
ABSTRACT 

MAURER, ANDREW SCOT. Effects of Global Change on a Nesting Population of Hawksbill 
Sea Turtles. (Under the direction of Dr. Martha Burford Reiskind). 
 

Sea turtle populations face diverse and interacting threats from global environmental 

change. Herein I present four chapters that explore and quantify some of these threats, including 

three empirical case studies of a population of hawksbill sea turtles (Eretmochelys imbricata) in 

Antigua, West Indies. In Chapter 2, I review key literature to provide an overview of global 

warming’s impacts on the viability of sea turtle populations. Although it is clear that warming 

temperatures threaten to reduce offspring output and cause unsustainably feminized primary sex 

ratios, I make the case that we are still early in the process of building the capacity to understand 

how these thermal effects on embryos will translate to changes in population growth rates. In 

Chapter 3, I pivot to a different aspect of global change: marine macroalgae blooms. I explore 

the effects of mass Sargassum macroalgae arrivals on hawksbill nesting ecology. I relate the 

spatiotemporal distribution of Sargassum at the nesting beach to concurrent patterns in hawksbill 

nesting emergences, concluding that Sargassum displaces nesting activity and likely increases 

the energy costs associated with a nesting season. In Chapter 4, I make a first step toward 

examining the consequences of environmental change in marine foraging habitats. I present 

satellite tracks for 22 post-nesting hawksbills, including 18 migrations to foraging areas with 

distances ranging 17–2486 km. Finally, in Chapter 5 I follow up on themes from Chapter 2 by 

investigating incubation temperatures and hatching success for 109 hawksbill egg clutches. I 

evaluate the effects of a suite of exogenous and endogenous nest parameters on incubation 

temperatures and hatching success, also using measured temperatures to estimate primary sex 

ratios. Taken together, these four chapters exemplify the diverse impacts of global change on sea 

turtle populations and make important advances in our understanding of these effects. 
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CHAPTER 1: INTRODUCTION 

 

A conservation scientist must toe the line between hope and pragmatic concern. Hope is a 

source of motivation—optimism that time and effort will have an impact. Pragmatism brings 

realism and urgency—the challenges facing conservation are dire and immediate, and we must 

capitalize on opportunities for conservation gains when they present themselves. During the 

Anthropocene we are seeing species declines at a rate commensurate with a sixth mass 

extinction, creating a heavy weight of concern that requires a counterbalance of hopefulness. 

Sea turtle conservation—a field and cause that I have thrown myself into over the course 

of my doctoral program—exemplifies the need for such a balance. The seven extant species are 

divided into geographical subunits called regional management units, and while many feature 

growing populations, some are highly imperiled. Many historical threats resulting from direct 

interactions with humans have been greatly reduced, although some persist. Mortality via 

bycatch in fisheries is perhaps chief among them. More recently, a huge body of research has 

identified contemporary effects of global change which can be overwhelming to consider. 

Crucially, sea turtles exhibit temperature-dependent sex determination, through which warmer 

temperatures are associated with the production of more female offspring. Thermal extremes also 

lead to increased egg mortality. Thus, global warming poses a significant threat to the future 

viability of populations. But there are countless other mechanisms through which global change 

is affecting sea turtles. For instance, sea level rise and coastal development threaten to swallow 

up nesting habitats, growing plastic pollution is increasingly associated with mortality, and long-

term changes to marine environments are altering foraging conditions. 
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So, against this wave of concerning realities, it is important to keep a firm grasp on hope. 

I find optimism in three main areas. First, sea turtles and their ancestors have been on the earth 

for millennia, and perhaps they have means to persist through climate change that we do not 

fully comprehend. Second, which is really an aspect of the first, there is still so much to learn 

about sea turtle ecology before we can make confident assessments about their resilience to 

climate change. Third, it is not too late for human action to realize positive change. Our 

decisions moving forward will not only affect the extent of future global change, but through 

directed conservation and management we can change the trajectory of populations. For our 

assessments of resiliency to hold weight, and for our management strategies to work, we must 

tackle a vast array of remaining questions surrounding the effects of climate change on sea 

turtles. Through this dissertation, I endeavored to make a small dent in this area. I present a 

review chapter and three chapters of empirical research centered around a nesting population of 

hawksbill sea turtles (Eretmochelys imbricata) in Antigua, West Indies. Each of my four 

chapters takes a unique approach to documenting the effects of global environmental change 

with an eye toward building capacity to manage populations in the face of these impacts.  
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CHAPTER 2: POPULATION VIABILTIY OF SEA TURTLES IN THE CONTEXT OF 

GLOBAL WARMING 

  

 Climate change is driving population extirpations and species extinction at an 

accelerating rate (Urban 2015). Conservationists increasingly seek to assess what populations 

and species will persist under future climate scenarios—and why. This trend is at the forefront of 

sea turtle conservation; the seven extant species are of conservation concern and are susceptible 

to myriad aspects of environmental change. A principal issue (and focus in the present article) is 

that sea turtle demography is sensitive to temperature. Warmer incubation temperatures produce 

female-biased primary sex ratios (Standora and Spotila 1985), and the mortality of developing 

embryos increases past thermal thresholds (Bustard and Greenham 1968). In a warming world, 

the threats of extreme sex ratio skew and declining egg viability threaten population persistence. 

Will there be enough males to maintain populations? Does this even matter if projected 

temperature increases result in progressively higher embryo mortality? There is a growing 

concern that sea turtle populations may have limited capacity to persist in the warming world 

(Hays et al. 2017, Monsinjon et al. 2019). 

 Despite a dire contemporary outlook for sea turtle persistence, they represent an ancient 

taxon whose lineage has stood the test of time. Ancestors of the Testudines order survived 

temperatures that were warmer than today (Fastovsky and Weishampel 2005). A key difference 

now is that the rise of Homo sapiens has contributed to a collapse in turtle populations (Lovich et 

al. 2018, Stanford et al. 2020). Current abundances have declined from historical levels because 

of human pressures such as harvest and habitat destruction, leaving today’s depleted stocks more 

vulnerable than their ancestors. Despite this, the fact that sea turtles have endured periodic 
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fluctuations in atmospheric carbon concentrations and temperatures suggests that adaptation may 

enable their persistence. However, even if sea turtles persist, it is likely that some populations 

will face extirpation. Biological traits, conservation statuses, and climatic contexts differ greatly 

among global populations (Fuentes et al. 2013, Mazaris et al. 2015). Therefore, estimating 

individual population viability against a backdrop of ongoing climate change is an important step 

to advance conservation. 

 Inferences of population viability depend on an under- standing of demographic 

composition and the processes driving changes therein (i.e., demographic dynamics), but 

quantifying these elements in sea turtles is challenging. Lengthy, complex, and cryptic life 

histories make accurate estimates elusive. With time to sexual maturity ranging from one to three 

decades, the lifespan of a sea turtle exceeds the duration of most research programs. Rates of 

offspring survival are low, and if sea turtles reach the juvenile stage, they may inhabit multiple 

different foraging habitats as they mature. Adults then generally spend their lives in one home 

foraging area but undertake sometimes distant migrations to reproduce. Therefore, individuals 

are difficult to locate and track in open marine habitats throughout their lives. As a result, key 

demographic parameters (e.g., age structure, sex ratio, and survivorship) remain unresolved for 

most populations (Rees et al. 2016). Research on the population viability of sea turtles is notably 

concentrated around demographic effects on offspring, compared with older life-history stages, 

because of conspicuous effects from temperature (on sex ratios and survival) and the relative 

ease of conducting research on nesting beaches (versus in marine habitats).  

 In the present article, we synthesize concepts that frame our current understanding of how 

warming temperatures may affect the viability of sea turtle populations. Our review highlights 

that, from a population modeling perspective, the effects of climate change on the population 
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growth rates for any organism will be realized via changes in survival or reproductive output. To 

comprehend how sublethal climate impacts will affect viability, we must first have a detailed 

understanding of life history to link these impacts to eventual changes in survival and 

reproduction. This reality applies across diverse organisms and ecosystems and makes it 

challenging to predict viability for species whose life history is difficult to study.  

 Our review is oriented toward impacts on offspring demography and how these outcomes 

ultimately affect population growth rates (and viability). We first provide an overview of the 

temperature-sensitive nature of offspring demography. The process of incorporating direct 

impacts on vital rates (embryo survival) in inferences of viability is relatively immediate and 

simple when compared with more drawn out and complex predictions for the effects of skewed 

sex ratios (eventually realized in reproductive output). We examine this reality, exploring how 

skewed primary sex ratios (PSRs; defined in table 1) may translate to male limitation by 

reviewing the links among PSR, adult sex ratio (ASR), operational sex ratio (OSR), and mating 

(figure 1). We transition to considering the implications of skewed sex ratios for genetic 

diversity—an essential concern for viability but one that is often overlooked for sea turtles. 

Finally, we examine the importance of possible adaptations to climate change and offer a 

concluding synthesis. 

 

Effects of temperature on offspring demography 

 

 All sea turtle species exhibit temperature-dependent sex determination (TSD), in which 

the sex ratio among embryos developing in an egg clutch becomes female-biased at warmer 

temperatures (Yntema and Mrosovsky 1980, Standora and Spotila 1985). The exact mechanism 
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triggering gonad differentiation remains unresolved. However, we know that TSD plays out 

through temperature-linked gene expression pathways that, in sea turtles, drive increased 

expression of aromatase and therefore estrogen at high temperatures, compared with testosterone 

at lower temperatures, consequently leading to the respective development of ovaries or testes 

(Singh et al. 2020, Weber et al. 2020). Sex determination occurs during the middle third of 

embryonic development, or the thermosensitive period (Girondot et al. 2018). Two key 

parameters are typically used to characterize the relationship between incubation temperature 

and sex ratio, or thermal reaction norm (i.e., a pattern in phenotype across a range of 

temperatures; figure 2). The first is the pivotal temperature, the constant temperature resulting in 

a balanced sex ratio. It is typically presented as constant because seminal TSD studies took place 

in laboratories employing constant temperatures (box 1). The second key component is the 

transitional range of temperatures, between which ratios transition from approximately 95% male 

to 95% female (Girondot et al. 2018). The temperature values parameterizing thermal reaction 

norms have been shown to vary among species and populations of the same species (Hulin et al. 

2009, Bentley et al. 2020a) and possibly among individuals from the same population (Carter et 

al. 2017, 2019). 

 

Box 1. TSD science: Progress and considerations 

 

Research advances have pushed TSD science beyond a paradigm developed through 

controlled laboratory studies that typically used constant temperatures and did not account for 

a suite of other environmental factors that vary in situ (Bowden and Paitz 2018). For example, 

whereas the thermosensitive period was originally defined as the middle third of incubation 
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duration under constant temperature, it has since been reconceptualized to take into account 

fluctuations in temperature and associated physiological develop- ment (Girondot and Kaska 

2014). Reanalyses using this new concept revealed that previous studies may have inflated 

estimates of the production of male offspring in situ (Girondot et al. 2018). Some work has 

also suggested that when incubation temperatures are inferred from proxies (e.g., air or sand 

temperatures) instead of directly sampling in egg clutches, resultant estimates of sex ratios can 

be flawed (Fuentes et al. 2017) and may miss important mediating factors such as sand 

moisture (Lolavar and Wyneken 2020). We note that most studies have focused on 

characterizing pivotal temperature, at times at the expense of defining the transitional range of 

temperatures, which may be equally or more important for understanding links among 

incubation temperatures, PSRs, and viability (Hulin et al. 2009).  

 

Historically, empirical PSR characterization required researchers to euthanize hatchlings to 

assess gonadal histology. The permitting obstacles and ethical considerations associated with 

sacrificing hatchlings have motivated the development of novel, nonlethal approaches. For 

instance, Tezak et al. (2020) developed an immunoassay that, from a small sample of 

hatchling blood, can identify a marker for antimüllerian hormone that appears to be male 

specific. There is also promise in other methods that may be extended to hatchlings in the 

future, such as measuring eggshell steroids (Kobayashi et al. 2015), blood hormone assay 

techniques for juveniles (Allen et al. 2015), and near-infrared spectroscopy (used to classify 

sex of amphibians; Vance et al. 2014). All these techniques will facilitate more empirical PSR 

validation to accompany increasingly sophisticated modeling approaches for in situ 
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temperature data (Abreu-Grobois et al. 2020), bolstering our understanding of TSD in sea 

turtles. 

 

Maternal effects on offspring phenotype (Mousseau and Fox 1998) may be an important area 

of research for understanding TSD, because some effects may be attributed to and therefore 

conflated with the underlying thermal reaction norm (figure 2). A substantial body of literature 

documents how maternal behaviors affect offspring phenotype, such as nest site selection 

(e.g., Reneker and Kamel 2016), in which the ultimate mechanism is the modification of the 

incubation environment. By contrast, maternal effects can act through different pathways, such 

as varying sex steroid hormones within eggs (Bowden and Paitz 2018). Carter et al. (2017) 

documented changes in maternally sourced egg estrogen concentrations throughout a nesting 

season in red-eared sliders (Trachemys scripta) and, after controlling for temperature, 

associated higher concentrations with an increased likelihood of female sex ratio bias. 

Hormone-mediated maternal effects may act independently from temperature and, when left 

unaccounted for, are conflated with the underlying sex ratio thermal reaction norm. Therefore, 

growth in this research area will strengthen the understanding of PSR determination in general 

(Bowden and Paitz 2018).  

 

Offspring survival  

 

 Determining what factors affect the embryonic survival of sea turtles (i.e., egg hatching 

success) has been an aim of biologists for decades (box 2; Bustard and Greenham 1968). A 

diverse suite of factors has been tied to hatching success, both endogenous (e.g., parental 
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genetics; Phillips et al. 2017) and exogenous (e.g., proximity to beach vegetation; Ditmer and 

Stapleton 2012). Temperature stands out as a critical exogenous variable; thermal reaction norms 

described for hatching success (figure 2) consistently show declines at threshold incubation 

temperatures (Howard et al. 2014). This association between temperature maxima and hatching 

success poses a clear threat to sea turtle offspring production and is another example of how 

climate change may affect population persistence (Laloë et al. 2017). 

 

Box 2. Sea turtle offspring survival 

 

Contemporary understanding of reaction norms for embryo thermal tolerance (hatching 

success) has advanced through the description of taxonomic and geographic variation, as well 

as through more rigorous evaluations of impacts from other environmental variables. Although 

temperature poses a clear threat, its relative importance (when below lethal extremes) 

compared with other factors is unclear across species and populations. This is in part because 

of inter- and intraspecific differences in the temperature at which hatching success declines 

(Howard et al. 2014). These differences are accompanied by variation in apparent 

susceptibility to other regional environmental parameters such as aridity and rainfall 

(Santidrián Tomillo et al. 2015a, Rafferty et al. 2017, Rivas et al. 2018). Varying findings 

suggest context-specific associations between regional climate variables and hatching success 

and key trade-offs between temperature and moisture. 

 

In contrast to TSD, there has been less investigation into when temperatures ultimately factor 

into embryonic survival and how thermal tolerance (i.e., how a given temperature affects 
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embryonic development) may vary through incubation, especially under natural conditions. 

Whereas lethal upper thresholds exist, certain durations of exposure to lower temperatures 

may also affect hatching success (Howard et al. 2014, Bladow and Milton 2019). 

 

Warming incubation temperatures also may affect the survival of sea turtle offspring after 

hatchlings exit nests, although there are fewer empirical data for this stage compared with 

eggs. Temperature-linked phenotypic variability in reptile offspring affects more than just sex 

(Singh et al. 2020), and sea turtle hatchling morphology appears to follow a thermal reaction 

norm with middle temperatures resulting in the best morphological outcomes (Fisher et al. 

2014, Mueller et al. 2019). Morphological effects are likely driven by physiological factors, 

such as the increased conversion of egg yolk to tissue at lower temperatures, as well as effects 

on muscle fiber development (Booth 2018). The overall result is that warmer temperatures are 

associated with the development of smaller and slower hatchlings (although perhaps with 

higher energy reserves; Booth 2018). High variance in incubation temperature may also 

negatively affect phenotype (Horne et al. 2014). If the average hatchling becomes smaller and 

slower as temperatures warm, and if these morphological effects are conserved as the 

hatchling develops (as has been suggested by Noble et al. [2018]), then survival during early 

life history stages may decline.  
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Temperature-sensitive offspring demography and future warming 

 

The associations among temperature, primary sex ratios, and offspring mortality have concerning 

implications for sea turtle populations in the context of current and projected warming 

(Santidrián Tomillo et al. 2014). For example, recent evidence from a green turtle (Chelonia 

mydas) in-water aggregation in Australia suggests that nearly female-only populations are 

possible; juveniles and subadults originating from northern Great Barrier Reef nesting beaches 

were more than 99% female (Jensen et al. 2018). Such a bias in sex ratio is undoubtedly 

concerning, but at a broader scale, some postulate that, under the projected warming scenarios, 

sea turtle population viability may be more sensitive to embryo mortality than to increasing sex 

ratio skew (Hays et al. 2017).  

 Predicting the impacts of these two factors is a difficult challenge for population 

modeling. First, thermal reaction norms appear to be largely context specific (but see Monsinjon 

et al. 2017), and a suite of environmental parameters may be locally important. Second, whereas 

hatching success is comparatively easy to accommodate in population models, predicting the 

effects of skewed PSRs is more complex. This distinction can be illustrated by considering 

seminal matrix population models (Crouse et al. 1987), although these models center on female 

fecundity and approaches accounting for sex ratios would be appropriate. Impacts on offspring 

survival would be factored directly into the transition probability from the first life stage, but the 

impacts from PSR skew are difficult to derive and will only be realized in eventual reproductive 

output. To predict how PSRs will translate to actual measures of adult reproduction, we must 

account for many factors reflecting changes in sex ratios through life history, adult behavior, and 

mating system.  
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How many males are enough? Conceptualizing a male-limited sex ratio 

 

 Below, we review research suggesting that female-biased sex ratios are common and 

adaptive in sea turtles. But how many males are too few? Determining a PSR at which males will 

become limiting to population growth depends on estimates of several types of sex ratios 

throughout sea turtle life histories and how these ratios are linked (see table 1). We first need to 

estimate a future ASR from a PSR, or, more accurately, from the blend of cohort-specific PSRs 

that contribute to a given ASR. Then, from an ASR, we must derive a seasonal OSR, which 

differs from the ASR because of sex-specific breeding periodicity. Behavior at mating areas may 

result in differences between the OSR and the sex ratio of realized parentage; that is, the sex ratio 

among parents whose genes are passed on to an offspring cohort. This ratio has been referred to 

as a breeding sex ratio in many instances, but in other cases, it is conflated with an OSR. In the 

present article, we refer to it as the realized sex ratio (RSR). 

 

From primary to adult sex ratios: Sex-specific survival 

 

 The conversion factor for equating a PSR to an ASR depends on male and female 

survival between the hatchling stage and sexual maturity. Sometimes, a 1:1 conversion is used 

(e.g., Hays et al. 2017). However, evolutionary theory provides support for the idea of sex-

specific differences in survival and fitness for species with TSD (Schwanz et al. 2016). This 

theory may play out in sea turtles via hatchling phenotypic plasticity (table 2). Temperature 

simultaneously affects offspring morphology and sex (Booth 2018), which may result in a 

generalized trend of reduced fitness at female-producing temperatures below thermal maxima 
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(Kobayashi et al. 2018). This would have a balancing effect on sex ratios as offspring cohorts 

develop toward maturity. However, the alignment between the thermal reaction norms for TSD 

and hatchling morphology warrants further investigation.  

 Hypotheses about sex-specific survival in immature sea turtles remain rooted in theory 

and lack empirical testing. Information on preadult survival has eluded researchers for decades, 

especially at the early pelagic stage dubbed the “lost year.” Tracking offspring cohorts presents 

major logistical challenges such that we lack empirical information regarding the distribution of 

younger individuals in general (but see Mansfield et al. 2014, Putman et al. 2020). Furthermore, 

ex-situ experiments have limited capacity to simulate real sources of mortality—namely, 

predation. Information about early life survival is increasing via long-term mark–recapture 

efforts using hatchling genetic fingerprinting (see Dutton and Stewart 2013). After genetically 

marking hatchlings and waiting until reproductive maturity, females may be recaptured via 

genetic sampling on nesting beaches, or both parents may be recaptured using parentage analysis 

of offspring DNA (e.g., Wright et al. 2012a).  

 Characterizing survival via hatchling genotyping entails immense sampling efforts (for 

low returns on decadal scales) and is dependent on natal homing back to the study site. Another 

approach to estimating patterns in sex-specific survival is to compare sex ratios at different life 

stages. Rees et al. (2016) noted a trend in sex ratios for Mediterranean loggerheads (Caretta 

caretta), from strongly female-biased PSRs to balanced or male-biased ASRs. In a similar 

gradient, Wibbels et al. (1991) suggested a juvenile loggerhead sex ratio of 2.1 females per male 

near Hutchinson Island, Florida, which is notably less biased than the more than 93% female 

PSRs found at nearby nesting beaches in Cape Canaveral (Mrosovsky and Provancha 1989). 

Allen et al. (2015) likewise documented more female bias in immature green turtles compared 
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with adults in San Diego Bay. Many confounding factors limit inference into causation, such as 

the mixing of stocks with distinct demographic rates and possible influences from sex-specific 

behaviors. However, modeling efforts may begin to resolve confounding factors in some 

systems. For example, Vandeperre et al. (2019) used nest numbers at Florida source rookeries 

with a 3-year lag to predict juvenile loggerhead abundance in Azorean waters, and sex ratio 

estimates could foreseeably be integrated into such approaches.  

 We are now more prepared to advance our understanding of sex- and stage-specific 

survival in sea turtles. The knowledge gap surrounding survival hinders estimation of how PSRs 

translate to ASRs—a key consideration when projecting the effects of warming on populations. 

Although the first (difficult) step is to simply derive robust baseline estimates of survival, it is 

important to note that this parameter, among others, is dynamic and may vary with 

environmental conditions. For instance, Kobayashi et al. (2018) experimentally demonstrated 

that water temperature affects hatchling swimming performance such that early survival rates 

may change with spatiotemporal variation in water temperature. Given an accurate PSR estimate, 

improved estimates of survival (and transition probabilities) will help to refine ASR estimation. 

However, this step still falls short of estimating reproductive output, a parameter ultimately 

mediated by OSR and mating biology. 

 

From adult to operational sex ratios: Breeding periodicity 

 

 The next consideration for unraveling how warming may affect reproductive output via 

skewed sex ratios is the relationship between ASR and OSR; the conversion factor between the 

two is determined by breeding periodicity (table 1, figure 1). Whereas female periodicity has 
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been comparatively well documented by nesting beach-tagging programs (e.g., Kendall et al. 

2019), there is a knowledge gap regarding male breeding periodicity because of the difficulty of 

observing males in marine habitats. We know that male sea turtles can mate with multiple 

females in a single breeding season (Gaos et al. 2018), and there is compelling evidence that 

males may participate in breeding seasons more frequently than females (Hays et al. 2014). This 

greater breeding frequency makes sense energetically, because reproductive energy costs should 

be lower for males and require shorter foraging periods to replenish (Hays et al. 2014). On the 

basis of these two criteria alone (polygyny and breeding periodicity), an ASR that maximizes 

reproductive output would theoretically be female biased. But how many males are too few? 

Projecting how changes to ASRs will affect OSRs, and therefore mating, depends on detailed 

knowledge of male breeding periodicity to complement existing data sets documenting female 

periodicity. We highlight three methodologies advancing the field in this regard: satellite 

tracking (e.g., Hays et al. 2014), in-water surveys at breeding areas (e.g., Hays et al. 2010), and 

genetic paternal reconstruction using hatchling DNA (e.g., Wright et al. 2012a).  

 Satellite tracking can facilitate inferences of male breeding from the periodicity of 

movements to breeding areas. We found six published subsets of data for males that were tracked 

long enough to infer periodicity over multiple seasons (typically more than 365 days). These data 

included four species and 35 individuals (supplemental table S1; James et al. 2005, van Dam et 

al. 2008, Casale et al. 2013, Varo-Cruz et al. 2013, Hays et al. 2014, Naro-Maciel et al. 2018). A 

yearly remigration pattern was exhibited by 19 of these turtles. Unfortunately, this approach is 

constrained by the duration of transmitter retention and will typically only show whether a male 

exhibits consecutive annual breeding migrations. Either an annual or biennial pattern is often 

assumed, although in many cases a triennial (or longer) pattern cannot be ruled out. Moreover, 
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intraindividual variability has not been estimated for males but is likely considering the 

complexities that dictate reproductive energetics and periodicity. Another caveat for inferring 

male breeding periodicity on the basis of migrations is that it is unclear what to infer from males 

that reside in breeding areas (e.g., Varo-Cruz et al. 2013). Although migration is assumed to 

culminate in reproductive activity, a lack of migration may not be indicative of reproductive 

status because males may simply remain resident in breeding areas (furthermore, reproductively 

active males may not successfully mate). For example, Blanvillain et al. (2008) found that as 

high as 15% of males present at a loggerhead breeding area in Florida were not reproductively 

active. Although satellite tracking males to infer periodicity has clear limitations, these can be 

alleviated to some degree by complementary in-water work at breeding areas, such as surveys 

using photo ID or unmanned aerial vehicles (UAVs; Schofield et al. 2017). Hays et al. (2010) 

complemented satellite tracking with photo-ID surveys and female nesting data to suggest that 

loggerhead males visited a Zakynthos Island breeding area 2.6 times more frequently than 

females; such a disparity would lead to a greater male component in the OSR relative to ASR.  

 A newer approach to estimating periodicity is the use of hatchling genetics to reconstruct 

paternal genotypes (e.g., Wright et al. 2012a). Hatchling DNA contains a definitive record of 

paternity, and therefore sampling over multiple seasons can reveal periodicity. As molecular 

techniques advance and continue to decline in cost, this approach holds great promise for 

answering questions surrounding periodicity and OSRs. We note two key considerations for 

using this method to estimate male periodicity. First, the strategy is only as good as the detection 

probability for fathers. This probability is dependent on a priori knowledge of the population of 

interest and associated sampling design. For example, if sired clutches are distributed among 

several beaches (e.g., Wright et al. 2012b), then sampling hatchlings at one beach will likely not 
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be enough to detect all fathers. In addition, clutch sampling should take into account the potential 

for multiple paternity. Second, a full record of offspring parentage represents an RSR, not an 

OSR, unless all males attempting to mate successfully sire offspring. This distinction neutralizes 

concerns about males that reside at breeding areas and may be important when conceptualizing 

male limitation, because it is the OSR that should ultimately dictate mate availability. That is, the 

male component of an OSR represents all males available to mate and as male numbers decline, 

competition should decline, and therefore, OSRs may ultimately converge on RSRs. Future 

research is warranted to evaluate how similar a seasonal RSR is to an associated OSR by 

quantifying competitive exclusion.  

 Parentage analyses for a single season can produce an RSR snapshot. For example, Gaos 

et al. (2018) sampled eastern Pacific hawksbill (Eretmochelys imbricata) hatchlings and found a 

single season RSR of 1.41 females per male. Sampling over several nesting seasons can identify 

trends in RSRs (that may reflect trends in OSRs) and patterns in male breeding periodicity. 

Wright et al. (2012a) used paternal reconstruction to suggest 3 of 99 genotyped male green 

turtles participated in more than one breeding season over 3 years in Cyprus, despite an 

estimated RSR of 1.3 males per female. Phillips et al. (2014) found that 4 out of 91 Seychelles 

hawksbill fathers sired clutches in multiple seasons over four nesting seasons. Lasala et al. 

(2013) and (2018) sampled loggerhead hatchlings in Georgia and western Florida over three 

nesting seasons and did not find any repeat fathers despite male- biased RSRs. Together, these 

genetic studies may suggest a more infrequent male periodicity pattern when compared with 

satellite tracking work. However, the more pertinent and broader takeaway may be that the 

knowledge gap surrounding male periodicity and OSRs is far from being resolved, limiting 

understanding of how increasingly skewed sex ratios affect mating outcomes. 
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From operational to male-limited sex ratios: Mating biology and behavior 

 

A primary conclusion thus far is that, although we know strikingly little about the conversion 

factors between the different sex ratios, our ability to arrive at an OSR or RSR is improving. 

Genetic parentage analyses may have the most promising future as a single methodology, but in 

the end, the confluence of different methodological approaches may be necessary to fill 

knowledge gaps surrounding male biology. For instance, we could learn much from a study that 

integrates hatchling genetics with UAV surveys, in-water photo ID, and satellite tracking to 

estimate OSRs or RSRs, residence time at breeding areas, and the levels of male fidelity to a 

single breeding area. A second conclusion is that given more frequent male mating and 

polygyny, highly female-biased PSRs may promote viability (Hays et al. 2017, Santidrián 

Tomillo and Spotila 2020), although this idea contrasts with Fisherian sex ratio theory (see 

Girondot et al. 1998). But what proportion or number of males represents a tipping point? This 

question represents an impasse in this discussion because even if breeding periodicity is known 

and an OSR can be estimated, the point at which that OSR will feature insufficient numbers of 

males to maintain population stability depends on mating behavior. The real- ity is that we know 

little about behavioral determinants in sea turtle mating systems in general. For instance, a key 

question is how many females a single male can mate with. Documenting declines in egg fertility 

rates represents one approach to inferring when male limitation occurs and is a promising first 

step if combined with estimates of sex ratios as detailed above (Phillott and Godfrey 2020). 

However, in a theoretical scenario of warming-driven male limitation, in which a decreasing 

proportion of males accounts for avail- able paternal DNA, the consequences of skewed sex 

ratios for population genetics become problematic. 
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The genetics of skewed sex ratios  

 

 Genetic diversity is a central component of population viability, but it is often omitted in 

considerations of the resilience of sea turtles to climate change (but see Fuentes et al. 2013). 

Because extremely skewed sex ratios should theoretically lead to negative effects on diversity 

and fitness (Allendorf et al. 2013), omitting genetic diversity may lead to overly optimistic 

conclusions. Advances in conservation genetic research and molecular techniques will be critical 

for evaluating how global warming will affect the viability of sea turtle populations via skewed 

sex ratios (see Komoroske et al. 2017 for relevant technical detail on genetic markers and 

methodological advances). 

 

Genetic diversity, effective population size, and fitness 

 

 Monitoring genetic diversity through time can illuminate the effects of TSD on effective 

population size (Ne; defined in table 2 along with other terms). Although other measures of 

genetic diver- sity are important to monitor, such as expected heterozygos- ity and allelic 

richness (Allendorf et al. 2013), we focus on Ne in the present article because it integrates 

genetic effects with life history and is therefore highly relevant to viability inferences (Hare et al. 

2011). Notably, for a TSD context, Ne for a mating population is maximized at a balanced sex 

ratio and declines precipitously at highly skewed sex ratios. For instance, at increasingly female-

skewed sex ratios a closed mating population’s offspring are fathered by a decreasing proportion 

of males. As such, all offspring must receive paternal genes from a dwindling genetic pool. As 

this process iterates through generations amid ongoing warming, genetic diversity becomes a 
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major concern. Changes in Ne over time are therefore important to monitor as they may reveal 

when skewed sex ratios start to limit genetic diversity. This infor- mation is fundamental because 

genetic variation dictates adaptive potential (Lande and Barrowclough 1987, Hare et al. 2011), a 

concern in the context of ongoing climate change.  

 Estimating Ne is challenging for sea turtle populations that exhibit complex genetic 

structure with highly differentiated maternal lineages at rookeries, male-mediated gene flow, and 

overlapping generations (Bowen and Karl 2007, Hare et al. 2011). Most studies characterize a 

static Ne value or back-cast changes to assess bottlenecks (e.g., LeRoux et al. 2012), and few 

investigate contemporary change—a reality that may be related to the difficulty of observing 

change given long generation times. Phillips et al. (2014) estimated Ne for a hawksbill 

population in Seychelles and concluded that mating behavior and population connectivity 

maintained elevated Ne, which may confer adaptive resilience. González-Garza et al. (2015) did 

not derive estimates of Ne, but provided evidence that hawksbill neophytes (first-time 

reproducers) nesting in the Yucatán Peninsula exhibited decreased individual genetic diversity 

compared with older remigrants. This result may support the idea that genetic diversity is 

declining through generations, although mechanisms may exist in other contexts for the 

maintenance of diversity even amid population decline. Frandsen et al. (2020) reported stable 

population-level genetic diversity in Kemp’s ridley turtles (Lepidochelys kempii) despite a 

marked population decline (and perhaps the most severe historical bottleneck experienced by 

extant sea turtle populations). As more studies track genetic diversity through time, we will be 

better able to assess how population genetics vary with demographic composition (e.g., 

abundance, generation time, and sex ratio).  
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 The concept that reduced genetic diversity can have negative effects on fitness is well 

established (Allendorf et al. 2013); however, this idea lacks empirical testing in sea turtles. 

Fitness is difficult to measure for sea turtles, and proxies are typically used such as hatching 

success, emergence success, or clutch size. Two innovative studies involving hawksbill sea 

turtles attempted to relate measures of genetic diversity to such proxies. In the study of Yucatán 

hawksbills, there was no association between genetic diversity and selected fitness proxies such 

as clutch size (González-Garza et al. 2015). Phillips et al. (2017) provided more nuanced results, 

using inbreeding and outbreeding hypotheses (table 2) to explain that when parental relatedness 

was high, hawksbill reproductive success was reduced, but when parents were unrelated, lower 

paternal diversity increased success. However, although Phillips et al. (2017) did control for 

maternal body size and incubation duration in analyses of clutch size and hatching success, 

respectively, there are many important variables they did not account for, such as incubation 

conditions (though a relatively large data set of 142 clutches may help to overcome this). Studies 

such as these pave the way for more research investigating the consequences that genetic 

diversity has on sea turtle population dynamics, a crucial research area for sea turtle 

conservation. 

 

The genetic future 

 

 A better understanding of the ties among sex ratio skew, genetic diversity, and fitness 

will be key to forecasting sea turtle resilience under projected climate change scenarios. As 

climate change unfolds in the near term, many sea turtle populations may increase because of 

greater female production and population-level fecundity (Santidrián Tomillo et al. 2015b, Laloë 
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et al. 2017), although a suite of climate change impacts across sea turtle habitats may negate this 

scenario. If populations do increase, it will be important to monitor the genetic diversity patterns 

underlying this trend. Mechanisms such as male-mediated gene flow may help to maintain Ne 

but, in general, as sex ratios change, proportional decreases would be expected in Ne relative to 

the census population size. If Ne reaches a critical threshold, populations will decline. Indeed, if 

genetic theory holds, many populations could already be at risk. This is especially true for small 

populations because of heightened loss of genetic diversity owing to genetic drift and associated 

increases in inbreeding depression, leading to the loss of adaptive capacity (Hare et al. 2011). 

This reflection on genetic diversity logically leads to a discussion of adaptive responses. 

 

Adaptive responses 

 

 Adaptive responses represent a source of uncertainty (and perhaps optimism) for 

inferences into population viability. Above, we highlighted that genetic diversity is key to long- 

term population viability, but a more mechanistic under- standing of potential adaptive responses 

and their likelihood (i.e., by determining if certain traits are under directional selection) would be 

useful for management and conservation. There is concern that adaptation via microevolution in 

sea turtles may be too slow to cope with the current pace of climate change; we discuss this idea 

later in the section. Adaptive potential is inherently linked to sex ratios, a relationship mediated 

via Ne and genetic diversity (although we note that other factors affecting phenotypic expression, 

beyond the scope of our discussion, are also important to adaptive potential; Allendorf et al. 

2013). The implications of skewed sex ratios for population genetics mean that when projecting 
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impacts on viability from skewed PSRs, accounting for effects on possible adaptive responses 

represents yet another layer of complexity.  

 To persist in the context of warming climates, populations will have to respond via 

genetic adaptation (microevolution) or phenotypic plasticity. As temperatures increase, there 

should be a corresponding increase in selection pressure for those traits that confer fitness 

benefits. For sea turtles, responses to warming could include changes in geographic distributions 

(explored in depth in supplemental box S1), thermal reaction norms, reproductive phenology, 

and maternal effects on offspring phenotype. Trait variation has been demonstrated for 

philopatry (i.e., fidelity to a geographic region; e.g., Levasseur et al. 2019), thermal reaction 

norms (e.g., Carter et al. 2019), and nesting behaviors that may confer maternal effects (e.g., 

Reneker and Kamel 2016). Physiological maternal effects, such as maternally sourced egg 

hormone concentrations, may also be relevant (Bowden and Paitz 2018). Given this variation, 

these traits should be subject to natural selection to the extent that genotypic variation underlies 

phenotypic variation. Shifts to reproductive phenology are unique in that they may not represent 

a change in traits but, rather, the maintenance of a trait (cueing phenology to sea surface 

temperatures) while climates change (e.g., Patel et al. 2016). In the end, when evaluating all the 

possible ways in which sea turtles may respond to climate change, combinations of multiple 

responses should be considered. For instance, Monsinjon et al. (2019) suggested that 

phenological shifts alone may be insufficient for many loggerhead populations to persist under 

projected warming scenarios.  

 Quantitatively evaluating the suite of responses that sea turtles may exhibit to cope with 

climate change is a complex undertaking. Shifts in distributions may be the most proximate to 

consider, because unless the thermal traits that dictate sea turtle geographic ranges change 
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through selection or plasticity, warming temperatures will drive ranges poleward. Mechanistic 

species distribution models that take into account biophysical attributes (e.g., thermal niches) can 

be especially useful to predict and understand shifts (Dudley et al. 2016). Furthermore, the 

mechanistic nature of such approaches leaves them open to incorporate various environmental 

forces, aspects of species biology, and responses beyond distributional shifts (Mitchell et al. 

2008, Wang et al. 2018, Bentley et al. 2020b, Stubbs et al. 2020). Considering range shifts, in 

particular, exposes a possible interplay of trade-offs: Sea turtles have high philopatry for both 

foraging and nesting areas that presumably evolved to ensure access to suitable habitats 

(Levasseur et al. 2019, Shimada et al. 2020), but philopatry may impede range shifts (box S1).  

For any phenotypic response, it will be important to distinguish between (directional) selection 

and plasticity, because these have distinct implications for population-level responses to climate 

change (Fox et al. 2019). Plasticity may be more advantageous for coping with short-term 

environmental fluctuations (e.g., annual temperature extremes), whereas directional selection 

may be more advantageous in the long run for dealing with environmental trends such as long-

term warming. Genomic approaches will be instrumental in distinguishing between the two— for 

example, through identifying genomic regions under selective sweeps due to directional selection 

(table 2).  

 Can evolution keep pace with climate change? Although long generation times slow the 

negative effects of genetic drift, they can also decelerate the process of evolution. Moreover, 

microevolutionary rates are estimated to be slower for the Testudines lineage relative to other 

reptilian and vertebrate lineages (Avise et al. 1992). High throughput genetic sequencing and 

genomic approaches, such as genome-wide association studies (Korte and Farlow 2013), have 

great potential to elucidate the relationship between genotype and phenotype. Isolating critical 
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genomic regions and genes under selection will help to monitor responses, determine rates of 

change, and assess adaptive capacity (Pardo-Diaz et al. 2015). Chow et al. (2019) offered some 

of the first findings in this area of research, presenting loggerhead genomic regions that may be 

under selection. The next step is understanding the function of these genes. Genomic techniques 

may also aid in evaluating the long- term efficacy of controversial management strategies, in 

particular those that attempt to improve survival by removing sea turtles from their natural 

environments at key developmental stages. Functional genomics could help to reveal to what 

extent such methods interfere with beneficial natural selection (see supplemental box S2).  

 

Forecasting viability: Synthesis and conclusions 

 

 As regional climates change, the persistence of populations will ultimately depend on 

how local environmental changes affect population-specific demographic parameters. For sea 

turtles, research on climate impacts is frequently focused on the embryo stage because of notable 

associations among temperature, survival, and PSRs, and because so much research occurs at 

nesting beaches. We reviewed concepts and literature that frame the implications of temperature- 

sensitive offspring demography for viability, and we focused this narrative on discussing sex 

ratios because of the com- plex nature of linking PSRs to (adult) population dynamics. Impacts 

on populations from decreases in hatching success are relatively straightforward to estimate 

given accurate temperature projections and well-described thermal reaction norms. By contrast, 

PSR skew cascades through life history to eventually affect population growth rate through 

changes in reproductive output (figure 3). Scrutinizing this cascade exposes a suite of research 
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areas to prioritize as the field continues to better understand the implications of warming for 

viability. We summarize these areas with six points below. 

 

Variation in thermal reaction norms. The understanding of how temperature affects embryonic 

survival and sex ratios has a longstanding basis, but more empirical description of such norms 

continues to capture variation among species, populations, and even in individuals (Howard et al. 

2014, Carter et al. 2019). Notably, sex ratio thermal reaction norms are more difficult to 

quantify, and empirical data are lacking; many studies have used egg incubation temperature 

proxies or base predictions about one population on the norm described for another. Cutting-edge 

techniques in endocrinology are making it easier to characterize and describe variation in sex 

ratio reaction norms (e.g., Tezak et al. 2020). 

 

Preadult survival. It remains difficult to quantify survival to maturity in sea turtles. Theory 

regarding the evolution and adaptive significance of TSD suggests the possibility of sex-specific 

patterns in survival (Schwanz et al. 2016), but with any such patterns mostly unknown, it is 

unclear how PSRs may translate to an eventual ASR. We highlighted productive approaches to 

understanding preadult survival, including hatchling genetic fingerprinting (Dutton and Stewart 

2013) and monitoring sex ratios among life-history stages (Jensen et al. 2018). 

 

Male breeding periodicity. Our ability to convert between an ASR and OSR is improving as we 

develop more of an understanding of male breeding intervals. Methods such as satellite tracking 

(Hays et al. 2014) and genetic parentage analysis (Lasala et al. 2018) continue to make important 

progress in this realm. 



   

 

27 

 

Mating system and behavior. The behavioral ecology for sea turtle mating systems represents a 

key frontier for future research to understand population viability. Importantly, levels and 

consequences of competition are difficult to describe, such that we do not know how different an 

OSR may be from a corresponding RSR. Parentage analysis as a means of tracking breeding 

intervals does provide essential RSR information (Wright et al. 2012a) but does not shed light on 

what a given OSR:RSR ratio may be. Characterizing mating systems will require innovative 

strategies that integrate research methods—for example, combining in-water monitoring and 

hatchling genetic sampling. 

 

Reproductive biology and male limitation. Knowledge gaps surrounding reproductive biology 

make it difficult to conceptualize what proportion or number of males in a mating population 

may be limiting. Given an understanding of OSRs and RSRs for a population, monitoring egg 

fertility rates shows promise toward addressing this gap (Phillott and Godfrey 2020). 

 

Sex ratio skew, genetics, and adaptive potential. We are building toward a future in which sea 

turtle genetics and genomics will be integrated into population assessments more routinely. 

Genetic diversity should be included when considering male limitation. Even if a population is 

not male limited in terms of females being able to find mates, it may be male limited genetically. 

That is, at extreme sex ratio skew the decreasing proportion of males in the population represents 

a shrinking pool of genetic diversity, and as this pattern iterates through generations of warming 

the risk of inbreeding and deleterious fitness effects increases. Moreover, as genetic diversity 

declines, adaptive potential declines with it and may limit resilience to ongoing climate change. 
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Broader, more intensive sampling of genetic diversity and monitoring of Ne will be crucial 

moving forward, as will genomic techniques to evaluate avenues for adaptive response.  

 

 These research topics present data deficient areas of need as sea turtle conservation 

moves into a future with accelerating climate change. In the absence of empirical data for key 

demographic parameters, predicting viability across a range of biologically realistic values may 

be prudent (e.g., exploring varying male breeding intervals or rates of sex-specific survival). 

Such exercises can help to quantify uncertainty and may aid in identifying what demographic 

variables should be prioritized for future research. Embracing variation will also be important for 

elucidating the effects of warming on viability, because characterizing traits such as thermal 

reaction norms at the population level can gloss over key intrapopulation and intraindividual 

variation (e.g., Carter et al. 2019). From refining the understanding of thermal reaction norms to 

documenting breeding periodicity and identifying genomic regions of accelerated change, 

research continues to address data deficiencies and push the field toward answers.  

 As the understanding of demographic dynamics (especially male demography) expands, 

so too will the ability to project the future impacts of warming. As such, this review has focused 

primarily on sex ratios and male biology. We note, however, that impacts on egg survival may be 

more threatening to populations than changes to sex ratios (Saba et al. 2012, Hays et al. 2017), 

and they are easier to understand and project. Nonetheless, in a scenario in which sea turtles can 

adapt and persist, we suggest that working toward a comprehensive understanding of warming’s 

impacts is warranted. We acknowledge that climate-associated changes to demography across all 

life- history stages, rather than just offspring, will be important to accommodate in modeling and 

projections (Hamann et al. 2013). Furthermore, it will be beneficial to advance the capacity to 
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incorporate diverse facets of global change into viability inferences (see box 3). In the present 

article, we focused on warming temperatures but recognize that other factors may be equally 

important to evaluate. Hamann et al. (2013) reviewed many environmental changes relevant to 

sea turtles, including changes in sea level, sea surface temperatures, and precipitation. Much 

work has advanced our understanding of how these factors may affect populations, and a 

promising trend is the integration of multiple facets within a single analysis (e.g., Montero et al. 

2018, Patrício et al. 2019). Mechanistic models represent a cohesive approach to such 

integration. For instance, Stubbs et al. (2020) used mechanistic modeling to evaluate different 

pressures on an Australian green turtle population and suggested that climate change impacts on 

food availability could have more severe effects than direct impacts on demographic parameters.  

 Projecting population persistence is an important exercise to evaluate and inform 

conservation action. However, tracking the fate of sea turtle cohorts is logistically challenging 

and resource intensive, leaving information gaps for fundamental aspects of demography. 

Currently, predictions must rely on assumptions lacking empirical support about important 

aspects of viability (e.g., genetic diversity, male reproductive ecology). However, we highlighted 

advances across diverse disciplines that provide evidence for an accelerating wave of research on 

how global climate change will affect sea turtle population viability. As research builds and 

continues to address data deficiencies, the field of sea turtle conservation has a solid base to 

inform adaptive management and future studies under changing climates. The lessons we glean 

from sea turtles also apply broadly to any population viability context: To understand how 

sublethal impacts of climate at one life-history stage will affect reproductive output or survival at 

another life-history stage, we must consider the full natural history of organisms. 
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Box 3. Global change and sea turtles: Emergent threats 

 

Beyond many relatively well-documented aspects of climate change, new threats continue to 

emerge and may interact with each other or with longstanding threats to populations. We 

highlight five threats garnering research attention. First, broadscale ecological regime shifts 

may unfold with changing climates. Bjorndal et al. (2017) implicated such a regime shift in 

association with somatic growth rate declines in immature turtles across three species 

throughout the Western Atlantic. Second, plastics in the marine environment are increasingly 

linked to sea turtle mortality (Wilcox et al. 2018). Third, apparent increases in episodic 

proliferation of algae may inundate nesting habitats (e.g., Sargassum spp.; Maurer et al. 2015) 

or cause the release of toxins in coastal environments (e.g., red tides; Foley et al. 2019). 

Fourth, the rising incidence of disease associated with anthropogenic impacts on the marine 

environment threatens many populations (e.g., fibropapillomatosis; Jones et al. 2016). Fifth, 

and related to the fourth, environmental contaminants from products such as pharmaceuticals 

and pesticides have been shown to affect immune, neurological, and endocrine function in 

aquatic wildlife (e.g., Arnold et al. 2014, Desforges et al. 2016). The feminizing effects of 

certain plasticizers—even at low doses—are particularly relevant to sea turtle biology given 

projected changes to sex ratios (Vandenberg et al. 2012). Epigenetic effects from certain 

contaminants may be heritable and therefore influence microevolutionary pathways for 

adaptation (Anway et al. 2005). 

 

 

 



   

 

31 

 

Acknowledgments 

 

We thank Kate Maurer for producing the figures for the article. We appreciate helpful feedback 

from Kathryn Levasseur, Erica Henry, Kristen Hart, Larisa Avens, and three anonymous 

reviewers. Andrew Maurer is supported by a National Science Foundation Graduate Research 

Fellowship (award no. 1746939).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 

32 

 

References 

 

Abreu-Grobois, F.A., Morales-Mérida, B.A., Hart, C.E., Guillon, J.M., Godfrey, M.H., Navarro, 

E., and Girondot, M. 2020. Recent advances on the estimation of the thermal reaction norm 

for sex ratios. PeerJ 8:e8451.  

Allen, C.D., et al. 2015. First assessment of the sex ratio for an East Pacific green sea turtle 

foraging aggregation: Validation and application of a testosterone ELISA. PLOS ONE 

10:e0138861.  

Allendorf, F.W., Luikart, G., and Aitken, S.N. 2013. Conservation and the genetics of 

populations. Wiley-Blackwell.  

Anway, M.D., Cupp, A.S., Uzumcu, M., and Skinner, M.K. 2005. Epigenetic trans-generational 

actions of endocrine disruptors and male fertility. Science 308:1466–1469.  

Arnold, K.E., Brown, A.R., Ankley, G.T., and Sumpter, J.P. 2014. Medicating the environment: 

Assessing risks of pharmaceuticals to wildlife and ecosystems. Philosophical Transactions of 

the Royal Society B 369:20130569.  

Avise, J.C., Bowen, B.W., Lamb, T., Meylan, A.B., and Bermingham, E. 1992. Mitochondrial 

DNA evolution at a turtle’s pace: Evidence for low genetic variability and reduced 

microevolutionary rate in the Testudines. Molecular Biology and Evolution 9:457–473.  

Bentley, B.P., Stubbs, J.L., Whiting, S.D., and Mitchell, N.J. 2020a. Variation in thermal traits 

describing sex determination and development in Western Australian sea turtle populations. 

Functional Ecology 34:2302–2314.  



   

 

33 

 

Bentley, B.P., Kearney, M.R., Whiting, S.D., and Mitchell, N.J. 2020b. Microclimate modelling 

of beach sand temperatures reveals high spatial and temporal variation at sea turtle rookeries. 

Journal of Thermal Biology 88:102522. 

Bevan, E.M., et al. 2019. Comparison of beach temperatures in the nesting range of Kemp’s 

ridley sea turtles in the Gulf of Mexico, Mexico and USA. Endangered Species Research 

40:31–40. 

Bjorndal, K.A., et al. 2017. Ecological regime shift drives declining growth rates of sea turtles 

throughout the West Atlantic. Global Change Biology 23:4556–4568.  

Bladow, R.A., and Milton, S.L. 2019. Embryonic mortality in green (Chelonia mydas) and 

loggerhead (Caretta caretta) sea turtle nests increases with cumulative exposure to elevated 

temperatures. Journal of Experimental Marine Biology and Ecology 518:151180.  

Blanvillain, G., Pease, A.P., Segars, A.L., Rostal, D.C., Richards, A.J., and Owens, D.W. 2008. 

Comparing methods for the assessment of reproductive activity in adult male loggerhead sea 

turtles Caretta caretta at Cape Canaveral, Florida. Endangered Species Research 6:75–85. 

Blumenthal, J.M., et al. 2009. Turtle groups or turtle soup: dispersal patterns of hawksbill turtles 

in the Caribbean. Molecular Ecology 18:4841–4853. 

Booth, D.T. 2018. Incubation temperature induced phenotypic plasticity in oviparous reptiles: 

Where to next? Journal of Experimental Zoology A 329:43–350.  

Bowden, R.M., and Paitz, R.T. 2018. Temperature fluctuations and maternal estrogens as critical 

factors for understanding temperature-dependent sex determination in nature. Journal of 

Experimental Zoology A 329:177–184.  

Bowen, B.W., and Karl, S.A. 2007. Population genetics and phylogeography of sea turtles. 

Molecular Ecology 16:4886–4907. 



   

 

34 

 

Brischoux, F., Cotté, C., Lillywhite, H.B., Bailleul, F., Lalire, M., and Gaspar, P. 2016. Oceanic 

circulation models help to predict global biogeography of pelagic yellow-bellied sea snake. 

Biology Letters 12:20160436. 

Bustard, H.R., and Greenham, P.G. 1968. Physical and chemical factors affecting hatching in the 

green sea turtle, Chelonia mydas (L.). Ecology 49:269–276. 

Carreras, C., Pascual, M., Tomás, J., Marco, A., Hochscheid, S., Castillo, J.J., Gozalbes, P., 

Parga, M., Piovano, S., and Cardona, L. 2018. Sporadic nesting reveals long distance 

colonisation in the philopatric loggerhead sea turtle (Caretta caretta). Scientific Reports 

8:1435. 

Carter, A.W., Bowden, R.M., and Paitz, R.T. 2017. Seasonal shifts in sex ratios are mediated by 

maternal effects and fluctuating incubation temperatures. Functional Ecology 31:876–884.  

Carter, A.L., Bodensteiner, B.L., Iverson, J.B., Milne-Zelman, C.L., Mitchell, T.S., Refsnider, 

J.M., Warner, D.A., and Janzen, F.J. 2019. Breadth of the thermal response captures 

individual and geographic variation in temperature-dependent sex determination. Functional 

Ecology 33:1928–1939.  

Casale, P., Freggi, D., Cina, A., and Rocco, M. 2013. Spatio-temporal distribution and migration 

of adult male loggerhead sea turtles (Caretta caretta) in the Mediterranean Sea: Further 

evidence of the importance of neritic habitats off North Africa. Marine Biology 160:703–

718.  

Chow, J.C., Anderson, P.E., and Shedlock, A.M. 2019. Sea turtle population genomic discovery: 

Global and locus-specific signatures of polymorphism, selection, and adaptive potential. 

Genome Biology and Evolution 11:2797–2806.  



   

 

35 

 

Crouse, D.T., Crowder, L.B., and Caswell, H. 1987. A stage-based population model for 

loggerhead sea turtles and implications for conservation. Ecology 68:1412–1423.  

Desforges, J.P.W., Sonne, C., Levin, M., Siebert, U., De Guise, S., and Dietz, R. 2016. 

Immunotoxic effects of environmental pollutants in marine mammals. Environment 

International 86:126–139.  

Ditmer, M.A., and Stapleton, S.P. 2012. Factors affecting hatch success of hawksbill sea turtles 

on Long Island, Antigua, West Indies. PLOS ONE 7:e38472. 

Dudley, P.N., and Porter, W.P. 2014. Using empirical and mechanistic models to assess global 

warming threats to leatherback sea turtles. Marine Ecology Progress Series 501:265–278. 

Dudley, P.N., Bonazza, R., and Porter, W.P. 2016. Climate change impacts on nesting and 

internesting leatherback sea turtles using 3D animated computational fluid dynamics and 

finite volume heat transfer. Ecological Modelling 320:231–240.  

Dutton, P.H., and Stewart, K.R. 2013. A method for sampling hatchling sea turtles for the 

development of a genetic tag. Marine Turtle Newsletter 138:3–7.  

Fastovsky, D.E., and Weishampel, D.B. 2005. The Evolution and Extinction of the Dinosaurs. 

Cambridge University Press. 

Fisher, L.R., Godfrey, M.H., and Owens, D.W. 2014. Incubation temperature effects on 

hatchling performance in the loggerhead sea turtle (Caretta caretta). PLOS ONE 9:e114880. 

Foley, A.M., et al. 2019. Assessing Karenia brevis red tide as a mortality factor of sea turtles in 

Florida, USA. Diseases of Aquatic Organisms 132:109–124. 

Fox, R.J., Donelson, J.M., Schunter, C., Ravasi, T., and Gaitán-Espitia, J.D. 2019. Beyond 

buying time: The role of plasticity in phenotypic adaptation to rapid environmental change. 

Philosophical Transactions of the Royal Society B 374: 20180174.  



   

 

36 

 

Frandsen, H.R., Figueroa, D.F., and George, J.A. 2020. Mitochondrial genomes and genetic 

structure of the Kemp’s ridley sea turtle (Lepidochelys kempii). Ecology and Evolution 

10:249–262.  

Fuentes, M.M., Pike, D.A., Dimatteo, A., and Wallace, B.P. 2013. Resilience of marine turtle 

regional management units to climate change. Global Change Biology 19:1399–1406.  

Fuentes, M.M., Monsinjon, J., Lopez, M., Lara, P., Santos, A., Marcovaldi, M.A., and Girondot, 

M. 2017. Sex ratio estimates for species with temperature-dependent sex determination differ 

according to the proxy used. Ecological Modelling 365:55–67. 

Fuentes, M.M., et al. 2020. Potential adaptability of marine turtles to climate change may be 

hindered by coastal development in the USA. Regional Environmental Change 20: 1–14. 

Gaos, A.R., Lewison, R.L., Liles, M.J., Henriquez, A., Chavarría, S., Yañez, I.L., Stewart, K., 

Frey, A., Jones, T.T., and Dutton, P.H. 2018. Prevalence of polygyny in a critically 

endangered marine turtle population. Journal of Experimental Marine Biology and Ecology 

506:91–99.  

Girondot, M., Fouillet, H., and Pieau, C. 1998. Feminizing turtle embryos as a conservation tool. 

Conservation Biology 12:353–362.  

Girondot, M., and Kaska, Y. 2014. A model to predict the thermal reaction norm for the embryo 

growth rate from field data. Journal of Thermal Biology 45:96–102.  

Girondot, M., Monsinjon, J., and Guillon, J.M. 2018. Delimitation of the embryonic 

thermosensitive period for sex determination using an embryo growth model reveals a 

potential bias for sex ratio prediction in turtles. Journal of Thermal Biology 73:32–40  



   

 

37 

 

González-Garza, B.I., Stow, A., Sánchez-Teyer, L.F., and Zapata-Pérez, O. 2015. Genetic 

variation, multiple paternity, and measures of reproductive success in the critically 

endangered hawksbill turtle (Eretmochelys imbricata). Ecology and Evolution 5:5758–5769.  

Hamann, M., Fuentes, M., Ban, N., and Mocellin, V. 2013. Climate change and marine turtles. 

In: Wyneken, J., Lohmann, K.J., and Musick, J.A. (Eds.) The biology of sea turtles, vol 3. 

Taylor and Francis Group. 353–378. 

Hare, M.P., Nunney, L., Schwartz, M.K., Ruzzante, D.E., Burford, M., Waples, R.S., Ruegg, K., 

and Palstra, F. 2011. Understanding and estimating effective population size for practical 

application in marine species management. Conservation Biology 25:438–449.  

Hays, G.C., Fossette, S., Katselidis, K.A., Schofield, G., and Gravenor, M.B. 2010. Breeding 

periodicity for male sea turtles, operational sex ratios, and implications in the face of climate 

change. Conservation Biology 24:1636–1643.  

Hays, G.C., Mazaris, A.D., and Schofield, G. 2014. Different male versus female breeding 

periodicity helps mitigate offspring sex ratio skews in sea turtles. Frontiers in Marine Science 

19:43.  

Hays, G.C., Mazaris, A.D., Schofield, G., and Laloë, J.O. 2017. Population viability at extreme 

sex-ratio skews produced by temperature-dependent sex determination. Proceedings of the 

Royal Society B 284:20162576.  

Horne, C.R., Fuller, W.J., Godley, B.J., Rhodes, K.A., Snape, R., Stokes, K.L., and Broderick, 

A.C. 2014. The effect of thermal variance on the phenotype of marine turtle offspring. 

Physiological and Biochemical Zoology 87:796–804.  

Howard, R., Bell, I., and Pike, D.A. 2014. Thermal tolerances of sea turtle embryos: Current 

understanding and future directions. Endangered Species Research 26:75–86.  



   

 

38 

 

Hulin, V., Delmas, V., Girondot, M., Godfrey, M.H., and Guillon, J.M. 2009. Temperature-

dependent sex determination and global change: Are some species at greater risk? Oecologia 

160:493–506.  

James, M.C., Eckert, S.A., and Myers, R.A. 2005. Migratory and reproductive movements of 

male leatherback turtles (Dermochelys coriacea). Marine Biology 147:845–853.  

Jensen, M.P., Allen, C.D., Eguchi, T., Bell, I.P., LaCasella, E.L., Hilton, W.A., Hof, C.A., and 

Dutton, P.H. 2018. Environmental warming and feminization of one of the largest sea turtle 

populations in the world. Current Biology 28:154–159.  

Jones, K., Ariel, E., Burgess, G., and Read, M. 2016. A review of fibropapillomatosis in green 

turtles (Chelonia mydas). Veterinary Journal 212:48–57.  

Kendall, W.L., Stapleton, S., White, G.C., Richardson, J.I., Pearson, K.N., and Mason, P. 2019. 

A multistate open robust design: Population dynamics, reproductive effort, and phenology of 

sea turtles from tagging data. Ecological Monographs 89:e01329.  

Kobayashi, S., Saito, Y., Osawa, A., Katsumata, E., Karaki, I., Nagaoka, K., Taya, K., and 

Watanabe, G. 2015. Embryonic sex steroid hormones accumulate in the eggshell of 

loggerhead sea turtle (Caretta caretta). General and Comparative Endocrinology 224:11–17.  

Kobayashi, S., et al. 2018. Incubation and water temperatures influence the performances of 

loggerhead sea turtle hatchlings during the dispersal phase. Scientific Reports 8:11911.  

Komoroske, L.M., Jensen, M.P., Stewart, K.R., Shamblin, B.M., and Dutton, P.H. 2017. 

Advances in the application of genetics in marine turtle biology and conservation. Frontiers 

in Marine Science 4:156.  

Korte, A., and Farlow, A. 2013. The advantages and limitations of trait analysis with GWAS: A 

review. Plant Methods 9:29.  



   

 

39 

 

Laloë, J.O., Cozens, J., Renom, B., Taxonera, A., and Hays, G.C. 2017. Climate change and 

temperature-linked hatchling mortality at a globally important sea turtle nesting site. Global 

Change Biology 23:4922–4931.  

Lande, R., and Barrowclough, G.F. 1987. Effective population size, genetic variation, and their 

use in population management. In: Soulé, M.E. (Ed.) Viable populations for conservation. 

Cambridge University Press. 87–124. 

Lasala, J.A., Harrison, J.S., Williams, K.L., and Rostal, D.C. 2013. Strong male-biased 

operational sex ratio in a breeding population of loggerhead turtles (Caretta caretta) inferred 

by paternal genotype reconstruction analysis. Ecology and Evolution 3:4736–4747.  

Lasala, J.A., Hughes, C.R., and Wyneken, J. 2018. Breeding sex ratio and population size of 

loggerhead turtles from Southwestern Florida. PLOS ONE 13:e0191615.  

LeRoux, R.A., et al. 2012. Re-examination of population structure and phylogeography of 

hawksbill turtles in the wider Caribbean using longer mtDNA sequences. Journal of Heredity 

103:806–820.  

Levasseur, K.E., Stapleton, S.P., Fuller, M.C., and Quattro, J.M. 2019. Exceptionally high natal 

homing precision in hawksbill sea turtles to insular rookeries of the Caribbean. Marine 

Ecology Progress Series 620:155–171.  

Lolavar, A., and Wyneken, J. 2020. The impact of sand moisture on the temperature-sex ratio 

responses of developing loggerhead (Caretta caretta) sea turtles. Zoology 138:125739.  

Lovich, J.E., Ennen, J.R., Agha, M., and Gibbons, J.W. 2018. Where have all the turtles gone, 

and why does it matter? BioScience 68:771–781.  



   

 

40 

 

Mansfield, K.L., Wyneken, J., Porter, W.P., and Luo, J. 2014. First satellite tracks of neonate sea 

turtles redefine the “lost years” oceanic niche. Proceedings of the Royal Society B 

281:20133039.  

Maurer, A.S., De Neef, E., and Stapleton, S. 2015. Sargassum accumulation may spell trouble 

for nesting sea turtles. Frontiers in Ecology and the Environment 13:394–395.  

Mazaris, A.D., Vokou, D., Almpanidou, V., Türkozan, O., and Sgardelis, S.P. 2015. Low 

conservatism of the climatic niche of sea turtles and implications for predicting future 

distributions. Ecosphere 6:1–12. 

Mitchell, N.J., Kearney, M.R., Nelson, N.J., and Porter, W.P. 2008. Predicting the fate of a living 

fossil: How will global warming affect sex determination and hatching phenology in tuatara? 

Proceedings of the Royal Society B 275:2185–2193.  

Monsinjon, J., Jribi, I., Hamza, A., Ouerghi, A., Kaska, Y., and Girondot, M. 2017. Embryonic 

growth rate thermal reaction norm of Mediterranean Caretta caretta embryos from two 

different thermal habitats, Turkey and Libya. Chelonian Conservation and Biology 16:172–

179.  

Monsinjon, J.R., et al. 2019. The climatic debt of loggerhead sea turtle populations in a warming 

world. Ecological Indicators 107:105657.  

Montero, N., Marcovaldi, M.A., López-Mendilaharsu, M., Santos, A.S., Santos, A.J., and 

Fuentes, M.M. 2018. Warmer and wetter conditions will reduce offspring production of 

hawksbill turtles in Brazil under climate change. PLOS ONE 13:e0204188. 

Morreale, S.J., Ruiz, G.J., and Standora, E.A. 1982. Temperature-dependent sex determination: 

current practices threaten conservation of sea turtles. Science 216:1245–1247. 



   

 

41 

 

Mousseau, T.A., and Fox, C.W. 1998. The adaptive significance of maternal effects. Trends in 

Ecology and Evolution 13:403–407.  

Mrosovsky, N., and Provancha, J. 1989. Sex ratio of loggerhead sea turtles hatching on a Florida 

beach. Canadian Journal of Zoology 67:2533–2539.  

Mueller, M.S., Ruiz-García, N.A., García-Gasca, A., and Abreu-Grobois, F.A. 2019. Best 

swimmers hatch from intermediate temperatures: Effect of incubation temperature on 

swimming performance of olive ridley sea turtle hatchlings. Journal of Experimental Marine 

Biology and Ecology 519:151186.  

Naro-Maciel, E., Arengo, F., Galante, P., Vintinner, E., Holmes, K.E., Balazs, G., and Sterling, 

E.J. 2018. Marine protected areas and migratory species: Residency of green turtles at 

Palmyra Atoll, Central Pacific. Endangered Species Research 37:165–182.  

Noble, D.W., Stenhouse, V., and Schwanz, L.E. 2018. Developmental temperatures and 

phenotypic plasticity in reptiles: A systematic review and meta-analysis. Biological Reviews 

93:72–97.  

Pardo-Diaz, C., Salazar, C., and Jiggins, C.D. 2015. Towards the identification of the loci of 

adaptive evolution. Methods in Ecology and Evolution 6:445–464.  

Patel, S.H., Morreale, S.J., Saba, V.S., Panagopoulou, A., Margaritoulis, D., and Spotila, J.R. 

2016. Climate impacts on sea turtle breeding phenology in Greece and associated foraging 

habitats in the wider Mediterranean region. PLOS ONE 11:e0157170.  

Patrício, A.R., Varela, M.R., Barbosa, C., Broderick, A.C., Catry, P., Hawkes, L.A., Regalla, A., 

and Godley, B.J. 2019. Climate change resilience of a globally important sea turtle nesting 

population. Global Change Biology 25:522–535.  



   

 

42 

 

Phillips, K.P., Mortimer, J.A., Jolliffe, K.G., Jorgensen, T.H., and Richardson, D.S. 2014. 

Molecular techniques reveal cryptic life history and demographic processes of a critically 

endangered marine turtle. Journal of Experimental Marine Biology and Ecology 455:29–37.  

Phillips, K.P., Jorgensen, T.H., Jolliffe, K.G., and Richardson, D.S. 2017. Evidence of opposing 

fitness effects of parental heterozygosity and relatedness in a critically endangered marine 

turtle? Journal of Evolutionary Biology 30:1953–1965.  

Phillott, A.D., and Godfrey, M.H. 2020. Assessing the evidence of “infertile” sea turtle eggs. 

Endangered Species Research 41:329–338.  

Putman, N.F., et al. 2020. Predicted distributions and abundances of the sea turtle “lost years” in 

the western North Atlantic Ocean. Ecography 43:506–517.  

Rafferty, A.R., Johnstone, C.P., Garner, J.A., and Reina, R.D. 2017. A 20-year investigation of 

declining leatherback hatching success: Implications of climate variation. Royal Society 

Open Science 4:170196.  

Rees, A.F., et al. 2016. Are we working towards global research priorities for management and 

conservation of sea turtles? Endangered Species Research 31:337–382.  

Reneker, J.L., and Kamel, S.J. 2016. The maternal legacy: Female identity predicts offspring sex 

ratio in the loggerhead sea turtle. Scientific Reports 6:29237.  

Rivas, M.L., Spínola, M., Arrieta, H., and Faife-Cabrera, M. 2018. Effect of extreme climatic 

events resulting in prolonged precipitation on the reproductive output of sea turtles. Animal 

Conservation 21:387–395.  

Saba, V.S., Stock, C.A., Spotila, J.R., Paladino, F.V., and Santidrián Tomillo, S. 2012. Projected 

response of an endangered marine turtle population to climate change. Nature Climate 

Change 2:814–820.  



   

 

43 

 

Santidrián Tomillo, P., Oro, D., Paladino, F.V., Piedra, R., Sieg, A.E., and Spotila, J.R. 2014. 

High beach temperatures increased female-biased primary sex ratios but reduced output of 

female hatchlings in the leatherback turtle. Biological Conservation 176:71–79.  

Santidrián Tomillo, P., et al. 2015a. Global analysis of the effect of local climate on the hatchling 

output of leatherback turtles. Scientific Reports 5:16789.  

Santidrián Tomillo, P., Genovart, M., Paladino, F.V., Spotila, J.R., and Oro, D. 2015b. Climate 

change overruns resilience conferred by temperature-dependent sex determination in sea 

turtles and threatens their survival. Global Change Biology 21:2980–2988.  

Santidrián Tomillo, P., and Spotila, J.R. 2020. Temperature-dependent sex determination in sea 

turtles in the context of climate change: Uncovering the adaptive significance. BioEssays 

42:2000146.  

Schofield, G., Katselidis, K.A., Lilley, M.K., Reina, R.D., and Hays, G.C. 2017. Detecting 

elusive aspects of wildlife ecology using drones: New insights on the mating dynamics and 

operational sex ratios of sea turtles. Functional Ecology 31:2310–2319.  

Schwanz, L.E., Cordero, G.A., Charnov, E.L., and Janzen, F.J. 2016. Sex-specific survival to 

maturity and the evolution of environmental sex determination. Evolution 70:329–341.  

Shimada, T., Limpus, C.J., Hamann, M., Bell, I., Esteban, N., Groom, R., and Hays, G.C. 2020. 

Fidelity to foraging sites after long migrations. Journal of Animal Ecology 89:1008–1016.  

Singh, S.K., Das, D., and Rhen, T. 2020. Embryonic temperature programs phenotype in reptiles. 

Frontiers in Physiology 11:35.  

Standora, E.A., and Spotila, J.R. 1985. Temperature dependent sex determination in sea turtles. 

Copeia 1985:711–722.  

Stanford, C.B., et al. 2020. Turtles and tortoises are in trouble. Current Biology 30:R721–R735.  



   

 

44 

 

Stubbs, J.L., Marn, N., Vanderklift, M.A., Fossette, S., and Mitchell, N.J. 2020. Simulated 

growth and reproduction of green turtles (Chelonia mydas) under climate change and marine 

heatwave scenarios. Ecological Modelling 431:109185.  

Tezak, B., Sifuentes-Romero, I., Milton, S., and Wyneken, J. 2020. Identifying sex of neonate 

turtles with temperature-dependent sex determination via small blood samples. Scientific 

Reports 10:1–8.  

Urban, M.C. 2015. Accelerating extinction risk from climate change. Science 348:571–573.  

van Dam, R.P., Diez, C.E., Balazs, G.H., Colón, L.A.C., McMillan, W.O., and Schroeder, B. 

2008. Sex-specific migration patterns of hawksbill turtles breeding at Mona Island, Puerto 

Rico. Endangered Species Research 4:85–94.  

Vance, C.K., Kouba, A.J., and Willard, S.T. 2014. Near infrared spectroscopy applications in 

amphibian ecology and conservation: Gender and species identification. NIR News 25:10–

15.  

Vandenberg, L.N., et al. 2012. Hormones and endocrine-disrupting chemicals: Low-dose effects 

and nonmonotonic dose responses. Endocrine Reviews 33:378–455.  

Vandeperre, F., Parra, H., Pham, C.K., Machete, M., Santos, M., Bjorndal, K.A., and Bolten, 

A.B. 2019. Relative abundance of oceanic juvenile loggerhead sea turtles in relation to nest 

production at source rookeries: Implications for recruitment dynamics. Scientific Reports 

9:1–12.  

Varo-Cruz, N., Hawkes, L.A., Cejudo, D., López, P., Coyne, M.S., Godley, B.J., López-Jurado, 

L.F. 2013. Satellite tracking derived insights into migration and foraging strategies of male 

loggerhead turtles in the eastern Atlantic. Journal of Experimental Marine Biology and 

Ecology 443:134–140.  



   

 

45 

 

Wang, Y., Porter, W., Mathewson, P.D., Miller, P.A., Graham, R.W., and Williams, J.W. 2018. 

Mechanistic modeling of environmental drivers of woolly mammoth carrying capacity 

declines on St. Paul Island. Ecology 99:2721–2730.  

Weber, C., Zhou, Y., Lee, J.G., Looger, L.L., Qian, G., Ge, C., and Capel, B. 2020. 

Temperature-dependent sex determination is mediated by pSTAT3 repression of Kdm6b. 

Science 368:303–306.  

Wibbels, T., Martin, R.E., Owens, D.W., and Amoss Jr, M.S. 1991. Female-biased sex ratio of 

immature loggerhead sea turtles inhabiting the Atlantic coastal waters of Florida. Canadian 

Journal of Zoology 69:2973–2977.  

Wilcox, C., Puckridge, M., Schuyler, Q.A., Townsend, K., and Hardesty, B.D. 2018. A 

quantitative analysis linking sea turtle mortality and plastic debris ingestion. Scientific 

Reports 8:12536.  

Wright, L.I., Fuller, W.J., Godley, B.J., McGowan, A., Tregenza, T., and Broderick, A.C. 2012a. 

Reconstruction of paternal genotypes over multiple breeding seasons reveals male green 

turtles do not breed annually. Molecular Ecology 21:3625–3635.  

Wright, L.I., Stokes, K.L., Fuller, W.J., Godley, B.J., McGowan, A., Snape, R., Tregenza, T., 

and Broderick, A.C. 2012b. Turtle mating patterns buffer against disruptive effects of climate 

change. Proceedings of the Royal Society B 279:2122–2127.  

Yntema, C.L., and Mrosovsky, N. 1980. Sexual differentiation in hatchling loggerheads (Caretta 

caretta) incubated at different controlled temperatures. Herpetologica 1:33–36.  

 

 

 



   

 

46 

 

Table 1. Glossary of key terms related to sea turtle sex ratios. 

Biological parameter Definition 

Population (of sea turtles) 

A genetically related (i.e., partitioned) group of individuals 
originating from a nesting area. Natal homing results in highly 
differentiated maternal lineages and unique genetic markers, 
and population mixing (gene flow) is most frequently male-
mediated.  

Primary sex ratio (PSR) Sex ratio of offspring. 

Adult sex ratio (ASR) Sex ratio of reproductively mature adults. 

Operational sex ratio (OSR) Sex ratio of adults seeking to reproduce. In sea turtles, OSRs 
are typically quantified annually—that is, per-breeding season. 

Realized sex ratio (RSR) 

Used in the present article to refer to the sex ratio of adults 
contributing (parentage) to offspring in a breeding season. 
RSRs can vary from OSRs due to behavioral mechanisms like 
competition. In many cases referred to as breeding sex ratio. 

Breeding periodicity The frequency with which a sea turtle participates in 
reproduction—for example, annually, biennially, triennially. 
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Table 2. Glossary of key terms related to sea turtle genetics and microevolution. 

Genetic term Definition 

Effective population size Ne 

A theoretical number of individuals for a genetically idealized 
population that would have the same loss of heterozygosity 
because of drift as the true population in question (i.e., census 
population). Ne can be reduced by nonrandom mating, 
overlapping generations, high interfamily variance in 
contribution to offspring, historical population bottlenecks, 
and sex ratio skew. 

Genetic drift 
Chance variation in the frequency of different genotypes (i.e., 
not due to natural selection). Drift is stronger in small 
populations and can lead to loss or fixation of alleles.  

Inbreeding/outbreeding 

According to genetic theory, breeding by closely related 
parents will result in deleterious fitness outcomes for offspring 
(inbreeding depression), but breeding by distantly related 
parents can also lead to negative fitness outcomes (outbreeding 
depression) by—for example, introducing maladapted genes.  

Phenotypic plasticity The ability for a single genotype to encode multiple 
phenotypes as a function of environmental variation. 

Directional selection 

Natural selection for genotypes in a directional manner in 
response to some selection pressure—for example, 
unidirectional change to the genotype encoding flipper length 
when swim speed is consistently advantageous. 

Selective sweep 

Rapid directional selection of a region of the genome due to 
strong natural selection. Alleles not influenced by selection 
can be swept up to high frequency or fixation due to physical 
proximity to an allele under selection. 
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Figure 1. Warming temperatures affect sea turtle embryos via increases in both mortality and 

female sex ratio bias. In population models, these impacts will affect population growth rates in 

distinct ways. Changes to embryo survival represent a direct impact on vital rates (or transition 

probability from stage one in a demographic matrix model). By contrast, impacts on primary sex 

ratios will eventually affect adult reproductive output; before this impact is realized, offspring 

cohorts must survive to reproductive maturity and be subject to a suite of factors, including 

hypothetical changes to sex ratios among life-history stages, reproductive biology, and mating 

behavior. Longstanding knowledge gaps (denoted with question marks) make it challenging to 

predict the impacts of temperature-sensitive offspring demography and research continues to 

address these gaps. Figure created by Kate Maurer.	 
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Figure 2. Thermal reaction norms for primary sex ratios (PSRs) and hatching success (i.e., 

embryonic survival) provide the basis for many predictions regarding the persistence of sea 

turtles under projected warming scenarios. Two arbitrary examples illustrate the shape of such 

norms, adapted from Hays et al. (2017; not shown, at even lower temperatures, further left on the 

x-axes, the curve trends would be reversed as PSR bias rises and hatching success declines at 

cold thresholds). Figure created by Kate Maurer.  

 
 
 
 
 
 



   

 

50 

 

 

Figure 3. Sex ratios are core parameters dictating mating opportunities, reproductive output, and, 

therefore, population growth rates. In scenarios (a) and (b), a starting 75% female primary sex 

ratio (PSR) is used to explore how different possible rates of sex-specific survival to adulthood, 

sex-specific adult breeding periodicity, and levels of male competition for mating opportunities 

may cascade to affect the sex ratio of sea turtles contributing parentage (realized sex ratio; RSR) 

to an offspring cohort. We encourage readers to consider alternative starting PSRs. At some level 

of female bias, we expect male limitation will affect reproductive output. In scenario a, we show 

how this process is sometimes represented, with primary sex ratios directly equated to adult sex 

ratios (ASRs) and assuming single rates (for the shaded transitions) when converting to the next 

sex ratio. Although this approach may work well for single, well-studied populations, for broader 

inferences with less certain demographic rates and transitions, we suggest embracing uncertainty 

and considering a range of values. In scenario b, we explore various arbitrarily chosen rates that  
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Figure 3 (continued). 

reflect some of the myriad possibilities that might be considered. We further note that warming 

impacts on embryo mortality factor into population growth rate r at the beginning of a sea turtle 

life cycle (i.e., the far-left narrow bar in this figure), whereas impacts on sex ratios affect r 

through reproductive output after the cascade of factors affecting sex ratios (i.e., the far-right 

bar). Figure created by Kate Maurer.  

 

 

Supplementary materials 

 

Table S1. Summary of satellite tracking studies of male sea turtle breeding periodicity. N is the 

total number of adult males tracked, n is the subset of males that were tracked long enough to 

infer periodicity over multiple seasons (i.e., typically >365 days), and y is the number of males 

that exhibited breeding migrations over consecutive seasons. The origin denotes whether satellite 

transmitters were deployed at a breeding or foraging location. 

Species Location Origin N n y Citation 

D. coriacea NW Atlantic foraging 11 4 2 James et al. (2005) 

E. imbricata Puerto Rico, USA breeding 8 3 3 van Dam et al. (2008)1 

C. caretta Mediterranean foraging 9 6 1 Casale et al. (2013)2 

C. caretta Cape Verde breeding 5 2 2 Varo-Cruz et al. (2013)3 

C. caretta Zakynthos Is., Greece breeding 15 15 11 Hays et al. (2014)4 

C. mydas Palmyra Atoll, USA foraging 15 5 0 Naro-Maciel et al. (2018) 
1 One of the three was inferred with a sonic tag fix after its satellite transmitter ceased functioning. 
2 Of nine males tracked, four did not migrate and five departed for putative breeding areas (only two of these five 
were tracked over consecutive seasons) leaving six from which periodicity can be inferred. 
3 One male tag ceased transmitting during an apparent remigration. 
4 Two individuals were tracked twice, with one showing consecutive breeding on both occasions and the other on 
only one occasion; 13 of 17 tracks were re-migrations in consecutive years. 
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Supplementary Box 1. Adaptive responses: Shifts in geographic range. 

 

Range shifts are a clear way for species to respond as warming causes geographic changes to 

thermal niches and inundates nesting habitats via sea-level rise. Such shifts may allow sea 

turtles to continue to find thermally suitable nesting habitats that produce both sexes. Adult sea 

turtles can exhibit high philopatry to breeding areas (e.g., Levasseur et al. 2019), and most 

species are also philopatric to the foraging areas they migrate to and reside in between 

breeding seasons (Shimada et al. 2020). Levels of philopatry and natal homing vary by species 

and population and should therefore be subject to selection to the extent that phenotypic 

variation is underpinned by genotypic variation. For instance, Levasseur et al. (2019) showed 

that insular populations of nesting hawksbills exhibited higher natal homing precision 

compared to populations nesting on continental landmasses, suggesting this trait can become 

locally adapted. Considering this paradigm of philopatry, shifts in nesting ranges could 

theoretically occur via 1) relaxation of philopatry, 2) dispersal and colonization combined with 

the maintenance of philopatry, or 3) some middle ground. Immature sea turtles may also 

exhibit philopatry to developmental foraging areas; perhaps range shifts could be driven by 

altered dispersal at this stage and a decrease in natal homing behavior. 

 

In geographic contexts such as remote islands, the colonization of new nesting habitats may 

require chance long-distance dispersal. In other cases, range shifts may play out through 

shorter, stepwise, latitudinal dispersal, provided suitable undeveloped habitat is available 

(Fuentes et al. 2020). Kemp’s ridleys in the Gulf of Mexico present a distinct scenario where 

the potential for latitudinal shifts is confined by a geographic barrier to the north (Bevan et al. 
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2019). The phylogeographic histories inferred for many populations demonstrate that long-

distance dispersal has been important for colonization (e.g., LeRoux et al. 2012), and thus 

selection for traits associated with dispersal (e.g., behavioral phenotypes) may be adaptive for 

many populations. Some evidence suggests that long-distance colonization may occur via 

sporadic nesting, i.e., occasional clutches laid near developmental foraging habitats to which 

resulting hatchlings establish natal nesting beach fidelity (Carreras et al. 2018). Thus, models 

of ocean circulation that can help to explain the distribution of immature turtles (e.g., 

Blumenthal et al. 2009) may also help to predict possible dispersal and colonization patterns, 

as demonstrated in other marine vertebrates (e.g., Brischoux et al. 2016). 

 

Range shifts are influenced by the biological constraints that determine what temperatures a 

species can function in, i.e., its thermal niche. Above we consider range shifts primarily as a 

means to find suitably cool egg incubation environments, but a more proximate driver of shifts 

could be the thermal niches of adults. As temperatures warm, unless the biophysical traits that 

determine adult thermal niches change, their distributions should generally track poleward. 

However, strong philopatry to habitats like natal nesting beaches could counteract such shifts. 

Additionally, the biophysical niche of sea turtles varies through ontogeny (Dudley and Porter 

2014). If the primary driver of range shifts is adult thermodynamics, how the timing of such 

shifts compares with thermal maxima for eggs on nesting beaches and associated PSRs is 

important to understand. 
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Supplementary Box 2. Interactions between management methods and natural selection. 

 

The potential importance of molecular adaptation for sea turtle viability poses an important 

and longstanding methodological question (Morreale et al. 1982; Santidrián Tomillo and 

Spotila 2020): Are invasive management methods interfering with natural selection and thus 

affecting viability? Invasive approaches include methods such as the modification of egg 

incubation conditions, nesting beach hatchery programs where egg clutches are relocated to 

protected areas, and head-starting strategies that raise turtles in captivity until release at larger 

size classes. Surveys may be warranted to determine the percentage of eggs or offspring 

managed invasively for species and populations. 

 

Suggestions for interventive management strategies often arise in sea turtle literature (e.g., 

Jensen et al. 2018), such as artificial nest shading or clutch relocation to cooler sites. There is a 

compelling argument to be made for such approaches to buffer species against climate change, 

especially considering the slow pace of microevolution in Testudines and the relatively rapid 

rate of environmental change (Avise et al. 1992). However, a counterargument is that such 

practices aid the persistence of maladaptive nest site selection. Clutch relocation is a 

particularly common management approach, and we acknowledge that it may be necessary to 

protect nests on beaches where threats to incubating eggs are especially high. From a 

standpoint of minimizing impacts on natural selection, keeping relocation conditions (or any 

interventive management technique) as close to natural as possible should be considered. 

Functional genomic techniques hold much promise for informing management strategies, e.g., 
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by evaluating the extent to which the choice of a nest site, and associated incubation 

conditions, is subject to selection. 
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CHAPTER 3: THE ATLANTIC SARGASSUM INVASION IMPEDES BEACH ACCESS 

FOR NESTING SEA TURTLES 

 

Introduction 

 

The recent Anthropocene has featured increases in explosive algae growth that threaten 

human and natural systems. Blooming phenomena have been documented globally and across 

taxonomically diverse groups, from the phytoplanktonic species that drive harmful algal blooms 

(HABs) to free-floating Sargassum macroalgae (Hu et al. 2010; Fu et al. 2012; Smetacek and 

Zingone 2013; Qi et al. 2017; Wang et al. 2019). A relatively large body of work has described 

the most evident and proximate ecological impacts from some algae blooms—eutrophication and 

harmful toxins can drive high mortality in resident aquatic species (Häussermann et al. 2017; 

Starr et al. 2017; van Tussenbroek et al. 2017; Amaya et al. 2018). Although immediate 

mortality is a conspicuous impact, sublethal effects (e.g., on energetics or movement) can also 

have important impacts on populations via changes in survival rates and reproductive output. 

Algae blooms in offshore habitats can generate huge quantities of algal biomass that are 

eventually intercepted by coastlines, resulting in widespread impacts on coastal species 

(Smetacek and Zingone 2013). This phenomenon, in which seaweed is transported by winds and 

currents to inundate shorelines, has been dubbed “green and golden tides” (Smetacek and 

Zingone 2013). The recent surge of Sargassum spp. in the North Atlantic presents a notable case 

study for golden tides (Schell et al. 2015; Franks et al. 2016; Wang and Hu 2016; Amaral-Zettler 

et al. 2017; Resiere et al. 2018; Wang et al. 2019; Devault et al. 2021; Ofori and Rouleau 2021). 

After a substantial amount of Sargassum moved into the tropical Atlantic in 2010, the 
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macroalgae established an apparently permanent population with spikes in biomass occurring 

seasonally when growing conditions peak (Johns et al. 2020). Whereas patterns in the 

distribution and transport of Sargassum are well-described (e.g., Putman et al. 2018; Wang et al. 

2019, Putman et al. 2020a; Johns et al. 2020, Trinanes et al. 2021), information on its ecological 

impacts is comparatively lacking (Fidai et al. 2020). 

In contrast to theoretical benefits from increased availability of native Sargassum spp. in 

pelagic habitats (e.g., Culliney 1970; Laffoley et al. 2011; Lapointe et al. 2014; Mansfield et al. 

2014; Hardy et al. 2018), many negative impacts have been documented on coasts. Indeed, we 

suggest that a coastal-pelagic dichotomy (i.e., negative-positive) may exist for Sargassum’s 

ecological effects (although further research is needed to elucidate impacts more 

comprehensively). Sargassum can fill whole bays (Figure 1), where it decomposes and gives rise 

to hypoxic conditions (Rodríguez-Martínez et al. 2019). Die-offs in coastal marine communities 

have been referred to as “Sargassum brown tides” (van Tussenbroek et al. 2017). Short of broad 

mortality events, leachates from Sargassum can negatively affect nearshore and neritic 

communities (e.g., reefs). Leachates have been tied to declines in algae that cascade up to affect 

urchin trophic dynamics (Cabanillas-Terán et al. 2019) and have been shown to impede coral 

dispersal (Antonio-Martínez et al. 2020). These effects related to decomposition are 

accompanied by impacts from its sheer physical magnitude. For instance, Sargassum likely alters 

coastal erosion-accretion dynamics and may impede movement and habitat use by mobile 

animals. 

In this article, we focus on how sea turtles are impacted by Sargassum blooms. The 

latitudinal distribution of sea turtles in the Western Atlantic—especially nesting habitats—has a 

major overlap with that of Sargassum (Eckert and Eckert 2019). Thus, the invasion of Sargassum 
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poses a threat to regional sea turtle reproduction. We focus on nesting ecology but postulate that 

broader effects (i.e., considering all life-history stages) are consistent with the coastal-pelagic 

dichotomy we suggest. More abundant macroalgae may benefit younger sea turtles in pelagic 

habitats by increasing the availability of habitat and shelter. Based on evidence from green 

(Chelonia mydas) and loggerhead turtles (Caretta caretta), sea turtles in the North Atlantic are 

thought to exhibit an early pelagic stage during which many individuals may associate with 

floating seaweed (Mansfield et al. 2014, 2021; Hardy et al. 2017; Putman et al. 2020b). By 

contrast, the limited evidence of Sargassum’s impacts on coasts suggests negative impacts on 

nearshore foraging habitats and nesting beaches. The recovery of imperiled sea turtle populations 

depends on productive nesting beaches, but Sargassum accumulation may alter littoral waters 

and create a physical barrier to nesting adults and hatchlings (Maurer et al. 2015; Ricardo and 

Martín 2016; Maurer et al. 2019). 

Describing impacts on nesting ecology is important given that Sargassum inundation 

appears to be the new normal for the region (Johns et al. 2020). Herein, we address this research 

need by analyzing spatiotemporal patterns in nesting for a rookery of hawksbill sea turtles 

(Eretmochelys imbricata) in the Eastern Caribbean. We set out to evaluate two primary 

hypotheses. First, we hypothesized that Sargassum impedes beach access for turtles seeking to 

emerge from the ocean to nest. We assessed whether space use on nesting beaches (i.e., where 

sea turtles choose to emerge and lay nests) changes as a function of Sargassum presence and 

abundance on the shore. Second, we postulated that Sargassum increases the energetic demands 

of nesting by making it more difficult for a hawksbill to successfully deposit a clutch after 

emerging. We analyzed rates of nesting success to determine whether the probability that a sea 

turtle emergence results in a successful nest varies with Sargassum abundance. 
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Methods 

 

Study area 

 

We conducted research on Long Island (Jumby Bay), Antigua, positioned in the Leeward 

Islands of the eastern Caribbean. Long Island is a 120-ha barrier island located northeast of 

mainland Antigua. Pasture Bay is the primary nesting site on Long Island, and its crescent-

shaped beach runs approximately 650 m along its northern coast. Smaller peripheral beaches that 

host variable amounts of seasonal nesting activity exist on either side of Pasture Bay; most were 

artificially constructed in front of private residences. Pasture Bay is windward facing and 

oriented to the north and northeast. This windward orientation is somewhat rare for a hawksbill 

nesting site. The species often nests on lower energy leeward beaches, but a nearshore reef 

system reduces wave energy on Pasture Beach and makes it suitable for nesting. The windward 

orientation also means that Pasture Bay is effectively a Sargassum “trap.” Prevailing winds and 

currents can amass great quantities of the seaweed on the beach, and particularly on its western 

end (Figure 1). 

 

Data collection 

 

Monitoring hawksbill sea turtle nesting activity 

 

Personnel for the Jumby Bay Hawksbill Project (hereafter JBHP) have monitored Pasture 

Bay and its peripheral beaches since 1987. The JBHP implements saturation tagging protocols in 
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which hourly foot patrols and metal flipper tags are used to track all nesting activity from 1 June 

to 15 November (Richardson et al. 1999; Stapleton et al. 2010). Herein, we consider and analyze 

adult female nesting activity in terms of nests, false crawls, total crawls, and nesting success, as 

defined below.  

 (1) A nest is a beach emergence by a turtle that results in a successfully laid clutch of 

eggs. JBHP staff can check flipper tags during egg-laying without disturbing the nesting process 

and thus assign each nest to an individual turtle. Hawksbills typically lay 4–6 nests, with a mode 

of five, at intervals of roughly two weeks (Richardson et al. 1999). They will then migrate from 

the nesting site and return in two or more years to nest again. 

 (2) A false crawl is an emergence onto the beach that does not result in the deposition of 

eggs, i.e., an unsuccessful nesting attempt. Sometimes turtles may make several false crawls over 

multiple nights before depositing their clutch. JBHP personnel catalog crawls to avoid double-

counting, but false crawls are generally not assigned to individual turtles. 

 (3) Total crawls refer to all nesting activity, summing nests and false crawls. We also 

refer to total crawls as crawl counts. 

 (4) Nesting success refers to the probability that a crawl results in a nest, and we 

represent this probability with the ratio of nests relative to total crawls in a given period and/or 

zone. 

Every nest and false crawl at Pasture Bay is attributed to one of 36 beach zones. These 

numbered zones are delineated perpendicular to the shoreline and increase from -5 to 30 as the 

shore runs from its southeast to its northwest end. Zones were originally designated based on 

notable landmarks like trees and large rocks. As a result, they are irregular in the length of 

shoreline, ranging from 12–28 m (mean = 18.2 ± 4.5 SD). Relatively low levels of nesting 
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activity occur in a zoneless area in the northwesternmost portion of Pasture Bay in addition to on 

small beaches peripheral to the bay; we excluded these areas from analyses due to inconsistent 

monitoring. Occasionally, a nest or false crawl occurs in which a turtle emerges and crawls 

laterally into adjacent zones. In these cases, we assigned false crawls to the zone of emergence 

but, due to recordkeeping protocols, assigned nests to the zone in which eggs were deposited. 

Records do not offer an opportunity to quantify how often this occurs but, based on years of 

anecdotal observations on the nesting beach, we posit that this happens only rarely such that any 

resulting biases during analyses were negligible.  

 

Characterizing Sargassum abundance 

 

We intensively monitored Sargassum abundance at Pasture Bay during the 2015 nesting 

season. On a nightly basis, and for each of the 36 beach zones, a single observer characterized 

abundance with an index that ranged from 0 to 7. The seaweed tended to accumulate in a pile 

along the shoreline, and index scores increased according to thresholds in the dimensions of this 

pile. Figure 2 displays this indexing system; any amount of Sargassum resulted in a score of 1, 

but if the pile exceeded 20 or 40-cm thresholds in either height or width, the score would 

increase by another 1 point (up to a maximum of 5). Nearshore Sargassum (i.e., floating in 

shallow waters along the shoreline, but not washed ashore) was also scored on a relative basis—

as none, low, or high—and could account for another 2 points in the indexing system. We did not 

calculate absolute measures of biomass. We acknowledge that this index is coarse, and we scored 

zones based on maximum values which did not account for within-zone variation. However, the 
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spatiotemporal resolution with which we estimated abundance provides a sound basis for 

evaluating effects on sea turtles. 

In multiple subsequent analyses, we analyzed yearly data (i.e., for a full nesting season) 

for 2010–2019. Five of these years featured high Sargassum abundance, when JBHP staff 

frequently observed turtles struggling through and interacting with the macroalgae. Moreover, 

personnel often had to adjust the routes of hourly foot patrols along the shore to skirt areas where 

the mass of macroalgae was difficult to traverse. By contrast, the other five years featured only 

low amounts of Sargassum. In these low years, Sargassum was still present at Pasture Bay, but 

not at a level likely to affect the nesting behavior of hawksbills. We assigned each year one of 

these two conditions based on field observations, yielding a binary indicator variable (Table 1). 

These designations are largely corroborated by satellite-based estimates that show the highest 

Sargassum abundances in the years we designated as high-impact years (Wang et al. 2019). 

Subsequently, we refer to these binary conditions as Sargassum versus non-Sargassum years (or 

highly versus negligibly impacted). We do not assume that the absolute amount of Sargassum 

was consistent among impacted years and account for this in statistical analyses.  

 

Statistical analyses 

 

Impacts on crawl counts and nesting success in the 2015 nesting season 

 

Temporally intensive sampling during 2015 allowed us to evaluate Sargassum’s effects 

on hawksbill nesting throughout a nesting season. Sargassum abundance can vary through time 

as it episodically collects and recedes according to processes such as offshore transport, winds, 
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currents, tides, and decomposition. We explored the hypotheses that crawl counts and nesting 

success would both change as a function of this temporal variation, and specifically that 

Sargassum would have a negative effect on these metrics. We used data for the bulk of the 2015 

nesting season (11 June to 11 November) and divided this period into 11 secondary sampling 

periods of 14 days, which represents the approximate interval between successive nests for 

hawksbills (Beggs et al. 2007; Kendall et al. 2019). We then fit two linear mixed-effects models, 

one each to evaluate effects on crawl counts and nesting success. Predictor and response 

variables were summarized by zone per 14-day period. We conducted all analyses for this paper 

in program R (version 3.3.1, R Core Team 2016) and RStudio (version 1.0.136, R Team 2015). 

We did not conduct variable selection here or for other analyses because model structures were 

designated a priori to test specific hypotheses. 

In the first model, the response variable was crawl counts (n = 36 zones x 11 periods = 

396 counts), and we used a negative binomial distribution to model dispersion in the count data 

(mean = 1.16; variance = 2.99). We chose this distribution over four others suitable for count 

data (e.g., Poisson) based on AICc scores and visual inspections of raw versus predicted values 

to verify that overfitting did not occur (see Table S1 in the supplement). We fit the model with 

the R package glmmTMB (Brooks et al. 2017) using restricted maximum likelihood (REML) 

and a log link function. We included three fixed effects—our predictor of interest was the mean 

index of Sargassum abundance, and we also included fixed effects for the sampling period and 

its square. This quadratic effect modeled the strong unimodal peak in crawl counts in the middle 

of a nesting season (e.g., Beggs et al. 2007). Finally, we included a random intercepts term for 

zone to model variation in size and habitat suitability among zones.  
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The second mixed-effects model explained variation in nesting success. Many zone-

period combinations had zero crawls, so we aggregated the 36 zones into six larger zones to 

minimize the incidence of zeroes while still preserving spatial variation. This resulted in n = 66 

zone-period combinations, of which three were excluded due to an absence of crawls. We 

modeled nesting success as a Bernoulli process, considering each crawl as a trial with two 

possible outcomes (i.e., nests represented Bernoulli successes and total crawls represented trials). 

Given this response, we used the lme4 package (Bates et al. 2015) to fit a binomial mixed-effects 

model with a logit link function. We included a fixed effect for the mean Sargassum index and 

random effects for zone and sampling period. The random intercepts term for zone was included 

to model variation in habitat suitability. We estimated a random intercept for each sampling 

period to model effects from temporal variation in weather and individual behavior (e.g., some 

turtles are relatively poor nesters, with high rates of false crawls relative to total crawls, and thus 

may influence population nesting success during their residence times at the nesting site). 

 

Impacts on crawl counts and nesting success over 10 years 

 

 Intensive sampling in 2015 allowed us to evaluate Sargassum’s impacts at a fine 

temporal resolution, but we also used longer-term data to frame similar questions at a coarser 

temporal scale, comparing nesting data among years with and without Sargassum. Similar to our 

analyses of 2015 data, we hypothesized that crawl counts and nesting success would decline as a 

function of Sargassum abundance, here focusing on 10 nesting seasons (1 June to 15 November) 

from 2010–2019.  
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 Beach-wide responses. We initially evaluated hypotheses at the scale of the whole beach 

(i.e., summing crawls across all 36 zones). Because high interannual variation in crawl counts is 

typical for sea turtle rookeries and is driven primarily by the size of annual nesting cohorts 

(unrelated to Sargassum), we did not model crawl counts at this beach-wide spatial scale. 

However, we did test for an effect from the yearly Sargassum indicator (high or negligible) on 

beach-wide nesting success probabilities. We used a binomial model with nesting success as the 

response (n = 10), again considering this as a Bernoulli process. The model used a logit link 

function and included the Sargassum indicator as the lone predictor variable. 

 Zone-by-zone responses. Next, we focused on responses at the scale of individual beach 

zones. This approach allowed us to account for spatial variation in Sargassum, which may be 

necessary for observing its effects on crawl counts and nesting success. To represent spatial 

variation across all years, we first assumed that the relative distribution of Sargassum 

documented in 2015 (i.e., the mean index of abundance by zone) was consistent among all years 

(i.e., even in non-Sargassum years; Box 1). We hypothesized that those zones with the highest 

algal abundance would feature the greatest decreases in both crawl counts and nesting success in 

Sargassum years. Conversely, we anticipated that in non-Sargassum years, crawl counts would 

rebound in those same high-impact zones, and nesting success may rebound as well. This 

expectation equates to a hypothesized interaction effect between the yearly Sargassum indicator 

and the index of abundance. 

 We first modeled annual crawl counts by zone with a linear mixed-effects model (n = 10 

years x 36 zones = 360 counts). We again selected a negative binomial distribution to model 

dispersion in the count data (mean = 12.3; variance = 118) on the basis of AICc scores (Table 

S2). We fit the model using REML and a log link function with the R package glmmTMB 
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(Brooks et al. 2017), including fixed effects for the yearly Sargassum indicator, the index of 

abundance, and their interaction. (This interaction applies because we assumed that spatial 

distribution of Sargassum—the indices of abundance by zone—is consistent among all years, 

although the magnitude of abundance varies greatly; Box 1). We included two random intercepts 

terms, one each to model variation in crawl counts among zones and years. Variation among 

zones was expected due to differences in habitat suitability, and high variation among years was 

expected because of differences in annual nesting cohort size, differences in cohort composition 

(i.e., individual behavior), potential interannual changes in beach morphology, and finer-scale 

variation in Sargassum abundance (beyond the gross differences represented with the yearly 

indicator).  

 Second, we modeled annual nesting success by zone. We first generalized Pasture Bay’s 

36 zones into nine to minimize the incidence of zeroes; we were able to preserve more spatial 

variation by doing this with nine zones, as compared to six when analyzing 2015 data, because of 

a greater sample size. We then modeled nesting success (n = 9 zones x 10 years = 90 samples) 

with a binomial mixed-effects model. We fit the model using a logit link function in the R 

package lme4 (Bates et al. 2015). We included fixed effects for the yearly Sargassum indicator, 

the index of abundance, and their interaction. Random intercepts terms for zone and year were 

included for the same reasons as in the model of crawl counts explained above. 

 

Impacts on spatial patterns in nesting for individual turtles over 10 years 

 

 One limitation of comparing population-level nesting activities among years is that some 

differences may be driven by the individual behavior of turtles in a given year’s nesting cohort. 
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Therefore, in a final analytical approach, we leveraged the iteroparity of sea turtles and compared 

where individual turtles nested in years with and without Sargassum. We hypothesized that 

individual rates of space use throughout the nesting beach would decrease as a function of 

Sargassum abundance. To test this hypothesis, we derived a metric to quantify how frequently 

individuals nested in zones with Sargassum present in high-impact years (with the metric 

receiving more weight from zones with more Sargassum). We call this metric the intensity of use 

of Sargassum-impacted zones (explained in Box 1). If Sargassum changes individual space use, 

the intensity of use should be significantly lower in high-impact years. 

 We identified 114 individual turtles that laid ³2 nests at Pasture Bay in both ³1 

Sargassum year and ³1 non-Sargassum year. Next, for each nesting year of every individual, we 

calculated the intensity of use of Sargassum-impacted zones (ranging 0–1). We modeled this 

response variable with a linear mixed-effects model (fit with REML) with a term for the yearly 

Sargassum indicator and random intercepts for each individual. This model included a weight 

term for the number of nests used to compute each response datum (i.e., each annual intensity of 

use for each individual). The random intercepts term modeled variation among individuals (i.e., 

individual behavior). We did not include a random effect for year in this model because the 

response variance is partitioned by year. 

 

Box 1. Interannual modeling methods and assumptions 

 

Assuming the distribution of Sargassum across years. We assumed that the relative 

distribution of Sargassum on Pasture Bay’s shoreline was consistent from 2010–2019 because 

the factors that dictate the arrival of macroalgae within the bay exhibit little interannual 
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variation. The nearshore reef that runs along the majority of the bay’s shoreline is a primary 

determinant and has remained a fixed structural element over the study period. Patterns in 

winds and currents are also important in determining where algae collect. These factors are 

quite consistent in the region, coming predominantly out of the east. Winds and currents do 

shift seasonally, but in ways that are largely repeated across years (Chang and Oey 2013). As a 

result, the accumulation of Sargassum is generally much higher in the northwestern areas of 

Pasture Bay, with spatial variation at that western end largely driven by reef morphology. 

Arrivals of Sargassum can be episodic and variable, resulting in high variation in the absolute 

magnitude of biomass that accumulates within and among years; the extremes of annual 

variation are represented with the yearly Sargassum indicator term. Although the magnitude is 

variable, years of experience and observations at Pasture Bay lend support to the assumption 

that, for full nesting seasons, the distribution of this biomass is relatively consistent. In other 

words, the relative differences among zones are consistent despite major changes in absolute 

biomass. Nonetheless, because of uncertainty surrounding the applicability of the exact 

distribution from 2015 in other years, we suggest that inferences about multi-year trends are 

less robust than analyses of 2015 data alone. 

 

Individual intensity of use of Sargassum-impacted zones. To test the hypothesis that 

Sargassum affects where individual turtles nest at Pasture Bay, we first had to derive a suitable 

response variable. Although there is a coarse northwest-southeast gradient in Sargassum 

abundance at Pasture Bay in impacted years, we did not test a directional hypothesis (i.e., 

turtles shift southeast) because in some cases turtles can shift northwest and encounter less 

Sargassum (Figure 3). Therefore, we tested our hypothesis by focusing on rates (i.e., intensity) 
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of the use of zones affected by Sargassum, regardless of spatial positioning. We quantified this 

intensity of use by focusing on turtles that remigrated to nest in both Sargassum and non-

Sargassum years. We cataloged the zones in which these turtles laid nests each year, 

calculating the mean index of Sargassum abundance for those zones (as documented in 2015). 

For example, consider an individual that nested 10 times during the study period by laying five 

nests in each of two years—we would derive two response data points from this turtle, 

computing the mean index of Sargassum abundance for the five nests laid in each year. The 

resulting values provide a representation of “individual intensity of use of Sargassum-

impacted zones” per year (with this metric receiving more weight from those zones with the 

highest abundance). Because zones vary in length, we computed intensities of use by using a 

weighted mean with weights proportional to each zone’s shoreline length. We then divided all 

means by the maximum possible index value of seven to transform the metric to a 0–1 scale. 

 

 

Results 

 

Impacts on crawl counts and nesting success in the 2015 nesting season 

 

 We documented 458 total hawksbill crawls at Pasture Bay over the 11 sampling periods 

in 2015, including 265 nests and 193 false crawls. Total crawls per sampling period over the 36 

zones averaged 1.16 ± 1.7 SD, ranging from 0 to 11. Activity peaked in the middle of the season 

as expected, reaching a maximum during the fifth sampling period (19 August–1 September; n = 

75 crawls). The Sargassum index (ranging from 0–7) also varied through space and time. The 
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mean index per sampling period per zone was 1.54 ± 2.2 (min = 0, max = 7.0). Overall nesting 

success (i.e., beach-wide nests/total crawls for the whole season) was 0.579, i.e., 58% of 

emergences resulted in a nest. Mean nesting success for the 63 period-zone combinations that we 

analyzed was 0.605 ± 0.27 (max = 1.0, min = 0). 

 In the negative binomial mixed-effects model for crawl counts, all fixed effects received 

statistically significant support (P ≤ α = 0.05; Table 2). After controlling for variation among 

sampling periods and beach zones, we documented a negative relationship between the 

Sargassum index and hawksbill crawl counts (Figure 4), i.e., fewer crawls occurred in areas with 

more Sargassum on the shoreline. Parameter estimates from the second, binomial mixed-effects 

model demonstrated that, after controlling for variation among zones and periods, Sargassum did 

not have a statistically significant impact on nesting success (P = 0.10; Table S3). 

 

Impacts on crawl counts and nesting success over 10 years 

 

 Beach-wide responses. We used a total of 2,261 nests and 2,161 false crawls at Pasture 

Bay over the 10 sampling years to derive crawl counts and nesting success (Table 1). Beach-

wide rates of annual nesting success had a mean of 0.518 ± 0.043 SD, ranging from 0.444 to 

0.582. The binomial model of nesting success did not provide evidence for an effect from the 

yearly Sargassum indicator (P = 0.31; Table S4). 

 Zone-by-zone responses. The mean for the 360 crawl counts (per year by zone) was 12.3 

± 11. In Figure 5 we summarize crawl frequencies (i.e., the proportion of total crawls in each 

zone by year), comparing the mean for all Sargassum years versus non-Sargassum years. With 

the negative binomial mixed-effects model of annual crawl counts by zone, we documented a 
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significant interaction between the Sargassum indicator and the index of abundance (P = 0.01; 

Table 3). Visualizing this interaction showed that, as predicted, crawls were displaced from high-

impact zones during Sargassum years but then returned to those zones in non-Sargassum years 

(Figure 6). We displayed this interaction effect using marginal means from the mixed model, 

estimating a marginal mean for each annual Sargassum scenario (low or high) at each of 15 

values of the Sargassum index (0–7 at increments of 0.5) with the R package emmeans (Lenth 

2020). 

 Dividing the beach into nine zones exposed more spatial variation in annual nesting 

success; mean nesting success per zone per year was 0.525 ± 0.16 (min = 0.14, max = 0.89, n= 

90). Similar to the simpler model of beach-wide nesting success, the mixed-effects model of 

nesting success by zone did not indicate a significant effect from the yearly Sargassum indicator; 

none of the fixed effects received statistically significant support (Table S5). 

 

Impacts on spatial patterns in nesting for individual turtles over 10 years 

 

 We compared individual patterns in nesting in years with and without Sargassum (2010–

2019) using data for 1,363 nests laid by 114 turtles. Within this subset, turtles laid a mean of 11.9 

± 4.3 SD total nests (min = 5, max = 25). This included 734 nests in Sargassum years and 629 

nests in non-Sargassum years. These data produced a response variable consisting of an 

individual intensity of use (of Sargassum-impacted zones) for each of 345 nesting seasons. 

 The mixed-effects model of these intensities of use did not provide evidence for a 

statistically significant effect from Sargassum (P = 0.10; Table 4), however, the result 

approached statistical significance and was consistent with our hypothesis (Figure 7). The 
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parameter estimate for the Sargassum indicator term was negative, and we discuss possible 

biological significance below. We illustrated the effect in Figure 7 by estimating one marginal 

mean from the mixed model for each Sargassum scenario (low or high) with the R package 

emmeans (Lenth 2020).  

 

Discussion 

 

 We set out to test two primary hypotheses about the effects of Sargassum on sea turtle 

nesting ecology. First, we postulated that Sargassum impedes nesting beach access and therefore 

drives changes in space use. Second, we expected that the presence of macroalgae would lead to 

decreases in nesting success, therefore increasing the energetic costs of nesting. We fit a series of 

six models to evaluate these hypotheses at different spatiotemporal scales (i.e., within and among 

nesting seasons) and at different levels of biological organization (i.e., both population- and 

individual-level behavior). Because we monitored Sargassum abundance on a nightly basis 

during the 2015 nesting season, we could make robust inferences about effects on nesting within 

this period. We also made assumptions about Sargassum’s abundance while analyzing longer-

term data over 2010-2019, and the results largely corroborated our findings from 2015. 

Combined, our analyses consistently suggested that Sargassum impedes nesting beach access 

and causes crawls to be shifted to low-impact areas of the beach. However, Sargassum does not 

strongly affect the probability of nesting successfully once turtles cross the shoreline and access 

nesting habitats. These findings have important implications for the ability of Atlantic sea turtles 

to maintain access to nesting habitats in the context of other impacts associated with global 

change, such as coastal squeeze (Mazaris et al. 2009; Fuentes et al. 2020).  
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Impacts on sea turtle nesting ecology 

 

 Although we hypothesized that Sargassum would cause decreases in nesting success, our 

finding that nesting success was not affected might be viewed as logical given the type of data 

that we used. Specifically, we derived rates of nesting success from crawls that were documented 

after hawksbills had crossed the shoreline barrier of Sargassum, so it is reasonable that the 

relative proportions of nests and false crawls would not change. Indeed, the bulk of energetic 

costs from Sargassum are probably imposed in littoral waters, before turtles emerge. However, 

we note that in our two models of nesting success in which we controlled for variation among 

zones with a random effect (one model using 2015 data, and one 2010–2019), all Sargassum 

terms had negative parameter estimates with P ≤ 0.15 (Table S3; Table S5). Although not 

significant at α = 0.05, the consistently negative effects and relatively low P-values may 

represent a biologically significant finding. This result, coupled with the reality that Sargassum 

likely blocks many nesting attempts through its presence in the water column (pre-emergence), 

may suggest that Sargassum increases the energy costs associated with nesting in high-impact 

years. When considering all regional nesting, increased energy expenditures may over time have 

the effect of decreasing overall reproductive output as finite energy is reallocated away from 

offspring production.   

 Our results more clearly exemplify the impacts of Sargassum on space use. We 

documented a displacement of crawls from areas with relatively high amounts of Sargassum. 

Models of population-level crawl counts in 2015 and over 2010–2019 provided compelling 

evidence Sargassum impedes and displaces nesting, and we posit that the model of individual 

nesting patterns (i.e., intensities of use of Sargassum-impacted zones) offered some 
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corroboration. Although the Sargassum indicator term did not have a statistically significant 

effect on individual intensity of use, we suggest that the relatively low P-value (i.e., within 0.05 

of α) may be indicative of a biologically relevant effect, especially given an inability to control 

for other factors that may have affected individual nesting patterns (e.g., changes to beach 

morphology) and considering that a significant effect from Sargassum would have had to 

overpower the high individual fidelity of hawksbills to specific nesting sites (Kamel and 

Mrosovsky 2006). 

At sea turtle nesting beaches, there are two possible outcomes from this displacement of 

crawls. Turtles may be completely blocked from the nesting beach and forced to search for a 

nearby nesting beach that remains more accessible. Alternatively, turtles may be displaced to 

less-impacted areas within the same nesting each. If the latter occurs, nests may be concentrated 

within smaller portions of a nesting beach, thereby increasing the potential for density-dependent 

effects on nesting and hatching success (the former scenario could also lead to density 

dependence if nearby beaches already host nesting near carrying capacity).  

 At Pasture Bay, the geographical layout is such that potential nesting “refugia” exist that 

intercept little to no macroalgae (i.e., the latter scenario). Having refugia nearby reduces the 

distance that turtles must travel to find accessible nesting habitat, however, as suggested, it 

concentrates nest densities in those low-impact areas. This concentrating effect was also 

observed for green and loggerhead sea turtles in Cuba (Ricardo and Martín 2016). In some 

contexts, the concentration of nests may lead to density-dependent effects such as turtles digging 

into previously laid nests, thereby affecting offspring production (Mazaris et al. 2009). 

Anecdotal evidence suggests that such density-dependent interactions occur at Pasture Bay, 

especially in hotspots of activity that feature concentrated nesting because of factors like 
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vegetation and suitability of substrate (Figure 5, blue line). A reduction in available nesting 

habitat caused by Sargassum will likely further concentrate nests and yield more density-

dependent interactions. 

 Although Sargassum-free refugia exist at Pasture Bay, we caution that this may not be 

the case in other geographical contexts where sea turtles nest. For instance, for a windward 

shoreline that is relatively straight and oriented perpendicular to the paths of large Sargassum 

windrows, the aforementioned scenario may take place in which nesting turtles are completely 

displaced to differently oriented shores and at greater distances (provided that accessible nesting 

substrates are available nearby). Sea turtles, and especially insular hawksbills, have evolved fine-

scale homing and fidelity to natal nesting beaches (e.g., Levasseur et al. 2019), and research is 

warranted to determine whether populations that interact with large amounts of Sargassum can 

exhibit plasticity in space use to find nesting habitat with passable shorelines. Managers at 

particularly vulnerable nesting sites should closely monitor spatial changes in nesting activity.  

While we observed clear impacts on hawksbills, the extent of Sargassum’s effects on the 

nesting of other sea turtle species remains somewhat uncertain. First, species may be 

differentially exposed to shoreline Sargassum because of differences in nesting beach 

characteristics. Algal arrivals are dictated primarily by prevailing currents and winds, leaving 

windward beaches the most vulnerable. Therefore, species such as leatherback turtles 

(Dermochelys coriacea) that nest frequently at windward sites may encounter Sargassum more 

than hawksbills (that nest more often on leeward coasts). Second, larger sea turtle species like 

leatherback and green turtles may be better equipped to cope with the physical barrier of 

Sargassum. Nonetheless, we suggest that the sheer scale of many Sargassum arrivals will impede 

any marine species, as the algae can accumulate in massive piles and completely saturate the 
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nearshore water column. Impacts on space use similar to those we documented were described 

for nesting green and loggerhead turtles in Cuba, two species that are larger than hawksbills 

(Ricardo and Martín 2016). Finally, sea turtle populations and species differ in their levels of 

fine-scale homing and fidelity to nesting sites (Levasseur et al. 2019, 2020; Shamblin et al. 

2020). Populations that exhibit more plasticity in the selection of nesting sites should have an 

advantage for coping with Sargassum. In sum, although Sargassum’s impacts on sea turtles will 

vary by population and geographical context, the magnitude of algae arriving on many coasts has 

clear potential to drive regionwide changes in space use and energetics. 

We acknowledge that a variety of factors that we could not account for might have 

affected nesting, and in particular nesting success, during the study period. Occasional 

disruptions from observers on the beach can increase the likelihood of a false crawl, and thus 

annual differences in observers may have affected false crawl rates and locations. Interannual 

changes in beach morphology (e.g., erosion) and vegetation have also occurred at Pasture Bay, 

and any effects on nesting may confound inferences into the effects of Sargassum. Erosion-

accretion cycles exist naturally, but these dynamics have recently been linked to Sargassum 

because the macroalgae alters nearshore hydrology and prompts the use of heavy equipment for 

removal by beach proprietors. We selected only the most recent 10 years of nesting data for 

analysis (including five Sargassum and five non-Sargassum years) in order to minimize the 

amount of morphological or vegetational change on the beach. Moreover, where possible, we 

controlled for these interannual changes in modeling with a random effect for year. 

 Finally, we note that in the present article we focus solely on the effects of Sargassum on 

adult females. We do not investigate impacts on other key life stages present at nesting beaches, 

namely eggs and hatchlings. Macroalgal biomass may impede hatchlings as they attempt to exit 
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nest chambers and access ocean habitats and may cause changes to egg incubation environments 

when it collects atop nests (Maurer et al. 2015; Ricardo and Martín 2016; Maurer et al. 2019). 

Possible effects on egg thermal conditions are noteworthy given that incubation temperatures 

affect embryo survival, morphological development, and sex ratios (Maurer et al. 2021). We also 

note that, in the context of the proposed coastal-pelagic dichotomy for the ecological effects of 

the Atlantic Sargassum bloom, there is potential for offshore Sargassum mats to shelter 

hatchlings and improve survival. Given these hypothetical scenarios—and considering the 

importance of offspring production for population recovery—more research is warranted to 

evaluate the effects of Sargassum on these stages. 

 

Conclusions 

 

 As global change continues to give rise to altered environmental conditions in marine 

habitats, the frequency and intensity of algae blooms will presumably increase (Fu et al. 2012; 

Smetacek and Zingone 2013). Macroalgal species are responsible for some algae blooms and can 

produce immense amounts of biomass that subsequently inundate coastlines. We hypothesize 

that in the case of blooming Sargassum spp. in the tropical and subtropical North Atlantic, 

ecological impacts in pelagic waters may be largely beneficial, but in coastal areas appear to be 

broadly negative. The effects we documented on nesting sea turtles are consistent with the 

coastal aspect of this dichotomy. We found that Sargassum drives changes in space use for adult 

females at nesting sites. Our results suggest that sea turtles must have access to—and be able to 

find—passable nesting habitats if Sargassum abundance is high at their first choice for a nesting 

site. At Pasture Bay, Antigua, hawkbills were able to shift nests into proximal areas with low 
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Sargassum abundance. However, such refugia may not exist at all sites. This reality, coupled 

with the fact that Sargassum inundation has increased through time (Wang et al. 2019), suggests 

broad and continuing impacts on sea turtle space use and energetics. This idea is corroborated by 

other previous work (Ricardo and Martín 2016).  

 Sea turtles may also be viewed as a model species from which to draw parallel inferences 

for other fauna. For example, land crabs (Cardisoma guanhumi) are commercially and 

ecologically important throughout the Caribbean and, much like sea turtles, must cross the 

shoreline to lay eggs (Gifford 1962; Rodríguez-Fourquet and Sabat 2009). They do so in the 

reverse direction, leaving terrestrial habitats to release eggs in the ocean. For land crabs and 

other species that require access to coastal habitats, peak Sargassum densities pose a major issue 

and may reduce reproductive success, increase energy expenditures, and necessitate changes in 

space use. These sublethal effects, coupled with lethal impacts from hypoxia in some instances 

(van Tussenbroek et al. 2017), suggest that coastal species would likely benefit from 

management measures that prevent the accumulation of Sargassum on shorelines. Strategies 

range from removing Sargassum after it arrives on coasts (e.g., Rodríguez-Martínez et al. 2016), 

to the use of floating booms to divert it, and possibly harvesting it offshore (Marx et al. 2021). 

For such an immense and diffuse problem, regionwide collaboration among management and 

ecological monitoring entities will be important.  

 Broadly, our findings exemplify the diverse impacts that algae blooms can have on 

ecological communities. While lethal effects are dire and more straightforward to understand, 

numerous sublethal impacts will still affect populations and are relatively poorly understood. 

Continuing to develop a comprehensive understanding of the ecological impacts from Sargassum 

and other algae blooms will aid the conservation of marine biodiversity in the Anthropocene. 
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Table 1. Summary of annual nesting activity and Sargassum impact (i.e., designations for the 

yearly indicator term) at Pasture Bay, Long Island, Antigua (2010–2019). 

Year False crawls Nests Total crawls Sargassum 

2010 210 243 453 no 

2011 145 202 347 no 

2012 225 209 434 no 

2013 229 212 441 no 

2014 373 298 671 yes 

2015 216 282 498 yes 

2016 181 204 385 no 

2017 298 284 582 yes 

2018 132 144 276 yes 

2019 152 183 335 yes 

 
 
 
 
 
 
Table 2. Parameter estimates from a negative binomial mixed-effects model for hawksbill sea 

turtle (Eretmochelys imbricata) crawl counts on Long Island, Antigua, throughout 11 sampling 

periods in the 2015 nesting season. The estimate for the negative binomial parameter used to 

model dispersion, theta, was 6.85. 

Fixed effect Estimate SE P 

intercept -0.340 0.25 0.21 

Sargassum index -0.166 0.051 0.0011 

period 0.355 0.080 <0.001 

period2 -0.0387 0.0068 <0.001 

Random effect Variance SD  

zone 0.663 0.81  
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Table 3. Parameter estimates from a negative binomial mixed-effects model for annual hawksbill 

sea turtle (Eretmochelys imbricata) crawl counts in each of 36 beach zones over 2010–2019. The 

estimate for the negative binomial parameter used to model dispersion, theta, was 8.3. 

Fixed effect Estimate SE P 

intercept 1.97 0.17 <0.001 

Sargassum yearly indicator 0.216 0.17 0.21 

Sargassum index 0.181 0.050 <0.001 

Sarg. year * Sarg. index -0.0685 0.026 0.0076 

Random effect Variance SD  

year 0.0619 0.25  

zone 0.281 0.53  

 
 
 
 
 
 
 
 
Table 4. Parameter estimates from a mixed-effects model for individual intensities of use of 

beach zones impacted by Sargassum (see Box 1). Intensities of use were computed on a 0–1 

scale for 114 hawksbill turtles (Eretmochelys imbricata) over a total of 345 individual nesting 

seasons (2010–2019). The estimated variance is shown in the bottom portion for the random 

intercepts term for individual turtle. 

Fixed effect Estimate SE P 

intercept 0.268 0.014 <0.001 

Sargassum yearly indicator -0.0273 0.017 0.10 

Random effect Variance SD  

individual turtle 0.00673 0.082  

(residual) 0.0894 0.30  
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Figure 1. Sargassum at a regionally important hawksbill sea turtle (Eretmochelys imbricata) 

nesting beach at Pasture Bay, Antigua. Arrivals of the seaweed were episodic but commonly 

amassed into a substantial “barrier” along the shoreline and saturated the nearshore water 

column. (A) Shoreline and nearshore abundance in the northwestern zones of Pasture Bay in 

2015. (B) The morning after a particularly massive arrival that nearly filled the whole bay in 

2018 (stretching > 50 m from the shore into the bay). 
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Figure 2. The indexing system used to quantify the relative abundance of Sargassum in 2015. 

This additive index resulted in a nightly abundance score for each of 36 beach zones during the 

hawksbill (Eretmochelys imbricata) nesting season on Long Island, Antigua. (A) The dimensions 

used for the Sargassum index were height, width, and nearshore presence. (B) A flowchart 

shows the index calculation based on these three dimensions: height and width thresholds were 

set at 20 cm and 40 cm, with the score increasing as thresholds in abundance were crossed; 

nearshore density was estimated by a single observer as being either relatively low or high. 
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Figure 3. Sargassum abundance by zone at Pasture Bay, Antigua during the 2015 hawksbill sea 

turtle (Eretmochelys imbricata) nesting season. Abundance was estimated nightly with an index 

ranging from 0 to 7. Error bars display one standard deviation. The bottom image shows an aerial 

photo of Pasture Bay, with beach zones roughly in line with corresponding zones displayed on 

the x-axis. 
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Figure 4. Model-predicted crawl counts (top axes) show how spatiotemporal variation in 

shoreline Sargassum (bottom axes) affected hawksbill sea turtle space use at Pasture Bay, 

Antigua, in 2015. Top axes show predicted crawl counts per sampling period (of 14 days each) 

with a 95% confidence interval. The bottom axes show the observed mean index of Sargassum 

abundance over the same periods, plus or minus one standard deviation. In (A), a beach zone 

with relatively abundant and variable Sargassum is shown. In (B), a zone with consistently 

negligible Sargassum is shown. Predictions were made using a negative binomial mixed-effects 

model with fixed terms for the Sargassum index and a quadratic term for the sampling period, as 

well as a random intercepts term for beach zone. 

 

 

 



   

 

93 

 

 

Figure 5. Mean crawl frequencies (i.e., the average proportion of total crawls per year in each 

zone) illustrate the differences in nesting beach space use by hawksbill sea turtles (Eretmochelys 

imbricata) in Sargassum compared to non-Sargassum years. Non-Sargassum years (n = 5; blue 

line) represent the baseline nesting preferences of hawksbills at Pasture Bay, Antigua, whereas 

the trend from Sargassum years (n = 5; brown line) show how that baseline shifted. For example, 

zone 25 featured less Sargassum than zones 26-30 (refer to Figure 3), and the spike in crawls in 

that zone in Sargassum years may be from crawls being displaced. 
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Figure 6. A significant interaction between the index of Sargassum abundance in each beach 

zone and the yearly Sargassum indicator suggests that nesting hawksbill sea turtles 

(Eretmochelys imbricata) were displaced by the macroalgae. The interaction effect shows that 

turtles preferred the same zones where Sargassum collects most densely (i.e., zones with a 

greater index on the x-axis) and that they were displaced out of those zones in years when 

Sargassum was abundant. Dashed lines display 95% confidence intervals. We plotted this effect 

using estimated marginal means from a negative binomial mixed-effects model of hawksbill 

crawl counts on Long Island, Antigua, over 2010–2019. 
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Figure 7. Patterns in the individual behavior of hawksbills (Eretmochelys imbricata) nesting at 

Pasture Bay, Antigua, show differences in nesting beach space use between Sargassum and non-

Sargassum years. We estimated an intensity of use of Sargassum-impacted zones for the nesting 

seasons of 114 individuals from 2010–2019 (explained in Box 1). A mixed-effects model 

provided evidence for a marginally significant effect from Sargassum (P = 0.1), providing some 

evidence that Sargassum displaces nesting when present and thus alters the nesting patterns for 

individual turtles. The estimated marginal mean for each Sargassum scenario is shown with a 

95% confidence interval. 
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Supplementary materials 
 
 
Table S1. Selection statistics for five mixed-effects models of hawksbill sea turtle (Eretmochelys 

imbricata) crawl counts in 2015. All models were fit with maximum likelihood, used a log link 

function, and contained the same predictor variables but used different modeling distributions. 

Predictors included fixed effects for the index of Sargassum abundance and a quadratic effect for 

the sampling period, in addition to a random intercepts effect for beach zone. K denotes the 

number of parameters estimated; those with six entailed the estimation of an overdispersion 

parameter. The top model was selected for inference regarding the effects of Sargassum and was 

re-fit using restricted maximum likelihood. 

Distribution K ∆ AICc AICc Weight 

Negative binomial 6 0 0.3 

Conway-Maxwell Poisson 6 0.28 0.26 

Generalized Poisson 6 0.86 0.2 

Quasi-Poisson 6 0.9 0.19 

Poisson 5 4.16 0.04 
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Table S2. Selection statistics for five mixed-effects models of hawksbill sea turtle (Eretmochelys 

imbricata) crawl counts 2010–2019. All models were fit with maximum likelihood, used a log 

link function, and contained the same predictor variables but used different modeling 

distributions. Fixed effects were included for the index of Sargassum abundance, the yearly 

Sargassum indicator, and their interaction. Random intercepts terms were included for year and 

beach zone. K denotes the number of parameters estimated; those with six entailed the estimation 

of an overdispersion parameter. The top model was selected for inference regarding the effects of 

Sargassum and was re-fit using restricted maximum likelihood. 

Distribution K ∆ AICc AICc Weight 

Negative binomial 7 0 0.69 

Conway-Maxwell Poisson 7 1.6 0.31 

Quasi-Poisson 7 11.3 0 

Generalized Poisson 7 12.5 0 

Poisson 6 160.2 0 
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Table S3. Parameter estimates from a binomial mixed-effects model for hawksbill sea turtle 

(Eretmochelys imbricata) nesting success throughout the 2015 nesting season in Antigua (n = 

63). The estimated variances for the random intercepts terms, beach zone (n = 6) and sampling 

period (n = 11), are shown in the bottom portion. 

Fixed effect Estimate SE P 

intercept 0.717 0.32 0.025 

Sargassum index -0.179 0.11 0.10 

Random effect Variance SD  

zone 0.318 0.56  

period 0.0343 0.19  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table S4. Parameter estimates from a binomial model of beach-wide rates of hawksbill sea turtle 

(Eretmochelys imbricata) nesting success in each year 2010–2019 (n = 10). 

Parameter Estimate SE P 

intercept 0.0777 0.044 0.078 

Sargassum yearly indicator -0.0608 0.060 0.31 
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Table S5. Parameter estimates from a binomial mixed-effects model for seasonal nesting success 

by hawksbill sea turtles (Eretmochelys imbricata) in each of nine beach zones 2010–2019. The 

model included random intercepts terms for year and zone, with estimated variances shown in 

the bottom portion. 

Fixed effect Estimate SE P 

intercept 0.345 0.21 0.11 

Sargassum yearly indicator -0.182 0.12 0.14 

Sargassum index -0.126 0.085 0.14 

Sarg. year * Sarg. index 0.0412 0.035 0.24 

Random effect Variance SD  

year 0.0147 0.12  

zone 0.193 0.44  
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CHAPTER 4: POST-NESTING MIGRATIONS AND HABITAT USE BY HAWKSBILL 

SEA TURTLES IN THE CARIBBEAN 

 

Introduction 

 

 Many migratory species split their time between distant breeding and foraging habitats. 

During seasonal periods of reproduction, breeding areas can host dense aggregations of adults 

that, when not breeding, are sparsely distributed and more difficult to observe (e.g., Bailey et al. 

2004, Gibson et al. 2014, Koivuniemi et al. 2019). These periodic events therefore offer 

researchers a unique opportunity to readily encounter and observe mobile and migratory fauna. 

Long-term monitoring datasets at breeding areas frequently form the foundation of population 

assessments, yielding essential information such as long-term population trends and rates of 

reproductive output (e.g., Kendall et al. 2009, Kendall et al. 2019). However, observations at 

breeding areas offer only a limited window into species biology. Although they can help us to 

understand how mating populations are changing (e.g., trends in abundance and reproductive 

output), we are often left without an understanding of why they are changing. Indeed, the 

mechanisms driving population trends are commonly linked to foraging habitats. Attributes such 

as habitat quality and distance from breeding sites are important as they have direct implications 

for energy accumulation and consumption. Furthermore, threats and environmental change in 

foraging habitats can alter survival, energy accumulation, and reproductive output, thereby 

affecting overall population dynamics (Calvert et al. 2009, Rushing et al. 2016, Ceriani et al. 

2017). 
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 Describing the geographic distribution of foraging habitats is important not only for 

understanding the drivers of population dynamics, but also for basic aspects of species 

management. The geographic distribution of foraging areas represents the range of adults when 

not reproducing, which is crucial information for targeted habitat management. Foraging 

hotspots are often considered priority areas for habitat protection and efforts to mitigate human 

interactions (Dobbs et al. 2007, Ludynia et al. 2012). However, identifying these habitats can be 

logistically difficult, especially for cryptic and migratory species that are challenging to follow 

and observe. This reality has left us with major knowledge gaps about the distributions of many 

populations, hindering both basic conservation and our ability to understand links between 

foraging geography and population dynamics. The advent and growth of tracking technologies, 

notably telemetry, has done much to overcome historical data deficiencies. Migratory individuals 

can be encountered once, outfitted with a tracking device, and then remotely tracked to their 

foraging area. 

 Sea turtles comprise a group of seven imperiled species that exemplify the complexities 

of studying migratory species, and satellite tracking has made important advances in describing 

their foraging distributions (Hays and Hawkes 2018). Sea turtles are thought to be capital 

breeders, and accumulating capital can take a while—adult females reproduce at intervals of ~2–

4 years, and sometimes longer (Miller 1997, Bonnet et al. 1998, Perrault et al. 2014). Thus, the 

time spent at nesting areas (locations that receive a disproportionate amount of research effort) 

represents a small fraction of an adult female’s lifespan. Yet, visits to beaches offer researchers a 

rare chance to encounter turtles where it is relatively easy (as compared to similar in-water work) 

to detain individuals, attach transmitters, and tracked them back to their foraging areas. Past 

work tracking or recapturing sea turtles over multiple migrations suggests that adults exhibit high 
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philopatry (i.e., fidelity to a geographic area) to a single foraging and single breeding area 

throughout their lives (Shimada et al. 2020). Given this long-term philopatry, it may be possible 

to infer a lifetime foraging area after tracking a single post-nesting migration. 

 Although extremely useful, satellite telemetry is cost prohibitive such that the foraging 

distributions of most sea turtle populations remain undescribed. This is especially true for 

relatively rare species like hawksbills (Eretmochelys imbricata) and Kemp’s ridleys 

(Lepidochelys kempii; Hays and Hawkes 2018). Data deficiency surrounding distributions is a 

significant obstacle for the management of sea turtle populations, particularly in the context of 

unprecedented global environmental change in their habitats. For example, Stubbs et al. (2020) 

focused on an Australian green turtle (Chelonia mydas) population to predict that shifting 

environmental conditions associated with climate change will affect forage availability, thereby 

negatively affecting reproductive output and population dynamics. However, it is impossible to 

evaluate the impacts of climate change in discrete foraging areas without an understanding of 

where these areas are located. The recent wave of satellite tracking work, including approaches 

integrating other methods (e.g., stable isotope analyses; Ceriani et al. 2017, Pfaller et al. 2020), 

holds major promise in revealing essential information about the distribution of adults. 

 We focus here on the hawksbill sea turtle, a highly imperiled species (Mortimer and 

Donnelly 2008). Hawksbills have a circumtropical distribution, and previous satellite tracking 

work throughout their global range has revealed considerable variation in migratory and foraging 

strategies, including migration distance, foraging home range size and depth, and foraging 

habitat type (e.g., Parker et al. 2009, Gaos et al. 2012, Marcovaldi et al. 2012, Pilcher et al. 2014, 

Hoenner et al. 2016, Rees et al. 2018, Hart et al. 2019). We concentrate on the Caribbean, which 

is an important region within the species’ global distribution and contains the majority of nesting 
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sites within the Atlantic Ocean. Almost all land masses bordering the Caribbean Sea host some 

degree of nesting (Eckert and Eckert 2019) and, to date, 75 post-nesting hawksbills have been 

tracked from 10 nations (Horrocks et al. 2001, Troëng et al. 2005, van Dam et al. 2008, Moncada 

et al. 2012, Esteban et al. 2015, Revuelta et al. 2015, Nivière et al. 2018, Hart et al. 2019). The 

relatively limited extent of this research underscores that regional hawksbill conservation would 

benefit greatly from more tracking research, particularly from new nesting sites. A more 

comprehensive understanding of regional foraging habitats would facilitate management like 

habitat protection and would also increase the capacity to determine the role of foraging habitats 

(and environmental change within them) in population dynamics. This latter aim is of particular 

importance for Atlantic hawksbills given their unique propensity to feed on sponges in reef 

habitats (Meylan et al. 1988). It remains somewhat unclear how sponges, and by extension 

foraging hawksbills, will respond to ongoing coral reef declines (Bell et al. 2018). The effects of 

climate change on this primary food source may be a central factor determining how hawksbills 

can cope with environmental change in the region. 

 Here, we present satellite tracks for post-nesting hawksbills from a nesting population in 

Antigua, West Indies, in the Eastern Caribbean. Our primary aim was to add to the regional 

knowledgebase by characterizing movement patterns during discrete periods of nesting, 

migration, and foraging. Secondarily, we leveraged a high-resolution, long-term mark-recapture 

dataset at the nesting beach to explore whether variation in observed space use strategies (e.g., 

migration distance) had consequences for reproductive output (e.g., breeding interval). 
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Methods 

 

Study area, focal population, and nesting beach monitoring 

 

 We conducted fieldwork for this project at Long Island (aka Jumby Bay), Antigua, a 

barrier island to the northeast of mainland Antigua. The Jumby Bay Hawksbill Project (JBHP) 

has monitored annual nesting at this site since 1987, implementing “saturation tagging” mark-

recapture protocols whereby hourly foot patrols throughout the nesting season enable the 

detection of nearly all nesting activity (Richardson et al. 1998, 2006, Stapleton et al. 2010, 

Kendall et al. 2019). The primary nesting beach on the ~120-ha Long Island is Pasture Bay, 

situated on the northern shoreline (17.15861ºN, 61.75528ºW), and low levels of nesting activity 

also occur on smaller, peripheral beaches. 

 Over more than three decades of monitoring the JBHP has amassed a unique dataset 

detailing the nesting histories and reproductive output of the Long Island rookery. This includes 

information on all turtles that were satellite tracked for this study. We assume that turtles did not 

nest in any given year without being detected because JBHP monitoring protocols yield detection 

probabilities very close to 1 throughout the nesting season (Richardson et al. 1998, Kendall et al. 

2019). We also assume that turtles did not undergo a nesting season at a different site given 

previous studies that documented precise natal homing, genetic separation from nearby sites, and 

high assimilation of neophytes (Kendall et al. 2019, Levasseur et al. 2019, 2020). 

 We focus on three measures of reproductive output herein. (1) Breeding interval is a 

measure of how frequently individuals reproduce and typically falls between 2–4 years. Previous 

estimates suggested that annual detection probability is nearly perfect for the Long Island 
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population (Kendall et al. 2019). (2) Nests per season for an individual hawksbill generally range 

from 3–6, with a mode of 5, laid at roughly two-week intervals (Kendall et al. 2019). Within-

season detection probability is less than annual detection probability because nests are 

occasionally missed, often when they are laid on beaches located peripherally to Pasture Bay. To 

account for undetected nests, we identified time gaps between successive observed nests that 

were likely to have actually contained a nest. We inferred these nests based in part on individual 

behavior. For example, if a turtle nested at consistent intervals of 13 days and there was a 26-day 

gap, we inferred that a nest was laid. In contrast, if field data noted a turtle had attempted to nest 

unsuccessfully for several nights, resulting in an abnormally long gap, we did not infer a nest. In 

general, we inferred nests when we identified gaps that exceeded 18 days. Lastly, (3) clutch size 

is the number of eggs laid within a nest. A subsample of all egg clutches laid annually on Long 

Island are exhumed after hatchlings exit the nest chamber in order to count eggs and evaluate 

embryo survival. These assessments are done randomly, such that egg counts may be available 

for several of an individual’s cutches in a given year, or none. Egg hatching success is another 

parameter often used to assess fecundity (e.g., Ceriani et al. 2017), but we did not focus on it 

here because of a small sample size and an inability to control for a suite of environmental 

factors that dictate embryo survival, like nearby vegetation and sand organic content (Ditmer and 

Stapleton 2012, Maurer and Stapleton 2021). 

 

Transmitter deployment 

 

 For this study we deployed platform terminal transmitters (PTTs) on 22 hawksbill 

females over the course of four years. We tracked three females in 2016, five in 2017, eight in 
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2018, and six in 2019 (Table 1). Turtles were outfitted with Sirtrack PTTs (KiwiSat 202) in 

2017, and then Wildlife Computers PTTs (SPOT-352B) in all subsequent years.  

 Deployments took place between 29 June and 3 October annually. We affixed PTTs after 

nesting females had completed the egg laying process and finished camouflaging their nest site 

(i.e., altering the top layer of sand in a large area around the nest). We used a plywood frame to 

detain individuals, with detainments lasting ~1.5–3 hrs. PTTs were placed on the centerline of 

the carapace (i.e., in line with the spine) in a slightly anterior position, with the antenna facing up 

(KiwiSat 202) or forward (SPOT-352B). We first used acetone, sand paper, and steel wool to 

clean and gently score the area of the carapace designated for the PTT and epoxy footprint. We 

then attached the PTT by applying quick-setting marine epoxy in several layers. Finally, after the 

epoxy had hardened sufficiently, we covered the epoxy and any exposed areas of the PTT with 

anti-fouling paint. 

 Satellite location fixes were collected and provided by the ARGOS satellite system. 

ARGOS fixes are produced when turtles are at the ocean’s surface and thereby expose saltwater 

sensors on the PTTs to air. Each ARGOS location is assigned one of seven classes representing 

the estimated accuracy of the fix (i.e., the radius that likely contains the true location). Accuracy 

is affected by satellite positioning and how long turtles spend at the surface. 

 

State-space modeling 

 

 We used raw ARGOS data (and associated accuracy estimates) to evaluate hawksbill 

movement during three distinct periods of space use. The inter-nesting period (hereafter IN 

period) includes all movements during a nesting season, before a turtle lays its final nest and 
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migrates away from the nesting site. The migratory period is then the time spent moving 

between the nesting area and the foraging area. Finally, the foraging period begins after the 

migration ceases and the turtle settles into its foraging home range. In order to characterize 

individuals’ movements within these periods, we first needed to address two issues: 1) 

accommodating the variable accuracies associated with each satellite fix and 2) differentiating 

between migratory and non-migratory states. 

 We used a Bayesian state-space modeling (SSM) framework that integrates two model 

components, each addressing one of the two issues noted above. This switching, first difference 

correlated random walk (DCRWS) model has been well-outlined previously (Jonsen et al. 2005, 

Jonsen 2016), and is frequently used to model the movements of migratory marine fauna (e.g., 

Jonsen et al. 2007, Hart et al. 2019, 2020). Briefly, the first part of this SSM is the observation 

model, which estimates true locations from observed locations, giving more weight to 

observations with the highest accuracy. True locations are estimated at fixed, user-designated 

timesteps spanning the duration of observation. The second core SSM component is the process 

model, which uses the differences between consecutive model-estimated locations to assign one 

of two assumed behavioral states to each location (i.e., “switching” between these behaviors). 

Animals exhibiting migratory behavior generally swim in consistently straighter paths (i.e., low 

turning angles) and at faster speeds (state 1). In contrast, non-migratory behavior entails more 

variable swim paths and slower swim speeds (state 2). The SSM employs Markov Chain Monte 

Carlo (MCMC) sampling to estimate location and state parameters, generating posterior 

distributions from which to draw inference. 

 We implemented this model, and ran all other analyses, in program R (version 3.5.2; R 

Core Team 2018) using RStudio (version 1.1.463; R Team 2015). The SSM was specified using 
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the R package bsam (Jonsen et al. 2005, Jonsen 2016), which utilizes JAGS to fit the model with 

MCMC sampling (version 4.2.0; Plummer 2003). Before modeling, we filtered the raw ARGOS 

data to remove satellite fixes that would produce swim velocities above 2.5 m s-1 using the R 

package ‘argosfilter’ (Freitas 2012). We then used the remaining data to fit the switching SSM. 

We modeled all 22 tracks in one hierarchical run. Modeling the tracks jointly assumes identical 

movement parameters for all individuals, but pools statistical power and can improve the 

estimation of behavioral states (Jonsen 2016). We specified the model to estimate three locations 

per day. MCMC settings were designated for an adaptation and burn-in phase of 5,000 samples 

each, followed by 25,000 posterior samples that we thinned by five. We evaluated model 

convergence by assessing stationarity in the posterior samples and monitoring for well-mixed 

MCMC chains, low within-chain sample autocorrelation, and low Brooks–Gelman–Rubin shrink 

factors (below 1.1; Brooks and Gelman 1998).  

 

Characterizing patterns in movement 

 

 We extracted the mean latitude, mean longitude, and median behavioral state from the 

posterior distributions for each location estimated by the SSM. We first used the median 

behavioral state (1 or 2) to assign locations to an individual’s IN, migratory, or foraging period. 

IN and foraging periods had the same behavioral state designation but were distinguishable 

because they were separated by migratory behavior. In cases where the SSM estimated non-

migratory behavior for short periods in the middle of migrations, we included these locations in 

the migratory path. Some individuals migrated away from the nesting site without the SSM 

estimating a switch in behavior; presumably these turtles did not substantially change swimming 
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speed or direction during transit. In these cases, we calculated the distance between the first 

model-fit location and each successive location, plotting this over time. As a turtle migrates from 

a relatively fixed IN range to a fixed foraging range, there are clear inflection points when the 

distance from the nesting area starts to increase rapidly and then plateaus. We used these 

inflection points to manually designate the IN, migratory, and foraging periods. 

 We characterized space use during IN and foraging periods by delineating core areas of 

use (i.e., home ranges) and determining water depth and distance from land for these core areas. 

For each individual’s IN and foraging periods, we computed 50% utilization distributions (UDs) 

with kernel density estimation and 95% minimum convex polygons (MCPs) using the R package 

‘adehabitatHR’ (Calenge 2006). A 50% UD represents the core area of highest use, as estimated 

with kernel density estimation that uses a smoothing parameter to approximate true areas of use 

from observed (model-fit) locations (Worton 1989). In contrast, MCPs bound a polygon to the 

outermost locations, in this case after removing the outer 5% of locations. 95% MCPs therefore 

provide a simple delineation of the area in which estimated locations fall. We computed 

centroids for the 50% UDs (both IN and foraging) and used these centroids to calculate water 

depth (2020 General Bathymetric Chart of the Oceans, 15 arc-second resolution) and distance 

from land. 

 We summarized movements during migrations by calculating the distance each hawksbill 

travelled along its migratory path (i.e., locations with the migratory behavioral state) and the 

straight-line distance between IN and foraging centroids. In cases where no IN behavior was 

observed, we instead used the first location of the migratory path to calculate the straight-line 

distance to the foraging centroid. 
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Models explaining variation in reproductive output and behavior 

 

 We leveraged the long-term nesting dataset of the JBHP to explore whether differences in 

space use were associated with differences in reproductive output. We fit a series of linear 

regressions to test whether migration distance and foraging area size (50% UD) explained 

variation in breeding interval, nests per season, or clutch size. Through the lens of energetics, 

turtles migrating further may reproduce less frequently or produce fewer eggs per breeding 

season. Alternatively, if we assume that there is high variation in forage quality or availability 

among different foraging areas irrespective of distance, then migration distance may be relatively 

unimportant to reproductive output and frequency. We additionally explored whether foraging 

area size explained variation in reproductive output based on the possibility that larger foraging 

areas may provide more overall forage. However, if habitat structure and prey distribution vary 

significantly among sites, foraging area size may not have any effect on reproductive output. 

 Based on previous work suggesting that adult sea turtles, including hawksbills, generally 

inhabit a single foraging area throughout their lifespans (Sartain Iverson et al. 2016, Shimada et 

al. 2020), we assumed that the straight-line migration distances and foraging area sizes that we 

documented were applicable as predictors for all nesting years, i.e., we used satellite-tracking 

data from single post-nesting migration made by individuals to predict responses over multiple 

nesting seasons. We used tracking and nesting data for the 22 turtles tracked over 2016–2019, 

and we also added the data for four additional individuals tracked in 1998 and modeled with the 

same SSM framework (JBHP, unpublished data). We computed means for the three responses 

over the full nesting history of each satellite-tracked turtle. Some turtles had much longer nesting 

histories (i.e., had remigrated to nest more times), or had more nests assessed to derive clutch 
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sizes, so we included a weight term for all regressions proportional to the number of samples 

used to compute individuals’ mean values (breeding interval and clutches per season were 

weighted by the number of total nesting seasons per individual, and clutch size was weighted by 

the number of clutches evaluated). 

 For each response variable (breeding interval, nests per season, and clutch size) we fit 

and compared four weighted regressions: a null model with no predictors, a model with only 

straight-line migration distance as the predictor, a model with only foraging area size as the 

predictor, and an additive model with both predictors. We compared model performance using 

AICc scores. The sample sizes for foraging area size and migration distance were unequal due to 

an individual from 1998 that did not migrate (i.e., migration distance = 0) and for which a 

foraging period was not distinguishable from the IN period (i.e., forage area size = NA). 

Therefore, we compared models fit with the same minimum number of observations, without this 

individual, but in the event that the most parsimonious model did not contain foraging area size 

as a predictor, we refit that model with the full dataset before drawing inferences. 

 Lastly, we also used tracking and nesting data to evaluate whether an individual’s level of 

nesting experience (i.e., total nesting seasons) was a significant predictor of migration efficiency. 

Some turtles exhibit indirect migration paths, whereas other individuals take more direct and 

efficient routes. We hypothesized that less experienced turtles would be less efficient. We 

represented migration efficiency by taking the difference between migration path length and 

straight-line migration distance and then dividing this difference by the straight-line distance. We 

constrained the resulting values to be nonnegative, changing any negative values to zero, because 

any negative values were simply a result of large IN or foraging areas (and thus a shorter 

distance between the edges of these areas than between centroids) and did not reflect route 
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efficiency. The resulting metric was a unitless measure of efficiency (km·km-1) with higher 

values representing more inefficient and indirect routes. We used this metric as the response 

variable in a linear regression with total nesting seasons (per individual) as the lone predictor. 

 

Results 

 

Transmitter deployments details 

 

 Six of the 22 nesting hawksbills that we outfitted with PTTs were neophytes and 16 had 

nested in at least one season prior (Table 1). We tracked turtles for a mean ± SD of 168.5 ± 90.4 

days, ranging 27.5–400.5 days. The majority of tracking durations (12 of 22) ended when service 

was stopped, after individuals had established residency in their foraging area. Individual 19 was 

reported dead by local fisherman south of Barbuda after beginning a migration away from the 

nesting area. The PTT was collected, and we were able to redeploy it (onto individual 20). The 

remaining nine deployments presumably ended because of battery loss, damage, or failure. Over 

these tracking durations, the hawksbills provided a total of 23,861 unique locations. We removed 

2,371 of these in filtering, resulting in a mean of 976.8 ± 659 raw locations per individual that 

were used for state-space modeling. After modeling, this resulted in a mean of 67.13 ± 50.3 

model-estimated locations assigned to IN periods, 28.64 ± 42.6 locations assigned to migratory 

periods, and 415.14 ± 297.5 locations to foraging periods (Table 1). (Figure S1 illustrates how 

raw and model-fit locations were used to characterize IN, migratory, and foraging movements). 
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Migrations 

 

 Eighteen of the 22 individuals made clear migrations and established distinct patterns of 

residency in foraging home ranges, with significant variation in both migration distance and 

direction (Table 2, Figure 1, Figure 2, Figure 3). We identified 13 of these migrations using the 

median behavioral states from the SSM posterior distributions, and we manually assigned the 

other five by identifying clearly discernable movements away from the nesting area after laying a 

final clutch (see Figure S2, Figure S3 for examples of manual assignment). We note that for 

individuals with a relatively straight migratory path, the path length was often shorter than the 

straight-line distance because turtles stopped migrating before reaching the centroid of the 

foraging area (i.e., the distance between IN and foraging range edges is less than the distance 

between centroids). 

 The four turtles without clearly observed migrations were individuals 2, 3, 19, and 22. 

Individual 2 exhibited migratory behavior, as assigned by the SSM, but stopped transmitting in 

the middle of the migration near Saint Martin; we reported information for this partial migration 

but did not include this individual when reporting means or in subsequent analyses. Individual 3 

lost its PTT during its IN period, before initiating a migration. As noted above, individual 19 

made an apparent migration to an area south of Barbuda, but never established normal foraging 

behavior and was subsequently found dead. We again reported the observed movement 

parameters and model-assigned foraging centroid, but suspect that this turtle was injured or 

killed before completing its migration and therefore do not include it summary statistics or 

subsequent models. Finally, individual 22 appeared to remain resident near the nesting area. 

While we could not delineate a migration path for individual 22, we were able to distinguish 
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between its nesting and foraging ranges based on movement patterns relative to its nesting 

timeline (it established a distinct residency pattern in a foraging area to the south of the nesting 

area). The centroid of this foraging was only 6.8 km from its IN centroid, representing the 

shortest migration distance.  

 Migratory path lengths among the 18 turtles that made well-defined migrations to 

foraging areas ranged 16.7–2486.2 km, with a mean ± SD of 494.1 ± 828 km (Table 2). Mean 

straight-line distance calculated for 19 individuals (including individual 22) was 413.2 ± 738 km. 

These migrations took from 1–53.5 days (mean = 10.9 ± 15 days, n =18). Migration distances 

therefore spanned four orders of magnitude (km), from short-range movements within Antiguan 

waters (Figure 1) to trans-Caribbean movements to shallow areas near Honduras and Nicaragua 

(Figure 3). We interpret these patterns in greater detail below. 

 

Inter-nesting (IN) and foraging periods 

 

 We observed IN behavior for 18 individuals (Table 3). We report IN information for a 

nineteenth turtle (individual 6) for which the SSM detected non-migratory behavior for five days 

after transmitter deployment, but we do not include these data in summary statistics or 

subsequent models because the turtle did not deposit any nests and did not exhibit movement 

patterns indicative of space use within a home range (i.e., its 95% MCP was smaller than its 50% 

UD). For the remaining three turtles that did not show IN behavior, the SSM suggested 

immediate migrations (individuals 8, 13, and 16). 

 Periods of IN satellite tracking spanned 12.5–66 days (mean ± SD = 26.8 ± 14 days, n 

=18). Mean area of the IN 50% UDs was 20.5 ± 15 km2, and for 95% MCPs was 44.6 ± 29 km2. 
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Combined, IN areas encapsulated a region roughly encircling Long Island, with a core area of 

highest use directly to the east of the island (Figure 4). Mean depth at the centroids of the 18 IN 

UDs was relatively shallow at 5.6 ± 1 m, and mean distance from land was 0.92 ± 0.8 km. 

 We observed movements during the foraging periods of 19 individuals (Table 3). Two 

turtles (individuals 2 and 3) ceased transmitting before or during their migration. For the final 

turtle, individual 19 that was found dead after migration, we report foraging information but do 

not include data in summary statistics or analyses. 

 We observed foraging periods for 35.5–353.5 days (mean = 156.3 ± 82 days, n = 19). On 

average, foraging home ranges were deeper than IN ranges and had smaller high-use cores (50% 

UDs) but larger overall areas (95% MCPs). The mean area of foraging 50% UDs was 19.4 ± 11 

km2, and the mean of 95% MCPs was 113.0 ± 101 km2. Mean depth of foraging UD centroids 

was 32.2 ± 20 m, and the mean distance from land was further than IN centroids at 12.0 ± 22 km. 

 

Explaining reproductive output and behavior 

 

 The 22 post-nesting hawksbills that we satellite tracked over 2016–2019, plus the four 

individuals tracked in 1998, deposited a total of 418 egg clutches over 94 individual nesting 

seasons. Of the 418 clutches, 153 were exhumed and assessed by JBHP field researchers post-

hatching to calculate clutch size. Individuals participated in 1–13 nesting seasons, and the 20 

turtles that were not neophytes at the time of PTT deployment (16 remigrants from the current 

study, and 4 from the historical work) had a mean ± SD breeding interval of 3.1 ± 0.8 years. This 

included a notable instance in which a turtle migrated to nest in back-to-back years, an 

occurrence that has happened only one other time at Long Island. This turtle (individual 1) 
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nested five times in 2016, the year she was outfitted with a PTT, and then remigrated to lay a 

single observed nest at Long Island in 2017. Her identity was verified with multiple flipper tags. 

Overall, mean nests laid per season by individual was 4.5 ± 0.8 (n = 26 individuals) and mean 

clutch size by individual was 148.5 ± 22 eggs (n = 24). 

 We related these fecundity data to satellite tracking data—specifically straight-line 

migration distance and foraging area size—with a series of weighted linear regressions. For 

models of breeding interval, nests per season, and clutch size, model comparisons using AICc 

scores suggested that in all three cases the most parsimonious model included migration distance 

as the lone predictor (Table S1, Table S2, Table S3). Results (Table 4) did not provide evidence 

for a statistically significant effect from migration distance at α = 0.05, but did suggest marginal 

effects (i.e., P ≤ 0.1). Longer migration distances were associated with greater breeding intervals 

(Figure 5), more nests per season (Figure 6), and larger clutches (Figure 7). 

 We also used a linear regression to model a fourth response variable: migration efficiency 

(explained above). We used migration paths and straight-line distances to derive this (unitless) 

metric, and the resulting values ranged from 0–3.6, with mean of 0.304 ± 0.81 (n = 21). The 

linear regression did not provide evidence for a significant effect from nesting experience 

(intercept ± SE = 0.545 ± 0.28, slope = -0.0693 ± 0.061, P = 0.27). Although a linear relationship 

was not apparent, plotting the raw data illustrated that the most inefficient migrations were made 

by two relatively inexperienced turtles (Figure 8). 
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Discussion 

 

Observed migrations and migratory ecology 

 

 We observed considerable variation in migratory distances and directions. Straight-line 

distances ranged from approximately 7 to 2300 km and individuals traveled to foraging grounds 

to the north, west, and south. Migratory paths tended to pass through neritic areas, with notable 

exceptions from long-range migrations that traveled through deeper areas in the Caribbean basin 

and north of Puerto Rico (Figure 3). Broadly, these migratory patterns fit into a regional 

paradigm that is taking shape in the Caribbean as the body of hawksbill tracking work grows. 

Post-nesting hawksbills forage in neritic areas throughout and abutting the Caribbean Sea, with 

notable within-population variation in migration distances (Horrocks et al. 2001, Troëng et al. 

2005, van Dam et al. 2008, Moncada et al. 2012, Esteban et al. 2015, Revuelta et al. 2015, 

Nivière et al. 2018, Hart et al. 2019). Migratory strategies vary widely, from essentially no 

migration (i.e., turtles remain resident near nesting areas) to trans-basin movements (e.g., Nivière 

et al. 2018). We speculate that adult male behavior largely mirrors this. Although we did not 

observe any outlier behavior, we did document migrations to three locations to which hawksbills 

have not been tracked previously (according to published literature): the islands of Barbuda, 

Martinique, and Montserrat (Martin et al. 2005). Below, we frequently refer to tracked 

hawksbills by their assigned numbers (1–22) to reference them to tabulated results. 

 The long-range migrations that we documented exemplify how highly mobile, migratory 

species can connect management considerations among disparate sites. These migrations passed 

through the exclusive economic zones (EEZs) of several countries and create a scenario in which 
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the conservation of the Long Island rookery is in part dependent on management in distant 

nations such as Nicaragua and Saint Vincent and the Grenadines. We tracked two turtles 

(individuals 13 and 21) that migrated to shallow areas off the coasts of Nicaragua and eastern 

Honduras. Given other research that has tracked post-nesting hawksbills to the same neritic 

habitats, the area appears to be an important foraging area within the region (Troëng et al. 2005, 

van Dam et al. 2008, Moncada et al. 2012, Revuelta et al. 2015, Nivière et al. 2018, Hart et al. 

2019). We also tracked a turtle (individual 7) that swam north and then west in deep water (e.g., 

north of Puerto Rico), eventually settling into a foraging area in the Bahamas archipelago. This 

area is very close to the foraging areas of two individuals previously tracked from Martinique 

and Saint Croix, respectively (Nivière et al. 2018, Hart et al. 2019). The final two longer-range 

migrations that we observed ended in waters in Martinique (individual 18) and Saint Vincent and 

the Grenadines (individual 5). Habitats around Saint Vincent and the Grenadines are known to 

host foraging hawksbills (Horrocks et al. 2001, Nivière et al. 2018), but to our knowledge 

individual 18 from our study is the first hawksbill tracked to Martinique. 

 Although long-distance migrations have been observed for many Caribbean hawksbill 

populations, it seems that shorter migrations are more common overall. For instance, hawksbills 

tracked from Buck Island, Saint Croix made migrations to foraging sites east of Nicaragua, but 

the overwhelming majority of individuals migrated to neighboring islands (Hart et al. 2019). 

Migrations that do not cross any EEZs are also fairly common (e.g., Moncada et al. 2012). Five 

of the 21 migrations we observed ended in close proximity to Antigua (individuals 1, 9, 10, 12, 

and 22; Figure 1), and another three remained in national waters, ending at foraging habitats in 

Barbuda (individuals 14, 16, and 19; although we note that the evidence for 19 is inconclusive 

given that she was found dead in waters south of Barbuda before establishing a foraging home 
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range). Hawksbills have been documented foraging near Antigua previously (Hart et al. 2019), 

but these represent the first individuals tracked to foraging areas near Barbuda. Five of the seven 

migrations that we documented to neighboring islands to the northwest fit into what may be 

another high-density foraging area within the Caribbean region. We tracked individual 15 to 

Nevis, individuals 17 and 20 to Sint Eustatius, individual 8 to Sint Maarten, and individual 6 to 

Saint Barthélemy. This area appears to be a relative hotspot for foraging hawksbills, most 

notably from Saint Croix nesting beaches (van Dam et al. 2008, Esteban et al. 2015, Hart et al. 

2019). The final two turtles (individuals 4 and 11) migrated to neighboring Montserrat, 

representing the first post-nesting migrations tracked to this island nation (in published 

literature).  

 Such variable migration distances, both for our study and in previous work, pose a 

fundamental question about the distribution of sea turtle foraging habitats in the Caribbean: what 

processes govern how hawksbills (and other species) establish fidelity to foraging areas? To 

explore this question, we first assume that the post-nesting hawksbills that have been satellite 

tracked to date were sampled on their natal nesting beaches. This idea is supported by previous 

work showing exceptionally high natal homing precision, especially for insular populations 

(Levasseur et al. 2019). Given this assumption that satellite tagging occurred on natal beaches, 

attempting to explain the high variation in migratory strategies and foraging geography is a 

complex undertaking.  

 Perhaps dispersal during the neonate stage is a primary determinant of where adults 

eventually forage. Mansfield et al. (2014, 2021) tracked neonate loggerhead and green turtles 

from off the coast of southeast Florida and found that these young individuals seem to travel to 

the Sargasso Sea and actively swim in directions not completely dictated by prevailing currents. 
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They will then return to neritic habitats as juveniles. Similar work has not been done for 

Caribbean populations such that is unclear what neonates do in the first years of life. However, 

mixed-stock genetic analyses of juvenile foraging aggregations in the region help to shed light on 

regional dispersal patterns at this stage (i.e., after neonates have returned from presumably a 

pelagic stage). Bowen et al. (2007) suggested that juveniles are more likely to forage near to their 

nesting area of origin, but may also be strongly influenced by currents. Interestingly, Bowen et 

al. (2007) found Antiguan haplotypes in juveniles foraging in areas throughout the Caribbean, 

including the Bahamas. Blumenthal et al. (2009a) used particle drift models and genetic 

haplotypes from juveniles foraging in the Cayman Islands to posit that currents play a major role 

in early-stage dispersal. These studies may suggest that turtles that end up in distant foraging 

sites (relative to their natal beaches) may have experienced current-driven dispersal. Prevailing 

currents in the region move largely west, which may have aided dispersal to foraging areas that 

we documented for Antiguan turtles in Nicaragua and the Bahamas; however, it is less clear what 

would drive a turtle to disperse south, e.g., to Saint Vincent and the Grenadines.  

 Alternatively, early-stage dispersal patterns might not be highly relevant to where adults 

end up foraging. Indeed, juvenile sea turtles can exhibit patterns of temporary residence to 

several different foraging areas through ontogeny (Musick and Limpus 1997, Bjorndal et al. 

2019, van der Zee et al. 2019), and it is unclear how far an individual may travel and disperse 

during this process before they settle in their adult foraging area. Anecdotal evidence suggests 

that juvenile hawksbills may travel considerable distances. Blumenthal et al. (2009b) reported 

that an individual originally tagged in Little Cayman was recaptured nearly seven years later in 

La Mosquitia, Honduras. Putman et al. (2014) found Brazilian haplotypes in juvenile hawksbills 

foraging at Ascension Island, opening the possibility for early-stage dispersal to extremely 
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distant sites, although there is no evidence to suggest that adult foraging areas would be so 

distant (i.e., juveniles may home back to sites closer to nesting areas). 

  Regardless of what specific mechanisms underly the fixation of hawksbills to their 

foraging areas, our understanding of foraging distributions is growing. Although geographic gaps 

remain, given the current knowledgebase and a trend of expanding foraging area coverage as 

more hawksbills are tracked from more nesting locations, we conjecture that it is likely that 

hawksbills inhabit neritic areas near virtually all land masses in the region. This assertion 

underscores the reality that regional hawksbill conservation is inherently international. 

Population trends at rookeries in one nation may be largely driven by habitat dynamics and 

threats in neighboring (or distant) nations. As global change progresses and continues to cause 

changes to sea turtle habitats (Patrício et al. 2021), including to coral-sponge dynamics in reef 

habitats (Bell et al. 2018), hawksbill conservation would benefit greatly from international 

collaboration.  

 

Characteristics of inter-nesting and foraging space use 

 

 We documented IN home ranges that were shallower and closer to land than foraging 

ranges. Overall, the variation in size and depth that we documented for both types of home range 

(IN and foraging) was consistent with ranges documented by previous satellite tracking studies 

using similar methods. For instance, Hart et al. (2019) tracked 31 post-nesting hawksbills from 

Saint Croix and modeled their movements with the same SSM approach, describing very similar 

ranges for IN and foraging core area sizes. IN 50% UDs for those turtles ranged approximately 

9–77 km2, compared to 7–72 km2 for the Antiguan individuals we tracked, and foraging UDs for 
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the Saint Croix sample spanned 6–95 km2 compared to 7–45 km2 in our study. Considering the 

variation that is likely caused by factors such as individual behavior and differences in forage 

density and habitat structure at discrete geographic sites, we suggest that these ranges are 

remarkably similar, a trend that extends to other regional populations (Revuelta et al. 2015). 

 The core areas (50% UDs) that we documented for both IN and foraging areas were of 

similar size at approximately 20 km2, although there was more variation in IN UD size. This may 

suggest that when individuals in the population are occupying an area for an extended period 

(i.e., moving withing a set home range), they use core areas of similar size. However, 95% 

MCPs, representing the full extent of space used rather than just the core, were much bigger and 

more variable for foraging areas as compared to IN areas. We believe this reflects more variable 

space use outside the core of the home range, including short trips made away from areas with a 

high density of locations. Foraging areas were also deeper and further from land than IN areas on 

average. Relatively shallow bathymetry surrounds Long Island, so a shallow IN depth is 

unsurprising given that individuals do not stray very far from the nesting area during IN periods 

(Figure 4). Foraging areas were characterized by a range of depths, from 2 to 81 m, suggesting 

that suitable habitats exist across a variety of depths within neritic areas.  

 

Space use strategies and reproductive output 

 

 We fit models to evaluate relationships between migration distance and each of three 

measures of reproductive output: breeding interval, nests deposited per season, and clutch size. 

Although none of the most supported models provided evidence for a statistically significant 

effect from migration distance (at α = 0.05), we suggest that the consistent marginal effects (P ≤ 
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0.1) merit interpretation and may be considered biologically significant, especially considering 

the relatively small sample sizes. Longer migration distances were associated with greater 

breeding intervals, more nests deposited per nesting season, and larger clutch sizes. These 

patterns, however, appear to be driven by three exceptionally long migrations (Figure 5, Figure 

6, Figure 7) which covered 1,611 km, 2,172 km, and 2,302 km in straight-line distance. The next 

longest migration was 479 km, and fourth longest was 290 km; all others were < 165 km. The 

distribution of migration distances is therefore heavily skewed to short-range migrations, and 

data for more individuals tracked to distant locations are needed to make robust inferences. We 

also note that our inferences about these patterns depend on the assumption that individuals used 

a single foraging area throughout their nesting history at Long Island (although this assumption 

is backed by compelling evidence; Shimada et al. 2020). Finally, we acknowledge that we did 

not control for other factors that may affect the three measures of reproduction. For example, 

variable environmental conditions at foraging areas may influence foraging opportunities and 

drive differences in breeding intervals or clutch output. Further, clutch sizes may be influenced 

by turtle size or by clutch number within season (e.g., final clutches sometimes contain far fewer 

eggs; JBHP unpublished data). These caveats aside, the patterns we observed nonetheless 

highlight potential consequences of migratory strategies for reproduction.  

 Taken together, findings from the three models of reproductive metrics may point to 

tradeoffs between reproductive frequency and seasonal offspring output. Specifically, turtles that 

inhabit more distant foraging areas may breed less frequently (i.e., longer breeding intervals), but 

produce more offspring (i.e., more nests and more eggs per clutch) in the years that they do 

reproduce. This strategy would help long-range migrators maintain individual fitness and 

minimize the potential risks associated with lengthy migrations that traverse unfamiliar habitats. 
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However, a more optimal strategy would be similarly high reproductive output from more 

proximal foraging sites. The fact that not all individuals optimize this tradeoff may suggest that 

drivers other than proximity govern how turtles select foraging areas (e.g., ocean currents, as 

discussed above), and that after fidelity is established to an area, a turtle’s experience or memory 

of this area as a good habitat outweighs the possibility that alternative habitats exist closer to 

nesting areas. Sea turtles exhibit high philopatry to foraging and nesting locations (Shimada et al. 

2020), which is an evolutionarily advantageous trait through a lens of ensuring consistent access 

to suitable habitats. Within-population variation in foraging area philopatry (i.e., a single 

population occupying a “portfolio” of habitats) may also be advantageous to buffer against 

potential negative effects in a single habitat (Fuller 2016). However, an apparent energetic 

tradeoff of philopatry can occur when fidelity is established to disparate foraging and nesting 

sites. The high energy costs associated with moving to and from breeding areas result in 

suboptimal reproductive energetics. Our results provide some evidence that long-distance 

migrators hedge against this scenario by maximizing offspring output per migration. We note, 

however, that previous work has not provided clear evidence for tradeoffs associated with 

migration distance. For example, loggerhead turtles (Caretta caretta) that forage off the 

southeastern coast of the United States appear to exhibit differential patterns of reproductive 

output according to foraging areas, but these differences are not explained by migration distance 

(Vander Zanden et al. 2014, Ceriani et al. 2017). It is possible that species- and system-specific 

dynamics exist such that we should not expect Caribbean hawksbills to mirror Floridian 

loggerheads, but these contrasting findings underscore the need for more research on highly 

imperiled hawksbills. 
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 Results from our model of migration efficiency did not provide evidence for a linear 

relationship with nesting experience (i.e., total nesting seasons by individual), however, the raw 

data illustrate that the two most inefficient migrations were made by relatively inexperienced 

turtles. This may suggest that as individuals age and make successive migrations, they are less 

likely to take indirect routes and thus expend energy inefficiently. Individual 11 made the most 

indirect migration that we tracked, initially swimming southwest from Antigua to neighboring 

Monsterrat, but then returning to Antiguan waters and repeating this roundtrip pattern once more 

before finally settling into a foraging area near the northern tip of Monsterrat (Figure 2). It is 

possible that this turtle returned to southern Antigua to lay a nest after the initial migration, 

although we posit that this is not likely considering that her nesting season on Long Island had 

already spanned a duration suitable for six nests (we documented four nests, but given the 

interval between these observed nests we inferred two nests that went undocumented, likely on 

small peripheral beaches that received irregular monitoring effort). 

 

Conclusions 

 

 An understanding of foraging distributions is crucial to any management framework for 

migratory species. This notion is especially salient as a suite of effects associated with climate 

change continue to give rise to new conditions in global habitats. In order to prioritize habitats 

for protection or other management actions, we must first identify where foraging areas are 

located. Although this is a simple premise, the difficulties of tracking migratory species have 

long made it difficult to describe foraging distributions. This is especially true for mobile marine 

species like sea turtles. Our results address a knowledge gap surrounding hawksbill distributions 
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in the Caribbean. We described migrations to foraging areas that fit within a broad pattern taking 

shape within the Caribbean—hawksbills appear to inhabit neritic areas throughout the region 

(e.g., Figure 6 in Hart et al. 2019). Our observations included post-nesting migrations to three 

new locations. By relating satellite tracking results to fecundity data from a unique, high-

resolution nesting dataset, we made preliminary inferences about tradeoffs between movement 

and reproduction; turtles that migrate further may do so less frequently but produce more 

offspring per migration. However, sample size precluded us from making robust conclusions 

about these reproductive tradeoffs. Additional satellite tracking, potentially integrating stable 

isotope methodology to trace individuals to foraging areas (e.g., Ceriani et al. 2017), would help 

to better explore tradeoffs between movement strategies and reproduction. We emphasize a need 

for more research on the spatial ecology of hawksbills to better represent extant populations. 
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Table 1. Summary of satellite transmitter deployments for 22 post-nesting hawksbill sea turtles 

(Eretmochelys imbricata) tracked from Long Island, Antigua. Days tracked is the span of 

satellite transmissions rounded to the nearest half day. Raw fixes refer to the number of raw data 

points (post filtering) that were used in modeling. IN (inter-nesting), migration, and foraging 

points denote the number of model-estimated locations assigned to each period (three per day). 

Indiv. Year Days 
tracked 

Raw 
fixes 

IN 
points 

Mig. 
points 

For. 
points 

Indiv. nesting history 

1 2016 337.5 2340 38 6 969 2009, 2011, 2014, 2016, 2017 

2 2016 71.5 551 199 14 0 1999, 2001, 2003, 2005, 2008, 
2010, 2013, 2016 

3 2016 36 213 109 0 0 2016 (neophyte) 

4 2017 220.5 1298 113 36 514 2017 (neophyte) 

5 2017 251 1451 47 41 666 2012, 2014, 2017 

6 2017 94.5 410 16 15 253 2017 (neophyte) 

7 2017 190 1158 44 108 419 2014, 2017 

8 2017 190 603 0 18 553 2010, 2013, 2015, 2017 

9 2018 215 1277 38 4 590 2008, 2012, 2014, 2016, 2018 

10 2018 180.5 1124 52 8 482 2018 (neophyte) 

11 2018 202.5 912 133 13 462 2014, 2018 

12 2018 179.5 848 90 8 441 2012, 2015, 2018 

13 2018 166 820 0 113 386 2014, 2018 

14 2018 179.5 894 51 6 482 2018 (neophyte) 

15 2018 111 671 40 9 285 2008, 2012, 2015, 2018 

16 2018 169.5 1081 0 10 500 2018 (neophyte) 

17 2019 201.5 1068 83 15 507 2009, 2013, 2015, 2019 

18 2019 61.5 266 47 27 111 2015, 2019 

19 2019 27.5 155 50 6 27 2014, 2019 

201 2019 102.5 571 121 11 177 2013, 2016, 2019 

21 2019 118.5 796 87 162 107 2015, 2019 
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Table 1 (continued). 

22 2019 400.5 2982 119 0 1202 1996, 1999, 2003, 2007, 2010, 
2014, 2017, 2019 

1 A single PTT (# 181296) was deployed twice. The PTT was collected by local fisherman after individual 19 had 
migrated and was reported dead, cause unknown, and was redeployed on individual 20. 
 
 

 

 

 

 

 

Table 2. Migration information for 22 hawksbill sea turtles (Eretmochelys imbricata) tracked 

from a nesting area in Long Island, Antigua, over 2016–2019. Days are rounded to the nearest 

half-day. A “•” denotes that no information was available, either because turtles did not exhibit 

associated behavior or due to modeling constraints. Migration paths were measured along the 

migratory model-fit locations, whereas straight-line distances were calculated between the 

centroids of foraging and inter-nesting (IN) home ranges (or starting location of migrations in the 

absence of IN behavior). Destination provides coordinates of the foraging area centroid. 

Indiv. Year Start 
Duration 

(days) 
Path 
(km) 

Straight-line 
distance (km) 

Destination 

1 2016 28-Aug 1.5 24.39 25.41 17.14281, -62.0059 

21 2016 20-Oct 4.5 157.05 150.01 • 

32 2016 • • • • • 

4 2017 11-Sep 11.5 312.59 68.05 16.75946, -62.2396 

5 2017 19-Aug 13.5 560.62 479.01 12.86497, -61.2216 

6 2017 10-Aug 4.5 152.7 139.46 17.97565, -62.8892 

7 2017 18-Oct 35.5 1813.7
6 1611.36 23.00314, -75.7699 
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Table 2 (continued). 

8 2017 2-Oct 5.5 166.56 163.16 17.98178, -63.0452 

9 2018 28-Jul 1 31.72 28.28 17.10198, -62.0274 

10 2018 20-Aug 2.5 25.52 20.6 17.13157, -61.953 

11 2018 24-Aug 4 140.15 59.21 16.82235, -62.1655 

12 2018 3-Sep 2.5 16.74 12.36 17.24389, -61.8366 

133 2018 17-Aug 37.5 2444.5
1 2172.39 14.93019, -81.5906 

14 2018 21-Aug 1.5 51.5 63.97 17.70787, -61.9552 

15 2018 28-Aug 2.5 69.91 89.21 17.07585, -62.5937 

16 2018 13-Aug 3 48.4 53.95 17.62748, -61.8865 

17 2019 30-Aug 4.5 129.58 129.32 17.4429, -62.9323 

18 2019 24-Aug 8.5 302.28 290.23 14.76636, -60.7682 

194 2019 18-Aug 1.5 29.08 38.41 17.4972, -61.8469 

20 2019 10-Nov 3.5 117.3 135.12 17.5154, -62.9664 

21 2019 9-Sep 53.5 2486.1
8 2302.28 13.05273, -82.3934 

225 2019 14-Aug • • 6.79 17.12148, -61.7623 
1 Individual 2 ceased transmitting in the middle of the migration. We report information for the partial migration, but 
data were excluded when reporting mean values and in subsequent modeling.  
2 Individual 3 ceased transmitting before migrating and thus only inter-nesting data are available. 
3 The first transmission for individual 13 was provided four days after its final nest, at which point it was already 40 
km from the nesting site. As such, we manually added 40 km to the migration path and straight-line distance. 
4 Individual 19 was found dead after migrating. We report the migration data but note that this migration may have 
been cut short by death or injury. Abnormal foraging behavior corroborates this idea (50% UD > 95% MCP). 
Therefore, these data were excluded when reporting mean values and in subsequent modeling.  
5 Individual 22 did not display a clear migration but appeared to establish residency in a distinct location 
approximately one week after laying a final nest. We designated the foraging period as having started at that time 
and calculated a straight-line distance using the foraging and IN centroids. We do not report a migration path. 
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Table 3. Characteristics of inter-nesting and foraging home ranges for 22 hawksbill sea turtles (Eretmochelys imbricata) satellite 

tracked from Long Island, Antigua. Durations (rounded to the nearest half-day) are bounded by the start and end dates of satellite 

transmissions (not necessarily turtle biology and behavior). UD refers to utilization distributions as computed with kernel density 

estimation. MCP refers to minimum convex polygon. Depths and distances from land are provided for the centroid of 50% UDs. A “•” 

denotes that the individual to not exhibit associated behavior. 

 Foraging period Inter-nesting period 

Indiv. Start Duration 
(days) 

50% 
UD 

(km2) 

95% 
MCP 
(km2) 

Depth 
(m) 

Dist. to 
land 
(km) 

Start Duration 
(days) 

50% 
UD 

(km2) 

95% 
MCP 
(km2) 

Depth 
(m) 

Dist. to 
land 
(km) 

1 15-Aug 12.5 27.77 53.93 6 1.11 30-Aug 322.5 11.92 64.75 21 11.62 

21 14-Aug 66 71.77 131.0
9 

4 0.97 • • • • • • 

31 13-Aug 36 8.95 25.35 5 0.99 • • • • • • 

4 4-Aug 37.5 13.26 38.87 6 2.4 23-Sep 171 7.12 41.18 53 1.12 

5 3-Aug 15.5 10.94 20.12 5 0.52 1-Sep 221.5 16.1 90.08 25 3.06 

62 5-Aug 5 89.1 64.24 10 4.41 15-Aug 84 36.14 474.34 33 2.14 

7 3-Oct 14.5 13.24 18.19 5 1 23-Nov 139.5 45.81 245.96 34 1.77 

83 • • • • • • 8-Oct 184 24.96 108.68 15 2.63 

9 29-Jun 12.5 7.84 13.66 6 1.22 29-Jul 185 17.39 77.83 27 12.99 

10 3-Aug 17 16.06 26.98 6 0.31 23-Aug 160.5 20.91 103.96 16 5.95 

11 11-Jul 44 13.56 41.86 4 0.02 29-Aug 153.5 16.23 83.32 34 1.78 



   

 

141 

 

Table 3 (continued). 

12 4-Aug 29.5 23.64 69.51 6 0.36 5-Sep 146.5 38.14 176.54 30 7.8 

133 • • • • • • 24-Sep 128.5 7.33 50.53 81 83.51 

14 4-Aug 16.5 10.67 21.68 5 0.87 23-Aug 160.5 9.82 70.09 17 7.35 

15 15-Aug 13 24.67 50.95 6 0.11 31-Aug 94.5 22.66 102.86 19 2.11 

163 • • • • • • 17-Aug 166.5 19.75 88.89 6 3.76 

17 3-Aug 27.5 13.99 36.01 6 0.37 4-Sep 168.5 12.05 61.76 62 3.55 

18 9-Aug 15.5 38.5 49.95 8 2.25 2-Sep 36.5 8.53 22.55 60 11.26 

194 1-Aug 16.5 17.17 37.69 5 0.41 20-Aug 8.5 47.18 42.95 22 9.25 

20 30-Sep 40 23.59 66.8 5 0.75 13-Nov 58.5 27.5 108.28 32 1.39 

21 11-Aug 28.5 6.86 17.51 6 0.38 2-Nov 35.5 8.71 33.36 45 63.31 

22 5-Aug 39.5 27.39 83.04 6 2.49 20-Sep 353.5 16.84 141.15 2 0.09 
1 Individuals 2 and 3 ceased transmitting before exhibiting foraging behavior. 
2 Individual 6, as estimated by the SSM, exhibited abnormal inter-nesting behavior (50% UD > 95% MCP). We therefore excluded IN data when summarizing 
means. 
3 Individuals 8, 13, and 16 migrated immediately after being outfitted with satellite transmitters. 
4 Individual 19 exhibited abnormal foraging behavior (50% UD > 95% MCP), which may have been due to injury or death. We excluded these foraging data 
when summarizing means and in subsequent analyses. 
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Table 4. Modeling results for three weighted linear regressions of fecundity metrics. Straight-line 

migration distance (km) was the lone predictor variable in all three models; thus, the slope 

estimates and P-values provided are for this term. 

Response variable df Intercept ± SE Slope ± SE P R2 

breeding interval 16 2.67 ± 0.16 0.000484 ± 0.00028 0.099 0.16 

nests per season 21 4.40 ± 0.17 0.000507 ± 0.00029 0.097 0.13 

clutch size 19 148.5 ± 4.9 0.0151 ± 0.0085 0.091 0.14 
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Figure 1. Migration paths and foraging area centroids for eight post-nesting hawksbills 

(Eretmochelys imbricata) making short-range (n=5, < 30 km straight-line distances) to mid-

range (n=3, < 65 km) migrations from Long Island, Antigua, after nesting 2016–2019. We 

summarized movements using model-fit locations from a state-space model of raw ARGOS 

locations. 
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Figure 2. Migration paths and foraging area centroids for eight post-nesting hawksbills 

(Eretmochelys imbricata) making mid-range migrations (59–163 km straight-line distances) 

from Long Island, Antigua, after nesting 2016–2019. The dashed line without a foraging centroid 

shows a partially observed migration during which the satellite transmitter ceased transmitting 

mid-migration. Several migrations exhibit how the distance along indirect migration paths can 

exceed straight-line migration distances. We summarized movements using model-fit locations 

from a state-space model of raw ARGOS locations. 
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Figure 3. Migration paths and foraging centroids for five post-nesting hawksbills (Eretmochelys 

imbricata) making long-range migrations (290–2,300 km straight-line distances) from Long 

Island, Antigua, after nesting 2016–2019. We summarized movements using model-fit locations 

from a state-space model of raw ARGOS locations. 
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Figure 4. The combined inter-nesting (IN) area of use for 19 hawksbill sea turtles (Eretmochelys 

imbricata) during their nesting seasons at Long Island, Antigua, over 2016–2019. All IN 

locations were pooled across all individuals that exhibited IN behavior. Polygons depict the core 

area of use, as represented with a 50% utilization distribution (UD), and the full area of use, 

depicted with a 95% minimum convex polygon (MCP). We summarized movements using 

model-fit locations from a state-space model of raw ARGOS locations. 
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Figure 5. The relationship between migration distance and breeding interval for 19 individuals. A 

weighted linear regression provided evidence for a marginal effect from migration distance (P = 

0.099). Mean breeding intervals were calculated over the full nesting histories of individual 

turtles, then weighted by the number of nesting seasons each turtle had participated in. 

 

 

 

 

 

 

Figure 6. The relationship between migration distance and seasonal clutch output for 19 

individuals. A weighted linear regression provided evidence for a marginal effect from migration 

distance (P = 0.097).  Mean numbers of nests per season were calculated over the full nesting 

histories of individual turtles, then weighted by the number of nesting seasons each turtle had 

participated in. 
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Figure 7. The relationship between migration distance and mean clutch size for 19 individuals. A 

weighted linear regression provided evidence for a marginal effect from migration distance (P = 

0.091). Mean clutch sizes were calculated over the full nesting histories of individual turtles, 

then weighted by the number of clutches per individual that were subjected to egg counts. 

 

 

 

 

 

Figure 8. The relationship between individual nesting experience and migration efficiency for 19 

individuals. We computed migration inefficiency as the difference between migration path 

lengths and straight-line distances, divided by migration distance; higher values represent more 

inefficient routes from inter-nesting to foraging areas. Although a linear regression did not 

provide evidence for a significant effect from nesting experience (P = 0.27), the raw data 

illustrate that the most inefficient migration paths were made by inexperienced turtles. 
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Supplementary materials 

 

Table S1. Selection statistics for models of hawksbill sea turtle (Eretmochelys imbricata) 

breeding intervals (n = 18). We calculated mean breeding intervals for individuals’ full nesting 

histories at Long Island, Antigua, and regressed them with space use parameters derived from 

satellite tracking data from 2016–2019. Four weighted regressions are shown, with model 

weights proportional to the number of breeding seasons each individual had participated in. 

Term structure K ∆ AICc AICc Weight 

migration distance 3 0 0.71 

migration distance + foraging area size 4 3.08 0.15 

foraging area size 3 3.39 0.13 

null 2 11.87 0 
 
 
 
 
Table S2. Selection statistics for models of hawksbill sea turtle (Eretmochelys imbricata) clutch 

output (n = 18). We calculated the mean numbers of nests laid per nesting season (i.e., clutch 

output) by individuals over their full nesting histories at Long Island, Antigua, and regressed 

them with space use parameters derived from satellite tracking data from 2016–2019. Four 

weighted regressions are shown, with model weights proportional to the number of breeding 

seasons each individual had participated in. 

Term structure K ∆ AICc AICc Weight 

migration distance 3 0 0.67 

foraging area size 3 2.76 0.17 

migration distance + foraging area size 4 2.94 0.15 

null 2 9.47 0.01 
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Table S3. Selection statistics for models of hawksbill sea turtle (Eretmochelys imbricata) clutch 

size (n = 18). We calculated the mean clutch sizes (i.e., number of eggs per clutch) by 

individuals over their full nesting histories at Long Island, Antigua, and regressed them with 

space use parameters derived from satellite tracking data from 2016–2019. Four weighted 

regressions are shown, with model weights proportional to the number of clutches that were 

subjected to egg counts. 

Term structure K ∆ AICc AICc Weight 

migration distance 3 0 0.71 

migration distance + foraging area size 4 3.08 0.15 

foraging area size 3 3.21 0.14 

null 2 26.66 0 
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Figure S1. Satellite tracking data for a post-nesting hawksbill (Eretmochelys imbricata; 

individual 15) exemplify the modeling and home range estimation process that we employed. 

Raw ARGOS locations of varying spatial accuracy were used to fit a state-space model that 

estimated true locations and behavioral states (migratory or non-migratory). Non-migratory 

model-fit locations were used to characterize home ranges during inter-nesting and foraging 

periods using 50% kernel utilization distributions (UDs) and 95% minimum convex polygons 

(MCPs). 
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Figure S2. An example of a manually delineated sea turtle migration. The state-space model did 

not designate the migratory behavioral state to any locations, but plotting distance from the first 

model-fit location over time shows clear inflection points for individual movement (dashed 

lines). 

 

 

 

 

Figure S3. An example of a manually delineated sea turtle migration. The state-space model did 

not designate the migratory behavioral state to any locations, but plotting distance from the first 

model-fit location over time shows clear inflection points for individual movement (dashed 

lines). This individual uniquely exhibited a foraging migration, then returned to the nesting 

beach to lay a nest before migrating back to its foraging area. We reported the path length and 

straight-line distance for the final migration and aggregated all model-fit locations at the foraging 

area to estimate home range size. 
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CHAPTER 5: FACTORS PREDICTING INCUBATION TEMPERATURE AND 

SURVIVAL OF HAWKSBILL SEA TURTLE EMBRYOS 

 

Introduction 

 

 Over half of the extant species of turtles and tortoises are threatened with extinction 

(Lovich et al. 2018, Stanford et al. 2020). Within this group, sea turtles comprise seven species 

of global conservation concern, including several regional populations in dire situations (Mazaris 

et al. 2017). The cause of historical declines in sea turtles (and all chelonians) largely lies with 

humans, who depleted populations namely through direct exploitation and habitat destruction 

(Stanford et al. 2018). Although the legacy of anthropogenic impacts remains, modern 

conservation has done much to reduce these pressures such that many regional management units 

appear to be exhibiting positive population trends (Mazaris et al. 2017). However, the 

acceleration of global environmental change over the last several decades has posed a suite of 

new threats. These range from growing human development at nesting habitats, to sea level rise, 

and increasing plastic pollution in marine environments (Patrício et al. 2021, López‐Martínez et 

al. 2021).  

 Amid the diverse set of pressures that global change poses to sea turtles, warming 

temperatures are perhaps the most pressing. Warmer conditions at nesting beaches could have 

deleterious effects on populations because higher incubation temperatures serve to feminize 

primary sex ratios (via temperature-dependent sex determination) and drive increases in 

embryonic mortality (Maurer et al. 2021, Lockley and Eizaguirre 2021). Thus, reduced offspring 

production and male limitation may represent existential threats to the viability of sea turtles 
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(e.g., Hays et al. 2017). Although the global nature of this perceived danger makes it appear 

indefinitely diffuse, effects on sea turtle eggs are ultimately realized on a clutch-by-clutch basis 

via the conditions of the nest microsite. Characterizing how microsite parameters combine and 

interact to determine outcomes for incubating embryos is thus important for understanding the 

impacts of climate change. However, accounting for all of the potentially influential parameters 

represents a complex task. 

 A multitude of microsite parameters can affect incubation temperatures, including, for 

example, shade (Kamel 2013), moisture and evaporative cooling (Lolavar and Wyneken 2020), 

sand albedo (Weber et al. 2012), and embryonic metabolic heating (Gammon et al. 2020). By 

affecting incubation temperatures, these parameters have direct implications for embryonic 

survival and sex. However, in the case of embryonic survival, incubation temperature is only one 

of many influential parameters. The conditions that maximize egg hatching success will 

theoretically optimize temperature (Howard et al. 2014), moisture level (Rivas et al. 2018), gas 

exchange (Ackerman 1980), and microbial community composition (Bézy et al. 2014), among 

other core parameters. Yet, many of these variables are interconnected. For instance, as sand 

becomes saturated with water, less gas exchange can occur. Moreover, a host of secondary 

variables can affect the listed “core” parameters. For example, sand grain size can affect both gas 

exchange and moisture retention, and nest depth can affect temperature and moisture.  

 In sum, the microsite of a sea turtle nest represents the confluence of an array of variables 

that are potentially important to both hatching success and incubation temperatures. Given 

projected warming scenarios, there may come a point at which temperature overruns other 

parameters and becomes a major limiting factor to the production of offspring (Fuentes et al. 

2011, Santidrián Tomillo et al. 2015). However, until that point arrives, or given a scenario in 
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which sea turtles are able to adapt, it is important to grapple with the complexity of processes 

affecting eggs in order to improve our understanding of the factors driving embryonic survival 

and sex ratios. Identifying mechanisms that improve survival and increase male production 

would be especially valuable. 

 Here, we set out to characterize a comprehensive suite of abiotic and biotic parameters 

associated with sea turtle nests to evaluate what factors ultimately affect embryonic survival (i.e., 

rates of egg hatching success) and incubation temperatures. We focus on a nesting population of 

hawksbill sea turtles (Eretmochelys imbricata) in Antigua, in the Eastern Caribbean, building on 

the work of Ditmer and Stapleton (2012) who previously analyzed factors affecting hatching 

success at this site. Coincidentally, this population was the subject of previous research that 

described a thermal reaction norm for sex determination (Mrosovsky et al. 1992). Therefore, we 

additionally use temperature measurements to estimate primary sex ratios among egg clutches in 

our study. 

 

Methods 

 

Study area and field sampling 

 

 We completed all fieldwork on Long Island, Antigua, where the Jumby Bay Hawksbill 

project has conducted annual nesting beach monitoring dating back to 1987. See Chapters 3 and 

4 for additional details on the geographical layout of the study site and sampling protocols. 

 To evaluate what factors, both endogenous (i.e., as a result of turtle biology) and 

exogenous (i.e., environmental), affect the hatching success and incubation temperatures of 
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hawksbill egg clutches, we characterized a suite of variables associated with a subset of nests 

laid over 2015–2016. We selected clutches opportunistically because our primary aim was to 

deploy temperature data loggers rapidly such that a single logger could be used to sample two 

clutches within a season (i.e., given an incubation of ~2 months and a monitoring season of 5.5 

months). Our secondary aim was to select clutches that were deposited across a range of 

environmental conditions. We used data loggers to measure incubation temperatures, and the 

number of loggers (n = 30 in 2015 and 45 in 2016) was the primary limiting factor for the 

number of clutches sampled. 

 

Response variables  

 

 Nest hatching success. We exhumed the contents of each nest after hatchlings had 

emerged. In the event that an emergence was not observed, we waited until approximately day 

70 to exhume the nest, as this threshold is much longer than the typical duration of incubation. 

We determined hatching success by assessing the number of successfully hatched eggs relative 

to the total clutch size (i.e., cataloging hatched egg shells and unhatched eggs; Miller at al. 

1999). 

 Egg incubation temperatures. We placed a single temperature data logger (HOBO Water 

Temp Pro v2; three decimal precision, ± 0.2 °C accuracy) into the center of egg clutches during 

the egg laying process. We positioned the sensor-end of the logger as close to the middle of the 

clutch as was possible. Logger calibration was verified in groups by confirming that several were 

giving the same temperature reading in a climate-controlled room. We programmed loggers to 

record temperature every five minutes and collected them after hatchlings emerged from nests 
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during nest excavations (described above). We calculated mean incubation temperature for use 

as a response variable, but also used incubation temperature to form predictor variables to 

explain variation in hatching success. A large body of work has documented declines in hatching 

success past thermal maxima (Howard et al. 2014). 

 

Predictor variables 

 

 Clutch size. We determined the number of eggs in each clutch after hatchlings had 

emerged, when we exhumed nests. We calculated clutch size as the number of hatched egg shells 

plus the number of unhatched eggs. Previous work has suggested that clutch size may explain 

variation in hatching success (Ditmer and Stapleton 2012), and we hypothesized that larger 

clutch sizes would be warmer due to increased metabolic heating (Godfrey et al. 1997). 

 Clutch depth. After nest contents were exhumed (i.e., egg shells, eggs, trapped 

hatchlings), we measured the maximum depth of the nest chamber, typically to the nearest full 

cm. The bottom and sides of nest chambers are distinguishable as the start of sand that is more 

compacted than the loose sand remaining inside the nest chamber. We expected that deeper nests 

would be cooler (Glen and Mrosovsky 2004), and that depth may interact with other variables 

such as moisture to affect hatching success (Rivas et al. 2018). 

 Sand organic content. We collected sand samples from the side of nest chambers at a 

depth of 25 cm after we exhumed the nest contents. We obtained samples by scooping out from 

the nest chamber into adjacent sand, dried samples at room temperature in plastic bags, and 

transported them to Raleigh, NC, for laboratory analysis (Maurer and Stapleton 2021). We 

weighed ~30 g samples into aluminum trays and placed them in a muffle furnace at 500 ºC for 8 
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h to determine the percentage of mass lost on ignition. We assigned the overall mean values for 

two unsampled clutches from 2015 (and did so for other sand variables explained below). Ditmer 

and Stapleton (2012) documented a negative effect of organic matter on hatching success, and 

we also hypothesized that organic matter could interact with other variables (e.g., moisture) to 

affect incubation temperatures. 

 Sand grain size distribution. We fractionated a ~30 g sample of sand collected from each 

nest (as described above) using sieves of different mesh sizes. We sifted each sample for one 

minute using a machine specifically designed to vertically shake the stacked sieves. We 

calculated the percentage of mass of each sample that fell within two size classes: < 0.25 mm 

(small sand), and > 2 mm (large sand). We hypothesized that the size of sand grains around the 

nest could affect both gas exchange and water retention by modulating porosity and drainage, 

thereby affect the response variables. 

 Maternal identity. We checked or applied flipper tags during egg deposition to assign 

each nest to an individual turtle. Several hawksbills deposited multiple nests within our sample. 

By accounting for maternal identity in modeling, we could control for individual differences that 

may affect nest and egg traits. 

 Neophyte versus remigrant status. Flipper tagging allowed us to determine whether 

clutches were laid by individuals that had nested in a previous season (remigrants) or by new 

recruits into the nesting population (neophytes). We considered the possibility that first-time 

nesters would lay clutches with lower hatching success than experienced nesters, but did not 

hypothesize any effect on incubation temperatures. 

 Clutch number. Hawksbills typically deposit 3–6 clutches in a nesting season, with a 

mode of five (Richardson et al. 1999, Kendall et al. 2019). We were able to determine the 
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observed chronological count of each clutch per individual because all observed clutches are 

assigned to individuals using flipper tags. We skipped a number if an individual was not 

observed nesting within a time period that was roughly twice its inter-nesting interval; these 

intervals were typically 14–18 days. It is possible that clutches early in the season were 

misassigned if individuals had nested before the onset of monitoring on 1 June; we assume any 

resulting biases in analyses were negligible as only nine nests were laid before 17 June. We 

accounted for this parameter because Ditmer and Stapleton (2012) documented a significant 

effect on hatching success, and we entertained the possibility that the same mechanisms leading 

to an effect on hatching success could affect incubation temperature (e.g., aspects of egg 

composition). 

 Percent cover (shade). We used a spherical concave densiometer to estimate the 

percentage of canopy cover over each nest. Positioning the densiometer at a height of 0.5 m 

above the center of the nest chamber, a single observer (ASM) took a measurement of canopy 

cover in each of the four cardinal directions; these measurements were then averaged. The 

percent cover of one nest went uncharacterized and we assigned it the overall mean. Shade is a 

well-known thermal modulator (Bull and Vogt 1979), leading us to hypothesize a negative effect 

on nest temperatures. Ditmer and Stapleton (2012) suggested that proximity to vegetation can 

affect hatching success, prompting us to consider a similar effect from percent cover as this 

parameter may reflect vegetative density. 

 Distance from the nearest edge of vegetation. We measured the minimum distance to the 

nearest edge of vegetation (i.e., the vertical border between a vegetated area and adjacent open 

sand). Higher positive values corresponded to nests deeper within vegetated areas, whereas more 

negative values were further from the edge in unvegetated areas. Some nests were far enough 
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from vegetation that we could not measure the distance in the field; we assigned these nests a 

value of -10 m. One nest in 2016 was missing a value, so we assigned it the mean value for that 

year. Ditmer and Stapleton (2012) suggested a negative effect from this parameter on hatching 

success, and we hypothesized that the same mechanisms driving this could affect incubation 

temperature. 

 Distance from the high tide line. We measured the minimum distance from the center of 

each nest to the high-water mark (hereafter high-tide line; HTL). One nest in 2015 was missing a 

value, so we assigned it the mean value for that year. We hypothesized that nests close to the 

HTL would feature decreased hatching success because tidal inundation presents a significant 

risk of embryonic mortality (Limpus et al. 2021). We also hypothesized that these nests would be 

cooler due to increased availability of water. 

 Beach slope. We measured the slope of the beach between the nest and the HTL with a 

clinometer. We hypothesized that slope could interact with both wind and solar radiation to 

affect incubation temperatures. Additionally, we hypothesized that nests laid in steeper areas 

could feature decreased hatching success due to effects on the structure and stability of the nest 

chamber. 

 Nest elevation. We calculated the elevation at the sand’s surface above the center of the 

nest from the slope angle and the distance from the HTL (i.e., using simple trigonometry; Maurer 

and Johnson et al. 2017). We hypothesized that elevation could interact with wind and the water 

table to affect both incubation temperatures and hatching success. 

 Volumetric water content. We measured the percentage volumetric water content of the 

sand immediately adjacent to each nest (parallel to the HTL) at a depth of 20 cm with a 

FieldScout TDR 100 Soil Moisture Meter. We took a measurement approximately every four 
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days throughout the course of the incubation periods of sampled nests (with the exception of one 

nest in 2016 for which only three measurements were taken). If we could not sample on a fourth 

day, we instead sampled on the fifth day and then subsequent third day. If it was raining heavily 

or had done so recently, we delayed measurements by a day. On a given sampling day, all 

incubating nests that contained a temperature data logger were sampled within a single 45-

minute span, typically around 17:00. By sampling at roughly the same time every day, we 

sampled at various points of the tidal cycle over the course of incubation. Given this sampling 

design, these measurements do not provide a robust representation of absolute water content at 

nest sites. For instance, by chance some nests may have been sampled after light precipitation 

more often than others, which would bias water content values high. Despite this potential for 

bias, we posit that the mean values from the repeated, simultaneous sampling over the course of 

full incubation durations provide a good representation of relative water content in the sand 

surrounding nests. We hypothesized that low moisture could aid hatching success by preventing 

desiccation, but that saturation would increase mortality (Rivas et al. 2018). We also 

hypothesized that wetter nests would experience more evaporative cooling (Smith et al. 2021). 

 Nest relocation status. We did not sample any nests that were fully relocated to a 

different site. However, three nests were subjected to partial relocations, in which the last portion 

of eggs deposited were relocated in order to prevent the nest chamber from overflowing. (The 

clutch sizes and rates of egg hatching success that we report do not include partially relocated 

portions of eggs). We hypothesized that nests subjected to partial relocations may feature lower 

hatching success but did not hypothesize or evaluate an effect on incubation temperature. 

 Julian deposition date. We noted the deposition date of each nest, a factor that was 

important for explaining variation in hatching success in previous analyses (Ditmer and 
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Stapleton 2012). We expected that deposition date integrates several climatic factors (e.g., wind, 

atmospheric temperatures) that may also affect incubation temperatures. 

 Precipitation. We monitored daily precipitation during logger deployments using data 

from the National Climatic Data Center’s (NCDC) records for the V.C. Bird Weather Station in 

Antigua, located approximately 4 km southwest of Pasture Bay. We identified two extreme 

outlier daily precipitation totals (~2500 mm) that must have resulted from reporting error; we 

excluded these from analyses. Rainfall totals were reported by the weather station to the nearest 

hundredth of an inch, which we converted to mm. We hypothesized that rainfall could affect 

both hatching success and incubation temperatures by modulating moisture conditions.  

 Atmospheric temperatures. Similar to precipitation data, we monitored air temperatures 

using NCDC data for the V.C. Bird Weather Station. Air temperatures were reported to the 

nearest tenth of a degree Fahrenheit, which we converted to Celsius. We planned to include 

mean atmospheric temperature as predictor of mean incubation temperature to control for this 

effect when estimating effects from other parameters. We did not evaluate an effect on hatching 

success because we instead used incubation temperatures measured by data loggers.  

 Windspeeds. We also monitored daily windspeeds using NCDC data. Speeds were 

reported to the nearest tenth of a knot, which we converted to m s-1. The trade winds are a key 

climatic element in the Eastern Caribbean (Chang and Oey 2013), and we hypothesized that 

higher windspeeds would result in lower incubation temperatures and could affect hatching 

success via effects on gas exchange and evaporation. 
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Summarizing incubation temperature data 

 

 We used the time series of temperature measurements to identify two periods of 

incubation for each nest. The first was the full duration of incubation (hereafter incubation 

period; IP). We delineated the end of the IP based on temperature measurements from the data 

loggers. The time of hatching has a unique thermal signature characterized by a peak in 

temperature followed by a relatively rapid decrease (Matsuzawa et al. 2002, Patrício et al. 2017). 

Emergence of hatchlings occurs as many as several days later (Nishizawa et al. 2021). This 

manual assignment method is prone to human error; however, most nests exhibited a distinct 

peak. We also searched for outliers to either adjust assignments to a suitable secondary peak or 

remove the nest from consideration. We identified the start of the IP as the time of logger 

deployment rounded up to the nearest fifth minute, and we added four hours to allow logger 

readings to stabilize following the methods of Patrício et al. (2017). 

 After identifying the IP of nests, we then delineated a second period of interest: the 

thermosensitive period (TSP) during which sex determination occurs. As detailed in Chapter 2, 

the thermosensitive period was historically designated as simply the middle third of the IP based 

on the results of experiments using constant temperatures. More recent work has updated this 

concept for nests that experience thermal fluctuations in situ by defining the TSP as the middle 

third of embryonic development, or growth, which is temperature-dependent (Georges et al. 

1994, Girondot and Kaska 2014, Girondot et al. 2018, Massey et al. 2019, Abreu-Grobois et al. 

2020). Temperature fluctuations therefore generally result in a TSP that does not align exactly 

with the middle-third of the IP (Girondot et al. 2018).  
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 We used the package ‘embryogrowth’ (Girondot 2021) in program R (version 4.1.0; R 

Core Team 2021) to model the thermal reaction norm for embryo growth and subsequently used 

that model to designate the TSP. This modeling process was described by Girondot and Kaska 

(2014) and elaborated upon by Girondot et al. (2018). Briefly, we assumed that embryo growth 

over time was sigmoidal and modeled this relationship with a Gompertz curve (Gompertz 1825, 

Laird 1964). We then modeled the temperature-dependency of growth, or the thermal reaction 

norm of embryo growth, with a four-parameter model proposed by Schoolfield et al. (1981). We 

used a starting embryo straight carapace length (SCL) of 0.34 mm, as suggested by Girondot et 

al. (2018), and used a mean ± SD ending SCL (the SCL-at-hatching) derived from measurements 

of 456 hawksbill hatchlings from 13 nests deposited at Long Island in 2014 (Kathryn Levasseur, 

unpublished data). We fit the four-parameter Schoolfield model by maximum likelihood after 

optimization with the Nelder-Mead and Broyden, Fletcher, Goldfarb, and Shanno (BFGS) 

algorithms. Based on this thermal reaction norm for growth, we next derived the bounds of the 

TSP by estimating the time points at which embryo SCLs reached 21% and 71% of the final 

SCL. We based this method of delineation on previous work by Miller et al. (1985), who 

identified the stages of embryonic development, and Kaska and Downie (1999), who referenced 

these stages to embryonic SCLs in loggerheads (Caretta caretta). We built 95% confidence 

intervals for the embryo growth parameters using Markov chain Monte Carlo (MCMC) sampling 

with the Metropolis-Hastings algorithm. We used uniform prior distributions for all four 

parameters, 5,000 iterations, no burn-in, and a thin of one. We did not use a burn-in or thinning 

because we used the maximum likelihood parameter estimates as initial values. The start and end 

of the TSP are derived parameters from the model of the growth norm, and we bootstrapped 95% 

confidence intervals for TSP parameter estimates using 100 replicates from the MCMC chain. 
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Modeling hatching success 

 

 To evaluate the factors that affect rates of hatching success, we fit and compared a series 

of linear mixed-effects models with the R packages ‘lme4’ (Bates et al. 2015) and ‘lmerTest’ 

(Kuznetsova et al. 2017). We modeled logit transformed rates of hatching success (Warton and 

Hui 2011), first starting with the global model containing all eligible covariates (see Table 1) 

minus the least explanatory of collinear pairs of covariates. We tested for collinearity using 

simple linear regressions between covariate pairings and excluded one covariate when R2 ≥ 0.49 

(Dormann et al. 2013). We selected from two collinear covariates by separately regressing each 

with the response and using the covariate with the lower P-value. 

 We constructed covariates derived from rain and wind data by averaging daily means 

over the whole IP. These data were reported on a daily basis, whereas the IP start and end were 

delineated to minutes, so we rounded IP limits to the nearest full day to calculate mean rainfall 

and windspeed. We considered covariates for mean incubation temperatures during both the IP 

and TSP to compare the two and determine if one period explains more variation in hatching 

success. A single nest had a probe malfunction such that we were not able to determine the end 

of its IP, and for two additional nests we were unable to determine the end of the IP based on the 

times series of temperature measurements; for these nests we assigned the overall means for 

rainfall, windspeed, and incubation temperature covariates (rather than excluding them). 

 We considered three interactions with clutch depth based on the hypothesis that depth 

would modulate water availability and the likelihood of inundation by tides or the water table. 

The interacting terms were thus volumetric water content, elevation, and distance to the HTL. 

We also considered quadratic effects for Julian deposition date and clutch number (given that 
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they were not eliminated during a collinearity check) based on the findings of Ditmer and 

Stapleton (2012). We evaluated a quadratic term for volumetric water content based on the 

hypothesis that moisture would aid hatching success up to point by preventing desiccation, but 

would have a negative effect at extreme water content values. Finally, we considered quadratic 

terms for mean incubation temperature during the IP and TSP, as well as for maximum 

incubation temperature during the IP, because the relationship between hatching success and 

temperature has been shown to be non-linear (Howard et al. 2014). 

 We first fit the global model with restricted maximum likelihood (REML) and used a 

likelihood ratio test to evaluate whether a random effect for maternal identity improved the 

model fit. Given the high number of fixed terms in the global model, we set α = 0.1 for this test. 

With the random effect structure designated, we then re-fit the global model using maximum 

likelihood and performed backwards variable selection to eliminate the model term with the 

highest P-value in steps until the elimination of a term no longer improved the model (on the 

basis of AICc score). After completing variable selection, we re-fit the final selected model with 

REML to improve parameter estimation. This backwards selection process allowed us to arrive 

at the most parsimonious explanatory model but causes P-values to be largely descriptive. 

Nonetheless, we report P-values to represent the relative importance of model terms. During 

backwards step selection, if a main effect term that was also included in an interaction had the 

highest P-value, we did not eliminate the main effect and instead skipped to the term with the 

next highest P-value.  

 Given a random effect in the final model, we visualized parameter effects of interest by 

estimating marginal means over the range of a given covariate using the ‘emmeans’ R package 

(Lenth 2021). We visualized interaction effects by estimating marginal means at values of one 
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covariate that spanned its range, and doing so at each of several different values of the second 

interacting covariate (e.g., minimum, mean, mean ± 1SD, and maximum). Given a final model 

without a random effect, we used the model fit to predict the response with an artificially 

constructed dataset, varying covariates of interest as explained above, and holding other 

covariates at their means. These methods for visualizing parameter effects also apply to models 

of incubation temperatures explained below. 

 We diagnosed goodness of fit for the most parsimonious model by examining the 

distribution of the model residuals and visually inspecting residuals plotted against fitted values. 

We also evaluated the explanatory power of the final model. Given a model without random 

effects, we identified the R2 value. In contrast, given a mixed-effects model, we calculated the R2 

equivalent developed by Nakagawa and Schielzeth (2012). This method provides two R2 values: 

the marginal R2 represents the variance explained by the fixed effects, and the conditional R2 

then builds on this to include the variance modeled by random effects.  

 

Modeling incubation temperatures 

 

 We modeled mean incubation temperatures during the TSP with a series of linear mixed-

effects models in a process similar to our analysis of hatching success. After testing for 

collinearity, we used a likelihood ratio test of the REML-fit global model to assess whether the 

random effect for maternal identity should be included (α = 0.1). We then used maximum 

likelihood to perform backwards step selection to arrive at the most parsimonious model, as 

described above. After step selection, we evaluated goodness of fit and explanatory power of the 

most parsimonious model with residual diagnostics and R2 values (also described above). 
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 Compared to the global model of hatching success, there were some key differences in 

the set of fixed effect terms considered for the global model of incubation temperatures (Table 

1). Some notable differences were for thermal and weather-related predictors—we included 

mean daily rainfall, mean daily windspeeds, and mean daily atmospheric temperature during just 

the TSP (as compared to the IP) to include as covariates. As we did for the IP, we rounded the 

TSP start and end times to the nearest full day when calculating these means. We again 

considered a quadratic effect for clutch number because the same factors that may lead to a 

quadratic effect on hatching success (Ditmer and Stapleton 2012) may hypothetically influence 

incubation temperature (e.g., egg biochemistry). We also included several interactions in the 

global model. We considered interactions between mean windspeed and each of elevation and 

slope based on the hypothesis that these beach characteristics would modulate exposure to wind. 

We also considered interactions between volumetric water content and each of the three sand 

covariates (organic content, percentage small grains, and percentage large grains) because we 

expected that sand porosity could modulate evaporative cooling. Finally, we considered 

interactions between atmospheric temperatures and each of percent cover and clutch depth 

because we hypothesized that the effect of atmospheric temperatures would vary with level of 

shading and depth. 

 

Estimating sex ratios 

 

 We estimated sex ratios based on the thermal reaction norm for temperature-dependent 

sex determination (hereafter TSD thermal reaction norm) previously described for the Long 

Island hawksbill rookery. A TSD reaction norm is characterized by a pivotal temperature that 
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produces a balanced sex ratio, and the full transitional range of temperatures (TRT) between 

which sex ratios transition from ~95% male to ~95% female (Maurer et al. 2021). Mrosovsky et 

al. (1992) used a total of 340 eggs from four hawksbill clutches deposited at Long Island over 

1989–1990 to experimentally determine the sex ratios produced at different constant 

temperatures. The authors reported results at imposed temperatures minus a correction factor of 

0.5 ºC to account for evaporative cooling experienced by embryos inside eggs. We used these 

data with uncorrected temperatures (i.e., adding back the 0.5 ºC) to compare two models of the 

TSD thermal reaction norm fit with maximum likelihood, a logistic and a flexit model (flexible-

logistic; Abreu-Grobois 2020). These data and associated modeling functions were made 

available in the R package ‘embryogrowth’ (Girondot 2021). We selected the most supported 

model using AICc scores and then built confidence intervals for model parameters using 

Metropolis-Hastings MCMC sampling with 10,000 iterations. The logistic model of the TSD 

norm entails two parameters: P, the pivotal temperature, and S, one fourth of the inverse of the 

slope at P. We used a gaussian prior distribution for P and a uniform distribution for S. We 

specified a thin of one and did not use a burn-in because we used the maximum likelihood 

parameter estimates as initial values. Estimates of the upper and lower limits of the TRT can be 

made using the model fit for the TSD reaction norm, and we bootstrapped confidence intervals 

around estimated limits using the full 10,000 samples of the MCMC chain. 

 Given this model of the TSD thermal reaction norm, we estimated sex ratios for each nest 

based on incubation temperatures during the TSP. There are several different ways to summarize 

incubation temperatures in order to explain or predict primary sex ratios, and these methods can 

produce very different sex ratio estimates (Fuentes et al. 2017, Massey et al. 2019). Here we use 

the Constant Temperature Equivalent (CTE), developed by Georges et al. (1994), but modified to 
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reflect the idea that growth, and thus gonadal differentiation, increases at warmer temperatures. 

This method for calculating a mean temperature was outlined by Fuentes et al. (2017), who 

concluded that it was preferable over seven other methods considered. We therefore used this 

technique for predicting sex ratios and refer to it as the growth weighted CTE. We used this 

concept to estimate sex ratios based on temperatures within estimated TSPs in combination with 

the model fit of the TSD thermal reaction norm. Sex ratio estimates are another parameter 

derived in a series of steps from the model fits of the embryo growth norm (described above) and 

TSD reaction norm. We therefore bootstrapped 95% confidence intervals around sex ratio 

estimates using 100 samples from the MCMC chains for both of these models, a process we ran 

concurrently with the bootstrapping of confidence intervals for TSP limits (described above). 

 We computed mean sex ratio estimates for all nests, all eggs, and all successfully hatched 

eggs. We present sex ratios as the percentage of males. We also derived estimates of the mean 

number of male and female embryos that hatched per nest. 

 

Results 

 

Sampling details 

 

 We sampled 109 clutches laid by 69 individual hawksbills, including 51 clutches in 2015 

and 58 in 2016. We sampled four clutches for each of two individuals, three clutches for five 

individuals, and two clutches for 24 individuals, providing a basis for exploring random 

intercepts for each individual.  
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Factors affecting hatching success 

 

 Rates of hatching success for 108 clutches (data were lost for one clutch) ranged from 0 

to 1, with a mean ± SD of 0.749 ± 0.26. The mean of hatching success weighted by clutch size 

(i.e., the rate of hatching success for all total eggs) was similar at 0.746 ± 0.26. With a mean 

clutch size of 142.5 ± 26.2 eggs, this resulted in a mean of 106.3 ± 41.3 successfully hatched 

eggs per clutch. 

 For modeling, we excluded five clutches that had a hatching success rate of zero because 

these were likely affected by events such as inundation by extreme tides for which we could not 

account. We note that four of these clutches had four of the seven highest mean volumetric water 

content values observed and were within 2.6 m of the HTL, suggesting that inundation was the 

primary cause of mortality. The fifth clutch appeared to be deposited adjacent to abnormal 

sediment that resembled clay. After excluding these clutches, we maintained a sample size of 

103 clutches from 66 individuals for modeling. A single clutch had 100% hatching success, 

which we constrained to 0.999 to enable logit transformation (exceeding the next highest 

observed rate of 0.995). 

 Before fitting the starting global model, we identified collinearity between three pairs of 

covariates (R2 > 0.49): distance to the HTL and elevation (R2 = 0.53), Julian deposition date and 

windspeed (R2 = 0.91), and mean temperatures during the IP and TSP (R2 = 0.78). Correlations 

among beach morphological characteristics were unsurprising given the trigonometric 

relationships between distance to the HTL, slope, and elevation. Further, it was unsurprising that 

winds declined linearly over the course of the nesting season given annually consistent seasonal 

shifts in trade winds (Chang and Oey 2013), or that mean temperatures during the IP closely 
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tracked means during the TSP. Between distance to the HTL and elevation, HTL was a better 

predictor of logit transformed hatching success (P < 0.001 compared to P = 0.080), so we 

excluded elevation from the starting global model. We also selected mean windspeed over Julian 

date (P = 0.40 versus P = 0.55), and mean incubation temperature during the TSP over the IP (P 

= 0.054 versus P = 0.13). 

 We used REML to fit a global model of logit transformed hatching success with the 18 

remaining model terms, including a random intercepts term for maternal identity (Table 1). We 

included quadratic effects for clutch number, volumetric water content, maximum temperature 

during the IP, and mean temperature during the TSP. We also included three interactions: 

between clutch depth and each of volumetric water content, the square of water content, and 

distance to the HTL. This brought the total number of global model terms to 25. With a sample 

size of 103, such a parameter-rich model is at high risk of overfitting, but our approach was to 

remove terms in search of a much simpler model. A likelihood ratio test of the global model 

justified the inclusion of the random effect a α = 0.1 (P = 0.06), so all subsequent models were 

conditioned on including random intercepts for maternal identity. After re-fitting the global 

model with ML, we proceeded with step selection and arrived at a final model after eliminating 

12 terms. We compared the 13 fit models using AICc: the top model received 50% of the AICc 

weight (Table 2, Table 3). Visual inspection of the residuals versus fitted values for the top 

model suggested a good fit with the exception of one influential residual. This data point caused 

the distribution of residuals to barely pass a Shapiro-Wilk test of normality (P = 0.051); after 

removing the single outlier, a Shapiro-Wilk test for the remainder of the residuals provided much 

stronger evidence for normality (P = 0.88, n = 102). Nakagawa and Schielzeth’s marginal R2 was 

0.46, while the conditional R2 was 0.67, suggesting that we could explain ~67% percent of the 
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overall variance in hatching success and that the random effect accounted for 21% (Nakagawa 

and Schielzeth 2012). 

 

Factors affecting incubation temperature 

 

 We could not identify the TSP for eight clutches. Five of these did not hatch and we were 

therefore unable to identify the end of the IP, one clutch had a probe malfunction, and for two 

clutches we were unable to identify the time of hatching from the time series of temperature 

measurements. This produced a dataset of 101 clutches laid by 66 individual hawksbills for 

which we could estimate the TSP. For these clutches, estimated TSPs lasted a mean of 19.54 ± 

0.850 days. Mean incubation temperatures during TSPs ranged from 29.13 ºC to 33.94 ºC, with a 

mean of 30.74 ± 0.730 ºC. We do not report individual confidence intervals around these derived 

parameters because that level of detail is beyond the scope of our aims herein; instead, we 

summarize uncertainty generally. The width of the confidence intervals around individual TSP 

estimates ranged from 0.1753 to 2.036 days, with a mean of 0.5452 ± 0.360 days. Confidence 

intervals were often asymmetrical around the mean TSP duration, with a wider interval below 

the mean generally. With the same underlying source of uncertainty (the modeled thermal 

reaction norm for embryo growth), the width of confidence intervals around mean temperature 

estimates ranged from 0.003936 ºC to 0.5842 ºC, with a mean of 0.2599 ± 0.128 ºC. 

 Before modeling incubation temperatures during the TSP, we first assessed covariate 

pairings for collinearity and found that two pairs exceeded the designated threshold (R2 = 0.49). 

Between elevation and distance to the HTL (R2 = 0.53), elevation explained more variance in the 

response (P = 0.0016 versus P = 0.61). In the second collinear pair of Julian deposition date and 
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mean windspeed during the TSP (R2 = 0.80), windspeed was a better predictor incubation 

temperature (P = 0.44 versus P = 0.66). 

 Once collinear terms were removed, we were left with 15 covariates to build the global 

model. After adding a quadratic effect for clutch number and the seven hypothesized 

interactions, there were 23 total terms in the global model. We fit this global model with REML, 

after which a likelihood ratio test did not justify the inclusion of the random intercepts term for 

maternal identity (P = 0.20). Therefore, we removed the random effect and proceeded with 

backwards step selection using standard linear regression. We arrived at a final model after 

eliminating the random effect and 13 fixed effect terms. A comparison of the resulting 14 models 

based on AICc scores showed that the most highly supported model received 56% of the model 

weight (Table 4). This model contained nine terms, including two interactions, and had an R2 of 

0.42 (Table 5). 

 Residuals of the most parsimonious model suggested a good fit, with the exception of a 

single major outlier. The full set of residuals failed a Shapiro-Wilk test of normality (P < 0.001), 

but removing the outlier resulted in a sufficiently normal distribution for the remainder (P = 

0.58). This clutch had the warmest mean incubation temperature during the TSP that we 

observed (33.94 ºC compared to an overall mean of 30.74 ± 0.73 ºC), but its mean temperature 

during the overall IP was not extreme relative to other nests, indicating that measurement error 

was unlikely. The nest was likely subject to abnormally high metabolic heating. Thus, we kept 

this outlier and accepted the residual diagnostics. 
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Inferring sex ratios 

 

 The logistic model of the TSD thermal reaction norm (fit to data from Mrosovsky et al. 

1992) outperformed the flexit model on the basis of AICc, with an AICc difference of 2.31 and 

AICc weights of 0.76 and 0.24, respectively. The logistic model suggested a pivotal temperature 

of 29.79 ºC, with a 95% confidence interval (CI) ranging 29.70–29.91 ºC. We estimated an upper 

limit to the TRT of 30.34 ºC (CI: 30.6–30.15 ºC) and a lower limit of 29.26 ºC (CI: 29.04–29.41 

ºC). This resulted in an estimated TRT of 1.07 ºC (CI: 0.80–1.50 ºC). 

 Using this model of the TSD reaction norm and the growth weighted CTE concept, we 

estimated a mean sex ratio of 8.72 ± 18% male among all nests (n = 101; Figure 1). Mean sex 

ratio weighted by clutch size was very similar, at 8.61 ± 18% male (n = 101). The mean sex ratio 

weighted by the number of successfully hatched eggs was also similar at 8.55 ± 16% male (n = 

100). This amounted to an estimated 9.60 ± 20 males and 103 ± 35 females produced per nest. 

The mean width of the confidence interval around individual sex ratio estimates was 8.98 ± 

0.14%. We note one potential outlier clutch that was estimated as ~97% male. This nest, 

deposited in June 2015, had a mean temperature during the estimated TSP of 29.13 ºC. We 

suggest that this is plausible, but we cannot rule out probe malfunction or the possibility that the 

probe was located below the center of the egg clutch and measured less metabolic heating. 
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Discussion 

 

Hatching success 

 

 Mean hatching success for 108 hawksbill nests in our study was ~75%, which is similar 

to rates documented in previous studies at Long Island, Antigua. Ditmer and Stapleton (2012) 

reported a mean hatching success of ~79% over 2003–2008, and Richardson et al. (1999) 

described an emergence success rate of ~75% over 1987–1999, a figure that should be slightly 

lower than hatching success. Starting from a comprehensive list of parameters associated with 

the incubation microsite, our model selection process brought us to a model that was able to 

explain roughly two thirds of the variance in hatching success for 103 nests. We suggest that this 

is a significant amount of variance explained for a complex process, but we also note that 

roughly one fifth of the total variance was modeled with the random effect for maternal identity. 

We highlight two implications of this finding. First, there are clearly other important parameters 

that we did not account for either directly or with proxies. Second, it is possible that individual 

differences among mothers contributed to the variation in hatching success, beyond behavioral 

differences (i.e., nest site selection) that affected our observed parameters. Differences could be 

realized through aspects of egg quality, which may by influenced by factors such as maternal 

physiology, body condition, and foraging strategy. 

 The fixed effects in the top model accounted ~46% of the variance in hatching success. 

Notably, two covariates derived from measurements of incubation temperatures were supported 

in the model. Mean temperature during the TSP outperformed mean temperature during the IP 

for inclusion in the model (during a check for collinearity). This may suggest that the TSP is a 
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more critical window of time for hatching success. We would expect thermal tolerance to 

increase with development, and under this logic, it makes sense that excluding the final third of 

development would produce a temperature variable that explains more variance in hatching 

success. Our final model also included a term for maximum incubation temperature during the 

IP. These two terms (mean during the TSP and maximum during the IP) were not collinear (R2 = 

0.2), and both had significant quadratic effects on hatching success (Figure 2, Figure 3). The 

nonlinear effects are consistent with a large body of work suggesting that hatching success 

declines nonlinearly with increasing temperature (Howard et al. 2014). The fact that both terms 

were supported in the model fit suggests that both extended durations to high temperatures (i.e., 

mean during the TSP) and short exposure to thermal extremes (i.e., maximum during the IP) can 

negatively affect hatching success. 

 The best model of hatching success also suggested a quadratic effect for individual intra-

seasonal clutch number (Figure 4). Although the P-value for the square of clutch number was 

close to 0.05 and should therefore be interpreted with caution given our step selection approach, 

we note that this same effect was documented by Ditmer and Stapleton (2012) in their analysis of 

hatching success for the Long Island hawksbill population. The fact that separate studies using 

different methods arrived at this finding, including our analysis controlling for a suite of other 

variables, implies that intra-seasonal clutch number is an important variable. It is possible that 

this variable serves as a proxy integrating other underlying factors. For instance, an individual’s 

final clutch of the season is often smaller and may be of poorer quality (clutch number had a 

significant negative effect on clutch size in a simple regression; P = 0.046). However, we found 

no evidence for an effect of clutch size on hatching success after model selection. An increase in 

hatching success over the first three clutches of the season might be explained by individuals 
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refining their nesting technique over successive clutches, but this explanation does not explain 

the decline in hatching success after the third clutch. Another possibility is that aspects of egg or 

embryo quality may peak in the middle of an individual’s nesting season. While this explanation 

is speculative, it offers an intriguing possibility that may merit further study. 

 Finally, the best model of hatching success also suggested a significant interaction 

between clutch depth and the square of volumetric water content (Figure 5). The relationship 

between these variables is intuitive when considering a gradient of moisture ranging from 

desiccation to saturation. Depth appeared to modulate moisture such that in the driest conditions, 

shallower clutches may have suffered desiccation and thus had lower hatching success. Greater 

water content for shallow nests improved hatching success, potentially because desiccation was 

prevented. For deeper nests, however, increasing water content was associated with nonlinear 

declines in hatching success, likely because the probability of saturation or inundation increased. 

Similar combined effects of moisture and depth were documented for leatherbacks (Dermochelys 

coriacea) on the Caribbean coast of Costa Rica (Rivas et al. 2018). We posit that the non-

significant interaction between depth and distance to the HTL was likely supported in the model 

for similar reasons. Even after controlling for volumetric water content, a nest closer to the HTL 

should be at greater risk from the water table, especially at greater depths. 

 We also note differences between our results and those of Ditmer and Stapleton (2012), 

who used a similar mixed-modeling approach to analyze hatching success at Long Island. Unlike 

Ditmer and Stapleton (2012), we did not document effects from distance to the nearest 

vegetation, clutch size, sand organic content, or sand grain size. Our models underscore that 

temperature and water content are important variables, so in the absence of temperature or 

moisture measurements, it is possible that those variables served as proxies and explained some 
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of the same variance. Ditmer and Stapleton (2012) also benefitted from a larger sample size (652 

clutches) and may therefore have detected patterns that we could not with 103 nests. Percent 

cover and distance to the vegetation were the last two model terms that we eliminated during 

backward step selection, which may lend some plausibility to this idea. 

 

Incubation temperature 

 

 Glen and Mrosovsky (2004) placed temperature loggers in roughly the center of 15 

hawksbill clutches laid at Long Island in 2003 and documented a mean of 30.51 ºC during the 

middle third of incubation. In our study, the mean incubation temperature during the TSP was 

warmer at 30.74 ºC, but converting this to the mean during the middle third rather than the TSP 

results in a value of 30.51 ºC, identical to Glen and Mrosovsky (2004). Although this comparison 

provides potentially useful information regarding thermal changes over time at Long Island, we 

hesitate to make strong conclusions based on a historical sample of 15 nests. We also note that, 

as far as we can discern, Glen and Mrosovsky (2004) delineated the IP according to the time of 

emergence, rather than the time of hatching, which we would expect to result in a slightly 

warmer mean temperature during the middle third due to more exposure to metabolic heating. 

Glen and Mrosovsky (2004) sampled nests in June and August of 2003, which should provide a 

good basis for comparison to all the nests that we sampled over 2015–2016 given that we 

observed no effect of Julian date on incubation temperatures during the TSP. Given these 

considerations, and based on this comparison alone, it is possible that primary sex ratios at Long 

Island have not changed appreciably from 2003 to 2015–2016. Our best performing model of 

incubation temperatures was able to explain 42% of the variance in mean incubation 
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temperatures during the TSP and offers key insight into what microsite parameters ultimately 

dictate nest temperatures. 

 The best model of mean incubation temperature during the TSP unsurprisingly suggested 

strong support for a positive effect from mean daily atmospheric temperature during the TSP. 

We expected this outcome and included this term as a control. However, we note that mean 

atmospheric temperature alone explained only ~8% of the variance in mean incubation 

temperature (Figure 6). Atmospheric temperatures are often used as proxies to infer incubation 

temperatures when it is not possible to sample clutches with temperature data loggers, which is 

an especially useful approach for estimating historical incubation temperatures (e.g., Laloë et al. 

2014). Our results add further validation for this proxy because we found a significant linear 

relationship between air and incubation temperatures. However, given an R2 of 0.08, this proxy 

is missing a considerable amount of variation in incubation temperatures that may be important 

in many research contexts. 

 Our model of incubation temperatures also suggested a significant positive effect of 

beach slope. This was a surprising finding, and in fact, we evaluated an interaction between slope 

and mean windspeed during the TSP due to a hypothesis that steeper areas would be more 

exposed to prevailing winds out of the east and thus cooler. Winds affecting the nesting beach on 

Long Island come consistently out of the east such that several trees have grown leaning to the 

west. Despite these considerations, windspeeds were not supported in any model receiving more 

than 7% of the AICc weight. Our interpretation of the effect of slope is that more angled sections 

of the beach may both maximize solar radiation (Yadav and Chandel 2013) and provide less 

insulating sand against radiation. Given that the model fit implied emphatic statistical support, 

we suggest that further investigation into the role of slope is merited. Finally, we note that slope 



   

 

181 

 

is not randomly distributed throughout the beach. Two localized sections of the beach are 

relatively steep, and while it is possible that slope served as a proxy for other parameters that 

have a similar spatial distribution, we assert that this is not likely considering we evaluated a 

suite of candidate covariates. 

 Perhaps more useful from the perspective of mitigating temperatures, our results 

suggested a significant cooling effect from percent cover. Shade is often presented as categorical, 

but we used a densiometer to quantify overhead cover on a continuous scale. Our model fit 

suggested that, all else equal, changing a clutch from zero to 100% cover can reduce mean 

incubation temperature during the TSP by ~0.7 ºC, a value representing 65% of the TRT 

estimated from the results of Mrosovksy et al. (1992). The cooling effect of shade on incubation 

temperatures has long been documented (Bull and Vogt 1979), such that shading is frequently 

suggested as a management option in the face of warming temperatures (e.g., Wood et al. 2014). 

Many populations may be at such significant risk from warming that intervention is required 

(e.g., Jensen et al. 2018).  

 The best model of incubation temperatures additionally suggested a significant positive 

effect from clutch size. We expected this due to increased metabolic heating with the presence of 

more embryos (Godfrey et al. 1997). We contend that this is the best explanation for the positive 

effect of clutch size, although we note that bigger clutches were not always associated with more 

metabolic warming in previous studies (Gammon et al. 2020). The model also contained 

interactions between volumetric water content and each of sand organic content and percentage 

of small sand grains. Neither of these interactions was statistically significant, but we posit that 

together they suggest a biologically relevant pattern whereby the abundance of fine particles in 

sand modulated the cooling effect of water (Figure 7). At low volumetric water content, an 
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increasing percentage of fine particles resulted in a warming effect. However, at high water 

content levels, this trend was reversed to a cooling effect. When dry, sand with more small grains 

and organic content may allow for less gas flow and provide insulation, but when wet, these fine 

particles may enhance water retention and thus increase evaporative cooling. This finding may 

suggest that management strategies that leverage the cooling effects of water should account for 

sand properties when planning treatments (e.g., Smith et al. 2021). Finally, we note that we were 

surprised that clutch depth was not a supported term in the best model of incubation 

temperatures. Sand temperatures decline with increasing depth (e.g., Glen and Mrosovsky 2004), 

but it is possible that hawksbill nests are shallow enough that any effect of depth was 

overpowered by other, more influential variables (e.g., clutch size). For species that dig deeper 

nests, we would expect a more pronounced thermal effect from depth. 

 

Sex ratios 

 

 We estimated a strongly female-biased sex ratio for 101 clutches. Before discussing this 

finding further, we first highlight caveats underlying the process by which we estimated sex 

ratios. First, we underscore that our inferences were contingent on experimental data generated 

by Mrosovsky et al. (1992), who incubated eggs from four clutches at different constant 

temperatures. This work is invaluable as it allows us to estimate sex ratios using a TSD thermal 

reaction norm developed specifically for the Long Island rookery. However, we would benefit 

from refining our understanding of the thermal reaction norm by increasing replication and 

describing a reaction norm for clutches of eggs incubating in situ. The uncertainty that we 

present for parameters of the TSD thermal reaction norm, and for resulting sex ratio estimates, 
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does not reflect the true uncertainty because we are applying the results of an experiment using 

constant temperatures to data collected for nests incubating in situ. Moreover, inferences of sex 

ratios were in part based on stages of embryonic development in loggerheads, although we note 

that embryonic development is similar across Testudines (Miller 1985, Bull 1987, Greenbaum 

2002). Finally, we note that we used just one of several possible methods to estimate a mean 

temperature during the TSP (the growth weighted CTE). Given these caveats, the sex ratio we 

estimated for successfully hatched eggs was 8.6% male. It is unclear what level of sex ratio bias 

is unsustainable for sea turtle populations (Maurer et al. 2021), and there is evidence that female-

biased sex ratios may be adaptive (Hays et al. 2017). Nonetheless, if our estimates are accurate 

(or if we overestimated male production), given this extreme level of bias, the Long Island may 

be at risk of future male limitation. We discuss the implications of this possibility in the 

following section. 

 

Implications in the context of global change 

 

 Our results illustrate that temperature is a key parameter dictating hatching success for 

hawksbill nests incubating in situ. However, our findings also demonstrate that other variables 

are important to account for, such as intra-seasonal clutch number and water content. We found 

that several parameters can serve to modulate incubation temperatures, including shade 

conditions, slope, fine particles in sand, and water content. The one predictor variable that was 

supported in our models of both hatching success and incubation temperatures was volumetric 

water content. Therefore, we recommend that any future work seeking to characterize drivers of 

hatching success or primary sex ratios should account for sand moisture. Our results suggest, for 
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example, that increasing water content for a shallow nest with high organic matter could enhance 

both hatching success and male offspring production. However, excessive water could have 

deleterious effects on hatching success, especially for deep nests. 

 Given the possibility of male limitation for the Long Island population and considering 

the clear negative association between high incubation temperatures and hatching success, 

managers may find it appropriate to consider interventive management actions to cool nests. 

Artificial shading and watering have both been shown to be effective techniques (e.g., Wood et 

al. 2014, Smith et al. 2021). Some have raised the possibility that such interventions may 

interfere with natural selection (Maurer et al. 2021), but it is also possible that waiting on natural 

selection is futile. Indeed, although sea turtles and their ancestors have persisted through 

previous climate upheavals, it is unclear whether adaptation and microevolution will be enough 

to enable their persistence. Rates of microevolution are slow in Testudines relative to other 

vertebrates (Avise et al. 1992), and the current rate of climate change is unprecedented. 

Moreover, anthropogenic pressures have depleted populations and made them more vulnerable to 

climate impacts. Therefore, actions to buffer populations against the effects of rising 

temperatures may be appropriate and should at least be considered on a case-by-case basis. In 

theory, a large majority of nests will not be interfered with in most contexts (with the exception 

of mass hatcheries), which will still allow selection for advantageous genes. But without 

sufficient levels of male production or offspring output, none of this will matter. Genomic 

research elucidating the extent and rate of microevolution occurring in sea turtle populations may 

unlock key answers in this realm (Maurer et al. 2021). 

 Warming temperatures threaten sea turtle populations through effects on hatching success 

and primary sex ratios, but it is unclear whether one of these mechanisms is more imminently 
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concerning. Given that polygyny and more frequent breeding by males (relative to females) 

produce a balancing effect on operational sex ratios relative to overall adult sex ratios, some have 

suggested that declines in hatching success pose a greater risk than sex ratio bias (Hays et al. 

2017). Our results, combined with those from two previous studies, suggest that hatching success 

does not appear to have changed appreciably over roughly three decades of monitoring at Long 

Island (Richardson et al. 1999, Ditmer and Stapleton 2012). Perhaps air temperatures have not 

changed sufficiently to push nests toward thermal maxima, although our results indicate that air 

temperatures only account for a small portion of the variance in incubation temperatures. 

Additionally, our results demonstrate that by modifying nest placement according to several 

parameters of the nest microsite, turtles can affect both the hatching success and the thermal 

environment of their clutch. These considerations aside, stable hatching success rates are a 

positive trend for the hawksbill population. 

 A comparison of the incubation temperatures we measured to those documented by Glen 

and Mrosovsky (2004) suggests that, at least over the past decade, primary sex ratios may be 

approximately stable as well (although we noted significant caveats to this conclusion above). 

However, stability at a highly feminized ratio could be problematic. If the sex ratio estimates 

made herein are accurate (91.4% female), the Long Island hawksbill rookery could be 

approaching male limitation. Genetic evidence suggests that male mediated gene flow occurs 

with nearby populations (Levasseur et al. 2019), which may present an avenue for access to a 

bigger pool of males for mating. Although we expect that incubation conditions and TSD 

reaction norms, and thus sex ratios, would be similar for proximal populations, a bigger pool of 

available males would still delay male limitation if a single male can mate with many females. 

However, a small number of fathers accounting for all reproduction should eventually lead to 
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inbreeding effects (Maurer et al. 2021). Therefore, in closing, we suggest that it may be prudent 

for local managers to monitor for both inbreeding and egg infertility as potential indicators of 

male limitation moving forward (Phillot and Godfrey 2020). 
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Table 1. List of covariates considered for models of hatching success and mean incubation 

temperatures during the thermosensitive period. An X denotes that a covariate was in the 

candidate set of predictor terms for the listed response variable. 

Fixed effects Description Hatching 
success 

Incubation 
temp. 

clutchSZ clutch size X X 

clutchD clutch depth (cm) X X 

sandOC sand % organic content  X X 

sandLG % of sand > 2 mm  X X 

sandSM % of sand < 0.25 mm X X 

neophyte binary indicator of whether the nester was 
a neophyte X  

clutch# chronological count of the clutch X X 

cover % canopy cover X X 

veg distance to the nearest vegetation edge 
(m) X X 

HTL distance to the HTL (m) X X 

slope beach slope (º) X X 

elevation nest elevation (m) X X 

water mean % volumetric water content X X 

relocation binary indicator of whether the nest was 
subject to a partial relocation X  

julian Julian deposition date X X 

rainIP mean daily rainfall during the IP (mm) X  

rainTSP mean daily rainfall during the TSP (mm)  X 

air.tempTSP mean atmospheric temperature during the 
TSP  X 

windIP mean windspeed during the IP (m s-1) X  

windTSP mean windspeed during the TSP (m s-1)  X 

inc.tempIP mean incubation temperature during the 
IP X  
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Table 1 (continued). 

inc.tempTSP mean incubation temperature during the 
TSP X  

MAXinc.tempIP maximum incubation temperature during 
the IP X  

Random effect    

ID maternal identity (random intercepts) X X 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2. Results of model selection for linear mixed-effects models of logit-transformed hatching 

success. All models also included a random intercepts term for maternal identity (ID). Only the 

most parsimonious three models are shown out of 13 considered, with the remaining 10% of 

AICc weight distributed among the remaining 10. 

Model K ΔAICc AICc Weight 

depth + clutch# + clutch#2 + HTL + water + water2 + 
inc.tempTSP + inc.tempTSP2 + MAXinc.tempIP + 
MAXinc.tempIP2 + depth:HTL + depth:water2 

15 0 0.50 

depth + clutch# + clutch#2 + veg + HTL + water + water2 + 
inc.tempTSP + inc.tempTSP2 + MAXinc.tempIP + 
MAXinc.tempIP2 + depth:HTL + depth:water2 

16 1.65 0.22 

depth + clutch# + clutch#2 + cover + veg + HTL + water + 
water2 + inc.tempTSP + inc.tempTSP2 + MAXinc.tempIP + 
MAXinc.tempIP2 + depth:HTL + depth:water2 

17 2.05 0.18 
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Table 3. The fit of the most parsimonious linear mixed-effects model of logit-transformed 

hatching success. 

Fixed effect Estimate SE P 

intercept -356 110 0.0018 

depth -0.00666 0.038 0.86 

clutch# 0.749 0.38 0.054 

clutch#2 -0.138 0.069 0.049 

HTL -0.230 0.21 0.28 

water 0.0838 0.044 0.061 

water2 0.00437 0.0026 0.10 

inc.tempTSP 14.8 6.5 0.026 

inc.tempTSP2 -0.243 0.10 0.023 

MAXinc.tempIP 7.85 3.4 0.025 

MAXinc.tempIP2 -0.116 0.050 0.021 

depth:HTL 0.00671 0.0043 0.12 

depth:water2 -0.000142 0.000052 0.0073 

Random effect Variance SD  

ID 0.524 0.72  

     (residual variance) 0.806 0.90  
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Table 4. Results of model selection for linear regressions of mean incubation temperatures 

during the thermosensitive period (TSP). Only the most parsimonious three models are shown 

out of 14 considered, with the remaining 7% of AICc weight distributed among the remaining 

11. 

model K ΔAICc AICc Weight 

clutchSZ + sandOC + sandSM + shade + slope + water + 
airTSP + sandSM:water + sandOC:water 11 0 0.56 

clutchSZ + sandOC + sandSM + shade + slope + elev + 
water + airTSP + sandSM:water + sandOC:water 12 1.58 0.25 

clutchSZ + sandOC + sandSM + shade + veg + slope + elev 
+ water + airTSP + sandSM:water + sandOC:water 13  3.12 0.12 

 
 
 
 
 
 
 
 
Table 5. The fit of the most parsimonious linear regression of mean incubation temperature 

during the thermosensitive period. 

Parameter Estimate SE P 

intercept -7.53 8.8 0.40 

clutchSZ 0.00535 0.0023 0.021 

sandOC 0.186 0.066 0.0060 

sandSM 0.0291 0.012 0.017 

shade -0.00708 0.0027 0.011 

slope 0.0398 0.011 <0.001 

water 0.0257 0.021 0.21 

air.tempTSP 1.30 0.31 <0.001 

sandSM:water -0.00255 0.0014 0.077 

sandOC:water -0.0109 0.0057 0.059 
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Figure 1. Estimated sex ratios for 101 hawksbill (Eretmochelys imbricata) nests sampled with 

data loggers over 2015–2016. Gray bars show 95% confidence intervals. Note: nests are ordered 

on the x-axis sequentially by sex ratio. 

 
 
 
 
 
 
 

 

Figure 2. Mean incubation temperature during the thermosensitive period (TSP) had a significant 

quadratic effect on hatching success. The 95% confidence interval is shown in gray. 
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Figure 3. Maximum incubation temperature during the incubation period (IP) had a marginally 

significant quadratic effect on hatching success. The 95% confidence interval is shown in gray. 

 
 
 
 
 
 
 
 

 

Figure 4. Hawksbill sea turtles (Eretmochelys imbricata) typically lay 3–6 clutches per season, 

and intra-seasonal clutch number had a significant quadratic effect on hatching success. The 95% 

confidence interval is shown in gray. 
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Figure 5. The effect of volumetric water content on hatching success was contingent on clutch 

depth. We show this interaction at five depths: the minimum, mean, maximum, and mean + 1SD, 

and mean ± 1SD. Confidence intervals are not shown for legibility; see Table 5 for SE estimates. 

 
 
 
 
 
 
 

 

Figure 6. Scatterplot of raw data showing the relationship between mean incubation temperature 

during the thermosensitive period (TSP) and mean atmospheric temperature during the TSP (R2 

= 0.08, n = 101). A linear regression line is shown in gray. 
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Figure 7. The effect of sand organic content on mean incubation temperatures during the TSP 

was contingent on volumetric water content. We show this interaction at three water content 

values: the mean, mean + 1SD, and mean - 1SD. Confidence intervals are not shown for 

legibility; see Table 5 for SE estimates. 

 


