels of substrate moisture, which has been previously observed in lab studies (Socci et al. 2005, 
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Reedy et al. 2013). However, the consequences of substrate moisture in the field are difficult to 

interpret for several reasons. First, our index of nest moisture was a snapshot at the time when 

eggs were found. Given that substrate moisture changes temporally (Robbins & Warner 2010) 

we can neither directly determine the moisture conditions female select for nesting, nor examine 

how nest hydration changes during incubation. Second, although percent water content of 

substrate moisture provides some index of moisture availability to eggs, this can vary depending 

on substrate type. Indeed, quantifying substrate water potential would provide a better indication 

of water availability for eggs; this might explain why substrate moisture from the field (mix of 

sand, shell, soil) was consistently lower than what females prefer in the lab (potting soil; Reedy 

et al. 2013). Moreover, soil type might be another factor used by females when choosing nest 

microhabitats (Tiatragul et al. 2019). Despite these caveats, we still detected differences in 

substrate moisture between nest sites and available sites in the expected direction. Although the 

difference was consistent among all sampling periods, only October exhibited no statistically 

significant difference; this may be due to a relatively small sample size at this period, or the 

cooler temperatures could have reduced variation in moisture between maternally selected and 

available nesting locations. 

 Most eggs were found under cover objects (e.g., rocks, palm fronds, seashells, dense leaf 

litter) and close to the soil surface, suggesting that females prefer areas that conceal their nest. 

This strategy, along with egg aggregations, has been observed in other species (Doody 2009, 

Telemeco et al. 2009) and could reduce the amount of time and energy spent during nesting 

activities (thereby reducing female exposure to predators; Warner & Shine 2008, Huang & Pike 

2012). These nesting sites could also provide similar benefits to developing embryos than those 

of relatively deep nests (e.g., protection from predators, directly sunlight, or moisture loss). 
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Whether this nesting behavior is favored by selection as a result of reducing threats to nesting 

females or due to benefits for embryo development is unknown, but both may synergistically 

explain female preference for cover objects when nesting. 

 Eggs were often found in aggregations which has been observed previously in other 

anoles (Robinson et al. 2014, Godfrey et al. 2018, Tiatragul et al.  2019, Swierk et al. 2019). 

These egg aggregations may be explained by either (1) nest site philopatry where individual 

females repeatedly choose the same site to nest or (2) communal egg-laying where multiple 

females choose the same site to lay their eggs. Our study does not directly address egg 

aggregation behavior, but the variation in egg size suggests that both these explanations are 

likely. For example, some aggregations contained eggs of similar size; given that egg size 

substantially increases over time, the low variation in egg size suggests that eggs were of similar 

ages (Table S4), and hence, laid by multiple females. However, we also observed aggregations 

with large variation in egg size (Table S4), suggesting that one female could have repeatedly 

returned to that site to lay eggs over multiple weeks. Further investigation is needed to determine 

if egg aggregation is due to nest philopatry, communal nesting or both, as well as the fitness 

consequences of these aggregations (Doody 2009, Mateo & Cuadrado 2012). Finally, while the 

random search method forced us to look for eggs across the landscape, and hence reduced bias in 

our search area, this method did not locate many nests. In contrast, the success of our targeted 

searches suggests that eggs were largely where we predicted them to be. 

 

Effect of nest microclimate on development 
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 The results of our egg placement experiment generally support our predictions that nest 

microhabitats used by females are beneficial for offspring. Moreover, incubation of a subset of 

eggs within moisture-controlled conditions (i.e., within sealed petri dishes) enabled us to 

decouple the effects of moisture with other environmental factors, such as temperature. First, we 

show that eggs that experienced controlled moisture conditions consistently had higher survival 

than those buried directly in the soil, suggesting that sustained moisture to eggs conveys a 

survival advantage (Reedy et al. 2013). Thus, females that select moist nest sites could improve 

the success of her offspring. Secondly, eggs within and outside petri dishes had higher survival 

in August than in June, which suggests that temperature may have also influenced variation in 

egg hatching success. For instance, the distribution of August nest temperatures was more 

similar to the temperature range selected by mothers across the season (c.f., Fig. 2b and 3b) than 

the June temperature distribution – this pattern coupled with higher egg survival in August 

provides evidence that nesting females select thermal conditions that facilitate hatching success. 

Indeed, maximum temperatures at many of the stakes during the June experiment were 

considerably higher than the lethal limit for brown anole embryos (Hall & Warner, 2019). 

Moreover, substrate conditions appeared very dry when eggs were collected during the June trial, 

which also could have contributed to the low egg survival at this time. Although we did not 

detect differences in substrate moisture between June and August trials, these measurements 

were taken at the time eggs were placed in the field, and subsequent nest moisture was not 

monitored. 

 Although relatively high mean and maximum temperatures negatively affected egg 

hatching success, maximum temperatures likely drove most of the variation in embryo survival 

(Angilletta et al. 2013, Hall & Warner, 2018). Thus, females may improve offspring survival by 
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choosing sites that are less likely to reach high maximum temperatures. Because these two 

metrics are tightly correlated, avoiding sites with high maximum temperatures would reduce 

overall mean nest temperature and increase incubation duration (Noble et al. 2018). Consistent 

with this prediction, we show that incubation duration in the field increases with decreasing 

temperatures. Such an effect has potential fitness consequences, as prolonged incubation time 

might increase the risk of exposure to predators or adverse weather conditions (Doody 2011). 

Consequently, this presents a major challenge for nesting females because they must select 

thermal conditions that optimally balance those that favor hatching success (cooler temperature) 

vs those that shorten the length of incubation (warmer temperature). This is particularly critical 

late in the nesting season when temperatures are comparatively low; not only are embryos 

developing slowly, but late-produced eggs hatch late in the season, which puts hatchlings at a 

further survival disadvantage (Pearson & Warner 2018). Thus, the shift in ambient temperature 

across the nesting season can generate significant temporal changes in how selection may 

operate on maternal nesting behavior. Temporal shifts from small to large egg size over the 

season, as reported previously (Mitchell et al. 2018), could enable offspring to cope with late-

season nest temperatures, as larger eggs had shorter incubation durations. However, stochasticity 

in ambient conditions across time makes this a complex system that may sometimes constrain 

female nest choice. 

 The phenotypic consequences of the nest environment on offspring (Noble et al. 2018) 

adds another level of complexity to understanding how selection operates on maternal nesting 

behavior. Higher temperatures also increased the percentage of mass eggs gained during 

incubation (via water uptake), which could have been due to increased metabolic rate at higher 

incubation temperatures (Warner et al. 2012; Hall & Warner 2019). This effect on mass gain of 
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eggs, however, did not have phenotypic influences on hatchlings, and thus, may not be 

biologically meaningful. Consistent with lab experiments (Warner et al. 2012), however, 

substrate moisture positively influenced hatchling body condition but the effect size was 

extremely small. Thus, this small range of body conditions may not generate much variation in 

offspring survival (Pearson & Warner 2018). Given these minimal phenotypic effects of nest 

conditions in the field, most variation in fitness due to nesting behavior is likely driven by 

environmentally-induced variation in survival during embryonic development, rather than at 

post-hatching stages. 

Conclusions 

 Maternal nest-site choice has an important influence on development and early life of 

offspring in oviparous species. While nesting behavior and its consequences are relatively well 

studied in some organisms (e.g., turtles; Kolbe & Janzen 2002, Janzen & Morjan 2002), the 

reproductive biology of anoles (single egg clutches produced over a long season) provides a 

unique opportunity for examining temporal variation in this important maternal effect. Our large 

data set on anole nests in the field shows that females consistently select cool and moist sites for 

nesting across the season, and that these microhabitat choices enhance egg survival. In addition, 

eggs are almost exclusively laid under cover objects and commonly found in aggregations. These 

aspects of nest-site choice may further facilitate egg survival by retaining moisture and reducing 

exposure to temperature extremes, which are two factors that we demonstrated to positively 

impact hatching success in the field. Thus, this study adds to a growing literature demonstrating 

that maternal nesting behavior enhances fitness in the wild populations, and provides evidence 

that this important maternal effect is under selection in temporally-changing environments. 
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Chapter 2 Supplemental Material 

 

Figure S1. The two incubation regimes used before and after eggs were placed in the field. The 

blue curve represents the cool regime that eggs experienced before being placed in the field. The 

red curve represents the warmer regime that eggs experienced after being recovered from the 

field. Horizontal dashed lines represent the mean temperature of each regime (20.7 and 26.3ºC), 

and the amplitude of each curve is 2.4℃. 
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Figure S2. To determine how much development occurred before eggs were placed in the field, 

we incubated a subset of 18 eggs for 5, 10, and 14 days (6 eggs each) and staged embryos 

according to the guidelines outlined in Sanger et al. (2007). Embryo stage was plotted against 

number of days post-oviposition; the equation for the regression line was used to estimate the 

stage of each egg that was placed in the field. Points are jittered (0.1) so each point is visible. At 

oviposition, embryos are stage 4, so all eggs under 5 days old were assigned a stage of 4.  

 

 

Figure S3. Average daily minimum, mean, and maximum air temperatures across the nesting 

season for our field site. Temperature data were obtained from the National Climatic Data Center 

for Palm Coast, FL. 
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Table S1.  Loading scores on each principal component (PC) axis. Only the first two PC axes 

were used in statistical analyses. A principal component analysis (PCA) was used to collapse the 

variation in microhabitat variables into uncorrelated axes using the FactorMineR package (Lê et 

al. 2008). The PCA included daily average minimum temperature, daily average maximum 

temperature, daily average mean temperature, and canopy openness values for each nest. 

 

 PC axis 1 PC axis 2 PC axis 3 

Mean temperature 0.9365 0.1379 -0.2860 

Maximum temperature 0.9347 -0.2532 -0.1984 

Minimum temperature -0.0455 0.9717 -0.2240 

Canopy openness  0.5701 0.2661  0.7772 

% Variance explained 52% 27% 19% 

    

 

Table S2. Quantitative descriptions of nests found in each month. Nests were found using both 

random and targeted searches (see main text for details). The slightly lower sample sizes for 

thermal data was due to 4 failing ibuttons. 

June  July  October 

Variables N Mean Min Max  N Mean Min Max  N Mean Min  Max 

Canopy Openness (%) 22 42.22  21.56 63.86  21 24.62  5.30 58.92  6 39.03 25.51 64.45 

Daily Mean Temp 

(⁰C) ©(⸰C) 

20 28.23 26.15 30.47 

 

 27 27.05 26.05 28.48  6 26.10 25.32 26.87 

Daily Min Temp (⸰C) 20 24.30 23.50 25.00  27 24.13 22.50 25.00  6 19.67 18.50 20.50 

Daily Max Temp (⸰C) 20 36.38 29.00 44.50  27 33.26 29.00 44.00  6 32.67 29.00 39.00 

Soil Moisture (%) 22 15.69  3.31 53.77  28 18.33 

 

 

 

 

3.94 45.39  7 9.83 4.18 16.84 
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Table S3. Summary results for (1) a binomial GLM analyzing the effects of canopy openness, 

daily mean temperature, daily max temperature, soil moisture, and initial egg mass on egg 

hatching success during the August trial, and (2) a binomial GLM analyzing the effects of 

canopy openness, daily mean temperature, daily max temperature, month (June or August), 

treatment (petri dish or no petri dish), a treatment by month interaction, and initial egg mass on 

egg hatching success. The effect size for “month” was calculated with August as a reference, and 

effect size for treatment was calculated as “no petri dish” as a reference. 

 

 

 

 

 

 

 Effects during August placement  Effects of month (June vs August) and 

treatment (eggs in petri dish vs not in petri dish) 

 Estimate ± 

SE ± SE 

Z value p-value  Estimate ± SE Z value p-value 

(Intercept) 3.07±2.12  1.45 0.147  0.73±0.25 2.94 0.003 

Canopy Openness 

(%) 

-0.11±0.03 -3.28 0.001  -0.04±0.02 -2.52 0.012 

Daily Mean Temp 

(⸰C) 

-2.01±0.74 -2.71 0.007  -0.72±0.34 -2.12 0.034 

Daily Max Temp 

(⸰C) 

0.57±0.23 2.47 0.014  0.05±0.09 0.53 0.597 

Soil Moisture (%) -0.10±0.09 -1.12 0.264  - - - 

Month - - -  -4.74±0.66 -7.23 <0.001 

Treatment - - -  2.37±0.80 2.95 0.003 

Month x Treatment - - -  1.61±1.08 1.49 0.135 

Initial Egg Mass -5.24±9.24 -0.57 0.571  -0.50±6.74 -0.07 0.941 



67 
 

 

Table S4. Descriptive statistics of each egg aggregation found throughout the nesting season.  

 # of Eggs Mean Mass (g) Min-Max (g)   Variance 

Aggregation 1 2 0.315 0.19-0.44   0.0156 

Aggregation 2 2 0.230 0.21-0.25   0.0004 

Aggregation 3 2 0.310 0.28-0.34   0.0009 

Aggregation 4 2 0.320 0.30-0.34   0.0004 

Aggregation 5 2 0.215 0.15-0.28   0.0004 

Aggregation 6 2 0.245 0.21-0.28   0.0012 

Aggregation 7 2 0.315 0.27-0.36   0.0020 

Aggregation 8 2 0.315 0.28-0.35   0.0012 

Aggregation 9 2 0.245 0.22-0.27   0.0006 

Aggregation 10 2 0.385 0.25-0.52   0.0182 

Aggregation 11 2 0.195 0.19-0.20 <0.0001 

Aggregation 12 2 0.325 0.27-0.38   0.0030 

Aggregation 13 3 0.457 0.26-0.67   0.0282 

Aggregation 14 3 0.290 0.26-0.34   0.0013 

Aggregation 15 3 0.333 0.19-0.46   0.0123 

Aggregation 16 3 0.333 0.30-0.35   0.0006 

Aggregation 17 3 0.353 0.33-0.38   0.0004 

Aggregation 18 3 0.245 0.23-0.26   0.0002 

Aggregation 19 4 0.273 0.16-0.43   0.0010 

Aggregation 20 5 0.316 0.18-0.48   0.0145 

Aggregation 21 5 0.375 0.21-0.50   0.0124 
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Chapter 3 

The effects of predator presence on nesting behavior and survival in the brown anole 

(Anolis sagrei) 

Manuscript to be submitted to Proceedings of the Royal Society B 

Introduction 

 Evolutionary theory predicts that an individual’s fitness will be optimized by balancing 

the payoff of current reproductive efforts with that of future reproductive prospects (Lack 1947). 

The cost of reproduction creates a trade-off between proximate and potential reproductive 

success where animals must adjust to different pressures to increase their reproductive output 

and overall fitness (Linden & Moller 1989). For example, predation risk can impose costs across 

multiple reproductive stages that females must balance to optimize fitness (Magnhagen 1991). In 

garter snakes, gestation impairs locomotor performance and puts gravid females at greater risk 

for predation (Seigel et al. 1987). Adult common redshanks adjust the frequency of their nest 

attendance during offspring incubation to reduce their own risk of predation when predator 

density is high (Cervencl et al. 2011). Regardless of reproductive status, predator presence and 

density can shape the phenotypes and behaviors of prey species, but these phenotypic 

adjustments may also incur some fitness costs (Ydenberg & Dill 1986; Biro et al. 2004). These 

phenotypic and behavioral modifications can be seen across taxa during reproductive bouts when 

animals are particularly sensitive to predation pressures (Grostal & Dicke 1999; Creel et al. 

2009; Lima 2009; Mukherjee et al. 2014; Dulude-de Brion et al. 2020).  

The nest site chosen by a female has important impacts on offspring, but it can also 

influence maternal survival by increasing vulnerability to predators while she is searching for 

and preparing a nest site (Refsnider et al. 2015). Though predation pressure is more often 
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examined through the lens of predation on eggs (Spencer 2001; Wesolowski 2002), nesting 

behavior has also been shown to change in the presence of predators to reduce risk to the mother 

(Delaney & Janzen 2020). Such risk may be particularly pronounced in species that exhibit 

parental care (e.g., most birds), as parents often defend nests from predators at the potential 

expense to themselves and their offspring (Huang, 2006; Huang et al. 2013). Indeed, some 

species, particularly those that are relatively long-lived, will modify their reproductive 

phenology (Michel et al. 2020), alter investment (Clutton-Brock 1984), or even forgo 

reproduction altogether (Scheuerlein et al. 2001) in response to conditions that are unfavorable 

for survival to future reproductive bouts. 

The predator-prey relationship between the ground-dwelling curly tailed lizard 

(Leiocephalus carinatus) and its prey, the arboreal brown anole (Anolis sagrei) has been 

relatively well studied, and serves as a useful system to examine the effects of predation pressure 

on nesting behavior and reproduction. Previous studies demonstrate that exploratory behavior of 

A. sagrei is favored by natural selection in the absence of these predators and ground avoidance 

is favored when they are present (Lapiedra et al. 2018). Additionally, A. sagrei increases perch 

height and they spend significantly less time on the ground when ground predators are present 

than when they are absent (Losos et al. 2004). This behavioral shift also shapes the evolution of 

limb morphology as brown anoles become more arboreal in the presences of predators. 

Importantly selection on exploratory behaviors of A. sagrei in response to L. carinatus are more 

pronounced in females than males, and females have greater mortality than males when these 

predators are present (Lapeiadra et al. 2018). These sex differences in selection on behavior have 

been attributed to the possibility of females having more difficult time obtaining food resources 

when predators are present (Lapeiadra et a. 2018). However, an alternative explanation is that 
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females must spend time on the ground in search of a nest sites, which can increase the risk of 

predation. Importantly, given the long reproductive season of A. sagrei where females lay an egg 

approximately once per week, individuals must repeatedly expose themselves to ground 

predators. Thus, females must weigh the cost of risky nesting behaviors with the benefits for 

their offspring. Ground nesting habitats provide more stable microclimates for developing 

embryos, but they also risk exposure to more predators for females. Anoles typically nest on the 

ground under rocks or debris (Pruett et al. 2020), but curly tail presence has the potential to shift 

these behaviors to avoid predation while nesting. Furthermore, in studies examining the 

relationship between brown anoles and curly tailed lizards, females had significantly higher rates 

of mortality in the presence of these predators (Lapeiadra et a. 2018). 

Additionally, in the invasive range of anoles throughout Florida, they have moved to 

latitudes far beyond the northern border of the curly tail invasive range in Southern Florida. This 

means that Northern brown anoles have been isolated from the threat of curly tails for several 

decades. These species have overlapped relatively recently in their evolutionary history, but the 

prey species now thrives outside of the predator’s natural and invasive range. Additionally, 

nesting habitats could vary between the native and invasive ranges of anoles. In the native 

Bahamian range of anoles, nesting habitats are mostly confined to ground sites due to low, 

scrubby vegetation (Losos et al. 1997). This constrains females and forces them to descend from 

the safety of their perching habitat to nest. Conversely, trees are present across their invasive 

range in Florida, providing a potential option for nesting. However, studies of anole nesting 

behavior in the invasive range of brown anoles show that they frequently nest on the ground, 

even in habitats where ground predators are present (Pruett et al. 2020; Tiatragul et al. 2020). 

With more options for nesting habitat, females have the ability to modulate facets of their 
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reproduction to minimize the risk of predation. They could choose nest sites that reduce their risk 

of predation but provide less microclimate stability for developing embryos. They could 

maintain the behaviors dictated by habitat constraints (ground nesting) and reduce the number of 

reproductive bouts, thereby reducing predator exposure.  This presents a unique opportunity to 

examine nest site preference in the brown anole from a mechanistic perspective to determine the 

respective roles of evolution and plasticity in shaping anti-predator behavior in this species.  

In this study, we examined the effects of predator (curly tail lizard) presence on anole 

nesting behavior, survival, and reproductive investment. We gave anoles two nesting options, 

one on the ground and one above ground, to assess their natural preference before adding 

predators to the experiment to test how predation pressure might shape that preference. We 

hypothesized that curly tail presence would lead to shifts in anole nesting behavior, perching 

behavior, fecundity, and adult survival. We predicted that anoles would prefer to nest on the 

ground in the absence of curly tails, but would display a preference for nesting above ground 

when curly tails were present. Similarly, we predicted that anoles in enclosures with curly tails 

would perch higher than those without curly tails. Finally, we predicted that adult survival and 

reproductive output would be lower in enclosures with curly tails present.   

Methods 

Anolis sagrei were collected from Palm Coast, Florida from March 6-9, 2020 and housed 

indoors at Auburn University prior to our experiment. During this time, females were housed in a 

common environment and laid eggs for a different experiment until they were weighed, 

measured, and transferred to an outdoor facility on July 24, 2020.  Adults anoles were distributed 

into eight outdoor, seminatural walk-in enclosures (1.8 m long x 2.4 m deep x 2.4 m tall; 0.5 cm 

mesh) that were lined with large sheets of corrugated plastic to visually isolate anoles from 
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neighboring enclosures. The plastic sheets were marked from the floor to the ceiling at 25 cm 

increments to aid in observations of perching height. Each enclosure contained two artificial 

trees (2 m tall) and 3 bamboo perches (3 m long) that were affixed to the walls (two at diagonals 

and one going from the ceiling to the floor).  

A smaller mesh cage for curly tail lizards was placed within each of the large enclosures. 

These enclosures contained cinder blocks and artificial foliage for perching and hiding. The 

mesh size for these enclosures was small enough to prevent curly tail lizards from escaping, but 

large enough for anoles to enter; this cage kept the curly tailed lizards confined to the ground and 

prevented them from eating the anoles unless anoles entered their cage. Each enclosure contained 

two nesting containers filled with a mixture of moist potting soil and peat moss; these nesting 

containers were covered in hardwire mesh to prevent curly tails from accessing eggs or anoles in 

the process of laying eggs. Curly tail lizards (L. carinatus) were captured in Miami, Florida and 

transferred to Auburn University facilities where one adult was added to four of the eight smaller 

cages within the walk-in enclosures on August 10, 2020 (henceforth predator enclosures). The 

four enclosures without curly tails served as a control group (henceforth predator-free 

enclosures).  

In each enclosure, there was one nest pot on the ground within the curly tail cage and one 

mounted to a bamboo perch above the ground. Each enclosure also contained two 1.8-m artificial 

Ficus trees. Nest pots were checked twice weekly for eggs (starting on July 27, 2020) to assess 

nest pot choice in each cage. Nest checks were done for three weeks before curly tails were 

added to the experiment, five weeks after they were added, and three weeks after they were 

removed. All eggs were binned into a “week” of the experiment to assess temporal shifts and 

were weighed and incubated for another experiment. Additionally, we conducted three surveys 
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(on 13, 19, and 20 August) to quantify the perch height of A. sagrei in each enclosure. The 

observer spent three minutes per enclosure observing lizards and counting the number of 

individuals perched at each of the levels marked on the enclosure wall. Observers made special 

effort (e.g., walking slowly, keeping maximum possible distance) to minimize disturbance to the 

lizards during these surveys. When the experiment was terminated on 31 September 2020, all 

anoles were collected from October 1st to October 12th to quantify survival. Individuals that 

were not found were assumed dead (possibly depredated by L. carinatus if they entered its cage). 

All surviving lizards were euthanized according to approved protocols and deposited in the 

Auburn University Museum of Natural History. 

We used a Chi-squared test to determine nest site preference (ground vs arboreal nest 

sites) before the predator treatments were applied. Generalized linear mixed models with a 

binomial error distribution were used to analyze the effects of predator presence and week on 

nesting behavior (with enclosure as a random effect) before curly tails were added, after curly 

tails were added, and after curly tails were removed. A generalized linear model was also used to 

analyze the effects of treatment on adult survival. Perching height and egg quantity (eggs per 

week) were analyzed using a general linear mixed model with predator presence and week as 

dependent independent variables. An interaction between week and predator presence were 

tested but removed from all models due to lack of significance. 

Results 

Prior to predator introduction, anoles preferred to nest in the ground containers (82% 

ground) (χ2=37.37; df=1, p<0.001). After predator introduction, females in predator enclosures 

were 3.8 times as likely to lay eggs in the above ground container than those in predator-free 

enclosures (±1.34 SE; df=262; p<0.001). Additionally, anoles in both treatments were 1.21 times 
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more likely to nest above ground with each passing week (±1.06 SE; df=262; p=0.002). After 

curly tails were removed, the difference between predator and predator-free enclosures was no 

longer present (β=0.73± 1.56 SE; df=46; p=0.641). There was also no significant effect of week 

on nest choice (β=0.73±0.51 SE; df=46; p=0.157). Anoles that were in predator enclosures 

perched significantly higher than anoles in predator free enclosures (β=14.31±6.97 SE; df=226; 

p=0.041), and this pattern remained consistent across each of the three observation dates (β=-

1.63±1.13 SE; df=226; p=0.151). Predator presence did not affect the number of eggs produced 

per cage each week (β=-1.50±0.88 SE; df=37; p=0.098). The number of eggs produced each 

week decreased by 0.14 eggs per week, but this relationship was marginally non-significant 

(±0.31 SE; df=79; p=0.052). Finally, anoles in predator-free enclosures were 3.06 times more 

likely to survive to the end of the experiment (±1.35 SE; df=191; p<0.001) than those in the 

predator enclosures. 
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Figure 1. Probability that eggs would be laid in the above-ground container during each week of 

the experiment in predator enclosures (magenta) and predator-free enclosures (teal). Each point 

represents the probability that eggs would be laid above ground, and the error bars represent the 

95% confidence interval. Probabilities were generated using a generalized linear models of nest 

site choice against week, broken down into the two treatments. The vertical dashed lines 

represent the time points when curly tails were added and removed from the experiment.  
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Figure 2. Perch height (A) and adult survival percentage (B).The bold line represents the 50th 

percentile while lower and upper bounds represent the 1st and 3rd quartiles respectively. The 

whiskers extending from the boxes represent the 1st and 3rd quartiles± 1.5 x interquartile range 

and the points represent outliers in the dataset. 

 

Discussion 

 An animal’s behavior is an integral component of its fitness, and can determine their 

ability to acquire resources, maintain territory, and even reproduce successfully (Huey et al. 

2003). In this study, we examined nesting behavior in the brown anole lizard in response to the 

presence of a predator, and hypothesized that curly tail presence would shape nesting behavior, 

perching behavior, fecundity, and adult survival. Our results support the predicted response to 

predator presence in nesting behavior, perching behavior, and adult survival. 

 Before predators were introduced into the experiment, anoles showed a strong preference 

for the nesting containers on the ground. However, once curly tails were added, there was a sharp 

increase in preference for the above-ground container in enclosures with a predator. 

Additionally, anoles in enclosures without predators increasingly showed preference for the 
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above ground pot, though not at the same rate as those in the predator treated enclosures. There 

are two possible explanations that we propose for this trend over time regardless of treatment. 

First, it is conceivable that the above ground pots have environmental factors not measured in 

this experiment that anoles find more suitable for embryo development. In the field, anoles 

frequently use ground nesting habitat, typically under solid cover objects (Pruett et al. 2020). 

However, this may be due to a lack of suitable habitat available for above-ground nesting in the 

wild. In this experiment, we provided identical nesting substrate on and above the ground, so that 

constraint no longer existed. A second possible explanation is that anoles in enclosures without 

predators may have been able to sense that the predator species was nearby. Though the 

enclosures were separated physically with barriers to prevent the possibility of visual cues, it is 

possible that anoles could sense the curly tails another way (e.g. olfactory). Regardless, we 

noticed a marked increase in preference for arboreal containers, which we believe warrants 

further investigation. 

 Despite both predator treatment groups exhibiting a similar temporal trend in nest site 

preference towards the above-ground pot, anoles in the enclosures with predators exhibited 

significantly higher preference for these pots away from the risk of predation during the time 

when curly tails were present. This result paired with the general trend of preference for all 

anoles suggests that there is some degree of behavioral plasticity in nest-site preference based on 

the proximity of predation threat. This idea is also supported by the perching behavior during the 

experiment. Anoles perched higher in enclosures with curly tails, suggesting that they were able 

to adjust their behavior in the presence of a predator and that individuals who were isolated from 

predators showed no such behavioral adjustments. This perching behavior shift has also been 

shown for anoles in the presence of curly tails in the field (Losos et al. 2004). Studies have also 
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shown that anoles are less likely to exhibit “risky” behavior such as ground exploration in the 

presence of curly tails (Lapiedra et al. 2018). Furthermore, selection against exploratory behavior 

was stronger for females than it was for males. Bahamian sites are shrubbier with fewer trees, 

meaning that any arboreal sites would be extremely limited. This habitat constraint would push 

females to nest on the ground, making them more likely to be preyed upon. 

 Despite these behavioral shifts in favor of above-ground nesting and higher perching, 

there was still an effect of predator presence on adult anole survival to the end of the experiment. 

There are a few possible explanations for lower anole survival in the presence of curly tails. 

First, and most directly, curly tails could have eaten anoles that entered their enclosures. Though 

we did not observe any evidence of this during the experiment, we know it happens in the field. 

We observed higher perching and higher prevalence of above-ground nesting in these enclosures, 

but this may have been due to selection against individuals whose behaviors were poorly suited 

for predation pressures. Another possibility is that anoles in these enclosures died due to stress 

effects (not measured in this experiment) of being in a confined space with a natural predator, 

even though the enclosures were large enough for them to perch safely. One result that favors the 

former explanation is that for fecundity comparisons between the two treatments. There was no 

significant difference in egg production between anoles in enclosures with curly tails and 

without. Despite being subjected to stressful predation pressures, anoles were still capable of 

producing eggs at the same capacity as those without predation pressure.  
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Conclusions 

 The study system used in this experiment provides a unique perspective for behavioral 

plasticity in response to predation pressure. Because anoles nest several times across a long 

season, we were able to detect behavioral responses at a higher resolution than would be possible 

for species that lay fewer, larger clutches. Our results show that predation pressure shapes 

reproductive behavior in anoles and supports previous work that shows the effects on perching 

and exploratory behavior. Despite these behavioral responses to predator presence, we still 

observed reduced survival in the predator enclosures when compared to predator-free enclosures. 

Whether the survival costs were due to stress or direct predation, this result suggests that 

selection is acting through predation and individuals that exhibit behavioral plasticity in response 

to predator presence are likely to have higher fitness.  
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Chapter 4 

Spatial and temporal variation in phenotypes and fitness in response to developmental 

thermal environments 

Manuscript in revision in Functional Ecology 

Introduction 

 The environment can shape distributions of phenotypes within populations by acting as a 

determinant of phenotypic variation (via plasticity) or as an agent of selection on phenotypic 

variation (via natural selection) (Lewontin 2001). Both pathways can generate phenotypes that 

are suited for a given environment, but the pace at which these mechanisms give rise to suitable 

phenotypes can differ. For example, phenotypes produced by natural selection are shaped over 

multiple generations depending on the strength and consistency of selection as well as the 

amount of heritable variation for the phenotype of interest (Kingsolver et al. 2001). In contrast, 

plasticity can rapidly change phenotypic values of a trait at different points within an individual’s 

lifetime (Pigliucci 2005). These processes are not independent of one another, as natural 

selection can also shape variation in plasticity so that organisms respond to their environment in 

adaptive directions. Indeed, theoretical and empirical studies demonstrate that plasticity is an 

adaptation (shaped by selection) to heterogeneous environments that enables suitable phenotypes 

to develop in response to environmental cues (Pigliucci et al. 2010). 

Environmentally induced phenotypic variation, or phenotypic plasticity, is observed 

across taxa and can occur at all life stages (West-Eberhard, 2003). Developmental stages are of 

particular importance due to the sensitivity and lability of embryos and the potential for 

environmental effects to persist throughout an individual’s life (Duffy et al. 2002; Clutton-Brock, 

2007; Galloway & Etterson, 2007). For example, many insects develop into a winged 
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(dispersing) or unwinged (non-dispersing) morph in response to early-life environmental cues 

such as crowding or declining nutrition (Roff 1990; Roff & Fairbairn, 1991; reviewed by 

Brisson, 2010). This phenotypic effect during development determines the trajectory of an 

individual’s life and future reproduction as winged individuals often have lower fecundity than 

their unwinged counterparts. Such phenotypic changes induced by developmental environments 

can have different consequences at different life stages due to energetic trade-offs (e.g., effects 

on morphology and dispersal at one stage, which has later consequences on reproduction). This 

intersection of plasticity and life history generates tradeoffs that can determine an individual’s 

fitness in a given environment. Thus, studies that examine costs and benefits of developmental 

plasticity across life stages will provide key insights into how selection has shaped organismal 

responses to environmental variation. 

Plastic responses to temperature, a critical component of the developmental environment, 

can influence variation in many traits such as circadian clocks (Gil & Park 2018) and 

morphogenesis (Casal and Balasubramanian 2019) in plants, color morphs (Zverev et al.,2018) 

and phenology (Buckley et al. 2017) in insects, locomotor performance in vertebrates (Johnston 

& Temple, 2002), and many other fitness-relevant phenotypes. While not a new subject of 

research, our understanding of the effects of temperature on development has several noticeable 

gaps. First, the limited number of treatments used in most studies cannot establish continuous 

thermal reaction norms for traits (Régnière, Powell, Bentz, & Nealis, 2012; While et al., 2018; 

Wickander, Rasmussen, Marteinsdóttir, Ehrlén, & Tack, 2020), and consequently, these studies 

lack resolution for identifying the effects of developmental temperatures on different phenotypes 

or thermal maxima for successful development and survival (Mueller et al., 2019). Importantly, 

because selection operates on phenotypic variation, well-resolved reaction norms for different 
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phenotypes will provide insight into the evolution of plasticity. Second, studies that examine the 

effects of developmental conditions across life stages are rare, mainly due to logistical 

difficulties associated with following individuals through their lifespans (Uller, 2008; Mitchell et 

al. 2018), particularly under natural conditions (Warner & Shine 2008, Pearson & Warner 2018). 

Studies that address these challenges would provide rare insight into the evolution of plasticity, 

because the phenotypic effects of the developmental environment are offset from the time when 

selection might act on those phenotypes at later stages (Schulte et al., 2011). Related to these 

points, the optimal environment for a trait at one life-history stage might be very different from 

that at another life stage (Marshall & Uller 2007). These differences in the optimal environment 

across life stages may be due to changes in age-specific energetic demands for different 

functions or due to shifts in habitat use across life stages. This variation over an individual’s 

lifetime is important because it can influence a population’s response to developmental 

temperature. 

Lastly, the extent of, and the contributors to, variation in reaction norms across 

populations are not well understood (Scheiner 1993). Thermal reaction norms for different traits 

can vary significantly across broad geographic ranges (Conover & Heins, 1987; Sinervo & 

Adolph, 1994; Du et al. 2010; van de Pol, 2012; Gunderson & Stillman 2015; Bodensteiner et al. 

2019; Carter et al. 2019) as well as across smaller spatial scales (Fairbairn, 1984; Tucker & 

Warner, 1999; Orizaola & Laurila, 2009); these differences may imply genetic divergence in 

plasticity possibly due to local adaptation. Although isolated populations that are in close 

proximity to each other could differ in developmental responses to temperature (Blackenhorn, 

1991), variation across finer geographic scales remains relatively understudied (Doody 2009; 

Riddell & Sears, 2015). Furthermore, many studies that examine geographic variation in thermal 
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responses lack the context of each population’s evolutionary history. That is, direct knowledge of 

the relationships between natural populations and their history of geographic isolation is rare, but 

is valuable for understanding shifts in plasticity across space. Population comparisons in 

plasticity in the context of geographic history would provide key insight into the factors that 

shape developmental responses in different environments. 

 Our study organism, the brown anole (Anolis sagrei), is well suited for addressing the 

above knowledge gaps. Lab protocols for husbandry for this species are well established (Sanger 

et al. 2008; Warner, Moody, Telemeco, & Kolbe, 2012), and individuals can be easily marked, 

released, and recaptured for longitudinal studies in the field. Additionally, brown anoles lay 

approximately one egg per week across a long nesting season from April to October (Smith et al. 

1973), and individuals can reach adulthood in less than a year. These characteristics facilitate 

assessments of developmental effects on individuals into adulthood and enable researchers to 

quantify how optimal developmental conditions may vary across life stages. Furthermore, our 

study populations enable us to examine small-scale geographic variation in thermally-induced 

developmental plasticity. For instance, several small islands in the Intracoastal Waterway of 

Florida were seeded with adult brown anoles from the mainland (near Palm Coast, Florida), 

which allows us to compare reaction norms among descendant island populations and their 

common mainland ancestor (about 8 generations removed). Population differences in plasticity 

are plausible given the substantial variation in nest temperatures within (Pruett et al. 2020) and 

potentially among, these islands due to variation in microhabitat variables (e.g. shade cover, soil 

moisture). 

 In this study, we test three hypotheses that will provide insight into the ecology and 

evolution of organismal responses to developmental environments: 1) variation in embryo 
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development and offspring morphology is influenced by developmental temperature, 2) 

developmental thermal environments have lasting effects on survival into adulthood, and 3) 

reaction norms differ among ancestral and descendant populations. Our first hypothesis was 

addressed by quantifying thermal reaction norms for embryo and offspring phenotypes using a 

wide range of developmental temperatures. Given that temperature extremes negatively affect 

egg hatching success (Maximum: Hall et al. 2019; Minimum: Pruett et al. 2019), we predicted 

that embryo survival would have a curvilinear relationship with incubation temperature (an 

inverted u-shape curve with lower survival values at the extremes and higher values at 

intermediate temperatures). We also predicted that morphological traits of offspring would 

follow a similar pattern (Noble et al. 2018). 

Our second hypothesis was addressed by quantifying fitness consequences of incubation 

temperature via measuring survival across life stages into adulthood in the field. We predicted 

that patterns of survival would resemble the curvilinear expectation for hatching success, but that 

the post-hatching optimum incubation temperature would differ from that at the embryonic stage. 

Lastly, we predicted that individuals that hatched and were released early in the season would 

have higher survival than those released later as they would enter an environment with low 

competition and have more time to grow before winter (Pearson & Warner 2018; Hall et al. 

2020). 

Our third hypothesis aimed to infer evolution of plastic responses to developmental 

conditions by comparing reaction norms across isolated populations. To do this, we quantified 

thermal reaction norms for fitness-related morphological variables (SVL, mass, and body 

condition) and survival and compared the ancestral mainland and descendent island populations. 

We did not have a priori predictions for how reaction norms for phenotypes and survival would 
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vary among populations, but because habitats differ among the mainland and island sites (e.g., 

available shade cover, vegetation structure; Warner et al. 2014; Warner, unpubl. data) it is 

plausible that reaction norms would differ among populations. 

Materials and Methods 

 Animal Collection and Husbandry 

 From 1-3 April 2018, we collected 367 adult A. sagrei (321 females, 46 males) from four 

geographically distinct populations in Palm Coast, FL. These individuals were collected from a 

mainland population and three islands in the Intracoastal Waterway (Supplemental Table 1) that 

were populated with adults from the mainland in 2011. Individuals were weighed and measured 

upon capture and transported to Auburn University. Adults were housed in outdoor screen cages 

(0.61 m x 0.61 m x 1.22 m) (~9 females and one male per cage) and individuals from different 

populations were never mixed. Cages contained an upright bamboo perch (1.37 m) wrapped in 

artificial leaves for hiding and climbing. Each cage contained a plastic nesting pot (19 cm long x 

12 cm wide x 9 cm high) filled with potting soil and placed at the base of the bamboo perch for 

cover during nesting. Lizards were fed crickets (dusted with calcium and vitamins) twice per 

week and misted with water daily if there was no rain. 

Incubation Experiment 

 Nesting pots were checked twice weekly for eggs. Eggs were weighed, and then 

randomly allocated to one of eight incubation temperature treatments ranging from 21-35℃ at 

2℃ increments (21, 23, 25, 27, 29, 31, 33, & 35℃). These temperatures fall within the range of 

thermal conditions measured in natural nests at our study site (Pruett et al. 2020). Eggs from each 

population were evenly distributed across all treatments. Although thermal regimes in natural 
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nests fluctuate daily, we chose to use constant temperatures to simplify interpretations of 

continuous reaction norms. For example, different components of thermal fluctuations such as 

maximum (Hall et al. 2019), minimum (Pruett et al. 2019), and variance in temperature (Du & 

Shine 2010) can affect different aspects of development in reptiles, making it difficult to 

determine which component is inducing the observed effect. Thus, while thermal fluctuations are 

more ecologically relevant (Les, Paitz, & Bowden, 2007; Hall & Warner 2020), these conditions 

in an experiment like ours with 8 temperature treatments and 4 populations would be difficult to 

interpret. 

 Eggs were incubated individually in petri dishes (35 mm in diameter) half-filled with 

moist (-150 kPa) vermiculite and sealed with parafilm. For eggs incubated at high temperatures 

(31, 33, 35℃), lab tape was used to reinforce the parafilm as it was more likely to break at these 

temperatures. Incubators were checked daily for hatchlings, and when found they were weighed, 

measured (snout-vent length [SVL] and tail length [TL]), given a unique toe clip for 

identification, and housed individually in a cage (21 cm long x 16.5 cm wide x 11 cm high). 

Importantly, our body size measurements have previously been shown to be influenced by 

incubation temperature (Pearson & Warner 2018; Hall & Warner 2020) and are associated with 

survival (Warner & Lovern 2014; but see Pearson & Warner 2018). Hatchlings were kept under 

common thermal conditions that fluctuated daily from about 26-30 ºC (due to the 12 hr cycle of 

overhead lights), watered daily, and fed five fruit flies twice weekly while in captivity. 

Release Experiment 

 Hatchlings were released on a small island in the Intracoastal Waterway of Florida 

(29°45’53”N; 81°15’28”W) over the summer of 2018 (release dates: 20 Jun, 10 Jul, 18 Jul, 24 

Jul, 24 Aug, 10 Sept; Supplemental Table 2). The release island allowed us to assess survival 
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consequences of developmental temperatures under common environmental conditions.  

Hatchlings were 1-29 days post-hatch when they were released, but age at release had no 

significant effect on survival (β=-0.06± 0.05 SE p=0.246). This island was 15.1 km north of the 

closest collection site of the parental lizards. The island (~5000 m2) was already populated with 

A. sagrei and consisted of a central cluster of dense canopy surrounded by open habitat with low 

brush. Although this location was different from those where the hatchlings originated, this 

island provided a common setting that had a diversity of microhabitats and pressures similar to 

those at all collection sites. The first recapture effort was conducted 1-2 and 4 October 2018. 

Four people collected lizards for 13 h (52 person hours; 215 lizards captured). Of those captured, 

27 were experimental lizards and 188 were field-hatched resident individuals. The second 

recapture effort was conducted 21-22 March 2019, which is a time when most offspring would 

have reached adulthood. Four people collected lizards for 8.5 h (34 person hours; 187 lizards 

captured; 17 experimental and 172 residential). Based on surveys of a nearby island population, 

detection probability is 73% with 75 total person hours (Warner, unpublished data). Because the 

combined person hours for these two recapture efforts exceed that, we are confident that 

sampling was thorough. For both recapture efforts, all individuals were measured (SVL and TL) 

and weighed. Two individuals captured in the second recapture effort that were not captured in 

the first effort were retroactively marked as survivors for the first recapture. 

Statistical Methods 

 A generalized linear mixed model with a binomial error distribution (R package lme4; 

Bates et al. 2015) was used to determine the effects of incubation temperature, population, their 

interaction, and egg mass on hatching success. Because temperature has a non-linear effect on 

hatching success (Hall & Warner 2019), the model included both linear and second-degree 
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polynomial (Quadratic) functions of temperature. For other phenotypic measures, AIC (Akaike 

Information Criterion) scores were used to determine whether a linear or quadratic representation 

of incubation temperature best fit the data. General linear mixed models were used to determine 

the effects of incubation temperature, population, and egg mass on incubation duration, hatchling 

mass, and SVL. Interactions between population and temperature were tested but were removed 

from final models because they were not statistically significant. Body condition was analyzed 

using a general linear mixed model with hatching mass as the dependent variable and SVL, 

incubation temperature as a second-degree polynomial, and population as independent variables. 

We use residual scores from the regression of body mass on SVL to represent body condition. 

An interaction between population and incubation temperature was tested but was non-

significant, and therefore was removed from the final model. Maternal cage was used as a 

random effect in all models. 

 Hatchling survival was analyzed using a generalized linear model with incubation 

temperature as a second-degree polynomial, hatchling release date, hatchling mass, population, 

and an interaction between temperature and release date as independent variables. The same 

model was used for both recapture efforts. The recapture sample sizes were not large enough to 

allow for a random effect of maternal cage, but a likelihood ratio test confirmed that excluding 

the random effect did not significantly change the fit of the model. Additionally, little to no 

variance for some temperature/population combinations prevented analyses of temperature x 

population interactive effects on survival. Finally, to determine if the optimal temperatures for 

survival differed among life stages (hatching success vs post-hatching survival to October and 

March), we bootstrapped survival data for eggs and the two recapture events. To do this, we 

resampled data with replacement one thousand times, created a survival probability curve using 
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these data, and extracted the temperature at which survival probability was the highest (the peak 

of the curve) for each iteration. We then calculated the mean value and the 95% confidence 

limits from the distribution optimal temperatures. 

Results 

The relationship between incubation temperature and egg hatching success was non-linear, but 

still generally declined with increasing incubation temperature (Fig. 1, Table 1). More 

specifically, hatching success was slightly reduced at the lowest temperatures, peaked at 25.1℃, 

and decreased steadily as incubation temperature increased. Incubation duration declined with 

increasing temperatures in an asymptotic fashion (linear: β=-204.6± 3.03 SE; df=150; p<0.001; 

quadratic: β=71.6± 3.09 SE; df=150; p<0.001, Fig. 1). Incubation duration also decreased by 4.1 

days (±0.97 SE; df=150; p<0.001) with every 0.1 g increase in egg mass. All of these effects 

were consistent across populations (i.e., no significant temperature x population interaction).  

Incubation temperature significantly influenced hatchling morphology, but variation 

among populations was minimal (Fig. 2). Hatchling SVL decreased linearly by 0.05 mm (± 

0.014 SE) with each one degree increase in incubation temperature (F=12.79; df=151; p<0.001). 

Additionally, SVL increased by 1.2 mm (±0.234 SE; df=151; p<0.001) with each 0.1 g increase 

in egg mass. Hatchling mass was non-linearly related to incubation temperature (quadratic: β=-

0.056±0.013 SE; df=150; p<0.001), but the linear component was not statistically significant 

(β=-0.010 ±0.013 SE; df=150; p=0.458). Additionally, hatchling mass did not differ among the 

four populations (F=0.987, p=0.401). Hatchling mass increased by 0.0395 g (±0.004 SE; df=143; 

p<0.001) with each 0.1 g increase in egg mass. Body condition had significant linear 

(β=0.027±0.013 SE; df=150; p<0.001) and non-linear (β=-0.041±0.013 SE; df=150; p=0.041) 

relationships with incubation temperature. Though the interaction between population and 
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temperature was not significant for all traits, two island populations differed from each other in 

hatchling body condition (β=0.009±0.003 SE; df=150; p=0.011). 

 

 

Figure 1. Probability of egg hatching (teal; left y-axis) and incubation duration (magenta ; right 

y-axis) in relation to incubation temperature. The survival probability curve was generated using 

a generalized linear model of survival plotted against temperature, and the incubation duration 

curve was generated using a linear model of incubation duration plotted against temperature. The 

dashed lines represent the upper and lower confidence limits for each curve. Descriptive statistics 

for each incubation temperature are in supplementary table 3. 
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Table 1. Test statistics for the three survival assessments. Statistically significant values are presented in bold. For population 

comparisons, effects sizes were calculated using the mainland population as the reference. 

Independent variable Egg hatching success Offspring survival to October Offspring survival to March 

Temperature    

    Linear 
β= -20.11±2.66, p<0.001 β= 4.98±5.97, p=0.40 β= -10.29±8.71, p=0.24 

    Quadratic 
β= -13.22±2.58, p<0.001 β= 15.41±7.01, p=0.03 β= 5.67±6.62, p=0.39 

Population    

    Island F β= -0.54±0.38, p=0.16 - - 

    Island L β= -0.44±0.34, p=0.20 - - 

    Island M β= -0.10±0.37, p=0.77 - - 

Egg mass β= 18.38±5.00, p<0.001 - - 

Hatchling mass - 
β= 2.86±13.49, p=0.83 β= -6.09±16.41, p=0.71 

Release date - 
β= -1.45±0.47, p=0.002 β= -0.04±0.02, p=0.08 

Release date x temperature (linear) - 
β= -5.67±6.63, p=0.40 β= 0.32±0.27, p=0.25 

Release date x temperature (quadratic) - 
β= -14.95±6.45, p=0.02 β= -0.31±0.25, p=0.22 
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 1 

Figure 2. The effect of incubation temperature on (A) snout-vent length (SVL), (B) hatchling 2 

mass, and (C) body condition.The population labels refer to the names that we have given the 3 

islands (i.e., island F, L, M) and the mainland (ML).  Descriptive statistics for each incubation 4 

temperature are in supplementary table 3. 5 
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Hatchling survival was influenced by incubation temperature and the timing of 6 

hatching/release. In October, the relationship between survival and incubation temperature was 7 

curvilinear (Table 1, Fig. 3). Hatchlings released relatively early had a greater probability of 8 

survival to October than those that hatched late, but this relationship was not present for survival 9 

to March (Table 1). The interaction between the quadratic component of incubation temperature 10 

and release date also explained variation in hatchling survival (Fig. 3, Table 1), such that the 11 

relationship between incubation temperature and survival became more curvilinear as release 12 

date progressed. Survival to March was not associated with any of the variables measured (Table 13 

1). Lastly, based on values calculated from bootstrapping the survival data, the peak incubation 14 

temperature for hatchling survival to October (29.62; 95% CI [27.25, 35]) was significantly 15 

greater than that for egg hatching success (24.71; 95% CI [22.75, 26]; Fig. 4a); however, 16 

confidence intervals for peak incubation temperature for hatchling survival to March (28.62, 17 

95% CI [25.75,35]) overlapped those for egg hatching success and for hatchling survival to 18 

October (Fig. 4b).  19 
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 20 

Figure 3. The interactive effect of incubation temperature and release date on probability of 21 

survival to October. Blue points represent individuals that were recaptured, gray points represent 22 

individuals that were not recaptured, and the surface grid represents the probability of survival 23 

across incubation temperatures and release dates.  24 
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 25 

Figure 4. (A) Probability curves of egg hatching success, survival to the October recapture, and 26 

survival to the March recapture in relation to incubation temperature. The survival probability 27 

curve was generated using a generalized linear model of survival plotted against temperature. 28 

The dashed lines represent the upper and lower confidence limits for each curve. (B) Density 29 

distributions of the bootstrap results for the peak temperature of each survival curve. The solid 30 

vertical lines represent the mean of the 1000 iterations for each, and the dashed vertical lines 31 

represent the confidence limits. A single individual from the highest incubation temperature 32 

survived to both recapture events, which gives the recapture distributions a bimodal appearance.  33 

 34 

 35 

 36 

 37 
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Discussion 38 

  Phenotypic variation is driven by both plasticity and natural selection. Additionally, 39 

selection can shape plasticity in ways that enable phenotypes to match conditions across 40 

heterogeneous environments (DeWitt & Scheiner, 2004). Consequently, reaction norms can vary 41 

among populations, especially when they experience different environmental conditions 42 

(Fairbairn, 1984; Tucker & Warner, 1999; Orizaola & Laurila, 2009). Moreover, in the case of 43 

developmental plasticity, fitness consequences may be temporally offset from environmental 44 

cues that induce phenotypic variation (e.g., early life environments affect reproduction at adult 45 

stages; Warner & Shine, 2008). Thus, quantifying among-population variation in reaction norms, 46 

coupled with measurements of environmental effects on fitness across different life stages will 47 

provide important insights into the evolution of plasticity. In this study, we examined variation in 48 

developmental reaction norms across four nearby, but isolated, populations, as well as variation 49 

in survival (an important fitness component) extending into the adult life stage. The lack of 50 

variation in developmental thermal reaction norms for the traits we measured provides no 51 

evidence of divergence in developmental plasticity among populations. By quantifying survival 52 

at different life stages, we showed that the optimal incubation temperature differs between 53 

embryo and post-hatching stages. Moreover, the relationship between developmental 54 

temperature and post-hatching survival changed across the hatching season.   55 

 56 

Effect of incubation temperature on embryo development and offspring morphology 57 

 Thermal reaction norms for development of different phenotypes often have a curvilinear 58 

shape with lower response values at the coldest and hottest temperatures (Arnold & Peterson, 59 

2002; Noble et al. 2018). The reaction norm we found for hatching success was consistent with 60 
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past studies and was relatively similar among our four populations. Although the optimal 61 

temperature for hatching success was 25.1℃, field-based experiments show that female brown 62 

anoles often select nest sites with average temperatures between 26-28℃ (Pruett et al. 2020). 63 

Although our confidence limits for egg survival slightly extend above 26℃ (Fig. 4b), this 64 

relatively small overlap suggests that females use nest sites with slightly suboptimal 65 

temperatures for hatching success. We provide two possible explanations for this disparity in our 66 

laboratory study of embryo development and field studies of maternal nesting behavior. First, 67 

constant incubation temperatures used in the current study may generate reaction norms with 68 

peaks at relatively low temperatures compared to a natural fluctuating regime because there is no 69 

relief from warmer, thermally-stressful conditions (Hall & Warner, 2020). Consequently, we 70 

would expect the optimal incubation temperature for hatching success to be slighter higher than 71 

that reported here had eggs experienced naturally fluctuating conditions, which would 72 

correspond with our observed maternal choices of nest microhabitat. 73 

 A second possible explanation for why females select thermal conditions that are warmer 74 

than the optimal constant temperature for hatching success may relate to thermal effects on other 75 

fitness-related variables. For example, the shape of the curvilinear relationship between 76 

incubation temperature and hatching success suggests that brown anole embryos have a 77 

relatively large range of temperatures that are suitable for development. This broad range of 78 

suitable temperatures is expected for species that do not modulate nest temperatures via maternal 79 

care (Shine 2005). The negative relationship between temperature and incubation duration (Fig. 80 

1) combined with the broad range of suitable developmental temperatures suggests that females 81 

may select nest temperatures that optimize the balance between embryo survival and incubation 82 

duration. That is, although warmer temperatures decrease hatching success, they benefit 83 
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offspring by enabling embryos to develop relatively quickly (Le Henanff, Meylan, & Lourdais, 84 

2013). Indeed, hatching earlier improves hatchling survival probability in a broad range of taxa 85 

(Landa, 1992; Ludsin & DeVries, 1997; Warner & Shine, 2007; Tüzün & Stoks, 2018), including 86 

A. sagrei (Pearson & Warner 2018) and can minimize the amount of time exposed to nest 87 

predation or adverse weather (Doody, 2011). Thus, while maternal choice of slightly warmer 88 

nest temperatures may only slightly decrease hatching success, it can enhance survival at post-89 

hatching stages. Similarly, warmer temperatures produce hatchlings with better performance 90 

(e.g. sprint speed, endurance; Hall & Warner 2020; Pearson & Warner 2016) that could increase 91 

maternal fitness even if hatching success is slightly decreased. In support of these patterns, we 92 

also show that the optimal temperature for post-hatching survival is greater than that for hatching 93 

success; this pattern is discussed further below. 94 

 Beyond hatching success, we also observed effects of temperature on hatchling 95 

phenotype. Incubation temperature had a positive linear relationship with SVL, body mass, and 96 

body condition, though the effect was minimal and may not be biologically significant. Such 97 

patterns for hatching success and morphology would have not been evident had we used only a 98 

few treatments, which is typical in most studies of developmental plasticity (Murren et al., 2014). 99 

For example, two incubation treatments can only reveal linear relationships and could miss 100 

important aspects of variation associated with the developmental environment such as non-linear 101 

relationships and resulting peaks for survival and phenotypic traits (Scheiner & Lyman, 1989). 102 

Thus, we strongly urge researchers to increase the number of treatments to generate reaction 103 

norms across a more continuous range of temperatures. 104 

 105 

Effects of incubation temperature on post-hatching survival 106 
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 The continuous production of eggs across a long reproductive season means that female 107 

anoles must repeatedly navigate temporally and spatially heterogeneous environments to select 108 

conditions for nesting (Pearson & Warner 2016; Pruett et al. 2020). Additionally, the long 109 

nesting season (April-October) (Smith 1973) can generate temporal shifts in selection on 110 

offspring and maternal traits. Indeed, not only do early-produced offspring hatch sooner than late 111 

eggs, but they also experience different pre- and post-hatching environments (Pearson & Warner 112 

2018). This seasonal trend in reproduction and environmental conditions creates opportunity for 113 

early-season offspring to grow and gain significant survival advantages over their late-season 114 

counterparts (Ludsin & DeVries, 1997; Tüzün & Stoks, 2018), which is evident in brown anoles 115 

(Pearson & Warner 2018). While our results are consistent with these findings, we show 116 

additional complex interactions with incubation temperature on offspring survival in the field. 117 

 The effect of incubation temperature on offspring survival was more pronounced for 118 

offspring produced late in the season, than those that hatched early. Specifically, individuals 119 

released earlier in the season were more likely to survive to our first recapture event in October. 120 

Additionally, the interaction between release date and the quadratic component of incubation 121 

temperature demonstrates that the probability of survival was relatively high and nearly even 122 

across incubation temperatures for individuals released early in the season, but as release date 123 

progressed, survival probability decreased and the shape of the relationship with incubation 124 

became curvilinear. This interaction suggests that incubation temperature has little influence on 125 

survival for early-season hatchlings, but becomes more influential as the season progresses. 126 

Reproductive phenology has been shown to interact with developmental conditions to shape 127 

fitness-relevant traits such as growth and morphology in other taxa (Laurel, Hurst, Copeman, & 128 

Davis, 2008; Bentz, Logan, & Amman, 1991).  129 
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The complex interaction between incubation temperature and timing of hatching supports 130 

our notion that fitness would be enhanced if females choose nest conditions that optimize more 131 

than just hatching success of eggs. For example, if females choose warm nest microhabitats that 132 

lead to early hatching, then their offspring have more time to grow with only a small decline in 133 

the probability of hatching. This effect may be most critical for offspring that are produced late 134 

in the season because of greater competition with conspecifics at that time of year. For example, 135 

densities of brown anoles are often extremely high (Stroud, 2017) and increase even further as 136 

eggs continually hatch over the season. This creates a highly competitive environment for 137 

hatchlings, which compete with each other through aggressive displays and form hierarchies 138 

from the time of hatching (Stamps, 1978). Thus, late-hatched individuals are likely competitively 139 

inferior (and have increased mortality; Pearson & Warner 2018) due to their small size compared 140 

to early-hatched individuals that had a head start in growth. Indeed, while body size at hatching 141 

was not associated with survival in our study, large body size likely becomes important for 142 

survival and during competitive interactions as individuals grow, which is facilitated by hatching 143 

earlier in the season. By accelerating developmental rate, warm incubation temperatures may 144 

further facilitate hatching into the population before hatchling density has peaked later in the 145 

season; thus, the effect of incubation temperature on offspring survival is likely most critical at 146 

mid to late times of the reproductive season. These results emphasize the importance of 147 

seasonality on each aspect of reproduction and the degree to which fitness can vary as a result of 148 

when eggs are laid and hatch (Olsson & Shine, 1997; Warner & Shine 2007; Le Henanff, 149 

Meylan, & Lourdais, 2013; Harriman, Dawson, Bortolotti, & Clark, 2017). While competition 150 

may contribute to variation in survival among individuals that experienced different 151 

developmental temperatures, several aspects of the hatchling/juvenile environment may favor 152 
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different phenotypic components that are shaped by developmental conditions, particularly in the 153 

field where the environment is very heterogeneous. 154 

 Complex interactions among multiple factors can shape variation in offspring survival, 155 

and the timing of those effects can vary among life stages (Mitchell, Janzen, & Warner, 2018). 156 

As briefly discussed above, we show that the optimal incubation temperature varies across life 157 

stages. For example, the optimal temperature for embryos was 5ºC cooler than it was for post-158 

hatching offspring in the field. This pattern may be explained by a balance between the benefits 159 

of cooler optimal temperature for successful development versus warmer temperatures that 160 

facilitate early hatching for offspring. Indeed, individuals incubated at the optimal temperature 161 

for hatching success would take almost two weeks longer to hatch than those incubated at the 162 

optimal incubation temperature for survival to the first recapture. Importantly, the effects of 163 

incubation temperature on offspring phenotypes can further complicate interpretations about 164 

optimal temperatures for incubation. Additional research on survival to later life stages is 165 

warranted, but our comparisons between embryo and post-hatching stages (up to adulthood) 166 

suggest that the optimal temperature for embryo survival is likely driven by physiological 167 

tolerances to different temperatures, whereas for post-hatching survival the pattern may be 168 

driven (at least partially) by ecological factors (e.g., shifts in competitive environments) 169 

associated with temperature effects on the timing of hatching. Thus, understanding both the 170 

physiology and ecology of different life stages will provide critical insights into how selection 171 

has shaped responses to developmental environments. 172 

 173 

Population comparisons of reaction norms 174 
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Populations differed very little in hatchling morphology, as well as in developmental and 175 

phenotypic responses to incubation temperature. Body condition differed very slightly between 176 

hatchlings from two islands, and no descendant island populations differed in phenotypes or 177 

reaction norms from the ancestral mainland population. This lack of divergence from the 178 

ancestral population may be explained by the relatively short period of time that these 179 

populations have been isolated from each other (~8 generations). However, previous work on 180 

Anolis lizards has demonstrated relatively rapid evolutionary change in morphology (Losos, 181 

Warheit, & Schoener, 1997; Losos, 2009) with even more evolutionary lability displayed in their 182 

thermal physiology (Hertz et al., 2013). These documented instances of rapid divergence were 183 

likely associated with environmental differences experienced by populations (e.g., perch 184 

characteristics associated with adaptive changes in limb length; Losos et al. 1997). In our study, 185 

however, it is possible that there was not enough environmental variation among island and 186 

mainland habitats for genetic divergence among populations, especially when their isolation 187 

from one another was very recent. 188 

 189 

Conclusions 190 

 Developmental temperature shapes several fitness components that interact in ways that 191 

are poorly understood, but ultimately influences variation in organismal fitness (Uller, 2008). 192 

This study shows the interrelated nature of several of these components and their potential to 193 

impact individual fitness beyond immediate post-hatching life stages into adulthood. Although 194 

we did not detect phenotypic divergence of the island populations from the mainland source 195 

population, identifying local adaptation in developmental reaction norms remains an important 196 

challenge and should be examined in other systems with known histories of geographic isolation. 197 
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The implications of these results on natural populations are especially poignant in light of 198 

contemporary environmental change. With increasing temperature or even more stochastic 199 

conditions, the seemingly delicate balance of optimizing different fitness components for 200 

offspring could generate complex challenges for females when choosing nest microhabitats 201 

(Refsnider & Janzen, 2010). In spatially and temporally heterogeneous environments, maternal 202 

fitness would be enhanced if mothers choose nest conditions that are suitable not only for egg 203 

hatching, but also positively impact later life phenotypes and survival. Overall, both 204 

physiological and ecological factors can influence how developmental environments affect 205 

survival across different life stages, and this has implications for maternal reproductive 206 

behaviors. Untangling the components of this complexity will provide further insight into how 207 

selection has shaped developmental plasticity in heterogeneous environments and how organisms 208 

might respond to future environmental change. 209 

 210 

 211 

 212 

 213 

 214 

 215 

 216 

 217 

 218 
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Chapter 4 Supplemental Material 219 

 220 

Figure S1. The effect of incubation temperature on (A) snout-vent length (SVL), (B) hatchling 221 

mass, and (C) body condition (residuals from the regression of body mass on SVL). Each point 222 

represents an individual hatchling. The population labels refer to the names that we have given 223 

the islands (i.e., island F, L, M) and the mainland (ML). Descriptive statistics for each incubation 224 

temperature are in Supplementary Table 3.  225 
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 226 

Figure S1. The interactive effect of incubation temperature and hatch date on probability of 227 

survival to the October recapture. Blue points represent individuals that were captured, grey 228 

points represent individuals that were not, and the surface grid represents the probability of 229 

survival across temperatures and release dates. Hatch day was calculated as a day of the year out 230 

of 365 to create a continuous range of days. The pattern remains consistent when release date is 231 

used (rather than hatch date), as shown in Fig. 3 of the main text. 232 

 233 

 234 

 235 

 236 
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Supplemental Table 1. The coordinates for the locations of the four populations used in this 237 

study and the number of individuals collected. The island names were given to the islands by the 238 

authors, and refer to their relative order along a chain of islands in the Intracoastal Waterway 239 

(Island F is the northern-most island of the three islands studied here). 240 

Population Coordinates # of individuals (Total; female, male) 

Mainland 29°36’05”N; 81°11’51”W n=74; 61 female, 13 male 

Island M 29°37’15”N; 81°12’39”W n=93; 85 female, 8 male 

Island L 29°37’24”N; 81°12’38”W n=104; 92 female, 12 male 

Island F 29°37’51”N; 81°12’44”W n=96; 83 female, 13 male 

 241 

 242 

 243 

Supplemental Table 2. The numbers of individuals released at each date, and the number of 244 

individuals recaptured at each recapture event.  245 

Date # of individuals released # of individuals recaptured 

20 June 2018  22 --- 

10 July 2018  52 --- 

18 July 2018 23 --- 

24 July 2018 11 --- 

24 August 2018 52 --- 

1-2 & 4 October 2018 --- 28 

21-22 March 2018 --- 17 

246 
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Supplemental Table 3. Summary statistics for hatching success, incubation duration, hatchling snout-vent length (SVL), body mass, 

tail length, and post hatching survival at each incubation temperature. Survival values include raw survival values as well as a 

percentage. For hatching success, the percentage was calculated out of the total number of eggs incubated at a given temperature. 

October and March survival percentages were calculated based on the number of eggs that hatched successfully. An asterisk (*) 

represents a value for which the standard error could not be calculated due to a sample size of one individual 

 

 

 

 

 

Temperature 

(ºC) 

N Hatching 

Success 
Raw, Percentage 

Incubation 

Duration 

(days) 
Mean±SE 

SVL (mm) 

Mean±SE 

Mass  (g) 

Mean±SE 

Tail Length 

(mm) 
Mean±SE 

October 

Survival 
Raw, Percentage 

March 

Survival 
Raw, Percentage 

21 43 28, 65.12% 69.71±0.98 18.25±0.14 0.14±0.004 27.77±0.70 0, 0.00% 0, 0.00% 

23 38 32, 84.21% 55.19±0.43 18.09±0.15 0.14±0.003 29.23±0.30 4, 12.50% 4, 12.50% 

25 44 34, 77.27% 40.65±0.63 18.01±0.12 0.14±0.003 29.52±0.44 7, 20.59% 3, 8.82% 

27 45 26, 57.78% 33.19±0.48 17.81±0.14 0.15±0.003 29.07±0.44 8, 30.77% 3, 11.54% 

29 41 27, 65.85% 28.56±0.41 17.96±0.11 0.14±0.003 29.23±0.36 5, 18.52% 3, 11.11% 

31 40 27, 67.5% 24.33±0.33 17.70±0.23 0.13±0.003 28.56±0.50 5, 18.52% 3, 11.11% 

33 51 15, 29.41% 24.27±0.34 17.52±0.16 0.13±0.003 27.82±0.53 2, 13.33% 1, 6.67% 

35 48 1, 2.08% 22* 17.99* 28.85* 0.14* 1, 100% 0, 0.00% 
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General Conclusions 

Nest site choice in reptiles 

 One requirement for nest site choice to be considered a true maternal effect, there has to be 

evidence that females are actually choosing nest sites in the habitat matrix that is available to them. In my 

first three chapters, I provide robust evidence that both painted turtles and brown anoles are actively 

choosing nest sites for their eggs. Though the reproductive strategies of these species are vastly different, 

they both possess the capacity to assess aspects of their environment and choose a nest site accordingly. 

Furthermore, these chapters also support the idea that nesting behavior in these species is adaptive. 

Females are able to choose microclimates that shape development in ways that are advantageous for their 

offspring. Brown anoles choose nest sites that are relatively cool, painted turtles choose sites that are 

relatively warm, and both of these preferences lead to improved hatching success for their eggs. 

Additionally, they seem to prefer sites with higher levels of soil moisture which can lead to improved 

offspring quality. 

 In chapter 1, I found that painted turtle eggs incubated in maternally selected nests fared better 

than those incubated in artificial nests. This finding highlights the need for more studies on nesting in the 

field. Even though we had an idea of which conditions were favorable and chose sites within a few meters 

of maternally selected sites, eggs in the nest sites we chose had reduced survival. Obviously, there are 

things that females are honing in on and selecting that we have not detected. Nest microclimates are really 

microclimates; the conditions experienced by eggs and the resulting survival outcomes can vary 

significantly within a few meters. Future studies could move beyond the established determinants of 

offspring survival, such as temperature and moisture, and examine other aspects of nest sites to gain a 

fuller understanding of how females choose a place to lay their eggs.    

 

Anolis nesting 
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 Though Anolis nesting behavior is understudied, the search methods outlined in this 

dissertation provide a promising avenue for future research. Finding anole eggs in the field 

outside of chance encounters was previously considered logistically difficult, but the work 

outlined here shows efficient ways in improving our ability to find nests. We were able to 

successfully locate anole nests in a complex habitat matrix, and our methods were reliable 

enough to produce sample sizes large enough to test empirical questions and gain a robust 

understanding of which habitat characteristics female brown anoles select for in the field. The 

methods outlined chapter 2 were extremely effective but has been modified slightly to further 

reduce search bias in my more recent work that is not included in this dissertation. This work 

will serve as a methodological foundation that can be continually modified and improved upon to 

build an empirical understanding of how Anolis lizards nest.  

 Brown anoles are one species among many in a group that encompasses an immense 

amount of life history diversity. Anole biologists categorize species into “ecomorphs”, or groups 

of species with similar morphology that occupy a similar ecological niche (Williams, 1972). 

Species within an ecomorph group are not necessarily closely related phylogenetically, but they 

share many traits that make aspects of their biology similar, including their behavior. Thus, the 

methods for locating nests outlined in this dissertation are more likely to be generalizable to 

species in the same ecomorph group as the brown anole. Brown anoles are trunk-ground anoles 

meaning they spend much of their time on trees, but also frequently descend to the ground where 

we found all of the nests included in this study. However, other anoles with vastly different 

behavior and ecology could make use of alternative nesting habitats. For examples, crown-giant 

and trunk-crown anoles are typically found in the tops of trees and rarely spend time on the 
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ground. Future work on nesting behavior in anoles should take these ecological differences into 

account and modify their methodology accordingly. 

 

Figure 1. Diagram of Anolis ecomorphs from Losos 2009 adapted from Williams 1972 

  

Though some aspects of nesting behavior may vary across species, one theme that seems 

generalizable is that females are able to assess their surroundings and choose a nest site accordingly. Not 

only are they able to choose based on microclimate characteristics, they are able to choose based on risk 

of predation. Anoles are particularly interesting in this regard because they lay one egg at a time across a 

long reproductive season. This means that females are constantly assessing and reassessing their 

surroundings that are changing throughout the season. A nest site that is ideal at the beginning of the 
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reproductive season may not be ideal at the end of the season. Nesting in Anolis lizards needs to be 

explored further and I believe my dissertation work will serve as a useful starting point.  

Finally, more studies on nesting behavior in anoles is critical for their continued use as model 

systems. If you want to study how environments affect development in anoles, it would be imminently 

sensible to start with studying the developmental environments they experience in the wild. Without this 

information, how can we relate findings to the real world? Studies on thermal developmental plasticity in 

reptiles have come a long way in this regard by incorporating fluctuating thermal regimes into lieu of 

more simplified constant temperatures regimes. Once we have more data on natural nest sites, we can 

replicate those conditions more closely in the lab. Indeed, there have been several recent studies in the 

Warner lab that have used the hourly nest temperature data from my work (chapter 2) to design 

incubation regimes for brown anole eggs. Studies that use rigorous methods like ours and attempt to 

quantify natural nest conditions are essential to designing more ecologically relevant incubation 

experiments in the future. 

 

The importance of long- term field based studies in fully assessing effects of nesting ecology 

 In my first two chapters, I focused on nest site choice in relation to nest microclimate and how 

those factors affect development and early life survival in two reptile species. In my third chapter, I 

examined the ability of females to continuously monitor their nesting environment and modulate their 

nesting behavior accordingly. Each of those three chapters highlight the short-term effects of nesting 

behavior, but one would assume that the effects of the developmental environment continue far beyond 

hatching. Mitchell et al. (2018) highlighted the need for long-term studies on the effects of developmental 

phenotypic plasticity in reptile systems by pointing out the lack of literature on the topic and the complex 

findings of the few studies that do exist. The fourth chapter of this dissertation, though slightly different 
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in focus, has a conceptual thread that connects to each of the other three chapters by measuring the long-

term effects of the developmental environment and, by extension, nesting behavior, on survival. 

 In my fourth chapter, I show that the developmental environments that are ideal for survival to 

one life stage are not necessarily ideal for survival to another life stage. This emphasizes the importance 

of developmental conditions in shaping the trajectory of an organism’s life, but also underscores the 

complexity of nest site choice. Particularly in anoles, there is a delicate balance of conditions that needs to 

be struck for embryos to develop successfully, for hatchlings to grow quickly, and for juveniles to survive 

to adulthood. For example, eggs laid later in the season have much less time to catch up with their cohort 

in terms of growth and preparation for the winter. This means that it is more crucial for eggs laid later in 

the season to develop quickly, which requires a relatively warm nest site. However, nest sites can also be 

too warm, leading to decreased hatching success. As if this is not complicated enough, the push and pull 

of the demands of each life stage change across the reproductive season, meaning that each egg has a 

different set of conditions that would optimize its fitness. Female anoles must then locate a site with that 

set of conditions while also assessing the risk to their own survival. 

 With such a complex web of behavior, plasticity, and selection, it seems like there are an endless 

number of questions that could be asked and experiments that could be run to understand the importance 

of nesting ecology in reptiles, but one thing is certain: long-term studies across life stages are absolutely 

necessary for understanding the role of nest site choice in evolutionary ecology. Study systems like the 

brown anole are ideal for these studies because they are relatively short lived, easy to mark, and easy to 

maintain in captivity or monitor in the field. However, there is already a bias towards short-lived animals 

in studies that assess long-term effects of early life conditions. Long-lived species often have very 

different life history traits, so work on animals like the painted turtle will go a long way in filling those 

knowledge gaps. Additionally, conducting at least part of these studies in the field adds to their ecological 

relevance and reveals additional details about how plasticity operates in natural environments. The field-

based release experiment included in my fourth chapter gave us more nuanced findings than what we 
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might have seen in a more controlled lab setting. We were able to detect interactive effects of incubation 

temperature and release date on survival to adulthood, which gives us insight into how the importance of 

nest site choice might shift throughout the season. 

 

Final Thoughts 

 The more I learn about biological systems, the more I realize how much we don’t know. When 

friends and family ask questions about my work I often find myself saying, “It depends,” or “It’s a bit 

complicated.” Though the “messiness” of biological research can be daunting at times, making sense of 

the convoluted world around us is what I consider to be the most interesting part of my work as a 

biologist. Through the process of completing my dissertation, I have learned to love the complexity of 

natural environments and the myriad ways living things interact with their surroundings. E. O. Wilson 

once said, “The love of complexity without reductionism makes art; the love of complexity with 

reductionism makes science.” I don’t know if it makes me an artist or a scientist to say that I hope to 

continue embracing the complexity of evolutionary ecology for the rest of my career.  
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