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Somatic growth variation manifests from the cumulative effects of a suite of 

biological, ecological, and environmental processes and can have profound effects on 

individual fitness and species population dynamics. As ectotherms whose growth 

dynamics are greatly influenced by environmental factors, sea turtles display 

considerable variation in somatic growth within and among individuals, populations, 

and species. Given the sensitivity of sea turtle population dynamics to small changes 

in demographic rates, identifying the proximate drivers of somatic growth variation, 

and subsequent influences on population dynamics, is of high importance to sea turtle 

conservation and management. This is particularly true for the critically endangered 

Kemp’s ridley sea turtle (Lepidochelys kempii), which displays regional differences in 

somatic growth rates and whose recovery is now uncertain given recent changes in 

population growth. Through the integration of multiple skeletal, geochemical, and 

quantitative analyses, my dissertation aims to identify ecological factors influential to 



   
 
   

 

Kemp’s ridley sea turtle somatic growth variation and the potential influence of life 

history variation on their population dynamics.  

In Chapter 2, I used a 20+ year dataset of Kemp’s ridley sea turtle somatic 

growth rates generated through skeletochronology to quantify the influence of the 

Deepwater Horizon oil spill, climate change, and changing population density on age- 

and region-specific somatic growth rates. These analyses revealed a significant 

reduction in mean somatic growth rates in 2012–2015 for Age 0 and Age 2–5 turtles 

that stranded in the U.S. Gulf of Mexico and Atlantic Coasts. Additionally, Age 0 and 

Age 2–5 growth rates were related to regional climate indices and population 

abundance estimates, respectively. Integrative analysis determined that the 2012 

growth shift explained the greatest variation in somatic growth rates, which I 

hypothesize may be related to long-term deleterious effects of the Deepwater Horizon 

oil spill. Continued evaluation of growth rates is needed to distinguish the effects of 

population density and climate indices as drivers of somatic growth variation in this 

species. 

In Chapter 3, I sampled bones processed in Chapter 2 for stable isotope ratios 

(δ13C, δ15N) to characterize regional variation in diet composition and quantify 

relationships between diet composition and somatic growth rates. Turtle bone stable 

isotope date were combined with prey stable isotope data collated from the literature 

into a Bayesian stable isotope mixing model to estimate the proportional contribution 

of crustaceans, bivalves, gastropods, fish, and seagrass/macroalgae to turtle diets. I 

found distinct regional differences in model-derived estimates of diet composition 

that largely follow known diet patterns. My mixing models indicated that northern 



   
 
   

 

GoM and Atlantic turtles primarily consumed invertebrates, western GoM turtles 

consumed equal amounts of invertebrates and fish, and eastern GoM turtles consumed 

equal amounts of invertebrates and basal resources. Growth rates were poorly 

correlated with δ15N values and diet composition estimates, suggesting that higher 

trophic level diets do not cause higher Kemp’s ridley growth rates and that diet 

composition does not drive the apparent regional differences in somatic growth 

evident in this species. 

In Chapter 4, I investigated the ability of complementary lead (Pb) stable 

isotope, trace element, and growth rate analyses to discriminate regional (GoM vs. 

Atlantic) Kemp’s ridley sea turtle habitat use. Through multiple quadratic 

discriminant function analyses, I found that 208Pb:206Pb could be used to classify 

turtles to stranding region with exceptional accuracy (94.1 %), whereas somatic 

growth rates in conjunction with Sr:Ca, Cu:Ca, Ba:Ca, Mg:Ca, and Zn:Ca had a 

correct classification success rate of 79.5 %. These results suggest that Pb stable 

isotopes, and possibly somatic growth rates, may provide a useful tool for studying 

Atlantic-to-GoM ontogenetic shifts in this and other sea turtle species in the future.  

In Chapter 5, I used a spatially explicit, age-structured matrix population 

model to evaluate the relative contribution of Atlantic Kemp’s ridley sea turtles to 

population growth and recovery prior to 2010. I specifically evaluated sensitivity to 

changes in key transition probabilities that describe the movement of turtles among 

habitats and life stages within the western North Atlantic Ocean. My model 

simulations suggest that Atlantic turtles were a strong contributor to Kemp’s ridley 

population growth during the species’ pre-2010 recovery and are unlikely to influence 



   
 
   

 

recovery time, even under the most extreme scenarios evaluated. Future work will 

include simulations under stable or declining population growth rate indicators, as 

have been observed in the species since 2010. 

Taken together, this study filled some critical knowledge gaps in our 

understanding of the relationship between multiple ecological and environmental 

factors (oil spills, climate, population density, foraging ecology, habitat use) and 

Kemp’s ridley sea turtle somatic growth and population dynamics. This research also 

highlighted the importance of continued collection and study of stranded turtle tissues 

as they provide a means to investigate otherwise intractable research questions in sea 

turtle ecology.   
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CHAPTER 1: GENERAL INTRODUCTION 
 

Somatic growth is a fundamental component of an organism’s life history that 

can shape both individual fitness and community and population dynamics (Werner 

& Gilliam 1984, Stearns 1992, Dmitriew 2011). For ectothermic reptiles, species 

whose internal body temperatures fluctuate with changes in ambient temperatures 

(Atkinson 1994), somatic growth rates reflect the integrated effects of a myriad of 

biological, ecological, and environmental factors. Given that fitness is maximized at 

habitat-specific optimal growth rates (Werner & Gilliam 1984), intrapopulation 

variation in somatic growth can have strong effects on key life history features critical 

to both individual fitness and species population dynamics such as time to maturity 

(Frazer et al. 1993, Bjorndal et al. 2013a), size-dependent mortality (Werner & 

Gilliam 1984, O’Brien et al. 2005), and fecundity (Berry & Shine 1980, Frazer & 

Richardson 1986). Illuminating the proximate drivers of somatic growth variation can 

thus aid evaluation of population demography, particularly in slow-growing, long-

lived species such as sea turtles whose population dynamics are sensitive to changes 

in demographic rates (Crouse et al. 1987, Gerber & Heppell 2004). 

Sea turtle somatic growth rates are highly variable within and among 

individuals, populations, and species. Yet, our understanding of the specific factors 

underpinning this variation is poor due to the logistical difficulty of studying growth 

in such highly mobile, widely distributed species. Because all seven species of this 

charismatic megafauna are threatened or endangered, considerable resources have 
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been mobilized over the past 50 years to both protect and study them. However, in-

water studies have lagged behind research performed on nesting beaches (Hamann et 

al. 2010, Rees et al. 2016), resulting in relatively modest evaluation of sea turtles 

growth rates and underlying mechanisms to date. Recent advances in bone-based 

studies of sea turtle somatic growth rates using skeletochronology, in conjunction 

with regular bone collection through the Sea Turtle Stranding and Stranding Network, 

have greatly enhanced our ability to study sea turtle growth rates across space and 

time and potentially identify mechanisms underpinning somatic growth variation 

(Zug et al. 1986, Ramirez et al. 2017, Avens et al. 2017). As sea turtle population 

dynamics are sensitive to small changes in demographic rates, especially size-specific 

mortality and time to maturity (Crouse et al. 1987, Crowder et al. 1994, Heppell et al. 

2004), identifying the proximate drivers of somatic growth variation and subsequent 

influences on population dynamics is of high importance to sea turtle conservation 

and management. 

The Kemp’s ridley sea turtle (Lepidochelys kempii) is an ideal model species 

to investigate drivers of somatic growth variation and potential influences on sea 

turtle population dynamics due to its unique ecology and conservation status. First, 

Kemp’s ridleys retain annual records of growth in their humerus bone, which have 

been collected from dead stranded turtles throughout the species range since the 

1990s. The species thereby has a unique 20+ year history of somatic growth against 

which environmental variables can be compared. Second, the species occupies 

multiple marine habitats throughout the western North Atlantic Ocean that each have 
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a unique suite of threats and stressors (Bolten 2003), potentially allowing for the 

separation of growth effects associated with different environmental factors (e.g., 

climate, oil spills, population density). Third, the species experienced exponential 

growth from the 1990s through 2000s following implementation of successful 

conservation efforts (NMFS & USFWS 2015), providing a natural experiment to seek 

evidence for density-dependent regulation of somatic growth. Fourth, the species has 

regionally variable diets and growth rates (Shaver 1991, Seney & Musick 2005, 

Witzell & Schmid 2005, Avens et al. 2017), providing a means to examine 

relationships between individual foraging ecology and growth. Lastly, 85 % of annual 

nest production occurs on only a ~60 km stretch of beach in Mexico (NMFS et al. 

2011), which has been heavily monitored since 1978, providing an unprecedented 

record of nest and hatchling production for nearly an entire species that has served as 

vital input for population models.  

Marine ecosystems have changed rapidly over the past century due to the 

synergistic effects of multiple environmental and anthropogenic factors. Climate 

variability, both natural and human-induced, has led to persistent shifts in food web 

structure and function that have had cascading effects on organisms at all trophic 

levels (deYoung et al. 2008, Beaugrand et al. 2015). For sea turtles, climate-driven 

shifts in productivity have impacted the abundance of important food and habitat 

resources over inter-annual and decadal time scales (Sanchez-Rubio et al. 2011, 2018, 

Karnauskas et al. 2015), which may be linked to changes in growth rates (Bjorndal et 

al. 2013b, 2016, 2017) and reproductive rates (Chaloupka et al. 2008, Mazaris et al. 
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2008, Van Houtan & Halley 2011, del Monte-Luna et al. 2012) for multiple species. 

Additionally, multiple large oil spills have wreaked havoc on marine habitats (Hall et 

al. 1983, Peterson et al. 2003, Beyer et al. 2016, Bertrand & Hare 2017). Of particular 

note was the 2010 Deepwater Horizon (DWH) oil spill in the Gulf of Mexico (GoM), 

the largest man-made environmental disaster in United States history (DWH NRDA 

Trustees 2016). While the full impact of the DWH oil spill on sea turtles remains 

unknown, immediate declines in survival and physiological condition were observed 

(Mitchelmore et al. 2017, Stacy et al. 2017), and a cascade of indirect effects may 

have compromised long-term health and growth rates (Stacy 2015, Coleman et al. 

2016).  

Fully natural processes, such as changing population density and individual 

foraging behavior, can also strongly influence somatic growth rates. Density-

dependent regulation of growth is principally manifested through resource limitation, 

where per capita food availability declines with increasing population size. This 

phenomenon has be observed across a wide range of marine species (e.g., Bjorndal et 

al. 2000, Lorenzen & Enberg 2002, Jansen & Burns 2015, Hammill & Sauvé 2017). 

The Kemp’s ridley population experienced exponential growth (12–19% per year) 

between 1990 and 2009. However, annual nest counts have fluctuated unpredictably 

since 2010, prompting investigations into whether the carrying capacity of the GoM 

has been reached for this species (Gallaway et al. 2016b, Caillouet et al. 2016, 2018). 

Empirical support for this hypothesis has generally been lacking due to insufficient 

data (but see Shaver et al. 2016). However, the 20+ year growth time series for 
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Kemps ridleys generated through skeletochronology provides a means of evaluating 

support for density dependent growth in this species. Similarly, sea turtle bones 

contain records of diet in the form of naturally occurring stable isotopes, which when 

compared to potential prey stable isotope data in mixing models can be used to 

estimate the contribution of different prey groups to consumer diets. Given the 

regional differences in diet observed in this species (e.g., fish in western and northern 

GoM turtle diets, tunicates in eastern GoM turtles diets, invertebrates only in Atlantic 

turtle diets; Shaver 1991, Seney & Musick 2005, Witzell & Schmid 2005), combined 

stable isotope and skeletochronological analysis of their bone tissue may allow for 

determination of the relationship between growth and diet composition, a well-known 

driver of somatic growth variation (Dunham 1978, Cairns 1988, Abraham & 

Sydeman 2004).  

Integrating life history variation into demographic models can reveal the 

relative contribution of multiple sources of variation to population growth rates 

(Caswell 1983, Sæther & Bakke 2000, Beston 2011). Considering the effect of life 

history variation on population dynamics is particularly important to understanding 

the dynamics of patchily distributed species with regionally variable demographic 

rates, such as Kemp’s ridleys, where local effects can alter a species’ population 

trajectory if population subgroups are connected (Runge et al. 2014). Understanding 

the connectivity of population subgroups, in addition to their demographic rates, is 

thereby critical to demographic modeling and population assessment for conservation 

and management. Nevertheless, our understanding of the differential recruitment of 
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Kemp’s ridleys to Atlantic versus GoM habitats, and movements in between, is poor. 

Furthermore, although multiple population models have been implemented for 

Kemp’s ridleys to evaluate extinction risk and estimate time to recovery (e.g., 

Heppell et al. 2004, NMFS & USFWS 2015, Gallaway et al. 2016, Kocmoud et al. 

2019), none have explicitly included a separate Atlantic Kemp’s ridley population 

subgroup nor regionally variable demographic rates.  

The primary objectives of my dissertation were to (1) identify environmental 

factors influential to Kemp’s ridley sea turtle somatic growth rates and (2) examine 

how life history variation influences sea turtle population dynamics. I address these 

objectives in four primary chapters centered on the analysis of 20+ year collection of 

Kemp’s ridley sea turtle bones originally sourced from dead stranded turtles through 

the Sea Turtle Stranding and Salvage Network. In Chapter 2, I used the full somatic 

growth dataset to examine how Kemp’s ridley growth rates were influenced by the 

DWH oil spill, climate change, and population density over the past 20 years. In 

Chapter 3, I sampled a subset of these bones for stable carbon and nitrogen isotope 

ratios to characterize regional variation in diet composition and quantify relationships 

between diet composition and somatic growth rates. In Chapter 4, I investigated the 

ability of complementary lead (Pb) stable isotope, trace element, and growth rate 

analyses to discriminate regional (GoM vs. Atlantic) Kemp’s ridley sea turtle habitat 

use in order to develop tools to study population connectivity. In Chapter 5, I use a 

spatially explicit, age-structured matrix population model to examine how life history 

variation (e.g., habitat-specific demographic rates, variable ontogenetic shifts) 
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influences Kemp’s ridley population growth and to evaluate the relative contribution 

of Atlantic Kemp’s ridley sea turtles to population growth and recovery. My study 

illustrates the incredible role stranded sea turtles can play in filling important 

knowledge gaps pertinent to sea turtle conservation and management.  
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CHAPTER 2: REGIONAL ENVIRONMENTAL DRIVERS OF 
KEMP’S RIDLEY SEA TURTLE SOMATIC GROWTH VARIATION 
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Abstract 

 Environmental conditions are the primary driver of somatic growth variation 

in wildlife populations, and changes in somatic growth can be an important indicator 

of environmental perturbations. Yet, identifying specific environmental factors 

influential to the somatic growth rates of migratory marine megafauna has proven 

challenging. Using a 20+ year dataset of somatic growth generated through 

skeletochronology, we evaluated the potential effects of multiple region-wide 

environmental factors—the 2010 Deepwater Horizon (DWH) oil spill, climate 

change, and population density—on age- and region-specific Kemp’s ridley sea turtle 

(Lepidochelys kempii) somatic growth rates. We used temporal analyses to identify 

structural shifts in a time series of growth and fit von Bertalanffy growth curves to 

explicitly compare somatic growth rates before and after the DWH oil spill. 

Generalized Additive Models (GAMs) and cross-correlation analyses were used to 

examine relationships between growth rates, population abundance measures, and 

time-lagged climate indices, and to partition variance explained by the alternate 

environmental factors. The GAMs showed significant, multi-year reductions in mean 

somatic growth rates beginning in 2012 for Age 0 and Age 2–5 turtles from both the 

Gulf of Mexico and Atlantic Ocean. Comparisons of pre- and post-DWH von 

Bertalanffy growth curves indicated that the Brody growth rate coefficient (K) was 

lower after the DWH oil spill. Regional climate indices were correlated with mean 

Age 0 growth rates with a 2-yr lag (cross-correlation = –0.57 to 0.60), whereas 

population abundance exhibited significant relationships with mean Age 2–5 growth 
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rates. In integrative analyses, the temporal shift in growth rates was identified as the 

greatest predictor of somatic growth variation. We theorize that this shift is related to 

long-term deleterious effects of the DWH oil spill on hatchling and small juvenile 

turtles. However, there are potential additive influences of both changing climate and 

population abundance on somatic growth rates for certain age classes. Continued 

collection and study of sea turtle humerus bones is needed to further identify 

mechanisms underpinning the observed growth patterns given that the coincidental 

timing of changes in environmental parameters examined herein made it difficult to 

assess their individual and combined effects. 

 

Introduction 

 Marine ecosystems have experienced unprecedented change over the past 

century due to multiple environmental and anthropogenic stressors that have caused 

population declines (Myers & Worm 2003, McCauley et al. 2015), persistent shifts in 

food web structure and function (i.e., ecological regime shifts) (deYoung et al. 2008, 

Beaugrand et al. 2015), and loss and degradation of habitats (Halpern et al. 2008, 

Mendelssohn et al. 2012). Numerous studies have characterized effects of single 

stressors on marine species, but fewer have examined the synergistic effects of 

multiple environmental factors over extended time scales, particularly in higher order 

marine megafauna such as sea turtles, marine mammals, and sharks (Crain et al. 

2008, Bjorndal et al. 2013b). As the population dynamics of these long-lived species 

are highly sensitive to small changes in demographic rates (Heppell et al. 2000), 



   
 

 

 
 
 
  11 

understanding environmental effects on growth, survival, and reproduction is 

important to their conservation and management.  

The Kemp’s ridley sea turtle (Lepidochelys kempii) is an ideal model species 

to assess the influence of multiple environmental factors on large marine vertebrate 

demographic rates due to its ecology and conservation history. First, their humerus 

bones contain annual records of somatic growth—similar to tree rings and fish 

otoliths—and have been collected from dead stranded turtles since the early 1990s 

(Snover & Hohn 2004, Avens et al. 2017). Second, decades of intensive conservation 

and management following near extinction in the 1980s led to exponential population 

growth over the past two decades and a robust record of hatchling production from 

the species’ primary nesting beach, allowing for investigations into density dependent 

population regulation (Caillouet et al. 2016, 2018). Lastly, the species’ global 

distribution is predominantly restricted to the Gulf of Mexico (GoM) and U.S. 

Atlantic (Musick & Limpus 1997), an area that experienced a climate-driven 

ecological regime shift in the 1990s (Sanchez-Rubio et al. 2011, Karnauskas et al. 

2015) and the largest man-made environmental disaster in United States history with 

the 2010 explosion and sinking of the Deepwater Horizon (DWH) oil drilling rig 

(DWH NRDA Trustees 2016). The presence of a subset of the population outside the 

geographic footprint of the DWH oil spill (i.e., U.S. Atlantic Coast) provides a natural 

experiment to examine DWH oil spill effects and potentially disentangle them from 

other region-wide stressors such as changing climate and population density.   



   
 

 

 
 
 
  12 

 Environmental impacts of the DWH oil spill and response efforts were 

unprecedented in their temporal, spatial, and ecological scale, as were the subsequent 

clean-up and impact mitigation (DWH NRDA Trustees 2016, Beyer et al. 2016). Yet, 

much still remains unknown about the response of sea turtles to this anthropogenic 

disturbance outside the well-documented short-term effects on survival and oiled 

turtle physiology (Mitchelmore et al. 2017, Stacy et al. 2017). Negative effects of the 

DWH oil spill on somatic growth rates have been documented in a wide range of fish 

and invertebrates (e.g., Rozas et al. 2014; Brown-Peterson et al. 2016; Herdter et al. 

2017; Perez et al. 2017). Moreover, a cascade of indirect effects followed the 

exposure of marine habitats to DWH oil spill-associated environmental toxins as 

occurred in the Prince William Sound following the 1989 Exxon Valdez oil spill 

(Peterson et al. 2003). Sublethal or indirect effects on sea turtle health mediated 

through the food web continue to remain a significant concern (McDonald et al. 2017, 

Stacy et al. 2017). Such effects may be responsible for the general decline in 

nutritional condition of stranded sea turtles from 2011 to 2013 and the observation of 

lower juvenile Kemp’s ridley growth rates in Mississippi post–DWH relative to pre–

DWH estimates (Stacy 2015, Coleman et al. 2016).  

The Kemp’s ridley experienced exponential population growth (12–16% per 

year) between 1990 and 2009 following decades of conservation and management, 

resulting in rapid increases in abundance across all life stages (Heppell et al. 2004, 

NMFS & USFWS 2015). However, in 2010, annual nest counts began to fluctuate 

unpredictably. Causal factors have been difficult to identify, but one hypothesis is that 
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the carrying capacity of the GoM has been reached for this species (Gallaway et al. 

2016b, Caillouet et al. 2016, 2018). While the current population is less than 10% of 

its estimated historic size (Bevan et al. 2016), long-term alteration and degradation of 

GoM ecosystems, as well as reductions in some food resources (e.g., blue crab 

Callinectes sapidus; VanderKooy 2013), may have lowered the potential carrying 

capacity of the GoM for sea turtles (Heppell et al. 2007, Caillouet 2014). 

Nevertheless, empirical support for this hypothesis is lacking. Most evidence for 

density dependent population regulation in this species is based on analyses of nesting 

trends (Gallaway et al. 2016b, Caillouet et al. 2016, 2018, Kocmoud et al. 2019), 

which are confounded after 2010 with unknown effects of the DWH oil spill. Shaver 

et al. (2016) provide the only potential empirical support for density dependent 

effects on reproductive rates with the observation of increasing breeding intervals 

from 2008 to 2016 in Kemp’s ridleys nesting in Texas. However, other environmental 

factors, such as colder temperatures on the foraging grounds during the winter of 

2009–2010 (Lamont & Fujisaki 2014, Gallaway et al. 2016b), could have also 

contributed to this pattern. 

Climate is a primary driver of spatiotemporal variability in ocean productivity, 

and abrupt changes in bottom-up forcing associated with climate often precipitate 

ecological regime shifts (deYoung et al. 2008, Beaugrand et al. 2015). Within the 

North Atlantic Ocean, an ecological regime shift occurred in the late-1990s as a result 

of an abrupt warming of the ocean that coincided with one of the strongest El Niño 

Southern Oscillation events ever recorded in 1997/1998 as well as a shift from cool to 
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warm phase of the Atlantic Multidecadal Oscillation  (Sanchez-Rubio et al. 2011, 

Luczak C. et al. 2011, Reid & Beaugrand 2012, Beaugrand et al. 2013, Karnauskas et 

al. 2015). This late-1990s regime shift has been linked to reduced blue crab 

productivity in the GoM (Sanchez-Rubio et al. 2011), an important food source for 

sea turtles, as well as declining growth rates in loggerhead (Caretta caretta), green 

(Chelonia mydas), and hawksbill (Eretmochelys imbricata) sea turtles in the western 

North Atlantic Ocean (Bjorndal et al. 2013b, 2016, 2017). Similar declines in growth 

were observed in large juvenile and adult Kemp’s ridleys in the GoM from 1988 to 

2009 and small juveniles from 2004 to 2009 (Avens et al. 2017), although causal 

mechanisms have yet to be identified. 

Here we examined temporal trends in juvenile Kemp’s ridley sea turtle growth 

rates using a 20+ year dataset generated through skeletochronology. The primary 

objective of this study was to quantify the influence of multiple region-wide 

environmental factors, including the Deepwater Horizon oil spill, changing climate, 

and increasing population density, on Kemp’s ridley sea turtle growth rates. We 

developed and tested a suite of hypotheses related to the differential effect of these 

factors (Figure 2.1). Given the observed decrease in nutritional condition of GoM-

stranded turtles and significant degradation of offshore and nearshore habitats in the 

GoM following the 2010 DWH oil spill, we predicted that Kemp’s ridley growth rates 

would decline beginning in 2010 for both oceanic and neritic juveniles. Importantly, 

we predicted DWH oil spill effects to be restricted to turtles resident in the GoM only; 

Atlantic turtle growth rates should not change after 2010 given their spatial isolation 
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from this anthropogenic stressor. We predicted that density-dependent effects, if 

present, would result in declining growth rates beginning in the mid- to late-2000s for 

GoM life stages, when population growth was the highest (NMFS & USFWS 2015); 

only a small fraction of Kemp’s ridleys reside in the Atlantic and we assume they are 

not strongly influenced by intraspecific population density. Lastly, we predicted that 

climate effects would cause declining growth rates across all Kemp’s ridley life 

stages beginning in the late-1990s in response to a regional regime shift as observed 

in other western North Atlantic sea turtle species.   

 

Materials and Methods 

Sample collection and processing 

Front flippers were collected from Kemp’s ridleys that stranded on U.S. 

beaches from Texas to Massachusetts between 1991 and 2017 by participants of the 

Sea Turtle Stranding and Salvage Network. Samples were obtained from turtles that 

either stranded dead or stranded alive but were later euthanized. Stranding location, 

date, and carapace length were recorded at the time of stranding (see Tables 2.1 and 

A1 for summary). Carapace length was measured as straightline (SCL) or curved 

(CCL) carapace length, notch to tip. In cases where only CCL was recorded, CCL 

was converted to SCL as described by Avens et al. (2017). This study utilizes and 

extends the growth datasets presented in Avens et al. (2017) (n = 333 turtles, GoM) 

and Snover et al. (2007a) (n = 144, Atlantic) to include growth histories obtained 
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from 783 turtles stranded along the U.S. GoM Coast and 453 turtles stranded along 

the U.S. Atlantic Coast between 1991 and 2017.  

Humerus bones were prepared and histologically processed as described by 

Avens and Snover (2013) and Avens et al. (2017). Tissue was removed from the 

humerus bones, which were then boiled and air dried for at least two weeks. A low-

speed isomet saw (Buehler) was used to cut a 2 to 3 mm thick cross-section from each 

bone just distal to the deltopectoral muscle insertion scar. Bone sections were fixed 

and decalcified using Cal Ex II (Fisher Scientific) or 10% neutral buffered formalin 

followed by RDO (Apex Engineering Corporation) and thin sectioned to 25 microns 

using a freezing-stage microtome (Leica) or cryostat (Thermo Scientific Microm HM 

550). Thin sections were stained using diluted Ehrlich’s hematoxylin, mounted onto 

microscope slides in 100% glycerin, and digitally imaged using a digital camera fitted 

to a compound microscope. Growth mark analyses were performed using image 

analysis software (Olympus Microsuite and cellSens) and Adobe Photoshop (Adobe 

Systems). Two or three readers (of L. Avens, L. R. Goshe, M. Ramirez, M. Snover) 

independently analyzed the digital bone images to determine the number and 

placement of lines of arrested growth (LAGs), which delimit the outer edges of each 

skeletal growth mark (Snover & Hohn 2004), followed by a joint assessment to reach 

consensus. Once consensus was reached, total humerus section diameter and the 

diameter of each LAG were measured.  

 

Age and growth rate estimation 
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Previous analyses validated annual LAG deposition in Kemp’s ridleys 

(Snover & Hohn 2004, Avens et al. 2017), allowing for characterization of age at 

stranding through skeletochronology. Kemp’s ridleys deposit a unique first-year 

growth mark, or “annulus,” that differs from subsequent marks (Snover & Hohn 

2004). For bones where the annulus was visible, an initial age estimate was 

determined directly from LAG counts. However, bone resorption results in the loss of 

internal LAGs as sea turtles age (Zug et al. 1986), preventing the direct assessment of 

turtle age in larger individuals where the annulus has been resorbed. Therefore, for 

turtles where the annulus was not visible, a correction factor was developed based on 

the relationship between LAG numbers and diameters from known age individuals to 

estimate the number of LAGs lost to resorption for each bone (Parham & Zug 1997). 

An initial age estimate was then generated by adding the estimated number of 

resorbed LAGs to the number visible LAGs. A final age estimate at stranding was 

made by adjusting initial age estimates to the nearest 0.25 years based on the mean 

hatch date for the population (June) and individual stranding date. Given that LAG 

deposition occurs in late winter/early spring and peak hatching for this species occurs 

during the summer (Snover & Hohn 2004), the first-year growth mark denotes an age 

of ~0.75 years, the next LAG an age of 1.75 years, and so on. Final age estimates 

were used to back-assign age estimates to individual LAGs. Similarly, a calendar year 

was back assigned to each LAG based on the date of stranding.  

 There is a strong allometric relationship between humerus section diameter 

(HSD) and SCL for Kemp’s ridleys that allows for the back-calculation of body size 
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estimates for measurable LAGs (Snover & Hohn 2004, Avens et al. 2017). We 

characterized the HSD:SCL relationship for newly processed turtle bones and 

combined that with the body proportional hypothesis back-calculation technique 

(BPH; Francis 1990) to estimate SCL for every measurable LAG, adjusted for turtle-

specific SCL and HSD at death. Annual somatic growth rates were then calculated by 

taking the difference between SCL estimates of successive LAGs. In this way, 

multiple growth rate estimates were generated from each humerus bone (median = 3 

per turtle, range = 1–8). Growth rate estimates were assigned to the calendar year 

associated with the LAG that begins the growth interval.  

 

Environmental covariates 

To separate potential DWH-induced growth effects from those derived from 

other region-wide environmental factors, we examined the influence of population 

density and climate on Kemp’s ridley somatic growth rates. While these are not 

encompassing of all major environmental phenomena that may influence sea turtle 

growth rates, we focused on them given the scale of their potential impact.  

The relationships between somatic growth rates and population density were 

investigated using two independently-derived population abundance metrics: (1) 

annual age class-specific abundance estimates obtained from the most recent Kemp’s 

ridley population model used for status assessment (i.e., model-dependent metric; 

NMFS and USFWS 2015), and (2) cumulative annual hatchling production from the 

species’ index nesting beach in Tamaulipas, Mexico, which comprises over 85% of 
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nesting activity by the species (i.e., model–independent metric; data sourced from 

NMFS & USFWS 2015). This species is unique among sea turtles in that nearly its 

entire annual reproductive output is concentrated on only a handful of beaches in 

Mexico and South Texas that have been monitored and protected continuously since 

1978. This has allowed for the near-complete census of nests laid and hatchlings 

produced from these beaches annually, accounting for over 85% of the known 

population (NMFS & USFWS 2015). The Kemp’s ridley population model used to 

derive age-specific abundance estimates is a deterministic age-based simulation 

model that uses known hatchling production since 1966 to predict the number of nests 

laid annually (NMFS and USFWS 2015). Model-derived abundance estimates by 

age-class are only used through 2009 given model uncertainties beginning in 2010 

when nest counts began to fluctuate widely and a large number of Kemp’s ridleys are 

estimated to have been killed by the DWH oil spill (Wallace et al. 2017a). Trends in 

these metrics are summarized in Figure A1. 

To elucidate potential relationships between changes in broadscale climate 

patterns and Kemp’s ridley somatic growth variation, we considered three well-

known modes of variability [North Atlantic Oscillation (NAO), Atlantic Multidecadal 

Oscillation (AMO), and the El Niño Southern Oscillation (ENSO)] that exert strong 

biophysical control on western North Atlantic Ocean ecosystems (Giannini et al. 

2001, Greene et al. 2013, Karnauskas et al. 2015). Collectively, they influence ocean 

temperature, salinity, mixing, and circulation patterns that affect the productivity, 

distribution, growth, and survival of animals across all trophic levels (Drinkwater et 
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al. 2003, Edwards et al. 2013, Karnauskas et al. 2015). For the NAO, we used the 

winter (December to March) NAO index (wNAO) given that the NAO is thought to 

exert the greatest influence on ocean ecosystems in the boreal winter (Drinkwater et 

al. 2003). For the ENSO, we used the Multivariate El Niño Southern Oscillation 

Index (MEI) Version 2, which integrates five meteorological variables: SST, surface 

air temperature, sea–level pressure, surface zonal winds, surface meridional winds, 

and Outgoing Longwave Radiation. Monthly AMO and bimonthly MEI data were 

obtained from NOAA’s Earth System Research Laboratory 

(http://www.esrl.noaa.gov/psd/data/climateindices/) whereas wNAO data were 

obtained from the National Center for Atmospheric Research 

(https://climatedataguide.ucar.edu/climate–data/). For the AMO and MEI, monthly or 

bimonthly data were averaged within a calendar year to create an annualized index 

used in all analyses.   

 

Data Analysis 

 We employed a suite of statistical tools to evaluate the independent and 

synergistic effects of the Deepwater Horizon oil spill, population density, and climate 

on Kemp’s ridley growth rates. In most cases, analyses were restricted to juvenile 

growth data—binned by age class (Age 0, 1, 2–5, 6–9) to increase statistical power—

given that adult turtle growth rate data are poorly represented in the dataset. These 

age classes align with known ontogenetic differences in somatic growth rates and are 

similar to those used in age-structured population models for this species (Snover et 



   
 

 

 
 
 
  21 

al. 2007b, NMFS & USFWS 2015). Age 0 (ages 0 to 0.75) and 1 (ages 0.75 to 1.75) 

align with the oceanic life stage but are separated here because growth rates differ 

between these ages and a small fraction of Kemp’s ridleys begin to recruit to neritic 

habitats at age 1. All other age classes represent neritic life stages, i.e., small neritic 

juveniles (2–5), large neritic juveniles (6–9). As pre-2000 data suggest that somatic 

growth rates differ between Kemp’s ridleys that inhabit the U.S. Gulf of Mexico and 

Atlantic Coast (Avens et al. 2017), growth data were analyzed separately for turtles 

that stranded on beaches in these regions for all age classes but Age 0—all Age 0 

turtles are assumed to occupy the same oceanic habitats in the central GoM prior to 

migrating to neritic habitats along either the U.S. Gulf or Atlantic Coast. 

To investigate DWH oil spill effects on somatic growth rates we used two 

primary approaches: growth curve and temporal analysis. First, to examine 

population-level growth response, a family of von Bertalanffy growth functions 

(VBGFs) were fit to size-at-age data for all turtles stranded before (1991–2009) and 

after (2010–2017) the DWH oil spill using non–linear least-squares regression. Eight 

models were considered to compare von Bertalanffy growth parameters (L∞, K, t0) 

between both time periods that ranged from including identical parameter estimates 

between the time periods (1 L∞, 1 K, 1 t0) to including different parameter estimates 

for the time periods (2 L∞, 2 K, 2 t0), and all model subsets in between (Table 2.2). 

Akaike information criterion (AIC) and Akaike weights (wi) were used to evaluate 

and compare models (Burnham & Anderson 2002). Given that adult turtles primarily 

reside and nest in the GoM (Morreale et al. 2007), VBGFs were fit using data from 
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GoM-stranded turtles only. In addition, given the non–independence of the full 

growth dataset, VBGFs were fit to measured SCL and estimated age at stranding 

only, eliminating SCL and age data estimated from growth marks. Growth functions 

were implemented using the FSA (Ogle et al. 2018) and nlstools (Baty et al. 2015) 

packages in R (version 3.5.3; R Core Team 2019). 

To examine mean age class-specific growth response to the DWH oil spill and 

identify year(s) of statistically significant changes in mean somatic growth, we 

employed breakpoint and cutpoint structural analyses, followed by regression coding 

schemes. The breakpoint analysis uses segmented regression to randomly split the 

time series into two or more segments to identify the optimum number of break points 

based on minimization of residual sum of squares and Bayesian information criterion 

(Zeileis et al. 2003). Once the optimal number of break points were identified, the 

Chow test was used to assess their statistical significance. In addition, maximally 

selected rank statistics were used to identify the single best cutpoint for each time 

series. This approach differs from the breakpoint analysis in that it is non–parametric 

and is robust to small sample sizes (Hothorn & Lausen 2003, Müller & Hothorn 

2004). These analyses were restricted to years with a minimum of five growth rate 

estimates per age class to avoid the influence of anomalous growth rates and were 

implemented using the strucchange and coin packages in R (Zeileis et al. 2002, 

Hothorn et al. 2006). As breakpoint and cutpoint analyses do not account for non–

independence of data, Reverse Helmert Coding was used to specifically compare 

growth rates in the years during and after (2010–2015) the DWH oil spill to growth 
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rates in the 15 years prior (1995–2009). Regression coding schemes were 

implemented using age class-specific linear mixed-effects models that included 

estimated annual growth rate, year at the beginning of the bone growth interval, first-

order autoregressive [AR(1)] covariance structure for growth increments within 

turtles, and turtle-specific random effects.  

 Relationships between population density metrics and mean age class-specific 

growth rates were examined using Generalized Additive Models (GAMs). Models 

included age-specific abundance (Abund) or cumulative hatchling production 

(HatchProd) as a fixed effect, an identity link, and a quasi-likelihood error function. 

Within each model, mean growth rates were weighted by sample size (i.e., number of 

growth rate estimates per year). For the oceanic life stages (Age 0, Age 1), age-

specific growth rates were compared to the model-derived cumulative number of 0– 

and 1–year old turtles predicted to exist in a given year (metric 1) or the cumulative 

number of hatchlings produced in a given year and the year prior (t0–t-1) (metric 2). 

For the neritic life stages (Age 2–5, Age 6–9), age-specific growth rates were 

compared to the model–derived cumulative number of juvenile turtles (ages 2–9) 

predicted to exist in a given year (metric 1) or the cumulative number of hatchlings 

produced two to five years in the past (t-2–t-9) (metric 2). Models were implemented 

in R using the mgcv package (Wood 2006).  

Cross-correlation was used to examine relationships between mean age class-

specific growth rates and climate indices. Following Bjorndal et al. (2016), GAMs 

with AR(1) covariance structure were fit to the annualized climate data to reveal 
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underlying trends in the climate indices since 1950 for the wNAO and AMO and 

1979 for the MEI. Mean age class-specific growth rates were then compared to 

lagged (0- to 5-yrs) smoothing spline fits generated from the GAMs using the ccf 

function in R (version 3.5.3; R Core Team 2019). Cross-correlation coefficients were 

used to measure the degree of similarity between the two time series.  

 To partition variance in mean age class-specific growth associated with the 

alternative region-wide environmental factors, we implemented a family of GAMs 

that included various combinations of the three factors investigated as fixed effects 

and used AIC and wi to evaluate and compare models (Burnham & Anderson 2002). 

The specific covariates included in the models were determined based on the results 

of the previous analyses examining the environmental factors independently. As in 

the previous GAMs, each model included an identity link and a quasi-likelihood error 

function, and weighted mean growth rates by sample size.  

 

Results 

Age and Growth 

 SCL and age at stranding ranged from 4.2 to 69.1 cm SCL and zero to 30.25 

years for turtles stranded on U.S. GoM beaches. Those stranded on U.S. Atlantic 

Coast beached were 19.3 to 66.7 cm SCL and 1.00 to 18.75 years old (Tables 2.1, 

A1). Although their contribution to the breeding population is not well understood 

(NMFS & USFWS 2015), documentation of tagged Atlantic turtles nesting on the 

species’ primary nesting beach in Mexico suggests that Atlantic Kemp’s ridleys 
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ultimately return to the GoM as large juveniles or maturing adults (Caillouet et al. 

2015), resulting in relatively few adult animals on the Atlantic Coast. In total, 

skeletochronological analyses yielded 3600 annual growth rate estimates from 1235 

turtles for the years 1988 to 2015 (Figure 2.2). This constitutes the largest and most 

comprehensive dataset of Kemp’s ridley somatic growth rates to date. Annual growth 

rates span the ages 0 (first year of life) to 28.75 but data from younger ages (< 6 yrs) 

dominate the dataset (~75%) because younger/smaller turtles are the most abundant 

Kemp’s ridley age classes in the population and thus constitute the majority of 

stranded turtles (Gallaway et al. 2016b).   

For both the GoM and Atlantic Coast, there were distinct spatiotemporal 

changes in humerus bone collection from dead stranded turtles. Prior to 2010, GoM 

samples were primarily obtained from turtles stranded in Texas (wGoM) and Florida 

(eGoM), whereas after 2010 sample collection shifted to turtles stranded in Louisiana, 

Mississippi, and Alabama (nGoM) as part of the DWH oil spill response efforts. 

Along the U.S. Atlantic Coast, there was a similar shift in sample collection from 

turtles that stranded primarily in North Carolina and Virginia (sATL) to turtles that 

stranded in Massachusetts (nATL) in 2014 and 2015. Using a general linear mixed 

model that accounted for year, age, AR(1) autocorrelation, and turtle-specific random 

effects, we found somatic growth rates did not differ within regions (Tukey’s post 

hoc > 0.05) but were significantly lower in turtles from the Atlantic Coast (Tukey’s 

post hoc < 0.05). Examination of age class-specific growth rates indicates that these 
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regional differences in growth manifest as early as Age 1 and extend through the 

small neritic juvenile life stage (Age 2–5) (Figure 2.3). 

The quantity of age class-specific somatic growth rate data was sparse for 

years preceding 1995, so all temporal growth analyses begin in 1995 and generally 

extend through 2014/2015. The datasets for Age 0, Age 2–5GoM, Age 2–5Atlantic, and 

Age 6–9GoM turtles are the largest and most continuous—all years have at least seven 

independent growth rate estimates (Figure 2.3). In contrast, significant data gaps exist 

for Age 1GoM, Age 1Atlantic, and Age 6–9Atlantic turtles and the datasets for Age 6–9GoM 

and Age 6–9Atlantic turtles only extend to 2012 and 2010, respectively. Caution is thus 

warranted when interpreting results from these latter data given that they are 

relatively incomplete and do not reflect similar time frames as the data for Ages 0 and 

2–5.  

 

Deepwater Horizon oil spill effects 

 Von Bertalanffy growth models fit to stranding length-at-age estimates from 

turtles that stranded in the GoM were significantly different before and after the DWH 

oil spill (Table 2.2, Figure 2.4). The model with the lowest AIC score and highest 

Akaike weight (wi of 0.404) included common L∞ and t0 parameters but different K 

parameters for the two time periods (1993–2009 vs. 2010–2016; Table 2.2). 

However, the next three best models had DAIC scores less than 2.0 and wi values 

between 0.152 and 0.237. While the parameters that differed or agreed between the 

two time periods varied in these models, all included two separate K parameters and 
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the summed weights of the models that included separate K parameters was 0.943, 

indicating strong evidence for an overall growth rate reduction in the GoM after 2009. 

Because most Atlantic Kemp’s ridley juveniles are thought to emigrate back to the 

GoM as maturing subadults, we did not conduct a similar growth rate fitting exercise 

for the Atlantic strandings. 

Temporal analyses showed significant decreases in annual somatic growth 

rates between 2011 and 2012 for turtles in the oceanic (Age 0) and small neritic 

juvenile life stages in both the U.S. GoM (Age 2–5GoM) and Atlantic Coast (Age 2–

5Atlantic) (Table 2.3, Figure 2.3). Similar results were obtained using the 

complementary breakpoint, cutpoint analyses, and Reverse Helmert Coding 

schemes—all identified a significant structural shift in the growth time series for 

these two age classes between 2011 and 2012 (Tables 2.3, A2). Growth rates in 2013 

(Age 0, Age 2–5GoM) and 2014 (Age 2–5GoM, Age 2–5Atlantic) remained significantly 

lower than pre–DWH growth rates. The breakpoint analysis identified a second 

significant change (increase) in somatic growth for the Age 2–5GoM time series 

between 2008 and 2009. However, 2011 was identified as the best cutpoint for the 

time series. No consistent changes (P < 0.05) in growth were identified for the Age 

1GoM, Age 1Atlantic, and Age 6–9Atlantic time series across the statistical methods used. 

Within the GoM and Atlantic age classes that exhibited significant decreases in 

annual somatic growth rates in 2012, mean annual growth rates declined by 1–2 cm 

relative to growth rates in years prior to the DWH oil spill. Notably, even with a 
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decrease in growth rates, small neritic juveniles (Age 2–5) still grew faster in the 

GoM relative to the Atlantic.  

Taken together, these analyses provide evidence for a sharp decline in Kemp’s 

ridley growth rates in the years following the DWH oil spill. However, the results of 

the temporal analyses did not align with our original hypotheses that predicted either 

an acute (H1A) or chronic (H1B) DWH oil spill impact on somatic growth rates 

beginning in 2010 for turtles in the GoM only (Figure 2.1)—a decline is also evident 

in the turtles that stranded in the Atlantic. 

 

Density-dependent effects 

We found little support for density dependent effects of cumulative turtle 

abundance and hatchling production on mean age class-specific somatic growth rates 

(Table A3). For all but Age 2–5GoM, GAMs revealed no significant relationship 

between these population density metrics and somatic growth (P > 0.05)—mean 

annual growth rates did not decline with increasing predicted juvenile abundance nor 

was there the presence of a threshold above which growth rates declined. The GAM 

response functions for both population abundance metrics and both GoM and Atlantic 

stranded turtles were generally similar (Figures A2–A4).  

Cumulative hatchling production was a significant (P = 0.018) predictor of 

Age 2–5GoM somatic growth whereas cumulative Age 2–5 abundance was only a 

marginally significant (P = 0.051) predictor (Table A3, Figure 2.5). Growth rates at 

the highest Age 2–5GoM population abundances were lower on average than those at 
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lowest predicted population abundance. However, 95% confidence intervals 

surrounding the annual means at the highest and lowest abundances overlapped 

extensively. Nevertheless, the shapes of this relationship for Age 2–5GoM did align 

with our hypothesis related to density-dependent effects (H2) on somatic growth rates 

(Figure 2.1), which predicted a threshold above which growth rates begin to decline.  

 

Climate effects 

 Mean annual growth rates were generally poorly correlated with the 

annualized climate indices with 0- to 5-year lags (Table A4). Cross correlations for 

most life stages (Age 1, Age 2–5, Age 6–9) were generally negligible to weak (cross 

correlations ≤ |0.40|), although cross correlations for Age 6–9GoM with 4- and 5-yr 

lags were –0.53 and –0.59 for wNAO and 0.52 and 0.60 for AMO. In contrast, mean 

annual growth rates exhibited moderate to strong correlations with all climate indices 

for the fully oceanic life stage (Age 0; Figure 2.6). The highest, consistent cross 

correlation values for Age 0 included a 2-year lag (wNAO = 0.59; AMO = –0.57; 

MEI = 0.60). Cross correlations values ≥ |0.50| were also observed for the wNAO and 

AMO with 3- to 4-yr lags, and the MEI with 0- to 1-yr lags. The general consistency 

in age class-specific growth patterns through time (Figure 2.3) do not align with our 

predicted climate growth response (Figure 2.1: H3) of declining growth rates 

beginning in the late 1990s but do suggest that ocean climate may affect hatchling 

and oceanic juvenile growth.   
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For the wNAO, positive cross correlations mean growth rates are higher when 

winter weather conditions are warmer and wetter in the western North Atlantic 

(Drinkwater et al. 2003) and during periods of high river discharge, enhanced blue 

productivity, and reduced Sargassum abundance in the GoM (Sanchez-Rubio et al. 

2011, 2018). Similar conditions along with cooler ocean temperatures are present 

during negative AMO phases (Karnauskas et al. 2015), which aligns with our 

observation of negative correlations between AMO and growth rates (i.e., positive 

wNAO and negative AMO are coupled). Positive correlations between the MEI and 

growth rates indicate growth rates increase when ocean temperatures increase 

(Giannini et al. 2001), which contrasts with correlations with the AMO which suggest 

the opposite effect. Such differences may relate to system- and taxon-specific 

responses to climate variability, which can influence organisms both directly through 

changes physical properties of the environment (e.g., temperature, circulation) as well 

as indirectly through changes in resource availability (Drinkwater et al. 2003, 

Edwards et al. 2013, Karnauskas et al. 2015).  

 

Integrative effects 

 Three sets of GAMs were implemented to determine which environmental 

factors—either independently or synergistically—were most influential to Age 0, Age 

2–5GoM, and Age 2–5Atlantic somatic growth rates. Comparative models were restricted 

to these age classes because they showed evidence of significant temporal, density, 

and climate effects. The three specific metrics evaluated in these models were (1) the 
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temporal shift (TS) observed in 2012, included as a categorical variable (TSpre = 1995-

–2011, TSpost = 2012–2015); (2) cumulative hatchling production (HatchProd), 

included as a continuous variable; and, (3) the annualized GAM trend for the MEI 

index with a 2-year lag, included as a continuous variable. Cumulative hatchling 

production and the MEI index displayed high collinearity (r > 0.90) during the study 

period and were modeled separately, resulting in the evaluation of five models for 

each age class that included all combinations of the above covariates as fixed effects 

(i.e., TS + MEI, TS + HatchProd, TS, MEI, HatchProd).  

For both Age 0 and Age 2–5Atlantic, the top model included TS and MEI as 

fixed effects based on AIC score and Akaike weight (Table 2.4). However, in both 

cases the next two best models were within 1 AIC of the top models. These models 

included TS and HatchProd or TS only as fixed effects. The cumulative Akaike 

weights for these top three models were 0.89 for Age 0 and 1.00 for Age 2–5Atlantic. 

However, TS was the only statistically significant predictor of mean Age 0 and Age 

2–5Atlantic growth rates in these top three models (Table 2.5).  

For Age 2–5GoM, the single best model included TS and HatchProd as fixed 

effects with an Akaike weight of 0.71 (Table 2.4). Only TS was a statistically 

significant predictor of mean Age 2–5GoM growth rates for this model (Table 2.5), 

although HatchProd was marginally significant (P = 0.071). Unlike Age 0 and Age 

2–5Atlantic, no other Age 2–5GoM models had DAIC scores less than two.  
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Discussion 

Through an analysis of a 20-year time series, we show that juvenile Kemp’s 

ridley sea turtles have experienced a recent, multi-year reduction in somatic growth 

from 2012 to 2015 that spanned multiple life stages (oceanic and small neritic 

juveniles) and habitats (GoM and western North Atlantic). This temporal shift was 

the strongest predictor of somatic growth variation among the environmental factors 

investigated. However, it is also possible that regional climate and population density 

contribute to oceanic and small neritic juvenile somatic growth variation in the GoM, 

albeit to a smaller degree. Our results contrast with other post–DWH oil spill studies 

that observed immediate effects on growth in invertebrates and fish in 2010 but 

coincide with observations of declines in stranded turtle nutritional condition in the 

northern GoM beginning in 2012 (Stacy 2015), a phenomena of unknown origin but 

that would likely reduce growth rates.  

While the growth rate reduction observed in Atlantic-foraging turtles suggests 

that factors other than DWH are affecting juvenile Kemp’s ridleys, we theorize that 

the observed declines in growth across the species’ range that begin in 2012 result 

from both direct and indirect effects of the DWH oil spill on GoM ecosystems that 

ultimately compromised the long-term health of sea turtles. Sea turtle exposure to 

DWH-associated environmental toxins was high both during and after the DWH oil 

spill given its spatial overlap with critical sea turtle foraging grounds (Wallace et al. 

2017a). Indeed, sea turtles in the GoM continued to use impacted foraging areas in 

the years following the DWH oil spill (Shaver et al. 2013, Hart et al. 2014), ingested 
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spilled oil, and absorbed polycyclic aromatic hydrocarbons (PAHs) into their tissues 

(Ylitalo et al. 2017, Reich et al. 2017). Exposure to PAHs can cause adverse 

physiological effects in animals, including reduced growth (e.g., Meador et al. 2006; 

Albers 2006), and likely continues to threaten coastal food webs as a result of 

leaching and resuspension of oil-contaminated sediments (Murawski et al. 2016, 

Rouhani et al. 2017, Romero et al. 2017). Following the 1989 Exxon Valdez oil spill, 

chronic exposure to weathered oil entrained in sediments delayed the recovery of a 

wide range of taxa for decades due to long-term effects on survival, growth, and 

reproduction (Peterson et al. 2003), and similar effects appear to be compromising the 

long-term health, reproductive success, and survival of GoM bottlenose dolphins 

(Schwacke et al. 2014, 2017, Lane et al. 2015, Kellar et al. 2017). Sublethal effects of 

long-term exposure to PAHs and other DWH-associated toxins may include reduced 

growth rates in sea turtles. 

Interestingly, the decline in growth rates herein aligns with a simultaneous 

decline in the nutritional condition of neritic turtles stranded in the northern GoM. 

Stacy (2015) necropsied Kemp’s ridleys stranded dead in the northern GoM between 

2010 and 2014 and observed significantly smaller fat stores in turtles that stranded in 

2013 and 2014 relative to turtles that stranded in 2010 and 2011, with this change 

beginning in 2012. This declining trend was only evident in turtles 25–60 cm SCL at 

stranding (~2–9 yrs old), which encompasses the small and large neritic juvenile life 

stages included in our study. Causal factors for this change in nutritional status were 

not identified, but the spatiotemporal proximity to the DWH oil spill is conspicuous. 
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Alternatively, these changes may relate to the collapse of the Mississippi blue crab 

fishery in 2011, which has been attributed to freshwater inundation from the opening 

of the Bonnet Carré Spillway (GSFMC 2015), and may have forced turtles to feed at 

fishing piers (Rudloe & Rudloe 2005, Coleman et al. 2016). Comparisons of the 

nutritional status and growth histories of dead stranded turtles may improve our 

understanding of temporal variability in Kemp’s ridley growth dynamics.  

The observation of a strong decline in growth for small neritic juveniles in the 

Atlantic concurrent to that observed in the GoM was unexpected given our initial 

hypotheses. The specific causal factors for this decline remain unknown. However, 

this simultaneous change in disparate ocean regions could hint at a common stressor 

that impacted oceanic-stage turtles and was carried over to later life stages. All 

Kemp’s ridleys associate with floating Sargassum within GoM oceanic habitats for 

the first 1 to 3 years of life before recruiting to neritic habitats along either the U.S. 

GoM or Atlantic Coast (Turtle Expert Working Group 2000). The DWH oil spill is 

known to have severely compromised these Sargassum habitats, which tended to 

accumulate oil, became hypoxic, and sank (Powers et al. 2013). The loss of this 

critical oceanic habitat likely led to a cascade of indirect effects that increased 

predation rates, reduced prey availability, and increased the energetic costs of 

foraging (Witherington 2002). It is well established that early nutrition can impact 

life-time growth through ‘silver spoon’ effects in a wide range of taxa (Larsson & 

Forslund 1991, Madsen & Shine 2000, McAdam & Boutin 2003, Gaillard et al. 

2003). Therefore, it is plausible that although neritic Atlantic Kemp’s ridleys were 
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spatially isolated from the DWH oil spill, cumulative impacts on oceanic habitats and 

life stages compromised the long-term turtle health of sea turtles and were carried 

into non-impacted marine habitats outside of the GoM (Putman et al. 2015). Our 

understanding of population connectivity in this species is limited; thus, some 

Atlantic Kemp’s ridleys could have also occupied neritic GoM habitats during the 

DWH oil spill and later been transported to the U.S. Atlantic Coast via the Loop 

Current and Gulf Stream. 

It is also possible that the decline in neritic turtle growth rates in the Atlantic 

is independent from that in the GoM and was caused by an environmental factor not 

measured in this study. Our analysis centered on region-wide environmental factors, 

but many other factors may differentially affect sea turtle growth at a smaller scale 

including diet, prey availability, interspecific competition, local water temperatures, 

disease, cold-stunning, and many anthropogenic stressors. Notably, Atlantic Kemp’s 

ridleys likely face greater interspecific competition for resources relative to their 

GoM conspecifics due to the presence of a large loggerhead sea turtle population. 

These species generally segregate geographically in the GoM (Hart et al. 2018a b), 

and limited tracking data suggests they may also partition resources in the 

Chesapeake Bay (Byles 1988). As Kemp’s ridley diet may differ regionally (Shaver 

1991, Seney & Musick 2005, Witzell & Schmid 2005), changes in prey availability 

concurrent to increased intra- and inter-specific competition could decrease 

nutritional status and lead to reduced growth rates. This indeed may explain why 

overall growth rates are lower for Kemp’s ridleys in the Atlantic relative to those in 
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the GoM (Avens et al. 2017). An improved understanding of regional differences in 

diet and resource availability, population connectivity, and competition between 

Atlantic loggerheads and Kemp’s ridleys would greatly aid future investigations into 

regional differences in sea turtle vital rates.  

Given the apparent relationships between oceanic and small neritic juvenile 

growth rates and regional climate and population abundance, respectively, we cannot 

rule out these factors as drivers of somatic growth variation in Kemp’s ridleys. Recent 

studies have linked decades-long declines in sea turtle growth rates throughout the 

Caribbean Basin to a climate-driven ecological regime shift that occurred in the late-

1990s (Bjorndal et al. 2013b, 2016, 2017). Patterns of oceanic turtle growth herein 

generally align with this narrative. However, this does not negate that possibility of 

DWH-induced changes in somatic growth rates for oceanic turtles. Although vast 

areas of Sargassum habitat were damaged and destroyed following the DWH oil spill, 

2011 and 2012 saw anomalous high Sargassum abundance throughout the tropical 

North Atlantic that should have renewed these habitats and provided oceanic stage 

turtles with optimal conditions for growth and survival (Witherington et al. 2012, 

Gower et al. 2013, Powers et al. 2013). That oceanic turtle growth rates were 

significantly lower in 2012 and 2013 relative to nearly all years prior suggests the 

presence of an additional factor. Given that oceanic turtles alive in 2012 would not 

have been directly impacted by the DWH oil spill, changes in growth rates for this life 

stage likely reflect the synergistic effects of lingering impacts of the DWH oil spill 

and changes in regional climate on oceanic habitats.  
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 We similarly cannot rule out the possibility that intraspecific population 

density is influencing neritic juvenile growth rates. Recent fluctuations in population 

growth combined with long-term alteration and degradation of GoM ecosystems has 

prompted hypotheses that the carrying capacity of the GoM has been reached for 

Kemp’s ridleys (Gallaway et al. 2016b, Caillouet et al. 2016, 2018). Nevertheless, 

empirical support for this hypothesis independent of analyses of the nesting trends, 

which are confounded after 2010 with unknown effects of the DWH oil spill, has been 

lacking (but see Shaver et al. 2016). We observed more variable, possibly declining, 

growth at the highest population abundances for GoM small neritic juveniles. While 

not statistically significant, similar patterns were observed in Atlantic small neritic 

juveniles. However, our results are equivocal and more research is needed before we 

can confidently assert Kemp’s ridleys population density is influencing somatic 

growth rates. Importantly, our findings contrast with those that have suggested that 

density dependent processes have influenced this population as early as the year 2000 

(Caillouet et al. 2018, Caillouet 2019). Skeletochronological analysis of turtle bones 

collected after 2016 will be critical in evaluating density dependent effects on Kemp’s 

ridley growth rates.  

  Broadly, our findings both align and contrast with previous Kemp’s ridley 

growth studies. In a post–DWH mark-recapture study conducted in the Mississippi 

Sound, Coleman et al. (2016) found that post-DWH growth rates were significantly 

lower than previously reported estimates from turtles in Florida (Schmid 1998, 

Witzell & Schmid 2004). Outside possible regional differences in somatic growth, 
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hypothesized causal factors included abnormal diets of turtles around piers and 

density dependent resource limitation—blood health indicators suggested this was not 

linked to malnutrition (Coleman et al. 2016). Interestingly, our findings contrast with 

a previous skeletochronology study based on an analysis of data from pre-DWH 

GoM-stranded turtles which found long-term declines in Kemp’s ridley growth rates 

beginning in 2004/2005 for small juveniles and the late 1980s for large juveniles and 

adults (Avens et al. 2017). This was presumed to be related to a suite of factors that 

cumulatively could limit sea turtle resource availability in the GoM (e.g., expanding 

hypoxic zone in the northern GoM, population declines of preferred prey species, 

density dependence). No clear long-term declines in growth were evident in our study 

for these life stages. Given that turtle bones contain multi-year growth histories, the 

inclusion of data herein from turtles stranded between 2010 and 2016 added a 

significant amount of new data during the period of apparent juvenile growth decline 

(2005–2009). Therefore, these contrasting results are likely an effect of this increased 

sample size. Future studies linking Kemp’s ridley somatic growth rates to smaller-

scale environmental phenomena (e.g., local temperature, salinity, diet composition, 

mortality source) would greatly aide our understanding of spatiotemporal somatic 

growth variation in this species.  

Through skeletal analyses of dead stranded sea turtles collected over the past 

30 years, we examined the population-level somatic growth response of Kemp’s 

ridley sea turtles to multiple environmental factors. Specifically, we identified a 

simultaneous decrease in annual growth rates beginning in 2012 for oceanic and small 
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neritic juveniles across the species’ entire range. While we cannot definitively link 

changes in growth rates observed herein to the DWH oil spill, we hypothesize that the 

declines are due at least in part to deleterious effects of the DWH oil spill on sea 

turtles and their habitats that either directly or indirectly compromised long-term 

health. For certain life stages, this growth response may result from synergistic effects 

of the oil spill, climate change, and density-dependent processes. Our understanding 

of the links between the DWH oil spill and sea turtle growth rates would be greatly 

enhanced through geochemical analyses (e.g. PAHs, trace elements, isotopes) of 

turtle bone tissues, which may contain evidence of exposure to DWH-associated 

environmental toxins (e.g., Wise et al. 2014; Wilson et al. 2015; López-Duarte et al. 

2016; Romero et al. 2018). The integration of our results into updated Kemp’s ridley 

population models would allow for quantification of the effect of the observed growth 

declines on the species’ population dynamics (e.g., time to maturity) and recovery. 

Most importantly, this study highlights the critical importance of long-term, 

continuous collection of sea turtle humerus bones for status and threat assessment. To 

date, the collection of sea turtle humerus bones from dead stranded individuals has 

been inconsistent across both space and time. Resumption of widespread bone 

collection from Kemp’s ridleys turtles, which ended in 2015, will be necessary to 

fully evaluate the long-term influence of multiple environmental factors on sea turtle 

growth rates.   
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Table 2.1. Summary characteristics for Kemp’s ridley sea turtles by stranding 
location. Western GoM (wGoM) = TX; northern GoM (nGoM) = LA, MS, AL; 
eastern GoM (eGoM) = western FL); southern Atlantic (sATL) = eastern FL, GA, 
SC, NC, VA; northern Atlantic (nATL = DE, NJ, NY, MA). See Table A1 for state-
specific data.  
 

*Stranding state unknown for 15 turtles (2 in Gulf of Mexico, 13 in Atlantic) 
 
 
  

Location Stranding data Growth rate data 
n* SCL (cm) 

Mean ± SD  
(range) 

Estimated age (yr) 
Mean ± SD  
(range) 

Year range n Year range 

wGoM 200 55.6 ± 10.9  
(4.2 – 69.1) 

11.87 ± 6.47 
(1.00 – 30.25) 

1997 – 2013 915 1988 – 2012 

nGoM 439 40.1 ± 11.2 
(16.6 – 66.2) 

2.86 ± 4.38 
(0.75 – 23.00) 

1993 – 2016 1055 1990 – 2015 

eGoM 142 41.1 ± 11.0  
(20.3 – 65.4) 

4.62 ± 3.23 
(1.00 – 15.75) 

1998 – 2013 354 1994 – 2013 

sATL 362 38.1 ± 10.4  
(19.3 – 66.7) 

5.06 ± 3.25  
(1.00 – 18.75) 

1993 – 2016 1024 1991 – 2015 

nATL 77 28.0 ± 4.1  
(19.3 – 40.0) 

3.67 ± 1.41 
(1.00 – 8.50) 

2001 – 2017 219 1996 – 2015 
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Table 2.2. Summary statistics for the family of models used to evaluate whether von 
Bertalanffy growth parameter estimates differed for Kemp’s ridley sea turtles 
stranded in the Gulf of Mexico before (1993–2009, n = 309) and after (2010–2016, n 
= 459) the Deepwater Horizon oil spill. 
 

Model df logLik AIC DAIC Wi 

Common	&
'
	and	*

+
	(- ≠ -)  5 –2207.80 4425.60 0.00 0.408 

Common	&
'
	(- ≠ -, *

+
≠ *

+
)  6 –2207.34 4426.67 1.07 0.235 

Different	&
'
, -, and	*

+
  7 –2206.78 4427.55 1.95 0.150 

Common	*
+
	(&

'
≠ &

'
, - ≠ -)  6 –2207.78 4427.55 1.95 0.150 

Common	-	(&
'
≠ &

'
, *

+
≠ *

+
)  6 –2209.50 4431.00 5.40 0.027 

Common	-	and	*
+
	(&

'
≠ &

'
)  5 –2210.97 4431.94 6.34 0.017 

Common	&
'
	and	-	(*

+
≠ *

+
)  5 –2211.42 4432.84 7.24 0.011 

Common	&
'
, -, and	*

+
  4 –2225.40 4458.80 33.20 0.000 
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Table 2.3. Results of complementary breakpoint and cutpoint analyses. Shaded rows 
identify significant years where there was concordance between the two statistical 
methods. Excludes years with N < 5.  
 

 Breakpoint analysis  Cutpoint analysis 

Age class Breakdate(s) supF* P  Best Cutpoint maxT P 

Age 0 2011 15.46 <0.001  2011 2.96   0.014 

Age 1GoM 
2001   2.08   0.175     

2008   3.26   0.096  2008 1.67   0.450 

Age 1Atlantic None – –  1997 1.59   0.542 

Age 2–5GoM 

1997   1.15   0.297     

2005   0.08   0.785     

2008   8.30   0.010     

2011 15.19   0.002  2011 2.98   0.008 

Age 2–5Atlantic 2011 19.12 <0.001  2011 3.17   0.007 

Age 6–9GoM 2009   9.88   0.006  2009 2.55   0.062 

Age 6–9Atlantic None – –  2002 1.83   0.328 
*Chow test statistic 
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Table 2.4. Summary statistics for the family of Generalized Additive Models used to 
evaluate the influence of covariates [temporal shift (TS), hatchling production 
(HatchProd), Multivariate El Niño Southern Oscillation Index (MEI)] on mean age 
class-specific growth rates for Age 0 and Age 2–5 Kemp’s ridley sea turtles. TS is a 
factor with categorization based on breakpoint identified in temporal analyses (pre-
shift = 1995–2011, post-shift = 2012–2015). HatchProd is cumulative hatchling 
production for years, t(x), prior to a given year (Age 0 = S t0–t–1, Age 2–5 = S t–2–t–5). 
MEI is the annualized GAM trend for the index with a 2-year lag. The models 
exclude years with N < 5. 
 

Model df logLik AIC DAIC Wi 

(a) Age 0 

  TS + MEI 4.00 –9.74 27.48 0.00 0.34 

  TS + HatchProd 4.00 –9.80 27.59 0.11 0.32 

  TS 3.00 –11.14 28.28 0.80 0.23 

  MEI 5.34 –9.53 29.74 2.26 0.11 

  HatchProd 3.00 –18.84 43.69 16.21 0.00 

(b) Age 2-5, Gulf of Mexico 

  TS + HatchProd 6.74 –9.55 32.57 0.00 0.71 

  TS + MEI 6.10 –11.93 36.06 3.49 0.12 

  MEI 6.27 –12.10 36.74 4.17 0.09 

  TS 3.00 –15.49 36.97 4.40 0.08 

  HatchProd 5.46 –16.43 43.78 11.21 0.00 

(c) Age 2-5, Atlantic 

  TS + MEI 4.00 –14.73 37.45 0.00 0.41 

  TS + HatchProd 4.00 –14.96 37.91 0.46 0.33 

  TS 3.00 –16.17 38.33 0.88 0.26 

  MEI 4.94 –19.14 48.16 10.71 0.00 

  HatchProd 3.00 –22.54 51.09 13.64 0.00 
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Table 2.5. Summary of statistical output for Generalized Additive Models (GAMs) 
used to evaluate the influence of potential environmental covariates [temporal shift 
(TS), hatchling production (HatchProd), Multivariate El Niño Southern Oscillation 
Index (MEI)] on mean age class-specific growth rates for Age 0 and Age 2-5 Kemp’s 
ridley sea turtles. TS is a factor with categorization based on breakpoint identified in 
temporal analyses (pre-shift = 1995–2011, post-shift = 2012–2015). HatchProd is 
cumulative hatchling production for years, t(x), prior to a given year (Age 0 = S t0–t–

1, Age 2–5 = S t–2–t–5). MEI is the annualized GAM trend for the index with a 2-year 
lag. Dev : deviance explained by the model. Edf: estimated degrees of freedom. The 
models exclude years with N < 5 and are ordered by AIC values. 
 
 

    Smooth terms  Parametric coefficients 

Model Dev 
(%) 

Adj. 
R

2 
AIC Var 

Edf F Prob(F) Var Est SE t Pr>|t| 

(a) Age 0 (n = 20) 

GAMTS + MEI 66.0 0.62 27.5 MEI 1.00 2.56 0.128 TSpreTS 0.98 0.26 3.82 0.001 

GAMTS + HP 65.8 0.62 27.6 HP 1.00 2.45 0.136 TSpreTS 1.12 0.22 5.00 <0.001 

GAMTS 60.9 0.59 28.3 – – – – TSpreTS 1.20 0.23 5.29 <0.001 

GAMMEI 66.7 0.61 29.7 MEI 2.80 3.47 <0.001 – – – – – 

GAMHP 15.5 0.11 43.7 HP 1.00 3.30 0.086 – – – – – 

(b) Age 2-5, Gulf of Mexico (n = 20) 

GAMTS + HP 73.6 0.67 32.6 HP 3.08 2.54 0.071 TSpreTS 1.07 0.28 3.84 0.002 

GAMTS + MEI 66.9 0.60 36.1 MEI 2.42 1.36 0.271 TSpreTS 0.94 0.44 2.16 0.046 

GAMMEI 66.4 0.59 36.7 MEI 3.52 6.80 0.001 – – – – – 

GAMTS 53.6 0.51 37.0 – – – – TSpreTS 1.30 0.28 4.68 <0.001 

GAMHP 49.2 0.41 43.8 HP 2.84 4.12 0.018 – – – – – 

(c) Age 2-5, Atlantic (n = 20) 

GAMTS + MEI 53.7 0.48 37.5 MEI 1.00 2.65 0.121 TSpreTS 1.73 0.40 4.36 <0.001 

GAMTS + HP 52.6 0.47 37.9 HP 1.00 2.18 0.155 TSpreTS 1.62 0.37 4.37 <0.001 

GAMTS 46.8 0.44 38.3 – – – – TSpreTS 1.33 0.33 4.09 <0.001 

GAMMEI 29.5 0.20 48.2 MEI 2.36 2.16 0.150 – – – – – 

GAMHP 2.43 –0.03 51.1 HP 1.00 0.47 0.500 – – – – – 
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Figure 2.1. Conceptual model of alternative hypotheses for the size-class-specific 
growth response of Kemp’s ridley sea turtles to environmental factors. All Kemp’s 
ridleys first reside in oceanic habitats in the central Gulf of Mexico (GoM) for 1–3 
years then recruit to neritic habitats along either the GoM or U.S. Atlantic Coast. The 
shaded areas represent growth variation for GoM (black lines, grey shading) and 
Atlantic (red lines, red shading) life stages. Vertical dashed lines identify the year of 
the Deepwater Horizon (DWH) oil spill (2010). H0 = no growth response in turtles 
from either geographic region or life stage to any factor examined. H1 = acute or 
chronic DWH oil spill-induced growth response for GoM life stages only (oceanic 
and neritic); no growth response in Atlantic neritic life stages due to geographic 
isolation from DWH oil spill, although Atlantic turtles may exhibit a past response 
during their oceanic life stage when they occupied GoM habitats. H2 = density-
dependent decline in somatic growth beginning in the mid-2000s during period of 
exponential population growth; effect in GoM turtles only as > 80 % of the 
population is thought to reside in the GoM annually (Putman et al. 2013, NMFS & 
USFWS 2015). H3 = declining growth beginning in the late 1990s in response to 
climate-driven ecological regime shift.  
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Figure 2.2. Frequency histograms of Kemp’s ridley sea turtle back-calculated somatic 
growth rates by stranding location, age, and year. nATL = northern Atlantic (DE, NJ, 
NY, MA), sATL = southern Atlantic (eastern FL, GA, SC, NC, VA), eGoM = eastern 
Gulf of Mexico (western FL), nGoM = northern Gulf of Mexico (LA, MS, AL), 
wGoM = western Gulf of Mexico (TX). 
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Figure 2.3. Time series of mean Kemp’s ridley sea turtle growth rate by age class. 
Dotted lines bound 95% confidence intervals. Age 0 is data from both Gulf of Mexico 
(GoM) and Atlantic turtle given that they share oceanic habitats in the central GoM 
during this life stage and growth rates did not differ by stranding location for this age 
class. For all other age classes, data were analyzed separately due to regional 
differences in growth rates (black shaded area = Gulf of Mexico stranded turtles; red 
shaded area = Atlantic stranded turtles). Number of observations are presented above 
each plot. Vertical dashed lines identify significant breakpoints in each time series 
where there was concordance among statistical methods evaluated (see Table 2.3). 
Analyses excluded years with N < 5. SCL = straightline carapace length. 
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Figure 2.4. Von Bertalanffy growth functions estimated for Kemp’s ridley sea turtles 
stranded in the Gulf of Mexico before (1993–2009, n = 309) and after (2010–2016, n 
= 459) the Deepwater Horizon oil spill. VBGFs estimated based on measured 
straightline carapace length (SCL) and estimated age at stranding. Parameter 
estimates for the best model were L∞ = 64.79, t0 = 1.56, K (pre–DWH) = 0.20, and K 

(post–DWH) = 0.18. 
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Figure 2.5. Relationship between mean back–calculated growth rate and population 
density metrics for Age 2–5 Kemp’s ridley sea turtles stranded in the Gulf of Mexico. 
Dashed lines and grey ribbons are predicted values and 95% CI from GAM models 
with either cumulative hatchling production (left panels) or population abundance 
(right panels) included as a smoother term (see Table A4). Points are means ± 95% 
CI. SCL = straightline carapace length. See Figures A2–A4 for Age 0, Age 1, and 
Age 6–9 figures.  
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Figure 2.6. Relationships between (A-C) climate indices and year and (D-F) mean 
Age 0 growth rates and annualized climate indices (2-yr lag). Dashed lines are the 
GAM trends. (A-C) Shaded area identifies study period. (D-F) Cross-correlation 
values are presented in boxes within each plot. Open circles are years 1995–2009, 
whereas filled circles are year 2010–2015. wNAO: Winter North Atlantic Oscillation. 
AMO: Atlantic Multidecadal Oscillation. MEI: Multivariate El Niño Southern 
Oscillation Index. 
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Abstract 

Reptile growth is influenced by a suite of ecological processes that can 

cumulatively lead to divergent somatic growth rates within spatially structured 

populations. As somatic growth variation can strongly influence a species’ population 

dynamics, identifying proximate drivers can be critical to the conservation and 

management of protected species. Kemp’s ridley sea turtles (Lepidochelys kempii) 

exhibit spatial variation in both diet composition and growth, but whether 

components of this variation are linked has not been evaluated. Through an 

integration of skeletochronological and stable isotope analyses of stranded turtle 

humerus bones we characterized regional variation in Kemp’s ridley diet composition 

and potential relationships with somatic growth rates. Turtles were divided into one 

of five regions within the U.S. Gulf of Mexico (GoM) and Atlantic Coast based on 

location of stranding, and humerus bones were sampled for stable carbon (δ13C) and 

nitrogen (δ15N) isotope ratios. These data were combined with region-specific prey 

stable isotope data sourced from the primary literature into a Bayesian stable isotope 

mixing model (MixSIAR) to estimate the proportional contribution of five prey 

groups (crustaceans, bivalves, gastropods, fish, macroalgae/seagrass) to Kemp’s 

ridley diets. Our analysis revealed strong regional differences in mixing model-

derived diet composition estimates that closely tracked published records of Kemp’s 

ridley diet. Invertebrates generally comprised the largest proportion (43.5–97.7 %) of 

turtle diets. However, we also observed high proportional contributions of fish (42.6–

43.1 %) to western GoM turtle diets and macroalgae/seagrass (42.4–47.8 %)—or 
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isotopically similar prey groups (e.g., tunicates)—to eastern GoM turtle diets. Growth 

rates were poorly correlated with δ15N values and diet composition estimates, 

suggesting that diet composition alone may not explain the regional differences in 

somatic growth observed in this species. This study highlights the value of 

complementary skeletal and isotopic analyses to understanding regional diet variation 

in sea turtles as well as the importance of continued collection of isotopic data from 

both sea turtles and their prey. These results also help fill critical knowledge gaps in 

our understanding of the relationship between sea turtle foraging ecology and somatic 

growth dynamics, a topic of high importance to sea turtle conservation and 

management. 

 

Introduction 

Somatic growth variation in reptiles manifests from the cumulative effects of 

biological, ecological, and environmental processes (Congdon 1989, Stearns 1992). 

Environmental effects on growth rates are particularly strong in ectothermic reptiles, 

such as sea turtles, where resource quality and availability interact with temperature 

to influence somatic growth (Gibbons 1967, Dunham et al. 1989). Intra-specific 

differences in growth and size-at-age can have profound effects on individual fitness 

and population dynamics through influences on key life history features such as time 

to maturity (Frazer et al. 1993, Bjorndal et al. 2013a), size-dependent mortality 

(Werner & Gilliam 1984, O’Brien et al. 2005), and fecundity (Berry & Shine 1980, 

Frazer & Richardson 1986). Sea turtle somatic growth rates are highly variable within 
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and among species and life stages but disentangling the myriad potential drivers of 

this variation is challenging given the logistical limitations associated with studying 

highly migratory species (Omeyer et al. 2017). As the population dynamics of slow-

growing, long-lived species such as sea turtles are sensitive to changes in 

demographic rates (Crouse et al. 1987, Gerber & Heppell 2004), identifying the 

proximate drivers of somatic growth variation is of high importance to sea turtle 

conservation and management.  

Correlations between intra-specific variability in resource utilization and 

somatic growth have been documented across a wide range of marine species 

(Dunham 1978, Iraeta et al. 2006). For example, it is well-established that fish growth 

and population dynamics are strongly influenced by zooplankton composition, 

abundance, and distribution (Cushing 1990, Brodeur & Ware 1992, Durant et al. 

2007). Similarly, variation in multiple seabird demographic rates, including growth, 

have been linked to differences in prey availability, composition, and energy density 

(Cairns 1988, Abraham & Sydeman 2004, Hennicke & Culik 2005, Piatt et al. 2007). 

In loggerhead sea turtles (Caretta caretta), geographic variation in resource 

availability and distribution is thought to underpin differences in somatic growth rates 

between oceanic and neritic life stages in the western North Atlantic (Bjorndal et al. 

2003) and between loggerhead turtles of Mediterranean and Atlantic origin in the 

Mediterranean Sea (Piovano et al. 2011). These differences may relate to divergent 

prey energy densities or geographic differences in primary productivity (Bosc et al. 

2004, Peckham et al. 2011). Observations of compensatory and density-dependent 
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growth in loggerhead and green sea turtles (Chelonia mydas) provide further support 

for the importance of resource use in shaping sea turtle growth rates (Bjorndal et al. 

2000, 2003). Within the Gulf of Mexico, factors that affect foraging resources for sea 

turtles include fisheries (Robinson et al. 2015), seasonal hypoxic zones (Craig et al. 

2001), oil spills (Wallace et al. 2017b), red tides (Dupont et al. 2010), hurricane 

activity (Engle et al. 2009), and climate change (Sanchez-Rubio et al. 2011), among 

others.   

Kemp’s ridley sea turtles (Lepidochelys kempii) display distinct regional 

differences in somatic growth rates that may be linked to differences in diet. During 

neritic life stages, this species occupies nearshore marine habitats throughout the Gulf 

of Mexico (GoM) and U.S. Atlantic (NMFS & USFWS 2015). Comparative studies 

prior to 2000 suggest juvenile Atlantic Kemp’s ridley sea turtles exhibit slower grow 

rates than conspecifics in the GoM (Caillouet et al. 1995, Zug et al. 1997, NMFS & 

USFWS 2015, Avens et al. 2017). Similarly, although crabs are generally thought to 

constitute the bulk of their diet across their range, regional differences in Kemp’s 

ridley foraging patterns have been observed that may influence their somatic growth 

rates (Shaver 1991, Burke et al. 1993, 1994, Seney & Musick 2005, Schmid & 

Tucker 2018). Diets are particularly variable among Kemp’s ridleys that inhabit the 

GoM. For example, tunicates are an apparent common prey item for turtles in 

southwest Florida (Witzell & Schmid 2005), whereas fish— likely sourced as 

discards from shrimp fisheries—are often consumed by turtles in the northern and 

western GoM (Werner 1994, Cannon 1998, Stacy 2015). Shrimp fisheries are the 
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overwhelmingly dominant source of fish discards throughout the Kemp’s ridleys’ 

range (Harrington et al. 2005a), and shrimp fishing effort and thereby fish discards is 

an order of magnitude higher in the western and northern GoM than in the eastern 

GOM and U.S. Atlantic (Diamond 2004, Harrington et al. 2005a, Scott-Denton et al. 

2012). In contrast to their GoM counterparts, Atlantic Kemp’s ridleys appear less 

likely to deviate from the traditional diet of crabs and molluscs (Burke et al. 1993, 

1994, Frick & Mason 1998, Seney & Musick 2005). Ultimately, whether this spatial 

variability in diet correlates with regional differences in growth rates has yet to be 

evaluated. 

As the isotopic composition of consumer tissues closely tracks that of their 

assimilated diet, stable isotope analysis provides a mechanism to characterize intra-

population variation in diet composition over space and time (Newsome et al. 2007, 

Katzenberg 2008). Importantly, the relative contribution of different resources to a 

consumer’s diet can be quantified using mass-balance stable isotope mixing models 

when isotopic data are available for both consumers and potential prey (Phillips 

2001). Additionally, while many environmental and physiological processes can 

influence stable isotope deposition rates into consumer tissues, the latest generation of 

mixing models allows for incorporation of various sources of uncertainty through 

Bayesian inference to improve estimations of diet composition (Phillips & Koch 

2002, Semmens et al. 2009, Parnell et al. 2010, Stock & Semmens 2016). This 

approach in turn yields source contribution estimates that are accompanied by 

probability distributions that more accurately reflect model uncertainties. Kemp’s 
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ridley humerus bones contain annual records of somatic growth that can be revealed 

through histological processing and analysis (Snover & Hohn 2004, Avens et al. 

2017). Combining skeletochronological and stable isotope analyses within a mixing 

model framework may thus provide a means of investigating the influence of diet 

composition on sea turtle growth rates across multiple spatiotemporal scales. The 

integration of these tools has already shed valuable insight into sea turtle ontogenetic 

growth dynamics and resource shifts (Snover et al. 2010, Avens et al. 2013, Ramirez 

et al. 2017, Turner Tomaszewicz et al. 2017a, Ramirez et al. 2019).  

In this study we integrated skeletochronological and stable isotope analyses of 

Kemp’s ridley humerus bones to (1) characterize regional variation in diet 

composition and (2) quantify the relationship between diet composition and somatic 

growth rates. To reduce biases associated with translating isotopic data to diet 

composition estimates for a highly mobile species, our analysis assesses diet 

composition at higher taxonomic levels (e.g., % fish, % invertebrate, % 

macroalgae/seagrass) than is typical for stable isotope mixing models. We 

specifically investigated if turtles inhabiting areas where fish discards are prevalent 

(western and northern GoM) showed evidence of consuming greater proportions of 

fish relative to turtles from other regions (eastern GoM and U.S. Atlantic). Because 

the energy density of fish is generally higher than that of crustaceans (Doyle et al. 

2007, Peckham et al. 2011, Schaafsma et al. 2018), we also investigated if fish 

subsidies to turtle diets may enhance somatic growth rates, thereby contributing to 
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regional differences in somatic growth. This investigation presents one of the first 

studies explicitly linking sea turtle foraging ecology to somatic growth dynamics.  

 

Materials and Methods 

Geographic Breakpoints 

Variation in Kemp’s ridley diet composition and growth was evaluated by 

dividing turtle and prey data among five geographic regions within the species’ range 

(Figure 3.1): (1) western Gulf of Mexico (wGOM, n = 44 turtles; Texas/Mexico 

border to Vermillion Bay, LA), (2) northern Gulf of Mexico (nGOM, n = 28 turtles; 

Vermillion Bay, LA, to Mobile Bay, AL), (3) eastern Gulf of Mexico (eGOM, n = 24 

turtles; Apalachicola Bay to Florida Bay, FL), (4) North Carolina (NC, n = 32 turtles; 

Long Bay to Albemarle Sound, NC), and (5) Virginia (VA, n = 25 turtles; North 

Carolina/Virginia border to lower Chesapeake Bay). These breakpoints were 

primarily determined based on known spatial variation in ocean chemistry. We 

explored using smaller geographic areas to more closely link turtle and prey stable 

isotope data in space. However, there was generally insufficient prey data for one or 

more prey groups to use smaller regional units for this analysis (see below).  

Within the GoM, the West Florida Shelf is characterized by relatively low 

stable nitrogen isotope ratios (δ15N) due to the presence of Trichodesmium (Lenes et 

al. 2001, Mulholland et al. 2006, Vander Zanden et al. 2015), a N2-fixing 

cyanobacteria; N2-fixation reduces δ15N values (Montoya et al. 2002). Marine 

organisms occupying the West Florida Shelf thereby may have lower δ15N values 
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than conspecifics elsewhere due to chemical differences at the base of the food web. 

In contrast, the nGoM and Virginia may have relatively high δ15N values and low 

stable carbon isotope (δ13C) values than adjacent regions due to high nitrogen loading 

from agricultural runoff (i.e., high nitrogen content; Black et al., 2017; Fritts et al., 

2017) and freshwater influences, respectively—freshwater systems have distinctly 

lower δ13C values than marine systems (Fry & Sherr 1989).  

 

Prey Stable Isotope Ratios 

Kemp’s ridley sea turtles are generalist carnivores, consuming primarily 

invertebrates (crustaceans, gastropods, bivalves, tunicates) but also variable amounts 

of fish, macroalgae, and seagrasses (Shaver 1991, Seney & Musick 2005, Witzell & 

Schmid 2005). Although regional differences in foraging patterns have been observed 

for this species, such as increased consumption of fish in turtles from Louisiana and 

Texas (Werner 1994, Cannon 1998, Stacy 2015) and tunicates in turtles from 

Southwest Florida (Witzell & Schmid 2005), crabs have generally constituted > 75 % 

of observed diet (Shaver 1991, Burke et al. 1993, 1994, Seney & Musick 2005, 

Schmid & Tucker 2018). Given the spatiotemporal extent and retrospective nature of 

this study, we relied on the primary literature to source stable isotope data of 

representative prey species for our mixing model.  

We first performed a structured literature search in Web of Science and 

Google Scholar using the following Boolean search terms: stable isotope, crustacean, 

crab, shrimp, mollusc, arthropod, gastropod, sea snail, bivalve, clam, oyster, mussel, 
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fish, tunicate, seagrass, and macroalgae. We then performed an unstructured literature 

search using the reference lists of relevant publications found in the structured search. 

Following exclusion of studies performed outside the geographic areas of interest, the 

literature search yielded 86 studies from which stable carbon and nitrogen isotope 

ratios were collated. If studies reported multiple stable isotope values for a single 

species, a weighted mean and pooled standard deviation (SD) were calculated to 

collapse the reported data into one estimate per species per study. Tunicates, though 

potentially an important Kemp’s ridley prey group, were excluded from our analysis 

given their poor representation in the literature (n = 2 studies) and overlap in isotopic 

values with macroalgae and seagrass. The final prey stable isotope dataset was 

comprised of 552 isotopic records (see Table 3.1 for summary and Table B1 for full 

dataset). Original collection dates spanned 1975 to 2016, but primarily encompassed 

the years 1990 to 2016—pre-1990 data were included in some instances to fill in 

important data gaps for poorly represented taxa within each region (e.g., bivalves and 

gastropods).  

Prey stable isotope data were grouped into five primary prey groups 

(crustaceans, bivalves, gastropods, fish, macroalgae/seagrass) within each of the five 

geographic regions (Figures B1, B2). For all animal prey groups, a simple mean and 

pooled SD were calculated for each region using the 552 isotopic values from the 

published literature. Although isotopically distinct, macroalgae and seagrass were 

grouped to reduce the number of sources in the mixing model. As with the other prey 

groups, we first calculated a simple mean and pooled SD for macroalgae and seagrass 
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separately and then calculated a simple mean of these estimates to yield final 

estimates for the macroalgae/seagrass prey group, thereby weighting each prey type 

equally in the models. Final means and SDs for all prey groups used in the mixing 

model are presented in Table 3.2. We assume that the published literature accurately 

captures the means and variances of these prey groups. 

Given uncertainties in the types of fish consumed by sea turtles, potential fish 

prey for our analysis included species previously observed in Kemp’s ridley gut and 

fecal contents (e.g., mullet, croaker, weakfish, menhaden, sea catfish, flatfish, 

lizardfish; see Cannon, 1998; Seney, 2016; Shaver, 1991; Stacy, 2015; Werner, 1994; 

Witzell and Schmid, 2005) as well as ecologically similar species abundant as shrimp 

fishery discards (e.g., porgy, pinfish, herring, searobin; Harrington et al., 2005b; 

Benaka et al., 2019). When possible, fish isotopic data were restricted to specimens < 

30 cm in length to align with those likely to be consumed by Kemp’s ridleys (E. 

Seney pers. comm.). However, only 45% of studies reported fish lengths, so this was 

not always possible. Fish stable isotope data were initially grouped based on feeding 

mode (e.g., piscivorous, benthophagous, planktivorous) to evaluate trophic 

differences. However, isotopic data for these three fish groups tended to overlap 

extensively in isospace within each region and were thus collapsed to reduce the 

number of sources in the mixing model.  

 

Sea Turtle Stable Isotope Ratios 
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Kemp’s ridley humerus bones utilized in this study were originally collected 

as whole front flippers from 153 turtles stranded dead along the U.S. Gulf and 

Atlantic Coasts between 1993 and 2015 by participants of the Sea Turtle Stranding 

and Salvage Network. At time of stranding, carapace length (notch to tip), calendar 

date, and stranding location (state, latitude, longitude) were recorded for each turtle. 

Body size way typically measured as straightline carapace length (SCL), but in cases 

where only curved carapace length was recorded measurements were converted to 

SCL following Avens et al. (2017). Prior to sampling, each humerus bone was 

cleaned of soft tissue using a knife and then boiled. To perform complementary 

growth and stable isotope analyses, two sequential 2–3 mm thick cross-sections were 

cut from each humerus bone distal to the site of the deltopectoral muscle insertion 

scar using a low-speed isomet saw (Buehler). One section was histologically 

processed using standard methods to reveal the annual growth layers contained within 

each bone and estimate sea turtle growth rates (see below), whereas the second was 

reserved for complementary stable isotope analysis.  

Methods for histologically processing sea turtle bones are detailed in Avens 

and Snover (2013) but are briefly outlined here. First, humerus bone sections were 

decalcified over multiple days using a fixative/decalcifier (Cal-Ex II or RDO). Then, 

bone sections were thin sectioned using a freezing-stage microtome or cryostat, 

stained using Ehrlich’s hematoxylin, and finally mounted onto microscope slides and 

digitally imaged. Two or three independent readers (among L. Avens, L. Goshe, M. 

Ramirez, and M. Snover) then analyzed the bone images to determine the number and 
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placement of lines of arrested growth (LAGs), which delimit the outer edges of each 

skeletal growth mark.  

To characterize resource use, ~1.5 mg of bone dust was milled from the most 

recently deposited growth layer of each sea turtle bone cross-section reserved for 

stable isotope analysis (ESI New Wave Research MicroMill). This time period 

represents the geochemical history within one year of death, dependent on individual 

stranding date. A 0.3 mm diameter carbide drill bit (Brasseler) was used in 

conjunction with transparencies of the digital skeletochronology images to guide 

precision drilling to a depth of £ 1.0 mm for each sample. Bulk bone dust samples 

were analyzed for δ13C and δ15N values via continuous-flow isotope-ratio mass 

spectrometry at the Oregon State University Stable Isotope Lab (Corvallis, OR). The 

system consists of a Carlo Erba NA1500 elemental analyzer interfaced with a 

DeltaPlusXL isotope-ratio mass spectrometer (Finnigan MAT, Bremen, Germany). 

The standards used for δ13C and δ15N were Vienna Pee Dee Belemnite (VPDB) and 

atmospheric N2, respectively. The internal standard IAEA-600 (Caffeine; isotopic 

composition of δ15N = 1.00 ‰) was calibrated at regular intervals and used to correct 

for instrument drift and linearity. Analytical precision was 0.08 ‰ for δ13C and 

0.05 ‰ δ15N. In addition to stable isotope ratios, %N and %C were calculated using 

mass 28 and mass 44 peak areas, respectively, with a precision of 0.55 % for %N and 

0.28 % for %C. C:N ratios (%C divided by %N) were below 3.5, characteristic of 

unaltered protein with low lipid content (Post et al. 2007). Following stable isotope 

analysis, bulk bone δ13C values were mathematically corrected to account for 
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carbonate-derived carbon as recommended by Turner Tomaszewicz et al. (2015). 

Using their approach, we developed a δ13C conversion equation (δ13Ccollagen = 0.975 * 

δ13Cbulk – 1.126, F1,42 = 550.1, p < 0.001, adjusted R2 = 0.93) that was used to 

mathematically correct bulk bone δ13C values (see Appendix B for details).  

We assumed that stranding location was reflective of recent foraging location 

based on two lines of evidence. First, while we did not know precise locations of 

death for turtles herein, conditions were likely favorable for short carcass drift 

distances. The majority of turtles included in our study stranded in the spring, 

summer, and fall when SSTs, and thereby decomposition rates, would have been 

relatively high (Higgins et al. 2007). Therefore, in order for stranding to occur before 

carcasses dissociated due to decomposition, drifts times and distances would have 

been necessarily low (~2–5 days, 15–30 km) (Nero et al. 2013, Santos et al. 2018). 

Second, Kemp’s ridleys display relatively high intra- and inter-annual site fidelity to 

nearshore, shallow (< 50 m depth) foraging areas (generally <1000 km2) that are well 

constrained spatially within our defined geographic regions (Renaud & Williams 

2005, Schmid & Witzell 2006, Shaver & Rubio 2008, Seney & Landry Jr 2011, 

Coleman et al. 2017). Therefore, turtles that stranded within each geographic area are 

likely to have been foraging within the same geographic area prior to death. As 

Kemp’s ridleys  have been occasionally documented migrating >1000 km in a single 

year (Renaud & Williams 2005), we acknowledge that some of our turtles may be 

misclassified geographically, particularly those that stranded near the edges of our 

pre-defined geographic areas.  
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Stable Isotope Mixing Model 

We implemented a Bayesian hierarchical mixing model using the MixSIAR 

package (v 3.1.10, Stock et al., 2018) in R (v 3.5.3, R Core Team, 2019) to estimate 

the proportional contribution of five prey groups (crustaceans, bivalves, gastropods, 

fish, macroalgae/seagrass) to Kemp’s ridley diets. MixSIAR uses Markov chain 

Monte Carlo (MCMC) procedures to estimate posterior probability distributions of 

plausible proportional contributions of prey groups to consumer diets (Moore & 

Semmens 2008), while accounting for uncertainty associated with trophic 

discrimination factors (Parnell et al. 2010), concentration dependence (Phillips & 

Koch 2002), fixed and random effects (Semmens et al. 2009), and variability in the 

predation process (i.e., error structure) (Parnell et al. 2010, Stock & Semmens 2016). 

Initial investigations using a hierarchical structure that nested individuals within 

regions in a single modeling framework failed to converge after running for multiple 

days due to model complexity and size. Therefore, we implemented separate mixing 

models for each region.  

To characterize inter- and intra-regional differences in diet composition, we 

implemented four mixing models for each region in a 2 x 2 factorial design that 

included one of two prior distributions (uninformative vs. informative prior; Figure 

B4) for each prey group and one of two model configurations (null model vs. 

individual random effect model). We first ran the models using uninformative priors 

that assumed a generalist diet and weighted prey groups equally (a = 1, 1, 1, 1, 1). 
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We then ran the model using an informative/specialist prior that weighted the prey 

group prior distributions using published diet composition data. Taking a weighted 

average of taxon-specific diet composition estimates from six Kemp’s ridley diet 

studies (Appendix B, Table B2), we constructed the informative priors assuming diet 

compositions (by mass) of 76.7% for crustaceans, 2.1% for bivalves, 2.1% for 

gastropods, 6.0% for fish, and 2.1% for macroalgae/seagrass. As recommended by 

Stock et al. (2018), the hyperparameters (a) for the informative priors were scaled to 

have a total weight equal to the number of sources (a = 4.31, 0.12, 0.12, 0.34, 0.12). 

Inter-regional diet variation was assessed using null models, whereas intra-regional 

diet variation was assessed using models that included individual as a random effect. 

In all models, the invertebrate prey groups were aggregated a posteriori (Phillips et 

al. 2005). All models included multiplicative error (process x residual error) and were 

run using the “extreme” MCMC settings (chain length = 3,000,000 iterations; burn-in 

= 1,500,000; posterior thinning = 500; 3 chains). Convergence was assessed using 

Gelman-Rubin (Rc < 1.01) and Geweke diagnostics (Geweke 1992, Gelman & Rubin 

1992). Most models that included an informative prior and individual random effects 

failed to converge with these settings. Convergence was achieved after re-running 

them using a chain length of 6,000,000 and burn-in of 3,000,000.  

Prior to model implementation all source and consumer δ13C values were 

corrected for the Suess Effect, the global decrease in atmospheric δ13C values driven 

by the combustion of fossil fuels over the past 150 years (Keeling et al. 1979, Francey 

et al. 1999). We followed Chamberlain et al. (2005) and Fox-Dobbs et al. (2007) in 
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applying a linear correction to standardize our data. To develop a δ13C correction 

factor we analyzed the atmospheric δ13C data for Maua Loa and La Jolla available on 

the Scripps CO2 Program website (http://scrippsco2.ucsd.edu) (Keeling et al. 2001), 

which indicated that atmospheric δ13C values declined by ~0.025 ‰ per year since 

1978. We used this rate of δ13C change to correct turtle and prey δ13C values to 

modern values (modern = 2016; i.e. δ13C data were lowered by 0.025 ‰ in 2015, 

0.050 ‰ in 2014, etc.). Concentrations of carbon and nitrogen for each prey group, 

derived from the literature (Appendix B, Table B3), were also included in the models 

to account for taxon-specific differences in digestibility (Phillips & Koch 2002).  

Stable isotope mixing models require estimates of tissue-diet trophic 

discrimination factors (TDFs; D)—the difference in isotopic ratios between 

consumers and their diet—to estimate the proportional contribution of different prey 

groups to consumer diets. As bone-diet TDFs have not been quantified for Kemp’s 

ridleys or other primarily carnivorous sea turtles, we used bone-diet TDFs estimated 

from dead, captive, juvenile green sea turtles (Chelonia mydas) (∆13C = 2.1 ± 0.6, 

∆15N = 5.1 ± 1.1) (Turner Tomaszewicz et al. 2017b). Although these turtles were 

maintained on omnivorous diets composed of ~56% animal matter (squid, shrimp, 

fish) and ~43% plant matter (lettuce) by weight, percent digestible N and C from 

animal protein was estimated to be 96.8% and 81.9%, respectively. Even though 

Bayesian stable isotope mixing models account for uncertainty in TDFs, their outputs 

are still highly sensitive to variation in TDFs (Bond & Diamond 2011). Given 

uncertainty in the bone-diet TDFs for sea turtles, we used a sensitivity analysis to 
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characterize the influence of varying TDFs on diet composition estimates that 

encompass the range of bone-diet TDFs reported for sea turtles and other animal 

species maintained on carnivorous diets (~2–6 ‰; e.g., Ambrose and DeNiro, 1986; 

Borrell et al., 2012; Cloyed et al., 2015; Fox-Dobbs et al., 2007; Hobson and Clark, 

1992; Kim et al., 2012; Matsubayashi et al., 2017; Webb et al., 2016).  

 

Somatic Growth Rates 

To examine the influence of sea turtle trophic ecology on somatic growth 

rates, we compared complementary diet composition data generated from the stable 

isotope mixed models with annual somatic growth rate data generated through 

skeletochronology for each stranded turtle. The somatic growth rate data presented 

herein are a combination of newly collected (n = 58 turtles stranded 2010–2015) and 

previously collected data (n = 95 turtles stranded 1993–2009) originally presented in 

Snover et al. (2007) and Avens et al. (2017). We followed Avens et al. (2017) to 

calculate growth rates for the newly processed turtles.  

First, for each histologically prepared bone cross-section, the diameter of each 

LAG and humerus section (HSD) were measured using image analysis software 

(Olympus Microsuite and cellSens). The body proportional hypothesis back-

calculation technique (BPH; Francis 1990) was then used to estimate SCL for every 

measurable LAG, adjusted for turtle–specific SCL and HSD at death (Snover & Hohn 

2004, Avens et al. 2017). Annual somatic growth rates were calculated by taking the 

difference between SCL estimates of successive LAGs. However, given LAGs are 
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deposited in the spring and we sampled turtles that died throughout the year, only 

73/153 turtles had true annual growth rate estimates.  

To extend the growth dataset we calculated marginal growth rates for the 36 

turtles that stranded between November and March by taking the difference between 

SCL at stranding and the SCL estimate of the most external LAG. While these 

marginal growth rates are necessarily minimum estimates of annual somatic growth, 

Kemp’s ridleys likely grow little during the boreal winter when temperatures are 

cooler and sea turtle metabolic rates and activity patterns are reduced (Balazs & 

Chaloupka 2004, Hochscheid et al. 2007, McMichael et al. 2008). Indeed, skeletal 

growth asymptotes in November (Snover & Hohn 2004). The 44 turtles that stranded 

between June and October were excluded from the growth analysis, highlighting a 

potential disconnect in data availability for linking sea turtle growth and diet that 

could be overcome in future analyses through targeted sampling of only turtles that 

stranded in the spring.   

To examine the influence of sea turtle trophic ecology on somatic growth 

rates, we implemented a series of Generalized Linear Models (GLMs) that included 

somatic growth as the response variable, age as a fixed effect, and either δ15N value 

or estimated diet composition as a fixed effect. Separate GLMs that included δ15N 

values as a fixed effect were implemented for each region, whereas GLMs that 

included estimated diet composition as a fixed effect were only implemented for 

regions with considerable intra-population variation in diet composition. Age was 

included in the model to account for ontogenetic effects on growth and diet. Age was 
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chosen over body size to account for ontogenetic effects as models that included age 

had consistently lower AIC values than models that included body size. All GLMs 

included a Gamma distribution and were implemented in R (version 3.5.3) using the 

mgcv package (Wood 2006, R Core Team 2019).  

 

Results 

 
Prey and Sea Turtle Stable Isotope Ratios 

 Prey δ13C and δ15N values were significantly different both within and among 

regions (Kruskal-Wallis rank sum tests: p < 0.05; see Table B4). Gastropod was the 

only prey group that did not exhibit significant regional differences in both stable 

isotopes examined, although differences in δ13C were evident. Despite this regional 

variation in isotopic composition within prey groups, the relative positioning of prey 

groups in bivariate isospace was similar for most groups (Figure 3.2). As expected, 

fish δ15N values were greater than the other prey groups in all cases, with mean 

values ranging between 10.64 and 14.63 ‰ (Table 3.2). Similarly, the 

macroalgae/seagrass group exhibited the lowest δ15N values (mean range 4.44 to 

7.86 ‰) and highest δ13C values of all prey groups (mean range −15.31 to 

−13.59 ‰), reflective of their position at the base of the food web. Bivalves, which 

tended to be sampled in closest proximity to coastlines and freshwater inputs, had the 

lowest δ13C values (mean range −23.63 to −19.59 ‰). Crabs and gastropods 

displayed the greatest variability in isospace positioning of the five prey groups but 

generally fell within the polygon formed by macroalgae/seagrass, bivalves, and fish 
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(Figure 3.2). Within regions, fish, crustaceans, bivalves, and macroalgae/seagrass 

differed statistically for at least one stable isotope (Wilcoxon rank sum tests: p < 0.05; 

see Table B5). However, gastropods tended to share isospace with at least one other 

prey group in each region, likely due in part to small sample sizes—gastropod stable 

isotope values are poorly represented in the primary literature (see Figure B1).  

Kemp’s ridley bone stable isotope values were generally constrained by the 

prey stable isotope data (Figure 3.2). Summary characteristics of bone growth layers 

sampled for stable isotope ratios are presented in Table 3.3. An analysis of variance 

on these data showed there was significant variation among regions for both δ13C 

(F4,148 = 11.68, P < 0.001) and δ15N (F4,148 = 129.19, P < 0.001) values. A post hoc 

Tukey test determined that turtle bone δ13C values were significantly lower in turtles 

stranded in the nGoM relative to all other regions (P < 0.05; Table B6), possibly a 

result of influences of the Mississippi River, as freshwater systems generally have 

distinctly lower δ13C values than marine systems (Fry & Sherr 1989). In addition, 

δ15N values were significantly higher in turtles from the wGoM and lower in turtles 

from the eGoM relative to all other regions (P < 0.05). Differences in δ15N values 

between turtles in the eGoM and other regions may be driven by regional differences 

in nitrogen cycling or trophic ecology. The West Florida Shelf is an area of high N2-

fixation due to the presence of the cyanobacteria Trichodesmium (Lenes et al. 2001, 

Mulholland et al. 2006, Vander Zanden et al. 2015), which reduces δ15N values 

(Montoya et al. 2002). Similarly, Kemp’s ridleys in southwest Florida are known to 

eat tunicates, a low trophic level marine species with characteristically low δ15N 
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values (Williams et al. 2014). Along the U.S. Atlantic Coast, δ15N values were 

significantly higher and less variable in turtles from Virginia relative to turtles in 

North Carolina, tracking differences in prey isotopic composition, which is possibly 

due to nutrient loading by anthropogenic activities in the Chesapeake Bay.    

 

Regional Variation in Diet Composition 

 We observed distinct regional differences in diet composition (% fish vs. % 

invertebrate vs. % macroalgae/seagrass) for Kemp’s ridleys (Figure 3.3, Table 3.4). 

Diet proportion estimates derived from mixing models that included both 

uninformative and informative priors indicated that Kemp’s ridley diets were 

dominated by invertebrates in the nGoM, North Carolina, and Virginia (65.6–97.7%). 

In contrast, diets in the wGoM and eGoM were more evenly divided between 

invertebrates (43.6–54.5 %) and fish (42.6–43.1 %) or invertebrates (43.5–53.6 %) 

and macroalgae/seagrass (42.4–47.8 %), respectively. As it is unlikely that Kemp’s 

ridleys would consume such high proportions of macroalgae/seagrass, the eGoM 

results likely reflect consumption of an isotopically similar basal resources, such as 

tunicates (~5.5 ‰; Williams et al., 2014), or reflect incorrect parameterization of the 

model. Within the wGoM and eGoM regions, individual variation in turtle diets was 

high for wGoM turtles but low for eGoM turtles. The proportional contribution of fish 

and invertebrates to individual wGoM turtle diets ranged between 12 and 60 % and 

36 and 85 %, respectively, whereas the proportional contribution of 
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macroalgae/seagrass and invertebrates to individual eGoM turtle diets ranged 

between 32 and 48 % and 49 and 63 %. 

In most cases, models that included uninformative priors estimated slightly 

greater contribution of fish and macroalgae/seagrass prey groups to Kemp’s ridley 

diets relative to models with informative priors. However, posterior distributions and 

95% credible intervals overlapped extensively between each set of models (Figures 

3.3, B5). Larger differences between these model sets were evident in the pre-

aggregated invertebrate data, where mixing models with uninformative priors 

estimated more even contribution of crustaceans, bivalves, and gastropods to Kemp’s 

ridley diets relative to models with the informative priors (Figure B6).  

As expected for Bayesian stable isotope mixing models (Bond & Diamond 

2011), sensitivity analyses performed on the null mixing model with informative 

priors for wGoM turtles showed that changes in diet-bone TDFs affected estimated 

contribution of prey groups to Kemp’s ridley diets (Figure B6). Specifically, the 

median estimated proportional contribution of fish and invertebrate prey to wGoM 

turtle diets was highly sensitive to changes in D15N but less sensitive to changes in 

D13C, unsurprising given that these prey groups primarily differ in δ15N values 

(Figure 3.2). Diet estimates within one standard deviation of the D15N mean ranged 

between 7.9 and 66.9 % for fish and 30.7 and 79.2 % for invertebrates, whereas 

estimates within one standard deviation of the D13C mean ranged between 35.7.and 

45.4 % for fish and 41.7 and 62.6 % for invertebrates. Mixing model estimates for 

proportional contribution of individual invertebrate groups to turtle diets displayed 
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greater sensitivity to changes in D13C values. Bivalve and gastropod estimates were in 

fact more sensitive to changes in D13C than D15N, although their relative contribution 

to turtle diets remained low within one standard deviation of the mean D13C value (0–

7.4 % for bivalve, 0–11.9 % for gastropod). Crustacean estimates were equally 

sensitive to both changes in D13C and D15N values, with bivariate changes in both 

TDFs resulting in estimates ranging from 19.5 to 90.7 %. 

 

Diet Composition and Somatic Growth Rates 

 After controlling for the influence of age on somatic growth rates, our GLMs 

revealed no significant relationships between δ15N values and somatic growth rates 

across most regions (Table 3.5, Figure 3.4). The only exception was for nGoM turtles, 

where there was a weakly negative relationship between δ15N values and somatic 

growth rates (P = 0.07). This negative trend was still evident when marginal growth 

rates were excluded from the analysis, but the relationship became non-significant (P 

= 0.11). When marginal growth rates were excluded, trends across the other regions 

remained the same, exhibiting a shallow, non-significant decline in somatic growth 

rates with increasing δ15N values. These patterns were counter to our expectation of 

higher growth rate with diets of higher δ15N (i.e., foraging higher in food web), and 

could indicate that turtles consume proportional higher amount of fish bycatch might 

actually have lower growth rates than those feeding primarily on invertebrates, or that 

physiological processes related to changes in size/age are influencing δ15N values. In 

nGoM and VA turtles, δ15N values and age exhibit a weakly positive relationship 
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(Figure 3.4). However, across all regions, turtles with the highest δ15N values tended 

to span a wide range of ages, suggesting that larger/older turtles are generally not any 

more likely than smaller/younger turtles to feed higher in the food web. 

Given the low intra-regional variation in diet composition for most regions, 

we only examined relationships between estimated diet composition and growth rates 

for turtles from the wGoM (Figure 3.5). For these turtles, growth rates were not 

strongly related to the proportion of fish in turtle diets (P = 0.20). Again, a shallow, 

non-significant, negative trend was evident in this relationship that did not change 

following exclusion of marginal growth rates from the analysis. Similar to covariate 

relationships with δ15N values, the proportional contribution of fish was not strongly 

related to age (Figure 3.5). 

 

Discussion 

 Our findings provide important novel insights into within population diet and 

growth variation for Kemp’s ridley sea turtles. Through an integration of multiple 

skeletal analyses, we provide the first population-level evaluation of Kemp’s ridley 

diet composition and investigation into the relationship between individual foraging 

ecology and somatic growth. Our stable isotope mixing model revealed strong 

regional differences in the proportional contribution of prey to turtle diets that 

generally supported findings based on published gut and fecal content studies. We 

specifically observed greater contribution of fish to turtle diets in the western GoM 

and greater contribution of macroalgae/seagrass—or other isotopically similar basal 



   
 

 

 
 
 
  77 

resources—to turtle diets in the eastern GoM, whereas invertebrates dominated turtle 

diets in other regions. Through comparative analyses of somatic growth, stable 

isotope, and mixing model-derived diet composition estimates, we found that 

individual Kemp’s ridley somatic growth rates were generally poorly correlated with 

stable isotope-based evidence of turtle trophic ecology within regions. Turtles that 

foraged higher in the food web did not grow faster and were not older/larger than 

conspecifics foraging lower in the food web. Interestingly, we observed declines in 

Kemp’s ridley growth rates with increasing δ15N values, a common measure of 

foraging trophic level, that were independent of ontogenetic growth effects, with the 

strongest evidence of this trend in turtles that stranded in the northern GoM.  

 

Regional Diet Variation  

 Kemp’s ridleys are opportunistic foragers, naturally feeding on a wide range 

of invertebrate species (Shaver 1991). A variety of crab species generally constitute > 

75 % of total dietary dry mass, whereas molluscs and vegetation generally make up < 

5–10 % (Shaver 1991, Burke et al. 1993, 1994, Seney & Musick 2005, Servis et al. 

2015, Schmid & Tucker 2018). In the western and northern GoM, significant 

contributions of shrimp and fish to Kemp’s ridley diets have also been observed, with 

fish comprising up to 13.7% of total diet dry mass (Werner 1994) and reported in 

40.1 to 76.1% of stranded turtle gastrointestinal tracts in the western GoM (Cannon 

1998, Stacy 2015). Fish prey are most likely obtained as discarded bycatch or bait 

from fisheries given that Kemp’s ridleys  are thought to lack the speed to catch these 
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species live (Shoop & Ruckdeschel 1982, National Research Council 1990). This 

conclusion is supported by the co-occurrence of Nassarius species—molluscs that 

scavenge dead animal tissues—in turtle stomachs that also contain fish (Shaver 1991, 

Bjorndal 1997). In contrast, fish are an uncommon prey item for Kemp’s ridleys  

along the U.S. Atlantic Coast, occurring in only 16.7% of sampled turtles from 

Virginia and in none of the sampled turtles from New York (Burke et al. 1993, 1994, 

Seney & Musick 2005).  

Results of our Bayesian isotope mixing model largely follow these patterns, 

with invertebrates comprising 68.5–97.7 % of turtle diets along the U.S. Atlantic 

Coast but smaller and more variable proportions within the GoM. In the western 

GoM, where shrimp fishing effort is relatively high (Scott-Denton et al. 2012), we 

estimated the population-level contribution of fish to turtle diets was 42.6–43.1 %. 

The similarity in posterior distribution estimates for models with informative and 

uninformative priors suggests our stable isotope data were highly informative and that 

these estimates are relatively robust (Moore & Semmens 2008). Kemp’s ridleys 

display remarkable plasticity in diet that appears largely driven by local availability 

rather than preferences for specific prey species (Bjorndal 1997). Importantly, even 

with the implementation of bycatch reduction devices, shrimp fishery discards are 

high in the GoM, accounting for ~50 % of total U.S. fishery discards (Diamond 2004, 

Harrington et al. 2005a, Scott et al. 2012). It is thus probable that consumption of fish 

bycatch discarded by shrimp trawlers is a facultative response to local availability in 

addition to ease of acquisition. 
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Diet estimates for turtles in the northern GoM were similar to those for turtles 

along the U.S. Atlantic Coast, with estimated contributions of invertebrates to diets 

ranging between 65.6 and 94.2 %. These results were unexpected given our 

hypothesis regarding the spatial relationship between shrimp trawl activity and fish 

consumption, and contrast with recent necropsy results for the region (Stacy 2015). 

This may be due to spatial differences in prey availability. For example, blue crab 

landings in Louisiana represent > 75 % of all landings in the Gulf of Mexico, whereas 

those in Texas comprise only 7 % (GSFMC 2015). Therefore, even if substantial fish 

discards are present, availability of natural resources may be sufficient to support 

Kemp’s ridleys in the northern GoM. In addition, non-shrimp crustaceans and 

invertebrates constitute ~10 % of bycatch in GoM shrimp trawl fisheries and thus 

may be selectively consumed by turtles (Scott-Denton et al. 2012). The negligible 

estimated contribution of fish to northern GoM turtle diets may also be due to the 

close proximity of fish and crustaceans in isospace for this region (Figure 3.2). 

Mixing models require sources to be sufficiently separated in order for the model to 

be able to differentiate them (Parnell et al. 2013). It is thus possible that fish do 

contribute more to Kemp’s ridley diets than our mixing models indicate for this 

region. Further refinement of the prey stable isotope data to more accurately reflect 

both fish (species and size) and invertebrate species consumed by Kemp’s ridley may 

improve mixing model-derived diet estimations for this and other regions.  
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Within the eastern GoM, we estimated Kemp’s ridley diets primarily comprise 

invertebrates (43.5–53.6 %) and macroalgae/seagrass (42.4–47.8 %). These results do 

not align with the current understanding of Kemp’s ridley diet composition and are 

likely due to two factors. First, the invertebrate prey groups in the eastern GoM are 

the most clustered in isospace relative to other regions, with δ13C values for 

crustaceans and gastropods being particularly low (Figure 3.2). This, combined with 

slightly higher turtle δ13C values in this region, resulted in the largest isotopic 

mismatch between invertebrates and turtles of all regions after accounting for trophic 

enrichment. It is possible that the prey data included in our mixing model did not 

accurately reflect those prey groups or turtle diets in this region. Such a δ13C 

mismatch could arise if the eastern GoM crustaceans and gastropods included in our 

study derived a greater proportion of their carbon from terrestrial sources relative to 

the other regions (Michener & Schell 1994). Second, it is also possible that our 

mixing model is missing a key prey source. Notably, tunicates are thought to be an 

important prey source for Kemp’s ridleys in southwest Florida, occurring in 83.3 % 

of fecal samples and constituting 38.6 % of fecal dry mass (n = 64 turtles; Witzell and 

Schmid, 2005). A dearth of tunicate stable isotope data prevented their inclusion in 

our mixing models. However, two tunicates sampled in Saint Joseph’s Bay, Florida, 

had observed δ15N values of 5.51 and 5.56 ‰ and δ13C values of −12.72 and 

−12.78 ‰ (Williams et al. 2014), which fall within the range of seagrass and 

macroalgae stable isotope values included in our study. Therefore, our results may in 
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fact reflect consumption of this or another similar live bottom resource rather than 

macroalgae/seagrass.  

These results illustrate important limitations of Bayesian stable isotope mixing 

models. Because dietary proportions must sum to one, uncertainty in stable isotope 

estimates for a single source can bias dietary proportion estimates for all sources 

(Parnell et al. 2013, Phillips et al. 2014). Such issues are compounded if source diet 

estimates are highly correlated, an unavoidable and common problem for stable 

isotope mixing models (Parnell et al. 2013, Chiaradia et al. 2014, deVries et al. 2016). 

Indeed, we observed high negative correlations between posterior proportion 

estimates of fish and crustaceans (−0.94) in the western GoM and between 

crustaceans and macroalgae/seagrass (−0.79) in the eastern GoM for the models that 

included informative priors, indicating that it was difficult for the model to 

differentiate between these pairs of sources due to their inverse relationship (Parnell 

et al. 2010). Nevertheless, concordance between estimated dietary proportions 

between the models with the informative and uninformative priors, the latter of which 

had much lower source correlations (−0.23, −0.25) for these pairs of sources, may 

indicate these estimates are well-supported, given the available data. Future analyses 

that compare gut content data and estimated diet composition from stable isotope 

mixing models for individual stranded turtles would aid interpretation of stable 

isotope data and our understanding of Kemp’s ridley diet variation. 

While isotopic mixing models have greatly advanced our abilities to discern 

diets from isotopic data, their utility and accuracy still rely on substantial ecological 
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knowledge for proper parameterization—these models will always attempt to fit the 

data, even if the consumers fall outside the mixing space (Phillips & Koch 2002, 

Parnell et al. 2010). Given the spatiotemporal scale of this study it was necessary to 

rely on prey isotopic data from the primary literature, which may have inserted 

certain biases into the analysis. We ameliorated temporal effects to the best of our 

abilities by using time-corrected δ13C values. However, it was not possible to 

overcome spatial biases in sample collection and as a result these may represent the 

greatest source of bias in our analysis. Kemp’s ridley sea turtles forage in a wide 

range of shallow, benthic marine habitats, including a substantial part of the 

continental shelf (Shaver et al. 2013, Hart et al. 2018a). Unfortunately, few studies 

have characterized invertebrate stable isotope values for continental shelf habitats 

resulting in greater prevalence of estuarine and coastal organisms in our prey isotopic 

dataset. Given the growing application of stable isotopes to the study of sea turtle 

foraging and spatial ecology (Pearson et al. 2017, Figgener et al. 2019), quantifying 

means and variances in known prey stable isotope values across sea turtle ranges 

should be a high-priority research area. Future analyses using compound-specific 

isotope analysis of amino acids, which can more accurately estimate consumer 

trophic position, may also greatly aid in understanding diet variation in sea turtles 

(Evershed et al. 2007, McMahon & Newsome 2018).  

 

Trophic Ecology and Somatic Growth Dynamics 
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 The lack of strong relationships between bone δ15N values, mixing model-

derived diet composition estimates, and somatic growth rates suggests that within-

population variation in diet composition may not be a primary determinant of Kemp’s 

ridley somatic growth variation, and that diet composition may not be a strong driver 

of the regional (Atlantic vs. GoM) somatic growth differences observed in this 

species. A suite of environmental factors has been suggested to explain variance in 

sea turtle somatic rates, including temperature (Bjorndal et al. 2003, Balazs & 

Chaloupka 2004), density-dependence (Bjorndal et al. 2000, Balazs & Chaloupka 

2004), prey dynamics (Balazs 1982, Chaloupka et al. 2004), diet quality (McDermid 

et al. 2007, Peckham et al. 2011), and individual behavior (Wallace et al. 2009, 

Hatase et al. 2010). However, investigations into relationships between sea turtle 

trophic ecology and growth have largely been correlative given the highly migratory 

life history and conservation status of sea turtles. Wallace et al. (2009) provides the 

only other comparison of sea turtle trophic ecology and somatic growth where they 

compared blood plasma δ15N and δ13C values with growth rates of recaptured 

loggerhead turtles from North Carolina, USA. They found no strong relationships 

between these covariates, theorizing intra-population growth variation may instead be 

due to alternative habitat use (coastal vs. oceanic habitat) (McClellan & Read 2007). 

However, recent research suggests δ15N values can be used to distinguish between 

these alternative foraging strategies (McClellan et al. 2010, Snover et al. 2010, Avens 

et al. 2013, Goodman Hall et al. 2015, Ramirez et al. 2015), suggesting that perhaps 

other factors underlie the observed variability in growth.   
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Surprisingly, our results suggest that turtles foraging at higher trophic levels 

may in fact exhibit lower growth rates than conspecifics foraging at lower trophic 

levels. Given that fish generally have higher energy densities than invertebrates 

(Doyle et al. 2007, Peckham et al. 2011, Schaafsma et al. 2018), these findings may 

indicate that energy expended to search for and consume fish (discards) exceeds 

energy gains of utilizing this resource or that Kemp’s ridley sea turtles are not well 

adapted to consume fish. Although previous studies suggest fish and crabs have 

similar digestibilites (e.g., feeding experiments in fish species; Tibbetts et al., 2006; 

Williams et al., 2014), our understanding of sea turtle food digestion is poor for 

omnivorous species (Bjorndal 1997). As fish are not considered to be a natural prey 

item for sea turtles, it is plausible that fish may be less digestible than crabs due to 

evolutionary constraints. Similarly, our analysis does not shed light on the total 

amount of prey consumed, only relative contributions of different prey groups. 

Therefore, turtles consuming proportionally greater amounts of fish, but lower 

amounts of food overall may have relatively low growth rates but high δ15N values. 

However, it is also possible that the conditions that cause Kemp’s ridleys to 

consume fish also contribute to reduced growth rates. If Kemp’s ridleys consume fish 

due to low natural prey availability or poor condition, turtles may be nutritionally 

stressed which would lead to reduced growth rates. What’s more, nutritionally 

stressed animals tend to have higher δ15N tissue values because they catabolize their 

own tissues for energy. Given the retrospective nature of our study, we were not able 

to evaluate the nutritional condition at stranding for the turtles we sampled. However, 
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necropsies of Kemp’s ridleys stranded in the northern GoM (Louisiana, Mississippi, 

Alabama) between 2010 and 2014 suggest there was a decline in stranded turtle 

nutritional condition during this period (Stacy 2015). As all but one of the northern 

GoM humerus bones we sampled were from turtles stranded between 2010 and 2014, 

the apparent decline in growth rates with increasing δ15N values for this region may 

relate to a decline in nutritional condition. Future studies combining stranded turtle 

nutritional assays, skeletochronology, and stable isotope analyses would greatly aid in 

identifying factors underpinning the observed growth patterns. Additionally, 

applications of stable isotope mixing models to Kemp’s ridleys at smaller spatial 

scales using greater taxonomic specificity for prey groupings would also be 

informative (e.g., Goodman Hall et al., 2015; Lemons et al., 2011; Wallace et al., 

2009).  

An important source of uncertainty in our growth analysis is the potential 

influence of growth rates on isotopic signatures and TDFs. For juvenile loggerhead 

sea turtles (Caretta caretta), somatic growth can explain up to half of the total rate of 

isotopic incorporation into blood, skin, and scute tissues, and likely explains age-

related differences in nitrogen TDFs (Reich et al. 2008). Indeed, multiple studies have 

demonstrated that faster growth can reduce ∆15N values because nitrogen input 

greatly exceeds nitrogen loss—more 14N is retained in the body which lowers δ15N 

values and reduces isotopic differences between consumers and their prey (Fuller et 

al. 2004, Martinez del Rio & Wolf 2005, Reich et al. 2008, Kurle et al. 2014). Such 

physiological effects, if not accounted for in stable isotope-based studies, can lead to 
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spurious conclusions, particularly in species with distinct ontogenetic changes in size 

and growth (Villamarín et al. 2018). For our study, a growth-induced decline in ∆15N 

values may have caused us to underestimate the proportional contribution of fish to 

turtle diets for faster growing individuals. In contrast, diets high in animal-derived 

proteins typically lead to higher ∆15N values for consumers (Vander Zanden et al. 

2012, Kurle et al. 2014, Turner Tomaszewicz et al. 2017b). A diet-induced increase in 

∆15N would therefore potentially have the opposite effect as growth on TDFs, causing 

an overestimation of the proportional contribution of fish to turtle diets for individuals 

that forage higher in the food web. Given the sensitivity of our results to changes in 

∆15N values, more studies are needed that characterize isotopic routing in sea turtles 

and effects of diet type and physiology on TDFs.  

 

Conclusions 

 The integration of skeletal growth and stable isotope analysis provides a 

powerful tool to reconstruct sea turtle trophic ecology while simultaneously 

investigating relationships between diet and somatic growth. Using this approach, we 

elucidated substantial regional variation in Kemp’s ridley diet composition that 

largely follows the combined results of the myriad of site-specific studies on Kemp’s 

ridley foraging ecology. This study also provides one of the few quantitative 

assessments of the relationship between sea turtle trophic ecology and somatic 

growth. Our analysis further highlights the unique importance of salvaged turtles to 

investigating intractable questions in sea turtle ecology. 
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Table 3.1. Summary of literature review for Kemp’s ridley sea turtle prey species 
included in the mixing model. See Table B1 for full dataset. 
 

Prey groups Taxonomic family (Common name, n*) Counts* by region 

Gulf of Mexico Atlantic 

W N E S N 

Crustacean/ 
Chelicerate 

 28 48 26 15 10 

  Horseshoe crab Limulidae (horseshoe crabs, 4) 0 1 0 2 1 
  Crab Portunidae (swimming crabs, 43), Panopeidae (mud 

crabs, 14), Epialtidae (spider crabs, 5), Menippidae 
(stone crabs, 4), Diogenidae (hermit crabs, 3), Aethridae 
(box crabs, 1), Paguridae (hermit crabs, 1), Multiple** 
(1) 

13 26 17 9 7 

  Shrimp Penaeidae (Penaeid shrimp, 48), Squillidae (Mantis 
shrimp, 3) 

15 21 9 4 2 

Bivalve Ostreidae (Eastern oyster, 29), Mytilidae (mussels, 23), 
Veneridae (venus clams, 7), Mactridae (Atlantic rangia, 
5), Tellinidae (tellin clams, 4), Arcidae (ark clam, 2), 
Pectinidae (scallops, 2)  

15 27 12 13 5 

Gastropod Littorinidae (periwinkles, 18), Melongenidae (Crown 
conch, 3), Muricidae (murix snails, 3), Nassariidae 
(Nass mud snails, 3), Naticidae (Atlantic moon snail, 3), 
Busyconidae (whelks, 2), Calyptraeidae (slipper snail, 
2), Cerithiidae (ceriths, 2), Columbellidae (dove snails, 
2), Buccinidae (Tinted cantharus, 1), Neritidae (Olive 
nerite, 1), Potamididae (Ladder horn snail, 1), 
Turbinidae (West Indian starsnail, 1) 

3 19 6 12 2 

Fish Sciaenidae (croaker and weakfish, 75), Sparidae (porgy 
and pinfish, 29), Engraulidae (anchovy, 23), Mugilidae 
(mullet, 20), Clupeidae (menhaden and herring, 18), 
Ariidae (sea catfish, 17), Paralichthyidae (flounder, 17), 
Haemulidae (grunt, 4), Phycidae (spotted hake, 3), 
Synodontidae (inshore lizardfish, 3), Achiridae (sole, 2), 
Pomatomidae (bluefish, 2), Triglidae (searobins, 2), 
Carangidae (round scad, 1) 

42 52 86 20 16 

Macroalgae/ 
Seagrass 

 25 11 35 11 13 

  Seagrass Cymodoceaceae (shoal and manatee grass, 20), 
Hydrocharitaceae (turtlegrass, 18), Zosteraceae 
(Common eelgrass, 5), Multiple** (4), Unidentified (1) 

14 3 25 3 3 

  Macroalgae Ulvaceae (Sea lettuce, 13), Unidentified (8), 
Gracilariaceae (red algae, 6), Multiple** (5), 
Cladophoraceae (green algae, 2), Codiaceae (Green sea 
fingers, 2), Dictyotaceae (brown algae, 2), Gelidiaceae 
(red algae, 2), Solieriaceae (red algae, 2), Ceramiaceae 
(red algae, 1),  Ectocarpaceae (brown algae, 1), 
Fucaceae (bladder wrack, 1), Halymeniaceae (red algae, 
1), Wrangeliaceae (red algae, 1) 

11 8 10 8 10 

*Number of species-specific isotopic values identified in the primary literature. **Mean composite of samples from 

multiple families. 
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Table 3.2. Mean ± SD δ13C and δ15N values for potential prey groups by geographic 
region.  
 

Prey Group δ13C (‰) δ15N (‰) 
nmeans ntotal Mean ± SD nmeans ntotal Mean ± SD 

western GoM       
   Crustacean 28   318 −18.37 ± 1.32 27   317   9.68 ± 1.33 
   Bivalve 14   165 −22.74 ± 1.70 15   262   9.65 ± 1.13 
   Gastropod   3     11 −14.81 ± 0.78   2       6   8.95 ± 0.35 
   Fish 42   311 −17.40 ± 1.44 33   274 12.64 ± 1.42 
   Macroalgae/Seagrass 25   153 −14.56 ± 2.11 24   93   6.43 ± 1.84 
northern GoM       
   Crustacean 48 1545 −18.67 ± 1.59 44 1517 10.89 ± 1.14 
   Bivalve 25   247 −23.63 ± 0.92 18   242   7.75 ± 0.66 
   Gastropod 19   478 −18.00 ± 0.74 15   461   9.36 ± 0.26 
   Fish 52 1334 −19.84 ± 1.13 52 1295 11.93 ± 0.79 
   Macroalgae/Seagrass 11     57 −15.31 ± 1.18 11     57   6.94 ± 0.94 
eastern GoM       
   Crustacean 26   570 −19.58 ± 1.92 22   544   6.88 ± 0.97 
   Bivalve 12   301 −22.40 ± 0.75   7   258   6.51 ± 0.36 
   Gastropod   6     30 −19.24 ± 1.94   5     29   6.49 ± 0.83 
   Fish 86 1679 −17.91 ± 1.22 65 1571 10.64 ± 1.09 
   Macroalgae/Seagrass 29   243 −14.57 ± 2.18 30   779   4.44 ± 1.37 
North Carolina       
   Crustacean 15   141 −17.68 ± 0.96 15   141 10.00 ± 0.85 
   Bivalve 13     45 −19.98 ± 0.35   6     35   7.62 ± 0.25 
   Gastropod 12     40 −16.81 ± 1.25   6     23   6.32 ± 0.61 
   Fish 17   206 −18.33 ± 0.98 17   208 11.98 ± 0.91 
   Macroalgae/Seagrass 11     35 −14.70 ± 0.61   5     14   4.81 ± 1.32 
Virginia         
   Crustacean 10     62 −16.43 ± 0.63   8     50 11.34 ± 0.98 
   Bivalve   5     97 −19.59 ± 0.98   5     97   9.84 ± 0.78 
   Gastropod   2       6 −16.21 ± 0.64   2       6   9.83 ± 0.54 
   Fish 16   318 −18.42 ± 1.33 11   258 14.63 ± 0.89 
   Macroalgae/Seagrass 13     94 −13.59 ± 1.51 13     94   7.86 ± 1.13 

Mean ± SD is the simple mean and pooled SD of species-specific isotopic values collated from referenced studies. 

nmeans is the number of mean values included in each δ13C and δ15N estimates. ntotal is total number of prey items 

sampled in referenced studies. Values are uncorrected for trophic discrimination factors. See Table B1 for source 

list and complete prey stable isotope dataset resulting from the literature review.  
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Table 3.3. Summary characteristics for Kemp’s ridley sea turtle bone growth layers 
sampled for stable isotope analysis. Only the most recently deposited growth layer 
was sampled for each turtle bone. 
 

Values reported are mean ± SD (min, max). Only the most external growth layers were sampled 

for each turtle. SCL is straightline carapace length (notch to tip) at stranding. Year is calendar 

year at start of growth layer sampled. δ13Ccor are corrected for carbonate carbon and the Suess 

effect. Reported %C and %N are for all sampled growth layers.  

 

  

Geographic 
region 

n SCL (cm) Year range δ13Ccor (‰) δ13N (‰) %C %N 

western GoM 44 41.5 ± 8.1 
(27.8, 58.9) 

1999, 2012 −15.6 ± 0.8 
(−17.6, −13.7) 

16.3 ± 2.0 
(10.9, 19.8) 

13.8 ± 0.8 4.5 ± 0.3 

northern GoM 28 42.7 ± 8.6  
(25.7, 61.8) 

1992, 2014 −17.1 ± 1.0 
(−19.3, −15.0) 

14.8 ± 1.7 
(11.4, 17.7) 

  

eastern GoM 24 43.3 ± 8.0 
(26.5, 56.3) 

1999, 2013 −15.1 ± 1.6 
(−19.6, −12.3) 

12.0 ± 1.1 
(10.7, 14.4) 

  

North Carolina 32 40.0 ± 7.7  
(27.5, 59.6) 

1997, 2012 −16.2 ± 1.5 
(−19.1, −13.4) 

13.9 ± 1.7 
(11.2, 17.8) 

  

Virginia 25 43.7 ± 5.9  
(29.9, 53.1) 

1998, 2012 −15.3 ± 1.2 
(−17.5, −13.5) 

15.7 ± 1.4 
(11.2, 17.3) 
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Table 3.4. Median (95% CI) posterior Bayesian mixing model estimates of diet 
proportion by geographic region for Kemp’s ridley sea turtles (n = 153).  
 

Geographic 
region  

Informative prior Uninformative prior 
Invert (%) Fish (%) Macroalgae/ 

Seagrass (%) 
Invert (%) Fish (%) Macroalgae/ 

Seagrass (%) 

western GoM  
(n = 44) 

54.5 
(35.5, 76.6) 

43.1 
(21.2, 62.7) 

0.1 
(0.0, 15.7) 

43.6 
(23.7, 64.6) 

42.6 
(25.6, 61.5) 

11.8 
(0.7, 34.3) 

northern GoM  
(n = 28) 

94.2 
(60.0, 100.0) 

1.5 
(0.0, 21.7) 

0.5 
(0.0, 32.3) 

65.6 
(34.9, 91.1) 

16.0 
(1.3, 35.6) 

17.7 
(1.1, 40.9) 

eastern GoM  
(n = 24) 

53.6 
(36.5, 79.6) 

3.0 
(0.0, 13.3) 

42.4 
(16.7, 58.1) 

43.5 
(25.6, 68.4) 

8.6 
(1.5, 17.0) 

47.8 
(23.3, 64.8) 

North Carolina 
(n = 32) 

96.6 
(73.6, 100.0) 

1.3 
(0.0, 17.4) 

0.1 
(00.0, 19.7) 

68.5 
(46.0, 91.0) 

18.4 
(2.1, 35.3) 

12.1 
(0.7, 31.0) 

Virginia 
(n = 25) 

97.7 
(80.3, 100.0) 

1.0 
(0.0, 13.1) 

0.0 
(0.0, 14.7) 

77.5 
(52.3, 94.7) 

9.5 
(0.8, 22.3) 

12.1 
(0.6, 34.9) 

The uninformative prior is constructed from the Dirichlet Bayesian prior whereas the informative 

prior is constructed from diet proportions published in the primary literature (see Table B2).  
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Table 3.5. Summary of statistical output for Generalized Linear Models used to 
evaluate the influence of diet on Kemp’s ridley sea turtle annual growth rates. (A) 
Comparison of δ15N values and growth rates across all regions. (B) Comparison of 
median percent of fish in diet (pFish) on growth rates for western GoM turtles only. 
 

Model N AIC Var Est SE t Pr>|t| 

(A)  Growth ~ δ15N + Age 

   wGoM 38 186.11 δ15N –0.03 0.03 –0.741   0.463 

   Age –0.11 0.03 –4.234 <0.001 

   nGoM 20   83.93 δ15N –0.10 0.05 –1.902   0.074 

   Age –0.07 0.04 –1.753   0.098 

   eGoM 16   83.23 δ15N   0.00 0.12   0.038   0.971 

   Age –0.11 0.08 –1.397   0.186 

   NC 18   65.90 δ15N –0.04 0.03 –1.273   0.222 

   Age –0.09 0.02 –4.410 <0.001 

   VA 17   59.31 δ15N –0.06 0.04 –1.465   0.165 

   Age –0.04 0.04 –1.196   0.252 

(A)  Growth ~ pFish + Age 

   wGoM 38 185.04 pFish –0.68 0.53 –1.295   0.204 

   Age –0.11 0.03 –4.364 <0.001 
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Figure 3.1. Map of Kemp’s ridley sea turtle stranding locations for the humerus bones 
used in this study and geographic breakpoints used to cluster turtles and prey groups. 
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Figure 3.2. Biplots of δ13C and δ15N values for Kemp’s ridley sea turtles (open 
circles) and their potential prey groups (mean ± SD) by geographic region.  
Turtle sample sizes are presented at the top of each plot. Data are for the most 
recently deposited growth layer prior to death only. Prey values are corrected for 
trophic discrimination factors (∆13C = 2.1 ‰, ∆15N = 5.1 ‰; see Table 3.2 for 
uncorrected values). 
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Figure 3.3. Proportional contribution of each prey group to Kemp’s ridley sea turtle 
diets by geographic region based on MixSIAR models that included an informative 
prior constructed from published diet proportion data and an uninformative prior that 
assigned equal probability to all prey groups. Invertebrate prey groups (crustacean, 
bivalve, gastropod) were aggregated a posteriori. Lines in boxes are medians, boxes 
are 50% credible intervals, error bars are 95% credible intervals. See Table 3.4 for 
samples sizes, medians, and credible interval values. 
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Figure 3.4. Generalized Linear Model results examining the relationships between 
annual Kemp’s ridley sea turtle growth rates and δ15N values, and age and δ15N 
values, for individual turtles by geographic region. Data are for the most recently 
deposited growth layer prior to death only. Closed circles are true annual growth rates 
(i.e., turtle stranded in spring, yielding a complete growth interval). Open circles are 
estimated annual growth rates for turtles that stranded during the winter (Nov–Mar); 
we assumed that annual skeletal growth asymptotes in November (see Somatic 

Growth and Diet Composition in Materials and Methods).  
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Figure 3.5. Generalized Linear Model results examining the relationship between 
annual Kemp’s ridley sea turtle growth rates and proportional contribution of fish to 
western Gulf of Mexico turtle diets. Diet estimates are derived from a stable isotope 
mixing model that included informative priors. Data are for the most recently 
deposited growth layer prior to death only. Closed circles are true annual growth rates 
(i.e., turtle stranded in spring, yielding a complete growth interval). Open circles are 
estimated annual growth rates for turtles that stranded during the winter (Nov–Mar); 
we assumed that annual skeletal growth asymptotes in November (see Somatic 

Growth and Diet Composition in Materials and Methods). 
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Abstract 

Understanding population structure and connectivity is central to effective 

conservation and management of mobile marine species. The critically endangered 

Kemp’s ridley sea turtle (Lepidochelys kempii) inhabits multiple marine habitats 

throughout the western North Atlantic Ocean but is primarily distributed between 

Gulf of Mexico (GoM) and U.S. Atlantic Coast habitats during the juvenile and 

subadult life stages. Importantly, turtles rearing in these two areas have different vital 

rates—Kemp’s ridleys residing in the Atlantic grow slower than conspecifics residing 

in the GoM. However, quantifying migratory connectivity between these two 

geographic areas has been challenging. Intrinsic geochemical markers (e.g., trace 

elements, stable isotopes) contained within animal tissues are natural recorders of 

habitat use and migrations over various spatial scales. Here we investigate the ability 

of complementary trace element, lead (Pb) stable isotope, and growth rate analyses to 

discriminate regional neritic habitat use of juvenile Kemp’s ridleys using the humerus 

bones of dead stranded turtles (n = 83). Cross-validated quadratic discriminant 

analyses determined that somatic growth rates in conjunction with Sr:Ca, Cu:Ca, 

Ba:Ca, Mg:Ca, and Zn:Ca could classify stranded turtles to geographic region of 

stranding (Atlantic vs. Gulf of Mexico) with 79.5 % accuracy. Furthermore, quadratic 

discriminant analyses that included Pb isotopes showed that 208Pb:206Pb alone could 

accurately classify turtles with 94.1 % accuracy. These results suggest that Pb stable 

isotopes and somatic growth rates may provide a useful tool for assessing regional 
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habitat use and population connectivity in this and other sea turtle species within the 

western North Atlantic Ocean. 

 

Introduction 

 Understanding when and where endangered species occur is fundamental to 

their protection as it allows for accurate risk assessment and effective conservation 

planning (Crooks & Sanjayan 2006). This is particularly true for highly migratory, 

widely dispersed species such as sea turtles (Martin et al. 2007, Runge et al. 2014), 

which are vulnerable to multiple natural and anthropogenic threats that can vary 

across space and time (Crouse et al. 1987, Lewison et al. 2014). As differential 

environmental stressors can ultimately manifest in distinct regional vital rates and 

population growth trajectories (Atkinson et al. 2008, Baker et al. 2011), elucidating 

population structure and connectivity can be integral to developing population 

assessments and evaluating conservation strategies and extinction risk (Heppell et al. 

2003a). The integration of biogeographic and demographic information into threat 

evaluation can also aid prioritization of recovery actions (Bolten et al. 2011). 

Unfortunately, assessments of population connectivity for most mobile marine 

species, including sea turtles, is difficult due to their inaccessibility and cryptic nature 

and more tools are needed to characterize the dynamics of spatially structured 

populations.  

 Multiple geochemical markers, such as stable isotopes and trace elements, are 

now routinely used as natural tags of population structure and connectivity in marine 
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systems. Their utility is derived from the predictability with which elements and 

isotopes fractionate (or do not) within food webs (e.g., Ault et al., 1970; Peek and 

Clementz, 2012; Post, 2002), where the physico-chemical conditions unique to given 

habitats translate to distinct geochemical compositions in animal tissues. For 

example, elemental ratios deposited in fish otoliths, calcium carbonate accretionary 

structures located in a fish’s head, can sometimes be used to discriminate populations 

due to the proportional uptake of certain metals relative to ambient water 

concentrations (e.g., Walther and Thorrold, 2006). However, both environmental 

(e.g., temperature, salinity) and physiological (e.g., age, growth, reproduction) factors 

can influence elemental uptake and incorporation rates into different body pools 

(Campana 1999, Elsdon & Gillanders 2002, Walther et al. 2010, Sturrock et al. 2015), 

and lack of chemical heterogeneity in marine systems can hinder the application of 

certain elements for stock discrimination (Peek & Clementz 2012, Sturrock et al. 

2012, Tanner et al. 2015). Trace elements that substitute for calcium ions—strontium 

(Sr), magnesium (Mg), barium (Ba)—or are present in relatively high abundances in 

calcified structures—manganese (Mn), copper (Cu)—have proven particularly useful 

to stock discrimination in multi-variate analyses (Thresher 1999, Campana et al. 

2000, Chang & Geffen 2013, Thomas et al. 2017, McMillan et al. 2017). For sea 

turtles, previous studies have demonstrated that Sr:Ca and Ba:Ca can identify oceanic 

vs. neritic habitat use in loggerhead (Caretta caretta) and Kemp’s ridley 

(Lepidochelys kempii) sea turtles (Ramirez et al. 2019), whereas barium, chromium, 
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zirconium, and titanium can discriminate among green turtle (Chelonia mydas) 

oceanic foraging habitats (López-Castro et al. 2013). 

 While less commonly applied in ecological studies, lead (Pb) stable isotope 

ratios provide an additional tool to potentially distinguish animal populations that can 

overcome many of the limitations associated with trace element and light stable 

isotope analyses. First, lead exhibits negligible fractionation during metabolic 

processing due to the small fractional mass differences between their stable isotopes 

(204Pb, 206Pb, 207Pb, 208Pb; Ault et al., 1970; Rabinowitz and Wetherill, 1972), and can 

thereby more reliably transfer regional isotopic differences up food webs. Second, 

lead isotope ratios are highly heterogeneous in the environment (Sangster et al. 2000), 

with variation driven primarily by patterns of anthropogenic lead contamination but 

also local geology (Weiss et al. 2003, Boyle et al. 2014). Notably, human activities 

have reshaped global patterns of lead isotope composition since the Industrial 

Revolution as a result of fuel combustion (e.g., gasoline, coal) and high-temperature 

industrial processes (e.g., smelting) and the subsequent atmospheric transport of 

emissions across land and water masses (Weiss et al. 1999). As different ores have 

unique isotopic compositions based on their geological age and initial isotopic 

composition (Stacey & Kramers 1975, Sangster et al. 2000), region- or country-

specific lead production and utilization patterns can yield unique environmental 

fingerprints. For example, lead ores utilized in North America, Europe (sourced from 

Australia), and North Africa have distinct 206Pb/ 207Pb and 208Pb/ 206Pb ratios—North 

American sources have higher ratios (i.e.., they have more 206Pb and 208Pb, 
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respectively)—that have transferred to neighboring water masses via prevailing winds 

(Weiss et al. 2003). Such geochemical variation has allowed for discrimination of fish 

nursery grounds in the central Pacific (Spencer et al. 2000), stock discrimination of 

Atlantic walruses (Odobenus rosmarus rosmarus) in the Canadian Arctic (Outridge & 

Stewart 1999, Stern et al. 1999, Stewart et al. 2003) and minke whales (Balaenoptera 

acutorostrata) in the North Atlantic (Born et al. 2003), and identification of oceanic 

foraging grounds for green turtles (Chelonia mydas) in the Atlantic Ocean (López-

Castro et al. 2014).  

 The critically endangered Kemp’s ridley sea turtle is distributed throughout 

the western North Atlantic Ocean and is primarily segregated between coastal 

habitats of the Gulf of Mexico and U.S. Atlantic Ocean (NMFS et al. 2011). The 

majority of the species resides in the GoM throughout life, while a small fraction (0–

30% annually; Putman et al., 2013) of the population is passively transported to the 

U.S. Atlantic Coast between the ages of 1 and 3 via the Loop Current and Gulf 

Stream, where they reside for an unknown amount of time. It was thought that these 

Atlantic turtles might be lost to the breeding population (Ogren 1989), but recent 

observations of tagged Atlantic turtles nesting in Texas and Mexico suggest some of 

these turtles migrate to the GoM prior to maturity (Schmid 1995, Chaloupka & Zug 

1997, Schmid & Witzell 1997, Turtle Expert Working Group 1998, NMFS et al. 

2011, NMFS & USFWS 2015). Likewise, few adult-sized Kemp’s ridleys strand in 

the Atlantic (see Chapter 5). Nevertheless, our understanding of the connectivity of 

these populations is poor. We do not know when this Atlantic-to-GoM ontogenetic 
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shift occurs, and our estimates of the proportion of each hatchling cohort that enter 

GoM vs. Atlantic ecoregions is based on analysis of prevailing ocean currents as 

opposed to marked individuals (Putman et al. 2013). Because somatic growth rates 

differ between these subgroups (Caillouet et al. 1995, Zug et al. 1997, NMFS & 

USFWS 2015, Avens et al. 2017), identifying geochemical fingerprints that can 

discriminate regional habitat use and be used to assess population connectivity will 

greatly aid population assessments for conservation planning.  

 In this study, we sampled the outer growth layers of humerus bones collected 

from Kemp’s ridley sea turtles stranded along the U.S. GoM and Atlantic Coast for 

trace element concentrations and lead isotope ratios to determine whether intrinsic 

geochemical markers can discriminate between individuals resident in these distinct 

marine ecoregions. Given the regional differences in somatic growth evident in this 

species, we also evaluated the strength of somatic growth rate as a stock 

discriminator. Sea turtle humerus bones are a useful tool for geochemical studies as 

they contain continuously deposited, metabolically inert cortical bone tissue that 

maintains stable geochemical records over several years until they are resorbed into 

the metabolically active core of the bone (Zug et al. 1986, Snover & Hohn 2004, 

Koch 2007, Snover et al. 2010, Ramirez et al. 2015). Furthermore, the annual nature 

of bone deposition combined with external deposition of new bone tissue allows for 

targeted sampling of specific time intervals prior to death (i.e., ≤ 1 year) and 

estimation of annual growth rates. Lastly, as sea turtles are mobile predators, the 
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geochemical composition of their tissues will reflect broadscale patterns and sources 

of variance within regional food webs. 

 

Materials and Methods 

Sample Collection and Processing 

 Humerus bones were collected from stranded Kemp’s ridleys through the 

National Sea Turtle Stranding and Salvage Network. Turtles stranded dead on U.S. 

beaches from Texas to Virginia between 1998 and 2014 (n = 82; Figure 4.1). Upon 

stranding, straightline carapace length (SCL, notch to tip), calendar date, and location 

(state, latitude, longitude) were recorded for each turtle. In some cases, only curved 

carapace length was recorded, which was later converted to SCL following Avens et 

al. (2017). Stranding location was used to categorize turtle bones into one of two 

geographic regions (Atlantic = Florida Atlantic Coast through Virginia; Gulf of 

Mexico = Texas through Florida Gulf Coast).  

Humerus bones were extracted from whole flippers and then two 2–3 mm 

thick cross-sections were cut from each bone at the site of the deltopectoral muscle 

insertion scar using a low-speed isomet saw (Buehler). One section was reserved for 

geochemical analysis, whereas the other was histologically processed as described by 

Avens and Snover (2013) and Avens et al. (2017) to reveal annual bone growth layers 

(Snover & Hohn 2004, Avens et al. 2017). Digital images of the stained bone sections 

were used to identify, count, and measure each line of arrested growth (LAG) within 

each bone. These data were then used in conjunction with the body proportional 



   
 

 

 
 
 
  106 

hypothesis back-calculation technique (BPH; Francis 1990) to estimate SCL for every 

measurable LAG, adjusted for turtle-specific SCL and humerus section diameter 

(HSD) at death (Snover & Hohn 2004, Avens et al. 2017).  

Given that LAG deposition is annual for Kemp’s ridleys (Snover & Hohn 

2004, Avens et al. 2017), age at stranding was also estimated for each turtle based on 

LAG counts and date of stranding. For turtles with a visible first-year growth mark, or 

“annulus” (Snover & Hohn 2004), an initial age estimate was determined directly 

from LAG counts. For turtles without a visible first-year growth mark (i.e., due to 

bone resorption; Zug et al., 1986), an initial age estimate was determined by counting 

the number of visible LAGs and adding the estimated number of LAGs lost to 

resorption (Parham & Zug 1997). A final age estimate for each turtle was made by 

adjusting initial age estimates to the nearest 0.25 years based on the mean hatch date 

for the population (June) and individual stranding date. Final age estimates were used 

to back-assign age estimates to individual LAGs. The estimated age at the beginning 

of bone growth layers geochemically sampled in this study ranged between 1.75 and 

12.75 yrs. 

 

Bone Geochemical Analyses 

To identify regional neritic habitat use, we employed two geochemical 

approaches—trace element and lead (Pb) isotope analysis—applied to the most 

recently deposited humerus bone growth layer of stranded Kemp’s ridley turtles. This 

time period represented each turtles geochemical history within one year of death, 
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dependent on individual stranding date. Prior to geochemical sampling, the stable 

nitrogen isotope (δ15N) data for each turtle generated in Chapter 3 were examined to 

ensure the sampled growth layers were reflective of the neritic life stage (generally 

δ15N values above 10.30 ‰, age ≥ 1.75)—bone δ15N values can be used to identify 

oceanic-neritic ontogenetic shifts in this species (Ramirez et al. 2019). 

Trace element ratios were collected via laser ablation-inductively coupled 

plasma-mass spectrometry (LA-ICP-MS) as described in Ramirez et al. (2019). 

Briefly, ‘geochemical’ bone cross-sections (n = 73) were polished, ultrasonically 

cleaned, and mounted onto glass slides using thermoplastic resin. Counts of 25Mg, 

43Ca, 51V, 55Mn, 59Co, 60Ni, 65Cu, 66Zn, 86Sr, 112Cd, 138Ba, and 208Pb were then 

quantified as transects perpendicular to the bone growth layers using a Thermo 

Elemental X-Series II ICP-MS coupled with a Photon Machines Analyte G2 excimer 

laser ablation system at the OSU Keck Collaboratory for Plasma Spectrometry. The 

laser was set at a pulse rate of 5 Hz with a spot size of 85 μm and a travel rate of 15 

μm s-1. All transects were pre-ablated at a pulse rate of 2 Hz with a spot size of 110 

μm and a travel rate of 50 μm s-1 to remove surface contamination. Count rates for 

each analyte were normalized to 43Ca using standard procedures to yield bone metal-

to-calcium (Me:Ca; mg g-1) ratios (Kent & Ungerer 2006, Miller 2007). Standard 

reference materials NIST 612 and USGS MACS-1 were measured after every 4–6 

samples and used to quantify instrument precision and accuracy, respectively (Table 

4.1). Limits of detection (LOD) were calculated as three standard deviations of 

background values (ppm), adjusted for isotope mass abundance. Counts of 59Co and 
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60Ni regularly fell below study wide and transect-specific LODs and were thus 

excluded from further analysis. As in Ramirez et al. (2019), digital post-ablation 

images for each bone were used in conjunction with complementary 

‘skeletochronology’ images to assign segments of the ablation transect data to 

individual bone growth layers, after which mean elemental ratios were calculated for 

the most external growth layer. 

Bone dust for lead isotope analysis (206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb, 

206Pb/207Pb, 208Pb/206Pb) was collected from bone cross-sections for 17 turtles using a 

computer-guided micro mill (ESI New Wave Research) in conjunction with 

transparencies of complementary digital ‘skeletochronology’ images to guide 

precision drilling to a depth of £ 1.0 mm. Carbide drill bits (1.0 mm diameter, 

Brasseler) were used to mill ~20 mg of bone dust from individual bone growth layers 

for Pb isotope analysis. Bone dust was collected under a laminar flow fume hood. 

Because we limited our analysis to the most external bone growth layer, which is 

often too narrow to produce sufficient bone dust for this Pb isotope analyses (see 

Table 4.2 for sampling summary), not all bones sampled for trace element 

concentrations were sampled for Pb isotope ratios.  

All experimental work for Pb isotope analysis was conducted in a metal-free 

Class 1000 clean laboratory in the Oregon State University (OSU) Keck 

Collaboratory for Plasma Spectrometry (Corvallis, OR). All reagents used in this 

study were purified in-house using sub-boiled concentrated reagent grade acids and 

ultra-pure water (≥ 18 MW cm). Pb for isotope analysis was isolated by anion 
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exchange chromatography and analyzed via multi-collector inductively coupled 

plasma mass spectrometry (MC-ICP-MS) as previously described by Weis et al. 

(2006) and Shiel et al. (2010). First, 15–25 mg of turtle bone dust was weighed into 7 

mL Savillexâ PFA vials and digested overnight on a hot plate using 2 mL HNO3. 

Samples were then re-suspended in 1.8 mL 0.5 M HBr and Pb was isolated via anion 

exchange chromatography using a 0.2 mL column of AG-1-X8 (200-400 mesh size, 

chloride form) resin. The resin was first cleaned in the column using two cycles of 18 

MW water, 0.5 M HBr, and 6 M HCl and then conditioned with 18 MW water and 0.5 

M HBr. Each sample was then loaded into the column and bulk elements were eluted 

with three successive washed of 0.5 M HBr—Pb absorbs to the resin. Pb was then 

eluted using 6 M HCl, collected in Savillex vials, and dried down. Fresh resin was 

used for each sample. 

Prior to Pb isotope analysis, samples were brought up in 1 mL 3 % HNO3 and 

spiked with thallium. Isotope ratios were then measured on a Nu Plasma 3D MC-ICP-

MS (Nu Instruments, UK) using a DSN-100 (Nu Instruments, UK) membrane 

desolvator for sample introduction. Ion signal intensities were measured for masses 

202–208 (isotopes of Pb, Tl, Hg). The internal standard NIST SRM 981 was 

measured after every two samples and used to correct for instrument drift and 

linearity (Galer & Abouchami 1998). In addition, a Tl standard was used to correct 

for instrumental mass fractionation and 204Pb was corrected for isobaric 202Hg 

interference. Measured, instrumental mass bias corrected Pb isotope ratios were 

normalized to the NIST SRM 981 values reported in Galer and Abouchami (1998) 
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[208Pb/204Pb = 36.7219 ± 0.0044 (2s), 207Pb/204Pb = 15.4963 ± 0.0016 (2s), 

206Pb/204Pb = 16.9405 ± 0.0015 (2s)] using the sample-standard bracketing method 

(Albarède & Beard 2004). Ion signal intensity for 208Pb was between 0.48 and 1.33 V 

and for 205Tl was between 0.28 and 0.54 V. All Pb isotope data are presented as 

means ± 2 standard error (SE; internal precision). 

 

Somatic Growth Rates 

As somatic growth rates differ between Kemp’s ridleys resident to the U.S. 

Atlantic and Gulf of Mexico (Avens et al. 2017) (Chapter 2), we included somatic 

growth as a variable in our models in addition to the geochemical data to differentiate 

Atlantic versus GoM habitat use. Following standard methods (Avens & Snover 

2013), annual somatic growth rates for individual turtles were calculated by taking 

the difference between SCL estimates of successive LAGs. Our analysis focused 

exclusively on growth rate data for the most recently deposited growth layer prior to 

death (i.e., growth layers geochemically sampled). However, as LAGs are deposited 

in the spring (Snover & Hohn 2004) and we sampled turtles that died throughout the 

year, true annual growth rate estimates were only available for the 44 (of 82) turtles 

that stranded in the spring. To generate growth rate estimates for the remaining turtles 

in our study where only a partial growth rate was available, we employed one of two 

approaches based on date of stranding (outlined in Figure C1).  

For turtles that stranded from November to March (14/82 turtles), we 

calculated a marginal growth rate by taking the difference between SCL at stranding 
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and the SCL estimate of the most external LAG. While these marginal growth rates 

are minimum estimates of somatic growth, we assume that Kemp’s ridleys experience 

relatively little growth during the boreal winter when temperatures are cooler and sea 

turtle metabolic rates and activity patterns are reduced (Balazs & Chaloupka 2004, 

Hochscheid et al. 2007, McMichael et al. 2008). In an analysis of marginal Kemp’s 

ridley bone growth layers, Snover & Hohn (2004) demonstrated that annual growth in 

this species plateaus in late October/early November.  

Turtles stranded from May to October (24/82 turtles) would have been 

actively growing at time of death, with turtles stranding earlier in the calendar year 

missing a larger proportion of their potential terminal bone growth layer than turtles 

stranding later in the year. Given that we do not know how much more these turtles 

would have grown past death we compared each turtles’ marginal growth rate (as 

calculated above) to the mean age-specific growth rate for each region. We assumed 

that the higher estimate of the two was closer to the hypothetical annual growth rate 

that would have been achieved had the turtle survived. and used it in our analysis; 

marginal growth was higher in 12/82 turtles, whereas mean age-specific growth was 

higher in 12/82 turtles. Mean age- and region-specific growth rates were calculated 

using all of the Kemp’s ridley growth rate data generated via skeletochronology in 

Chapter 2 for the growth years 1988 to 2011—growth rate data for 2012 to 2015 were 

excluded from this analysis given the temporal shift in growth evident in those years 

(see Chapter 2).  
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Kemp’s ridleys display distinct ontogenetic changes in growth (Chapter 2, 

Avens et al. 2017). As the turtles sampled in our study spanned a wide range of ages 

(1.75 to 12.75 yrs), it was necessary to standardize the somatic growth rate data to 

account for this variation in our analysis. To do so we used two approaches: 

weighting by age and feature scaling. For the first approach (hereafter ‘weighted’ 

growth rate; Figure C1), we estimated a weighting factor for each age class within 

each region. This weighting factor was calculated as the ratio of mean growth rate in 

age x divided by mean growth rate in age 1.75 for a given region—age 1.75 had 

highest growth rates in our study. Each of the 82 turtle growth estimates calculated 

previously was then transformed by dividing by this weighting factor. When applied, 

these weighting factors have the effect of giving all ages the same mean growth rate 

within a given region. For the GoM turtle aged 12.75, this approach produced an 

anomalously high weighted growth rate estimate of 33.5 cm yr-1—all other estimates 

fell between 3.3 and 13.8 cm yr-1. We therefore calculated the mean weighted growth 

rate estimate for all other GoM turtles and used this mean value for this individual.  

For the second approach (hereafter ‘scaled’ growth rate), we transformed all 

growth rate estimates to be between 0 and 1 using feature scaling. First, all age-

specific growth rate data presented in Chapter 1 were transformed using the following 

equation: 
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where Xnew is the rescaled growth rate estimate, X is the true growth rate estimate for 

an individual within an age class, and Xmin and Xmax are the minimum and maximum 

growth rate estimates for a specific age class. This approach maintains the shape of 

each age-specific growth rate distribution but forces them to share the same scale (0 

to 1). A linear regression model was then fit to the rescaled (response) and true 

(predictor) growth rate data for each age to generate linear equations that were used to 

estimate a scaled growth rate estimate from the growth rate estimates for each of the 

sampled turtles included in this study. 

 

Statistical Analyses 

 Prior to statistical analyses, Me:Ca and Pb isotope data were checked for 

normality and homogeneity of variances using Shapiro-Wilk and Levene’s tests, 

respectively. Zn:Ca, Sr:Ca, and all Pb isotope ratios met normality assumptions. All 

remaining elemental data were subsequently log10-transformed, after which Mg:Ca, 

Mn:Ca, Cd:Ca, and Pb:Ca met parametric assumptions. V:Ca, Cu:Ca, and Ba:Ca were 

approximately normal but continued to exhibit a slight right skew. Given the range of 

ages (1.75–12.75) and years (1998–2014) sampled, relationships between the 

geochemical data and these covariates were first examined using analysis of 

covariance (ANCOVA). Then, univariate and multivariate analysis of variance 

(ANOVA, MANOVA) were used to test for differences in individual and multi-

geochemical fingerprints between geographic regions, accounting for age or year 

effects where appropriate (i.e., ANCOVA, MANOVA).   
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Quadratic discriminant function analysis (QDA) was used to quantify 

classification probabilities of Kemp’s ridleys to geographic regions based on 

estimated growth rate (weighted and scaled), trace element concentrations, and Pb 

isotope ratios. QDA was chosen over linear discriminant analysis as it is less sensitive 

to heteroscedasticity, improving classification accuracy. Given variable sample size, 

separate QDAs were implemented for the trace element and Pb isotope datasets—

both included either weighted or scaled growth rate estimates. A backward stepwise 

QDA was then performed with 73-fold cross-validation using the stepclass function 

from the klaR package in R to identify covariates that best separated GoM and 

Atlantic turtles within each model (Weihs et al. 2005). This approach begins with a 

model that includes all variables (i.e., full model) then generates new models by 

excluding single variables (i.e., reduced models) for comparison. Model performance 

of each reduced model is compared to the previous model, and if performance is 

improved the variable is excluded. This procedure is repeated until subsequent 

models no longer improve classification performance by more than 1%.  

Covariates most influential to separating turtles by region were then used to 

implement final QDAs (i.e., reduced models). Final classification success rates were 

quantified using leave-one-out cross-validation and the overall significance of final 

models was evaluated by using Wilk’s l tests, or ANOVA in the case of models with 

only a single variable. QDAs were implemented in R using the MASS package 

(Venables & Ripley 2002, R Core Team 2019). A secondary stepwise variable 

selection procedure was also performed on the reduced variable dataset using a 
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minimization of Wilks’ lambda (l) criterion to quantify the importance of each 

variable to regional assignment (greedy.wilks function, klaR package). The 

significance level was set to 1 to allow for full reporting of results. 

 

Results 

Regional Variation in Geochemical Markers 

Elemental concentrations and Pb isotope ratios differed between turtles that 

stranded on U.S. GoM and Atlantic beaches (trace element MANOVA F1,71 = 3.11, P 

= 0.001; Pb isotope MANOVA F1,15 = 3.10, P = 0.055; Figure 4.2). ANCOVAs 

showed significant effects of year on log(Mg:Ca), log(Cd:Ca), log(Ba:Ca), and all Pb 

isotope ratios (P ≤ 0.05), and a weak effect of age on log(Ba:Ca). In all cases the 

relationship between elemental or isotopic ratios and year and age were non-linear, 

driven by sharp changes in values for certain years or ages, which prevented the 

removal of their effect through detrending. Final AN(C)OVAs that accounted for year 

or age effects, where necessary, indicated that there were significant differences 

between GoM and Atlantic stranded turtles for log(V:Ca), Zn:Ca, Sr:Ca, log(Ba:Ca), 

and all Pb isotope ratios (Table 4.3). Log(V:Ca), Zn:Ca, Sr:Ca, and 208Pb:206Pb were 

generally higher in Atlantic Kemp’s ridleys, whereas log(Ba:Ca), 208Pb:204Pb, 

207Pb:204Pb, 206Pb:204Pb, and 206Pb:207Pb were generally higher in GoM Kemp’s 

ridleys (Figure 4.2). 

 

Trace Element Discriminant Analysis 
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Backward stepwise trace element QDAs that included scaled growth rate 

estimates identified the same elemental ratios as important to regional classifications 

as models that included weighted growth rate estimates but had classification success 

rates that were 3.1–12.3 % lower (Table C1). Therefore, subsequent analyses focused 

on weighted growth rates. 

The backward stepwise trace element QDA indicated that weighted growth 

rate, Sr:Ca, log(Cu:Ca), log(Ba:Ca), log(Mg:Ca), Zn:Ca, log(V:Ca), and log(Pb:Ca) 

contributed significantly to discrimination of turtles between regions. The cross-

validated QDA performed on this reduced dataset found an overall classification 

success rate of 79.5 %, higher than the overall classification success rate of 75.3 % 

for the full dataset (Table 4.4). Atlantic Kemp’s ridleys had a higher classification 

success rate in both models (reduced model = 87.8 %, full model = 80.4 %) than 

GoM conspecifics (68.7 % in both models). Although Atlantic Kemp’s ridleys had 

higher classification success rates, they exhibited more variable and less certain 

posterior probabilities than the GoM turtles (Figure 4.3). Mis-classified Atlantic and 

GoM turtles tended to have higher and lower estimated growth rates, respectively, 

relative to conspecifics within each region. Otherwise mis-classifications were 

distributed across regions (TX = 4, MS = 3, FL Gulf = 3, FL Atlantic = 1, NC = 4) 

and ages (1.75 yr  = 4, 2.75 yr = 3, 3.75 yr = 2, 4.75 yr = 1 , 5.75 yr = 1, 8.75 yr = 2, 

9.75 yr = 1, 11.75 yr = 1) of turtles.  

Based on minimization of the Wilk’s l criterion, weighted growth rate most 

separated turtles by region within the reduced trace element QDA (Table 4.5), with 
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modest improvement in classification observed following inclusion of Sr:Ca, 

log(Cu:Ca), log(Ba:Ca), log(Mg:Ca), and Zn:Ca. Wilk’s l changed little following 

addition of log(V:Ca) and log(Pb:Ca) to the model. These patterns were confirmed 

through the implementation of a QDA that included only weighted growth rate, which 

had a classification success rate of 75.4 %. (Table 4.4). The inclusion of the trace 

element data only increased classification success by 4.1 %. Classification borders 

and apparent error rates for all combinations of weighted growth rate and the other 

trace element ratios in the reduced QDA are presented in Figure 4.4.  

 

Lead Isotope Discriminant Analysis 

Results of the backward stepwise Pb isotope QDA identified 208Pb:206Pb as the 

only variable that contributed to discrimination of turtles between regions. A cross-

validated QDA performed using this single stable isotope ratio had an overall 

classification success rate of 94.1 % (Table 4.4), with only one Atlantic Kemp’s 

ridley mis-classified to the GoM region—all GoM turtle were correctly classified. 

The mis-classified Atlantic Kemp’s ridley had the lowest 208Pb:206Pb and highest 

206Pb:207Pb of sampled turtles within the region and was thereby closest 

geochemically to GoM turtles (Figure 4.5). This turtle otherwise had no anomalous 

characteristics relative to other stranded Atlantic turtles; it stranded in the Outer 

Banks of North Carolina at the age of 3.75 yr and had completed the oceanic-to-

neritic ontogenetic shift 2 years prior to stranding (i.e., age 1.75 growth layer as based 

on bone stable nitrogen isotope ratios). 
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Notably, the reduced Pb isotope QDA performed significantly better than the 

full Pb isotope QDA, which classified all turtles to the GoM region and had a 

classification success rate of only 64.7 % (Table 4.4). Much like the reduced trace 

element QDA, the posterior probabilities resulting from the reduced Pb isotope QDA 

were more variable and less certain for Atlantic Kemp’s ridley than their GoM 

conspecifics (Figure 4.3).  

 

Discussion 

 We investigated the ability of trace element concentrations, lead isotope 

ratios, and somatic growth rates to discriminate regional habitat use of Kemp’s ridley 

sea turtles throughout their range. While several elemental ratios could be combined 

with growth rates to distinguish Atlantic vs. GoM residency for Kemp’s ridley sea 

turtles, lead isotope ratios (particularly 208Pb/206Pb) could accurately assign turtles to 

stranding region in all but one case (94.1 % accuracy) and are the most promising 

indicator of regional habitat use. Quadratic discriminant analyses also revealed that 

estimated somatic growth rates in combination with a suite of trace element 

concentrations (Sr, Cu, Ba, Mg, Zn) could classify turtles to stranding region (U.S. 

GoM vs. Atlantic) with 79.5% accuracy. Within these latter models, somatic growth 

was the most important covariate to regional assignments, perhaps unsurprising given 

the well-documented differences in Atlantic and GoM Kemp’s ridley growth rates 

(Avens et al., 2017, Chapter 2). Small samples sizes for complementary lead isotope 

and trace element data prevented implementation of models that included all three 
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classes of covariates. Nevertheless, our results suggest that 208Pb/206Pb and somatic 

growth rates may be useful indicators of regional Kemp’s ridley habitat use that 

would allow for future investigations into population connectivity in this at other 

migratory species in the western North Atlantic Ocean (e.g., assessment of timing of 

Atlantic to GoM habitat shifts).  

 

Pb Isotopes as Stock Discriminators 

Despite strong environmental heterogeneity (Weiss et al. 2003), applications 

of Pb stable isotope analyses to ecological studies are uncommon relative to light 

stable isotopes (e.g., hydrogen, carbon, nitrogen). This is particularly true for the Gulf 

of Mexico, where few studies exist for which we can compare our results within the 

study period; environmental Pb isotope ratios evolve through time based on patterns 

of anthropogenic Pb utilization, although the rate of change has slowed in recent 

decades (Kelly et al. 2009, Boyle et al. 2014). Nevertheless, the patterns of Pb isotope 

ratios observed herein align with those of Shiel et al. (2012), who sampled bivalve 

tissues along the U.S. East Coast (Maine to South Carolina) and GoM (Alabama) in 

2005 and 2006—the mean age of our Pb isotope data herein is 2007 (range: 2002 – 

2014). Shiel et al. (2012) found that Eastern oysters (Crassostrea virginica) in Mobile 

Bay, Alabama, had lower 208Pb/206Pb (2.03564) and higher 206Pb/207Pb (1.21783) than 

oysters sampled at all sites along the U.S. East Coast (South Carolina to Maine; 

208Pb/206Pb = 2.04734 – 2.07269; 206Pb/207Pb = 1.17949 – 1.20976). We similarly 

observed lower 208Pb/206Pb and higher 206Pb/207Pb in GoM Kemp’s ridleys relative to 
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Atlantic Kemp’s ridleys, with no overlap in 208Pb/206Pb between turtles stranded in 

each region. In contrast, our results differ with those of López-Castro et al. (2014), 

who found no differences in scute Pb isotope ratios between green turtles sampled 

from the East and West Coasts of Florida. This divergence is likely due to the fact 

that López-Castro et al. (2014) sampled scute growth layers reflective of the oceanic 

life stage and 33.4 % of West Florida and 66.7 % of East Florida turtles were 

assigned to oceanic foraging sites outside of North America (e.g., Sargasso Sea, 

Azores, Africa).  

Although the history of lead pollution in the GoM is poorly studied relative to 

the western North Atlantic Ocean (Shen & Boyle 1987, Kelly et al. 2009, Horta-Puga 

& Carriquiry 2014), comparisons of turtle bone Pb isotope signatures with those of 

known anthropogenic sources suggest multiple possible drivers of the geographic Pb 

isotope patterns observed herein (Figure 4.5). First, Mexican coal is more radiogenic 

(lower 208Pb/206Pb, higher 206Pb/207Pb) than U.S. coal and thereby may contribute to 

the Pb isotope signatures observed in GoM turtles through atmospheric transport of 

pollutants across the GoM (Díaz-Somoano et al. 2009). Indeed, Atlantic Kemp’s 

ridley Pb isotope signatures fall within the range of U.S. coals, whereas those for 

GoM turtles are closer to the Mexican coal signature or are intermediate between the 

two, possibly consistent with mixing of U.S. and Mexican coal sources in the GoM. 

Coal was likely a major source of Pb in the eastern U.S. into the early 2000s (Díaz-

Somoano et al. 2009). This, combined with the possible transport of Mexican 

emissions across the GoM via the North American Westerlies (Weiss et al. 2003), 
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may explain the more radiogenic Pb isotope signatures observed in GoM turtles 

relative to conspecifics in the U.S. Atlantic.    

The radiogenic GoM Kemp’s ridley signatures may also be reflective of the 

influence of natural oil and gas seeps in the GoM. As 206Pb, 207Pb, and 208Pb are final 

products of the radioactive decay of uranium and thorium (238U, 235U, 232Th), the 

isotopic composition of a Pb ore deposit is primarily a function of its initial chemical 

composition (Pb, U, Th) and age, with younger ores generally being more radiogenic 

than older ores (Sangster et al. 2000). For example, Mexican coals are significantly 

younger (65 – 142 Ma) than U.S. coals (290 – 354 Ma), which may partly explain 

why Mexican coals have more radiogenic Pb isotope signatures (Díaz-Somoano et al. 

2009). Importantly, the GoM contains hundreds of oil deposits similar in geological 

age to Mexican coals that have leaked into the GoM through natural seeps over 

thousands of years (Kennicutt 2017). U.S. Atlantic waters, by contrast, lack any 

major oil reserves or seeps (National Research Council 2003). While isotopic 

characterizations of GoM oil deposits are lacking, Pb and other light and heavy 

metals are abundant in crude oil (Osuji & Onojake 2004). Therefore, it is possible that 

these Pb sources are relatively radiogenic based on their geological age, leading to a 

more radiogenic geochemical fingerprint in the GoM. Further characterization of the 

Pb isotope composition of Mexican coal and Gulf of Mexico crude oil is needed to 

test these hypotheses. 

 

Regional Somatic Growth Variation 
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 Outside stable Pb isotopes, somatic growth was the next single best 

discriminator of regional habitat use in this species. These results add to the growing 

body of evidence that Atlantic and GoM Kemp’s ridleys have different growth 

trajectories of ecological importance (Avens et al., 2017; Caillouet et al., 1995; 

NMFS and USFWS, 2015; Zug et al., 1997; Chapter 2), with Atlantic Kemp’s ridleys 

growing slower than conspecifics in the GoM. In the most comprehensive analysis of 

regional Kemp’s ridley somatic growth variation to date, Avens et al. (2017) 

demonstrated that these differences manifest early in life—within the 20–29.9 cm 

SCL size class (~2–5 yrs old)—but dissipate at larger sizes. Results from Chapter 2 

follow these patterns, with this divergence in growth rates evident as early as the 

second year of life, following recruitment from oceanic to neritic habitats. 

Importantly, this interruption in growth seems to put Atlantic turtles on a new, lower 

growth trajectory (Avens et al. 2017). Whether these turtles ultimately achieve similar 

asymptotic sizes as their GoM conspecifics is currently unknown but is likely an 

important consideration for understanding nesting patterns and the species’ 

population dynamics. Compensatory growth—catch-up growth following a period of 

delayed development resulting from nutrient limitation—has been documented in 

loggerhead turtles (Bjorndal et al. 2003) and could serve as a mechanism for Atlantic 

turtles to achieve similar size-at-age as GoM Kemp’s ridleys. However, Snover et al. 

(2007) did not find evidence for compensatory growth in Atlantic Kemp’s ridleys 

when applying the methods used by Bjorndal et al. (2003). Nevertheless, 

compensatory growth would only aid Atlantic Kemp’s ridleys if they migrated from 
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Atlantic to GoM habitats during the juvenile life stage, years prior to sexual maturity 

(9–17 yrs; Avens et al., 2017), as somatic growth is negligible once sea turtles mature 

(Omeyer et al. 2017).  

The utility of somatic growth for discriminating regional habitat use is to 

some extent limited by inherent variability in sea turtle growth rates within and 

among age classes. We corrected for ontogenetic growth effects to the best of our 

ability through scaling or weighting of age-specific somatic growth rates but there 

were nevertheless some Atlantic turtles that grew as fast as GoM conspecifics, and 

some GoM turtles that grew as slow as Atlantic conspecifics. A number of these 

turtles were ultimately mis-classified because of this. It is also entirely possible that 

some of these GoM turtles perceived to be mis-classified are of Atlantic origin 

because turtles resident in the GoM are ultimately a mix of life-long GoM residents 

and an unknown proportion of Atlantic migrants. Sampling of all visible growth 

layers for these misclassified turtles would aid in testing this hypothesis as would 

study of turtles with known migration histories in the year prior to death.  

Our study illustrates the sensitivity of methodological decisions to 

classification success rates in discriminant analyses. As sea turtle growth rates decline 

non-monotonically with increasing age/size, we sought to correct our growth rate data 

to remove the potential influence of ontogeny. To this end we employed two methods 

to either scale or weight individual turtle growth rate estimates by age class and 

implemented separate models that used data derived from either approach. 

Classification success rates ultimately differed by up to 12.3 % dependent on which 
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growth dataset was used, suggesting that our results are highly sensitive to how 

growth rates are estimated. Furthermore, additional biases may have been inserted 

into our analyses through the use of marginal and mean age-specific growth rates 

where true annual growth rate estimates were lacking. To reduce these potential 

sources of bias, future extensions of our approach to study sea turtle population 

connectivity should focus analyses solely on bone growth layers with true growth rate 

estimates (i.e., turtles that died in the spring) and, if possible, should only focus on 

sampling turtles of specific ages or age classes. 

 

Trace Elements and Habitat Use 

The inclusion of a suite of trace element ratios into the quadratic discriminant 

analysis increased classification rates, albeit only marginally (4–5 %). Our results 

show that Sr:Ca, Cu:Ca, Ba:Ca, Mg:Ca, and Zn:Ca (in decreasing importance) may 

aid in assigning Kemp’s ridleys to Atlantic versus GoM neritic habitats, regardless of 

the underlying mechanisms governing their deposition into sea turtle tissues (Ramirez 

et al. 2019). Although Sr and Mg are generally homogeneous in fully marine systems 

due to their long residence times (de Villiers 1999, Foster et al. 2010), multiple 

studies have demonstrated they can be useful discriminators of fish stocks as a result 

of environmental or physiological effects on incorporation rates (e.g., Humphreys et 

al., 2005; Rooker et al., 2001; Warner et al., 2005). In contrast, Ba, Cu, and Zn 

display greater horizontal and vertical variability in the ocean due to relatively short 

residence times (Peek & Clementz 2012, Sturrock et al. 2012), differences that 
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transfer to consumers and aid stock discrimination (e.g., Ashford et al., 2005; 

Baumann et al., 2015; Hamilton and Warner, 2009). Along the U.S. GoM and 

Atlantic Coast, water concentrations for these elements are largely derived from 

sediments, river effluents, and anthropogenic pollution, all of which can vary 

spatiotemporally and complicate their utility for stock discrimination (Gillanders 

2002). Importantly, marine habitats near the Chesapeake Bay and mouth of 

Mississippi River, the largest drainage basin in the United States, may have unique 

geochemical compositions because of these sources that may be transferred up the 

food web to sea turtles. Our decision to pool samples across wide ocean regions and 

time periods (16 years) may have obscured such differences, and more fine scale 

spatiotemporal analyses may reveal greater heterogeneity. 

Nevertheless, trace element concentrations of sea turtle tissues may not 

necessarily reflect water concentrations for some trace elements given that they 

ultimately derive elements from their diet (Schroeder et al. 1972), and multiple 

environmental and physiological factors may influence deposition rates into calcified 

tissues (Campana 1999, McMillan et al. 2017). For example, Sr, Ba, and Pb are 

known to biopurify as they move through food webs, decreasing in abundance in 

animal tissues relative to calcium with each trophic transfer (Elias et al. 1982, Burton 

et al. 1999, Peek & Clementz 2012). Diet, which varies spatially in this species 

(Chapter 3), may thus be an important determinant of certain trace element 

concentration. Similarly, temperature and growth, which are confounded in sea 

turtles, can significantly alter elemental uptake, with their effects varying across 
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species and elements (Friedland et al. 1998, Fowler et al. 2005, Chang & Geffen 

2013, Sturrock et al. 2015). As growth and region are inherently confounded in 

Kemp’s ridleys, apparent regional differences in elemental concentrations may simply 

be an artifact of strong physiological regulation (e.g., growth effects) which may be 

homogenizing elemental bone composition within each region.  

While there is the potential for growth effects on elemental deposition rates, 

particularly in comparisons of fast-growing GoM and slow-growing Atlantic Kemp’s 

ridleys, bivariate partition plots (Figure 4.4) suggest there are no strong relationships 

between growth rates and any elemental ratio measured herein at the population level. 

This conclusion is preliminary as this study was designed to address a broad spatial 

question, not investigate physiological effects on elemental incorporation rates in 

bone, and therefore growth, age, geography, and time are all necessarily confounded 

in our analysis. As experimental studies are infeasible for sea turtles because of their 

conservation status and life history, future bone studies narrowed to specific 

locations, years, and ages may allow for more robust investigations into the effect of 

growth on bone elemental incorporation rates. 

 

Implications for Sea Turtle Assessment and Conservation 

 Understanding population structure and connectivity is of critical importance 

to the conservation and management of highly migratory species such as sea turtles 

(Webster et al. 2002, Crooks & Sanjayan 2006). Recent decades have seen a rapid 

increase in the number of studies characterizing sea turtle spatial ecology and 
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metapopulation dynamics largely due to advances in molecular techniques and 

electronic tagging systems (Avise 1998, Cooke 2008, Godley et al. 2010). While 

these techniques have greatly expanded our understanding of life stage transitions, 

life history variation, natal philopatry, and phylogeography (Jensen et al. 2013), they 

are constrained in their temporal and numerical application (e.g., satellite tags). 

Geochemical markers contained within inert tissues (e.g., turtle cortical bone), by 

contrast, provide a means of reconstructing habitat use over multiple years for many 

individuals at a reduced cost (Ramirez et al. 2015, 2019, Turner Tomaszewicz et al. 

2017a). Importantly, identification of geochemical markers within turtle bones—a 

tissue that contains complementary information on annual size, age, and growth—that 

are unique to particular habitats as demonstrated herein for 208Pb/206Pb provides a 

means of not only studying movement and habitat use but also the timing of difficult 

to observe habitat shifts with respect to size and age. For Kemp’s ridleys, this 

approach may ultimately provide a means of quantifying the proportion of turtles that 

reside in the U.S. Atlantic versus GoM as well as the contribution of Atlantic turtles 

to population growth and resilience, pressing questions for their conservation and 

management (NMFS & USFWS 2015). 
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Table 4.1. Estimated accuracy [relative standard deviations (RSD)], precision 
(percent difference from MACS-1 known values; mean ± SD), and limits of detection 
(LOD; mean ± SD) for trace element data collected via laser ablation-inductively 
coupled plasma-mass spectrometry. 
 

Analyte* NIST 612  
RSD (%) 

MACS-1**  
(% diff) 

LOD (ppm) 

24Mg 15.20 — 1.344 ± 0.399 
51V 5.71 — 0.090 ± 0.034 
55Mn 6.96 4.9 ± 5.4 0.906 ± 0.133 
65Cu 11.46 20.9 ± 6.7 0.073 ± 0.015 
66Zn 19.43 21.0 ± 7.7 0.062 ± 0.016 
86Sr 4.32 16.0 ± 4.7 1.324 ± 0.249 
112Cd 22.44 52.4 ± 4.5 0.022 ± 0.006 
138Ba 5.90 24.0 ± 9.9 0.087 ± 0.037 
208Pb 30.02 26.9 ± 5.9 0.008 ± 0.003 

* Me:Ca for precision estimate (MACS-1). 
** Mg:Ca and V:Ca are not homogeneous in MACS-1 and were therefore not evaluated. 
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Table 4.2. Summary information [mean ± SD (range)] for Kemp’s ridley bone growth 
layers sampled for trace element concentrations (mg g-1, *µg g-1) and lead isotope 
ratios by stranding region. Data presented are untransformed.  
 

Analyte* n Atlantic 
 

n Gulf of Mexico 

Year 47 2007 (1998–2011) 35 2007 (1999–2014) 
Estimated age (yr) 47 5.15 (1.75–11.75) 35 4.06 (1.75–12.75) 
Estimated growth rate 
(cm yr-1) 47 5.28 (1.80–9.80) 35 6.25 (1.50–12.20) 

Mg:Ca 41 30.86 (21.43–42.28) 32 32.60 (0.17–1.51) 
V:Ca* 41 0.57 (0.17–1.51) 32 0.52 (0.16–3.23) 
Mn:Ca 41 0.05 (0.02–0.19) 32 0.07 (0.01–0.14) 
Cu:Ca* 41 5.42 (0.42–51.66) 32 2.85 (0.44–12.66) 
Zn:Ca 41 0.19 (0.13–0.24) 32 0.17 (0.09–0.28) 
Sr:Ca 41 8.51 (4.71–10.11) 32 7.78 (5.26–9.72) 
Cd:Ca* 41 0.29 (0.12–0.55) 32 0.25 (0.14–0.42) 
Ba:Ca 41 0.09 (0.03–0.25) 32 0.17 (0.03–0.56) 
Pb:Ca* 41 1.39 (0.49–4.90) 32 1.39 (0.33–7.37) 
208Pb/204Pb 6 38.605 (38.509–38.700) 11 38.783 (38.486–39.062) 
207Pb/204Pb 6 15.663 (15.654–15.679) 11 15.682 (15.661–15.702) 
206Pb/204Pb 6 18.825 (18.728–18.918) 11 19.080 (18.826–19.304) 
208Pb/206Pb 6 2.051 (2.046—2.056) 11 2.033 (2.015–2.044) 
206Pb/207Pb 6 1.202 (1.196–1.207) 11 1.217 (1.202–1.230) 
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Table 4.3. Results of one-way AN(C)OVA comparing elemental concentrations 
among regions after controlling for age and year effects, where needed. 
 

Trace element concentrations  Pb isotope ratios 

Analyte df MS F P  Analyte df MS F P 

log(Mg:Ca) 
  Region    
  Year 
  Error 

 
1 
1 
70 

 
0.008 
0.021 
0.005 

 
1.61 
4.07 

 
0.209 
0.048 

 208Pb/204Pb 
  Region    
  Year 
  Error 

 
1 
1 
14 

 
0.123 
0.229 
0.017 

 
7.10 

13.24 

 
0.019 
0.003 

log(V:Ca) 

  Region    
  Error 

 
1 
71 

 
0.233 

<0.060 

 
3.87 

 
0.053 

 207Pb/204Pb 

  Region    
  Year 
  Error 

 
1 
1 
14 

 
0.001 

<0.001 
<0.001 

 
8.76 
1.12 

 

0.010 
0.309 

log(Mn:Ca) 
  Region    
  Error 

 
1 
71 

 
0.059 
0.049 

 
1.22 

 
0.273 

 206Pb/204Pb 
  Region    
  Year 
  Error 

 
1 
1 
14 

 
0.251 
0.033 
0.024 

 
10.47 
1.37 

 
0.006 
0.262 

log(Cu:Ca) 

  Region    
  Error 

 
1 
71 

 
0.399 
0.163 

 
2.45 

 
0.122 

 208Pb/206Pb 

  Region    
  Year 
  Error 

 
1 
1 
14 

 
0.001 

<0.001 
<0.001 

 
21.27 
4.76 

 

<0.001 
0.047 

Zn:Ca 
  Region    
  Error 

 
1 
71 

 
0.006 
0.001 

 
4.72 

 
0.033 

 206Pb/207Pb 
  Region    
  Year 
  Error 

 
1 
1 
14 

 
<0.001 
<0.001 
<0.001 

 
16.46 
11.01 

 
0.001 
0.005 

Sr:Ca 

  Region    
  Error 

 
1 
71 

 
9.560 
1.243 

 
7.69 

 
0.007 

      

log(Cd:Ca) 
  Region 
  Year 
  Error 

 
1 
1 
70 

 
0.040 
0.085 
0.019 

 
2.13 
4.49 

 
0.149 
0.038 

      

log(Ba:Ca) 
  Region    
  Year 
  Age 
  Error 

 
1 
1 
1 
69 

 
0.579 
1.316 
0.249 

 
7.12 

16.19 
3.07 

 
0.009 

<0.001 

0.084 

      

log(Pb:Ca) 
  Region    
  Error 

 
1 
71 

 
0.030 
0.067 

 
0.44 

 
0.508 
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Table 4.4. Predicted regional assignment of Kemp’s ridley sea turtles based on cross-
validated quadratic discriminant function analysis (QDA). Models included (A) trace 
element QDAfull (weighted growth rate + 9 trace element concentrations), (B) trace 
element QDAreduced (weighted growth rate + 7 trace element concentrations), (C) trace 
element QDAgrowth (weighted growth rate only), (D) Pb isotope QDAfull (weighted 
growth rate + 5 Pb isotope ratios), and (E) Pb isotope QDAreduced (208Pb:206Pb only). 
Correct classifications are in bold. The most successful model is highlighted in grey. 
Final models were evaluated via (M)ANOVA. Atlantic (ATL) = Florida Atlantic 
Coast through Virginia, Gulf of Mexico (GoM) = Texas through Florida Gulf Coast. 
 

  Predicted   

Model Actual ATL GoM % Correct Model Evaluation 

Weighted growth + trace element QDAs 

  (A) trace element QDAfull ATL 33 8 80.4 Wilk’s l = 0.57 
F10,62 = 4.74 
P < 0.001 

 GoM 10 22 68.7 
 Total 43 30 75.3 
  (B) trace element QDAreduced ATL 36 5 87.9 Wilk’s l = 0.59 

F8,64 = 5.60 
P < 0.001 

 GoM 10 22 68.7 
 Total 46 27 79.5 
  (C) trace element QDAgrowth ATL 38 3 92.7 ANOVA 

F1,71 = 25.19 
P < 0.001 

 GoM 15 17 53.2 
 Total 53 20 75.4 
Weighted growth + Pb isotope QDAs 

   (D) Pb isotope QDAfull ATL 0 6 0.00 Wilk’s l = 0.27 
F6,10 = 4.53 
P = 0.018 

 GoM 0 11 1.00 
 Total 0 17 64.7 
   (E) Pb isotope QDAreduced ATL 5 1 83.3 ANOVA 

F1,17 = 17.01 
P < 0.001 

 GoM 0 11 100 
 Total 5 12 94.1 
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Table 4.5. Results of stepwise variable selection using the Wilk’s l criterion.  
 

Variable Wilks’ l Foverall Poverall Fdiff Pdiff 

Weighted growth rate 0.738 25.19 <0.001 25.19 <0.001 
+ Sr:Ca 0.705 14.64 <0.001 3.28 0.074 
+ log(Cu:Ca) 0.681 10.77 <0.001 2.42 0.124 
+ log(Ba:Ca) 0.643 9.41 <0.001 3.96 0.051 
+ log(Mg:Ca) 0.618 8.30 <0.001 2.83 0.097 
+ Zn:Ca 0.592 8.00 <0.001 2.89 0.093 
+ log(V:Ca) 0.590 6.45 <0.001 0.17 0.684 
+ log(Pb:Ca) 0.588 5.60 <0.001 0.22 0.642 

Fdiff and Pdiff are the approximated F-statistic and P-value of the partial Wilks’ l for comparing the 
model with the new variable to the previous model. The model is initiated with the variable that most 
separates turtle by regions.  
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Figure 4.1. Stranding locations for Kemp’s ridley sea turtles (n = 82) analyzed for 
trace element concentrations (n = 73) and Pb isotope ratios (n = 17).  
Eight turtles were sampled for both geochemical markers. 
 
 
 

25°N

30°N

35°N

100°W 95°W 90°W 85°W 80°W 75°W

NC

VA

SC

FL

MS

LA
TX

AL GA

N
2Gulf of Mexico

2

Atlantic Ocean

Pb isotope only
Trace Element + Pb isotope
Trace Element only



   
 

 

 
 
 
  135 

 
 
Figure 4.2. Boxplots of weighted annual growth rates (cm yr-1; n = 73), trace element 
ratios (mg g-1 ; n = 73), and lead isotope ratios (n = 17) for Kemp’s ridley sea turtles 
by stranding region (ATL, Atlantic = Florida Atlantic Coast to Virginia; GoM, Gulf 
of Mexico = Texas to Florida Gulf Coast). Data are for the most recently deposited 
humerus bone growth layer.  
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Figure 4.3. Posterior probabilities for regional assignments resulting from the reduced 
quadratic discriminant function models (black points = trace element QDAreduced, red 
points = lead isotope QDAreduced). Points that fall below the dashed line were mis-
classified to the opposite region. 
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Figure 4.4. Partition plots showing the classifications of turtles to regions based on 
the reduced trace element QDA. Only variable combinations that include weighted 
growth rate, the variable that bests separated turtles by region, are displayed. Shaded 
regions delineate each classification area determined by the QDA (blue = Atlantic 
classification, pink = GoM classification). Letters indicate true region of stranding (A 
= Atlantic, G = GoM). Red font indicates incorrect classifications, black font 
indicates correct classifications.  
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Figure 4.5. Biplots of 208Pb/206Pb and 206Pb/207Pb for Kemp’s ridley sea turtles, 
potential Pb sources (aerosols, coal), and other animals (oyster, coral) sampled for Pb 
isotopes within the western North Atlantic Ocean and Gulf of Mexico (GoM). (A) 
Animal data by geographic region (Red = Atlantic, Blue = GoM). (B) Presented 
Kemp’s ridley data by stranding state. Data sources: aerosols (shaded polygons; 
Bollhöfer & Rosman 2001, 2002, Soto-Jiménez et al. 2006), coal (Díaz-Somoano et 
al. 2009), seawater (Bermuda, 1995–2000; Kelly et al. 2009), Scleractinian coral 
(Kelly et al. 2009), Eastern oyster (Shiel et al. 2012).  
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CHAPTER 5: KEMP’S RIDLEY SEA TURTLE LIFE HISTORY 
VARIATION: DO ATLANTIC TURTLES MATTER? 
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Abstract 

Intrapopulation variation in demographic rates strongly influence a species’ 

population dynamics. These effects can be magnified in species with patchy 

distributions where overall population dynamics may be linked to variation in local 

processes. While the nesting distribution of Kemp’s ridley sea turtles (Lepidochelys 

kempii) is restricted to the western Gulf of Mexico, juvenile life stages are 

geographically separated between Gulf of Mexico (GoM) and U.S. Atlantic Coast 

habitats. These subgroups are known to have different somatic growth rates, and 

habitat and fisheries impacts are thought to be very different between the two 

geographic areas. However, this life history complexity has yet to be integrated into 

population models. In this study, we use a spatially explicit, age-structured matrix 

population model to evaluate the relative contribution of Atlantic Kemp’s ridley sea 

turtles to population growth and recovery during a period of rapid population growth 

(1990–2009). To parameterize this model, we performed novel analyses of sea turtle 

stranding data and growth rates estimated from stranded turtle humerus bones. We 

then evaluated the sensitivity of population growth and recovery time to changes in 

key transition probabilities that describe the movement of turtles among habitats and 

life stages within the western North Atlantic Ocean. GoM life stages had the highest 

elasticity values, indicating they had the strongest proportional contribution to 

population growth rates. Indeed, estimated population growth and recovery times 

were relatively insensitive to changes in the proportion of turtles entering Atlantic 

turtle life stages and the timing of Atlantic turtle recruitment to the GoM over the 
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period evaluated. Across all model simulations, population growth (measured as 

change in nest counts) differed by <1 % and recovery times (based on nesting female 

recovery criteria) varied by only four years. These models suggest Atlantic turtles 

make up < 5% of first-time nesters (neophytes) annually, even if the proportion of 

juveniles inhabiting the U.S. eastern seaboard is relatively large (e.g., 35%). Taken 

together, our results suggest that Atlantic turtles may not have strongly contributed to 

Kemp’s ridley population growth during their recovery, even under the most extreme 

scenarios evaluated. However, the contribution of Atlantic Kemp’s ridleys to 

population growth may be higher when population growth slows (i.e., since 2010) or 

when the population reaches carrying capacity. These results, if confirmed through 

additional independent analyses, may be important to future conservation and 

management planning for this critically endangered species.  

 

Introduction 

 Accurate knowledge of demographic rates and the factors that influence them 

over appropriate spatiotemporal scales is central to the effective conservation and 

management of threatened and endangered species. Knowledge of intra-specific 

variability in demographic rates is particularly important for species with wide or 

patchy distributions where local effects have the potential to fundamentally alter a 

species’ population trajectory or status depending on the structuring and connectivity 

of population subgroups (Runge et al. 2014). Such considerations are highly relevant 

for sea turtles, where individuals often display remarkable interannual fidelity to 
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specific foraging grounds and migratory routes despite having population-level 

distributions that span whole continental shelves or ocean basins (Avens et al. 2003, 

Broderick et al. 2007, Shaver et al. 2013, Tucker et al. 2014). Such life history 

variation has been linked to differences in a suite of demographics rates (e.g., growth, 

clutch size, remigration interval, etc.) in multiple sea turtle populations and species 

(e.g., Hawkes et al. 2006, Caut et al. 2008, Zbinden et al. 2011, Hatase et al. 2013). 

Integrating this life history variation into sea turtle demographic models to evaluate 

the relative contribution of geographically segregated population subgroups may be 

of high importance to conservation planning and risk assessments but is often 

hampered by insufficient habitat-specific vital rate data (Heppell et al. 2003b, 

National Research Council 2010).  

 Considering the effect of life history variation on population dynamics is 

particularly pertinent to the conservation of the critically endangered Kemp’s ridley 

sea turtle (Lepidochelys kempii), whose juvenile population is segregated into Gulf of 

Mexico and U.S. Atlantic Coast subgroups that have different growth rates (NMFS et 

al. 2011, Avens et al. 2017). Following hatching from their primary nesting beaches 

in the western Gulf of Mexico, Kemp’s ridleys enter a 1- to 3-year oceanic life stage 

before recruiting to neritic habitats in the GoM and U.S. Atlantic (Turtle Expert 

Working Group 2000). The precise number of Kemp’s ridleys that inhabit the U.S. 

Atlantic Coast remains largely unknown but particle simulations suggest ocean 

currents may carry up to 30% of oceanic stage turtles to the U.S. Atlantic Coast 

annually (Putman et al. 2013). Importantly, multiple growth studies involving data 
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prior to the year 2000 have indicated that Atlantic Kemp’s ridleys grow slower than 

GoM conspecifics (Caillouet et al. 1995, Zug et al. 1997, NMFS & USFWS 2015, 

Avens et al. 2017), with an interruption of growth occurring within the first 1–2 years 

of life (Chapter 2). Some Atlantic ridleys ultimately return to the GoM prior to 

maturation (reviewed in NMFS et al. 2011), but their contribution to population 

growth has yet to be evaluated.  

 The combination of a unique conservation history and certain life history 

features have led to the development of multiple Kemp’s ridley population models 

over the past two decades (e.g., Heppell et al. 2004, NMFS & USFWS 2015, 

Gallaway et al. 2016, Kocmoud et al. 2019). Once comprising a population of over 

40,000 nesting females in 1947 (>120,000 nests annually) (Carr 1963, Bevan et al. 

2016), the population experienced a 99% decline throughout the 20th century to a low 

of ~300 nesting females in 1985 (702 nests) due to human activities (e.g., direct 

harvest of eggs and nesting females, poaching, fisheries activities; Turtle Expert 

Working Group 1998). The implementation of conservation measures to protect nests 

and increase in-water survival resulted in exponential population growth in the 1990s 

and 2000s before nest production began to fluctuate unpredictably beginning in 2010 

(NMFS & USFWS 2015). The reasons for this change in population growth are not 

well understood but two primary hypotheses are negative impacts of the 2010 

Deepwater Horizon oil spill on survival and/or density-dependent effects on 

demographic rates (NMFS & USFWS 2015, Shaver et al. 2016, Caillouet et al. 2018). 

As at least 85 % of annual nest production for the entire species occurs on only a ~60 
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km stretch of beach in Mexico (NMFS et al. 2011), nest protection has been a vital 

part of this species’ conservation since 1966. In fact, from 1978 onwards, nearly all 

nests have been protected in a fenced corral or monitored in-situ, yielding an 

unprecedented record of nest and hatchling production for nearly an entire species 

that have served as vital input for population assessments.  

Although multiple population models have been developed to evaluate 

Kemp’s ridley population dynamics and predict time to recovery, none have included 

separate Atlantic and GoM life stages nor considered the importance of Atlantic 

ridleys to overall species population dynamics due to a lack of subgroup-specific vital 

rates. Survival rate estimates for juveniles have been based on a catch curve analysis 

of GoM strandings only (Turtle Expert Working Group 2000). The primary model 

used for Kemp’s ridley status assessment is a deterministic age-structured matrix 

model fit to observed nests that was originally developed by Turtle Expert Working 

Group (1998) and subsequently updated with new hatchling production data to 

estimate time to recovery thresholds (Turtle Expert Working Group 2000, Heppell et 

al. 2004, NMFS et al. 2011, NMFS & USFWS 2015). Since 2010, additional models 

have been developed to identify possible impacts of the 2010 Deepwater Horizon oil 

spill and explore cause and effect scenarios to explain post-2009 fluctuations in nest 

counts (Crowder & Heppell 2011, Gallaway et al. 2016a b, Kocmoud et al. 2019). 

Given that a potentially significant portion of the Kemp’s ridley population resides in 

habitats with divergent demographic rates, there is a need to evaluate the relative 

contribution of these subgroups to population growth and recovery.  



   
 

 

 
 
 
  145 

Importantly, new sources of data allow for estimation of growth and transition 

probabilities for juveniles in both ocean regions, as well as new survival rate 

estimates using the large data set of stranded turtles from 1980 to 2016. Detailed 

ocean circulation models provide the first estimations of the proportion of turtles that 

recruit from oceanic to GoM vs. Atlantic neritic life stages (Putman et al. 2013). 

Similarly, stable isotope analyses of stranded turtle humerus bones can now be used 

to elucidate the timing of oceanic-to-neritic ontogenetic shifts (i.e., size, age) (Snover 

2002, Ramirez et al. 2019). Recent skeletochronological analyses of turtle humeri 

also provide new data on age-specific maturation probabilities (Chapter 2, Avens et 

al. in prep.). Lastly, decades of stranding data collected through the Sea Turtle 

Stranding and Salvage Network (STSSN) provide a means of estimating Atlantic (and 

GoM) turtles survival rates over the past 20 years as well as transition probabilities 

for Atlantic turtles recruiting to the GoM through comparisons of size and age 

distributions.  

 The primary objective of this study was to evaluate the relative contribution of 

Atlantic Kemp’s ridleys to overall species population growth rate during the species’ 

pre-2010 recovery, measured as the deterministic growth rate of a spatially explicit, 

age-structured matrix population model. The model was parameterized to match the 

exponentially increasing index of nest counts from index beaches prior to 2009. To 

inform Atlantic Kemp’s ridley parameters for this model we performed novel 

analyses of the STSSN dataset as well as new stable isotope analyses of humerus 

bones collected from dead stranded turtles in both the U.S. Atlantic and GoM. We 
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specifically evaluated the sensitivity of population growth and time to recovery to 

changes in transition probabilities for turtles into and out of U.S. Atlantic life stages. 

Given uncertainties in the mechanisms driving nest count fluctuations since 2010, and 

our objective of quantifying the relative rather than absolute contribution of Atlantic 

turtles to population growth, our analysis focuses on the time period 1966–2009. 

 

Materials and Methods 

Model Structure 

Our spatially-explicit matrix population model extended the model used for 

the species’ most recent population assessment to include separate Atlantic and GoM 

juvenile life stages with unique demographic rates and transition probabilities (Figure 

5.1; NMFS & USFWS 2015). As in previous forms of this model, the Kemp’s ridley 

life cycle was split into five life stages—oceanic juvenile, small neritic juvenile 

(Atlantic/GoM), large neritic juvenile (Atlantic/GoM), neophyte (first time nesting 

adult), adult—with separate survival rates applied to each age class and region 

derived from catch curve analyses and maximum likelihood estimation. The female 

only model uses annual time steps and is initiated each year (1966–2009) by the 

number of female hatchlings released from the species’ primary nesting beaches in 

Mexico, which accounts for at least 85% of total hatchling production for the species 

(NMFS & USFWS 2015). Female hatchling numbers are based on fixed sex ratios of 

0.76 for nests protected in corrals and 0.64 for the varying number of nests left in-situ 

annually on the nesting beach beginning in 2004 when corral capacity was reached 
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(NMFS et al. 2011). We assume an initial age distribution of 4800 adults and no 

juveniles based on observation of ~6000 nests in 1966 and intensive egg harvest 

through the 1950s and 1960s (Heppell et al. 2004); recorded hatchling production 

from 1966 to 2009 serves as annual cohort strength moving forward. The model uses 

maximum likelihood estimation to predict the number of nests laid by Kemp’s ridley 

sea turtles on the index nesting beaches (Rancho Nuevo, Tepehuajes, Playa Dos) in 

Mexico from 1978 to 2009.  

Within the model, turtles spend 1–2 years in the oceanic life stage before 

recruiting to the small neritic juvenile life stage in either the Atlantic or GoM 

compartments of the model. Transition probabilities from oceanic to small neritic 

juvenile life stages were derived from bone stable isotope analyses (% shift at age to 

Atlantic vs. GoM) and published estimates based on particle tracking experiments 

(total % to Atlantic vs. GoM) (see Ontogenetic Shift: Oceanic-to-Neritic Life Stages 

below). The small neritic juvenile life stage extends through age 5 and 7 for GoM and 

Atlantic turtles, respectively. These age classes were based on age- and size-specific 

shifts in mortality rates. The Atlantic small neritic juvenile life stage extends two 

years longer than the GoM small neritic juvenile life stage because Atlantic Kemp’s 

ridleys require approximately two additional years to reach similar sizes as GoM 

conspecifics as a result of delayed growth early in life (L. Avens in prep.). Turtles 

then enter the large neritic juvenile life stages where they remain until maturity, 

which occurs at variable ages as described by maturation schedules generated from 

skeletochronological analyses (Avens et al. 2017). We explore multiple scenarios 
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regarding the recruitment of Atlantic turtles to the GoM (Ontogenetic Shift: Atlantic-

to-GoM Neritic Life Stages below) but generally assume that Atlantic turtles recruit 

to the GoM prior to or at maturation and subsequently remain in the GoM for the 

remainder of their life. Reproductive rates remained the same as those used in the 

most recent population assessment and are summarized in Table 5.1 (NMFS & 

USFWS 2015).  

 

Model Parameterization 

Age at Maturation 

 Given variable growth rates among turtles (Snover et al. 2007b, Avens et al. 

2017), age at maturation was represented by a logistic curve that allowed for variable 

maturation among individuals. Specifically, we used the logistic cumulative 

probability distribution function presented by Avens et al. (2017) derived from 

skeletochronological analyses of stranded Kemp’s ridley humeri that predicted 50 % 

of GoM Kemp’s ridleys matured by age 13.3 yr (agom). A similar maturation schedule 

is lacking for Atlantic Kemp’s ridleys, but a growth curve fit to length at age 

estimates suggest that Atlantic turtles would reach a typical size at maturation about 2 

years later than juveniles growing in the Gulf of Mexico (Avens et al. in prep.). 

Therefore, we applied the same logistic function used for GoM turtles to Atlantic 

turtles but shifted the distribution backwards by two years (i.e., aatl = 50% mature at 

age 15.3 yr). This function predicts GoM turtles mature between age 6 and 21 and 

Atlantic turtles mature between age 8 and 23 (Equation 1).  
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ABCDCB*ECF	GH*IBJ	 = 	
K

KL	9MN.PQ(RSTMU)
     (1)  

 

Ontogenetic Shift: Oceanic-to-Neritic Life Stages 

 In order to separate Atlantic and GoM juvenile life stages it was necessary to 

estimate the proportion of turtles that ultimately recruit to either the U.S. Atlantic or 

GoM and as well as the ages at which this ontogenetic shift occurs. Using particle 

tracking experiments in combination with an ocean circulation model, Putman et al. 

(2013) predicted that between 0 and 28.4 % (mean = 14.78 %) of particles were 

transported East of the Florida Peninsula after two years. We therefore used 15 % as 

our base scenario for the proportion of oceanic stage turtles that recruit to Atlantic 

(15 %) versus GoM (85 %) small neritic juvenile life stages.  

 All Kemp’s ridley population models to date have assumed a fixed, 2-year 

oceanic stage duration (Heppell et al. 2004, Gallaway et al. 2016a, Kocmoud et al. 

2019). However, the Kemp’s ridley oceanic life stage can last between 1 and 3 years 

(Zug et al. 1997, Turtle Expert Working Group 2000). Given this variability we 

sought to empirically estimate the proportion of turtles that complete this ontogenetic 

shift at a given age to introduce greater biological realism to our model. To this end 

we expanded the work of Ramirez et al. (2019) to sequentially sample the humerus 

bone growth layers of a total of 91 Kemp’s ridleys that stranded along the U.S. 

Atlantic (n = 43) and Gulf (n = 48) Coasts for stable nitrogen isotope (δ15N ) ratios. 

δ15N values differ between oceanic and neritic habitats occupied by this species and 
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can thereby be used to identify the age at which turtles migrate between these areas 

through sequential sampling of humerus bone growth layers (Snover 2002, Ramirez 

et al. 2019, Bean & Logan 2019) (see Chapter 3 for full methodological details).  

This analysis revealed that the timing of the oceanic-to-neritic ontogenetic 

shift differed for turtles that stranded in the GoM versus Atlantic (Table 5.2). For 

GoM stranded turtles, 74% of turtles recruited to neritic habitats at age 1, whereas 

22% recruited at age 2—three turtles recruited to neritic habitats at age 3. In contrast, 

40 % of Atlantic stranded turtles recruited to neritic habitats at age 1, 46 % at age 2, 

and 13 % at age 3. Based on these results, for our model we assumed that 75 % of 

GoM turtles transitioned to the small neritic juvenile life stage at age 1 and 15 % at 

age 2. For Atlantic turtles, we assumed 50 % of turtles transitioned to the small neritic 

juvenile life stage at age 1 and 50 % at age 2.  

 

Ontogenetic Shift: Atlantic-to-GoM Neritic Life Stages 

Although tagging studies have revealed that Atlantic Kemp’s ridleys return to 

the GoM to reproduce (Schmid 1995, Chaloupka & Zug 1997, Schmid & Witzell 

1997, Turtle Expert Working Group 1998, NMFS et al. 2011), our understanding of 

this transition is poor. To evaluate the potential timing of this transition we analyzed 

and compared the length frequency distributions of Kemp’s ridleys stranded in the 

Atlantic and GoM obtained through the Sea Turtle Stranding and Salvage Network 

between 1980 and 2016. We also compared stranding age distributions by converting 
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stranding size to age using habitat-specific von Bertalanffy growth functions (Avens 

et al. in prep.).  

Examination of these distributions revealed strong differences in the size and 

age structure between Atlantic and GoM Kemp’s ridleys (Figure 5.2). Specifically, 

turtles tended to accumulate in the larger size classes (> 50 cm straightline carapace 

length, SCL) and older age classes (> 6 yr) in the GoM resulting in a distinct hump in 

the size distribution centered at ~60 cm SCL, near the mean size at sexual maturity 

for this species (61–65 cm SCL; Avens et al. 2017). This accumulation is consistent 

with the slowing and cessation of growth as turtles approach maturation as a larger 

range of ages will be reflected in a smaller range of sizes, leading to a distinct hump 

in the size distribution. In contrast, counts of Atlantic turtles declined continuously 

from a peak at ~30 cm SCL. The lack of a similar a hump in the Atlantic Kemp’s 

ridley size distribution suggests that these turtles are either dying off before 

maturation, are leaving the U.S. Atlantic Coast, or both. Given the observation of 

tagged Atlantic turtles in the GoM as mature adults we assume Atlantic Kemp’s 

ridleys ultimately recruit back to the GoM prior to maturation. As the divergences in 

the Atlantic and GoM size and age distribution begin at ~ 6 years of age (Figure 5.2), 

for our model we assume that Atlantic Kemp’s ridleys begin to transition to GoM 

habitats at age 7. Interestingly, this estimate aligns with the hypothesis of Chaloupka 

& Zug (1997) that a growth spurt at ~8 years of age was indicative of an ontogenetic 

shift from Atlantic to GoM foraging habitats. 
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As the specific rate at which Atlantic Kemp’s ridleys recruit to the GoM is 

unknown, we implemented two models that relied on different cumulative probability 

distribution functions (CDF; Figure D1) to describe this ontogenetic shift as well as a 

third model that assumes that no Atlantic turtles recruit back to the GoM.  

Model 1 (base model; maturation transition): Atlantic Kemp’s ridleys 

transition to the GoM at maturation following the logistic maturation schedule 

(Equation 1) which assumes 50 % of Atlantic turtles mature at 15.3 yrs old (tails 

range from 8 to 23 yrs).  

Model 2 (pre-maturation transition): Atlantic Kemp’s ridleys transition to the 

GoM at age 7 with the proportion migrating to the GoM increasing exponentially 

until age 23, after which all Atlantic turtles mature as dictated by the maturation 

ogive. When turtles recruit to the GoM they assume GoM survival rates but retain the 

Atlantic turtle maturation schedule. The shape of this distribution was determined by 

fitting an exponential model to the declining side of the Atlantic Kemp’s ridley age 

distribution beginning at age 7 (Figure 5.2; Equation 2).  

 

ABCDCB*ECF	*C	VCW = 	1 −	J
Y+.Z[(?\9Y])     (2)   

 

Model 3 (no transition): Atlantic Kemp’s ridleys do not recruit back to the 

GoM. This model was implemented to compare our results against historical 

assumptions that Atlantic turtles are lost to the breeding population. 
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Juvenile Survival Rates 

 Survival rates for all juvenile life stages were estimated either empirically 

using catch curve analyses of stranding data or through maximum likelihood 

estimation. When data on age-specific abundance is available, such as fish catch or 

sea turtle strandings, mortality rates can be estimated from the sequential decline in 

counts by age. Given that juvenile survival rates have not been measured for Kemp’s 

ridley sea turtles, we used stranding length frequency data collected through the Sea 

Turtle Stranding and Salvage Network since 1980 to estimate survival rates for small 

neritic (GoM, Atlantic) and large neritic (GoM) juvenile life stages. Catch curve 

analyses assume constant recruitment and mortality through time. As these 

assumptions are violated for Kemp’s ridleys due to increasing nest counts through 

time and the implementation of turtle excluder devices (TED) in trawl fisheries in the 

1980s and 1990s (Turtle Expert Working Group 2000, Heppell et al. 2007), we used a 

cohort-based approach to generate our catch curves.   

Following Turtle Expert Working Group (2000), we first re-indexed stranding 

data from calendar year (January 1 year i to December 31 year i) to ridley year (July 1 

year i to June 30 year i+1). We then used habitat-specific growth curves to estimate 

an age and cohort for each turtle. To account for variable effort, a weighting factor 

was estimated for each year as the ratio of stranding counts in year x divided by 

stranding counts in 1991, the year with the lowest strandings. Each stranding 

observation was then transformed by dividing by this weighting factor (i.e., individual 

turtles stranding in years other than 1991were reflected as numbers less than 1). 
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Separate weighting factors were generated for turtles that stranded in the GoM and 

Atlantic, and stranding data from Mississippi and Alabama were excluded from this 

analysis given that stranding response effort in these states was not standardized until 

2010 (Figure D2). 

A catch curve was then generated for each cohort by summing weighted 

observations for each age, log transforming these values, and fitting a regression line 

through ages 2–5 and 6–9 for GoM turtles and ages 2–7 for Atlantic turtles. Catch 

curves were not implemented for age 0–1 and 8+ (for Atlantic turtles) because they 

were not fully represented in the stranding dataset. Cohort-specific estimates of 

instantaneous mortality (Z) and annual mortality (A = 1 – e–Z) were then estimated 

from the slopes of the regression lines and then visually examined to identify 

temporal trends (Figure D3).  

Within the GoM, mortality rates shown by the Z slopes were higher for the 

1980 to 1988 cohorts than those in subsequent cohorts (Figure D3). We therefore 

combined weighted observations across all cohorts within each of these time periods 

(1980–1988, 1992+) and re-ran the catch curve analyses to generate final mortality 

and survival rate (S = 1 – A) estimates for small (2–5) and large (6–9) neritic juveniles 

in the GoM (Figure 5.3). Our pre-1990 annual Z estimates (0.3–1.2) are higher than 

those reported by NMFS et al. (2011) (0.3–0.6) because our catch curves include ages 

2–5 rather than 2–6, but separate catch curves on the age 2–6 data yielded a similar 

range to previous analyses of these data (0.3–0.9). In the Atlantic, mortality rates 

were variable but showed no distinct trends through time. We therefore collapsed 
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weighted observations across all cohorts (1980–2010) to generate a final survival rate 

estimate for small neritic juveniles (2–7) in the Atlantic.  

Survival rates for oceanic juveniles, large neritic juveniles (Atlantic), and 

adults were estimated using negative log-likelihood estimation (Equation 3): 

 

^&& = ln(`) + Σ
(cdeYfg9h)

i

Zji
                 (3)  

 

where obs and pred are the observed and predicted number of nests for each year 

beginning in 1978 when nest counts were standardized. Fitted parameters were 

bounded between 0.1 and 0.6 for oceanic juveniles and 0.65 and 0.95 for large neritic 

juveniles and adults as in NMFS et al. (2015). We included two additional constraints 

in our model fitting: (1) within each life stage, survival rates cannot decrease through 

time (i.e., 1966–1988 ≤ 1989–2004 ≤ 2005–2009); and, (2) within each time period, 

survival rates cannot decrease with age (i.e., small juvenile ≤ large juvenile ≤ adult). 

This model fitting procedure was implemented separately for each of the three 

models. 

Previous population models for this species have required one or more shifts 

in mortality in 1989/1990 and the late 1990s to achieve reasonable fits to the nesting 

data (Heppell et al. 2004, NMFS et al. 2011, Gallaway et al. 2016a, Kocmoud et al. 

2019). We evaluated model fit across a range of mortality shift scenarios and the best 

fit (lowest NLL) was achieved with mortality shifts in 1989 and 2005 for neritic life 

stages—oceanic juvenile survival was assumed to remain constant through time. 
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These breakpoints were optimal in all three models evaluated and align with known 

shifts in anthropogenic mortality rates, which are overwhelmingly driven by 

interactions with shrimp trawl fisheries (Finkbeiner et al. 2011). Specifically, the 

federal requirement of turtle excluder devices (TEDs) in U.S. trawl fisheries came 

into effect in 1989 and a sharp reduction in shrimp fishing effort occurred within the 

GoM in the early 2000s (Jenkins 2012, Gallaway et al. 2016b). There was 

additionally an acceleration in nest production around 2005 (NMFS & USFWS 

2015). 

 

Model Implementation, Evaluation, and Projection 

 Elasticity analysis was used to evaluate the sensitivity of asymptotic 

population growth rate (λ) of each model to proportional changes in habitat-specific 

survival and fertility (reproductive output). Elasticity is also a measure of the relative 

contribution of different life stages and vital rates to l (Heppell 1998, Caswell 2001). 

Elasticities were summed across relevant ages for each life stage to generate 

cumulative elasticities (e.g., GoM small neritic juvenile survival elasticity = sum age 

2–5 elasticity values). We also evaluated the sensitivity of population growth rate (as 

reflected by predicted nest count; λnest) to changes in the proportion of turtles that 

recruit from oceanic to GoM vs. Atlantic neritic habitats annually. Separate analyses 

were performed for each model, which included different functions describing the 

recruitment of neritic Atlantic turtles to neritic GoM habitats. For each sensitivity 
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analysis, the proportion of oceanic turtles recruiting to Atlantic habitats annually was 

varied from 5 to 35 %, with 15% representing the base scenario.  

 To illustrate the sensitivity of long-term recovery to varying assumptions 

regarding the recruitment of Kemp’s ridleys among oceanic and neritic habitats, we 

used each of the three models evaluated to project the Kemp’s ridley population 

forward in time from 2009 to 2030 and estimate recovery times based on the pre-2010 

demographic rates. I specifically estimated time to reaching annual nesting female 

count criteria using the scenarios assessed in the sensitivity analyses. Downlisting 

criteria under the Endangered Species Act are 10,000 nesting females per season at 

the index nesting beaches (Rancho Nuevo, Tepehuajes, Playa Dos) in Mexico and de-

listing criteria are a 6-year average of 40,000 nesting females per season across all 

nesting beaches (NMFS et al. 2011). This exercise was not intended to quantitively 

forecast population growth and recovery as my projections specifically assumed that 

demographic rates from 2005 to 2009 remain constant through 2030, with the 

exception of total egg survival and hatchling sex ratios. As in NMFS et al. (2011), 

corral capacity was set at 14,500 nests. Given that corral and in-situ nests have unique 

demographic rates, effective egg survival and hatchling sex ratios will vary as the 

proportion of nests left in-situ on the nesting beaches increase through time (Heppell 

et al. 2004).  

 

Results 

Juvenile Survival Rates 
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 Using cohort-specific catch curve analyses (Figure 5.3), we estimated annual 

survival rates were 0.522 and 0.669 for GoM small neritic juveniles (ages 2–5) for the 

1980–1988 and 1992–2011 cohorts, respectively, which were subsequently applied to 

the 1996–1989 and 1990–2009 time periods in all models. The survival rate estimated 

and applied for GoM large neritic juveniles (ages 6+) for the 1990–2009 time period 

was 0.669—insufficient data allowed for derivation of estimates for the 1966–1989 

time period. For Atlantic small neritic juveniles (age 2–7), we estimated a constant 

annual survival rate of 0.651. Given the lack of distinct temporal shifts in mortality 

this estimate was applied to all time periods (Figure D3).  

 Best fit survival rate estimates for all remaining life stages—oceanic juvenile 

(ages 0–1), large neritic juvenile (1966–1988), and adult—are presented in Table 5.3. 

Estimates were relatively invariant among the three models evaluated, with estimated 

oceanic juvenile survival ranging between 0.318 and 0.325 and GoM large neritic 

juvenile survival (1966–1988) ranging between 0.774 and 0.788. Patterns of adult 

mortality were identical across all three models. Within the best fit models, Atlantic 

large neritic juvenile survival was estimated to equal small neritic juvenile survival 

rates (0.651) in all cases but Model 1 where during the 2005–2009 time period they 

were estimated to equal adult survival rates.  

 

Elasticity and Sensitivity Analyses 

 Elasticity analyses revealed that GoM small neritic juvenile survival had the 

largest proportional effect on asymptotic population growth followed by large neritic 
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juvenile survival, adult survival, and fertility (Figure 5.4A). GoM neritic juvenile 

survival elasticities remained relatively high until age 7 when they began to decline 

until maturity. Relative to the survival rates of the more abundant GoM turtles, 

Atlantic and oceanic juvenile survival rates had little influence on population growth 

rate (Figure 5.4A). The lower Atlantic turtle elasticities are likely due to the fact that 

few Atlantic Kemp’s ridleys are ultimately predicted to survive to maturity and join 

the reproductive population (Figure 5.5). For example, Models 1 (maturation 

transition) and 2 (pre-maturation transition) predict that only 3–4% of all neophytes in 

2009 once inhabited the U.S. Atlantic Coast under the base scenario of 15 % of 

oceanic juvenile recruiting to the Atlantic annually. This is likely driven by the 

reduced survivorship to maturity for Atlantic turtles in our models (Table 5.3). 

Indeed, even if 35 % of oceanic juveniles recruited to the Atlantic annually, our 

models predict they would contribute only 7–10% of new nesters. 

 Sensitivity analyses revealed little effect of the proportion of turtles entering 

or leaving the Atlantic on population growth rates (λnest), as expected given the results 

of the elasticity analyses. Although the absolute percent change in nest count 

increased or decreased by ~10 % with every 10% change in the proportion of oceanic 

turtles that recruit to the Atlantic (Figure 5.6), there was ultimately less than a 1% 

change in rate of nest production through time (Figure 5.7). These patterns were 

consistent across all models that included different Atlantic-to-GoM transition 

probabilities (Figures 5.6, D4).  For models that varied the proportion of turtles that 

entered the Atlantic from 5 to 35 % annually, the average 2005–2009 rate of nest 
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count increase ranged between 20.42 and 21.26 % (Model 1: maturation transition), 

19.93 and 20.25 % (Model 2: pre-maturation transition), and 20.33 and 20.34 % 

(Model 3: no transition).  

 

Population Projections 

 Given the minimal effect of variable ontogenetic shifts on population growth, 

estimated recovery times varied little among the scenarios evaluated (Figure 5.8.). For 

both Model 1 and 2, which assume some Atlantic ridleys recruit to the GoM prior to 

or at maturation, increasing the proportion of turtles recruiting to the Atlantic from 5 

to 35 % annually resulted in only a one year delay in reaching the annual nesting 

female downlisting threshold (2011 to 2012) and a two (2021 to 2023) or three year 

(2021 to 2024) delay in reaching the delisting threshold under the pre-2010 scenario 

of exponentially increasing nest numbers. Results for Model 3, which assumed no 

Atlantic turtles return to the GoM, were largely the same with the changes in the 

proportion of turtles recruiting to the Atlantic resulting in a three year delay in 

reaching both the annual nesting female downlisting (2010 to 2013) and delisting 

criteria (2021 to 2024). 

 

Discussion 

 Using a spatially explicit, age-structured matrix population model, we present 

the first quantitative assessment of the contribution of Atlantic Kemp’s ridleys to 

species population growth. This simulation model was developed to explore multiple 
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ecological scenarios and their potential effect on population growth and recovery time 

during a period of exponential population growth (1990–2009) and was not intended 

to accurately predict or project true population size. We therefore recommend caution 

when interpreting our results as baseline demographic rates, particularly model-

derived survival rates, should not be assumed to be accurate. Nevertheless, our 

analysis suggests that Atlantic turtles may not have contributed substantially to 

Kemp’s ridley population growth during the pre-2010 population recovery, when the 

population growth rate was the highest. In this model, the proportional contribution of 

Atlantic juveniles is much lower than GoM juveniles, even if Atlantic turtles return to 

the GoM as large juveniles, well in advance of maturity, or if upwards of a third of 

the population recruits to U.S. Atlantic Coast habitats following the oceanic life stage. 

However, these dynamics may change under different scenarios, particularly when 

population growth rates stabilize or are substantially lower than the near exponential 

growth occurring in the early 2000s. Importantly, this analysis indicates that small 

changes in the survival of GoM turtles is likely to have a much greater effect on 

population growth than a similar change in Atlantic turtles (Heppell 1998). 

 We performed multiple simulations to examine the sensitivity of population 

growth rate and recovery time to the proportion and timing of turtles entering and 

leaving the U.S. Atlantic annually. Our results suggest that even under the most 

extreme scenarios, few Atlantic Kemp’s ridleys (<5 %) ultimately survive and return 

to the GoM to join the reproductive population and thereby contribute little to 

population growth relative to those growing up in the GoM. This largely aligns with 
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the long-standing presumption that females nesting in the western GoM are almost 

entirely composed of turtles that did not spend time in the Atlantic (Caillouet et al. 

2015). Indeed, given the low elasticities for Atlantic turtle life stages, population 

growth in our models is driven almost entirely by GoM turtle dynamics. This is 

particularly evident in comparisons of oceanic and GoM life stage survival rates 

estimated through model fitting, which vary little among the three fitted models 

evaluate (i.e., large changes in the Atlantic-to-GoM recruitment function can be 

compensated by very small changes in GoM survival rates). As a result, estimated 

time to meeting nesting female recovery criteria, based on population projections 

from 2009 onwards (i.e., excluding post-2010 effects), vary by a maximum of four 

years among all models evaluated (downlisting: 2010–2013; delisting: 2021–2024). 

These results match anticipated recovery times prior to the post-2010 nesting setback, 

which expected Kemp’s ridleys would meet downlisting criteria by 2011 and 

delisting criteria by 2024 (NMFS et al. 2011). 

 Although our models suggest Kemp’s ridley population growth is relatively 

insensitive to Atlantic turtle demographic rates, this conclusion is entirely predicated 

on our model configuration being an accurate representation of true population 

dynamics during the period of population recovery, from the mid 1990s through 

2009. As with all previous Kemp’s ridley population models, key uncertainties 

remain regarding many of the demographic rates included herein. Critical 

uncertainties also persist regarding Atlantic Kemp’s ridley ontogenetic shifts and 

maturation. We provide new estimates of Kemp’s ridley oceanic-to-neritic transition 



   
 

 

 
 
 
  163 

probabilities and shed additional light on the value of particle tracking within ocean 

circulation models for sea turtle conservation and management. However, given the 

apparent variability in recruitment of Kemp’s ridleys to the U.S. Atlantic (Putman et 

al. 2013), additional research is needed to more precisely estimate the proportion of 

turtles recruiting to U.S. Atlantic habitats over inter-annual time scales and to validate 

results of these particle simulation models. Additional description of the Atlantic-to-

GoM ontogenetic shift would also improve future population models and may be 

possible with future research on isotope signatures in bone growth layers (Chapter 4).  

While characterizing these transitions will be no small task given the apparent 

low number of turtles that return to the GoM, new insights may be attained through 

the implementation of largescale, collaborative tagging studies or geochemical 

analyses of stranded turtle bone tissue in the GoM (i.e., extend Chapter 4 analyses). 

Such studies would also be key to quantifying size and age at maturation for Atlantic 

Kemp’s ridleys, which is currently unknown. We assumed that Atlantic Kemp’s 

ridleys matured at similar sizes as GoM Kemp’s ridleys and did not exhibit 

compensatory growth (Snover et al. 2007b). However, recent studies suggest sea 

turtle size at sexual maturity is not genetically fixed and that intrapopulation variation 

in these parameters is primarily driven by individual somatic growth rates and not 

post-maturation growth (Bjorndal et al. 2013a, 2014, Omeyer et al. 2018). It is thus 

conceivable that Atlantic Kemp’s ridleys simply mature at smaller size or ages than 

GoM conspecifics. 



   
 

 

 
 
 
  164 

In-water survival rates have been and continue to be the most pressing data 

needed to inform sea turtle demographic models (Heppell et al. 2004, National 

Research Council 2010). We provide novel analyses of stranding data that add 

important new survival rate information for GoM and Atlantic small neritic juvenile 

and GoM large juvenile life stages. However, these data are imperfect as sea turtle 

strandings are influenced by many environmental (e.g., temperature, wind, currents, 

distance to coastline) and anthropogenic (e.g., fishing effort, TED compliance) factors 

that vary across space and time (Epperly et al. 1996, Hart et al. 2006, Nero et al. 

2013, Santos et al. 2018). Better survival rate data are particularly needed for large 

neritic Atlantic Kemp’s ridley juveniles as best fit estimates herein for this life stage 

tended to settle on the bounds we placed on this parameter. Given the low elasticity 

for Atlantic turtle survival rates, any number of parameter combinations generated 

through model fitting could ultimately yield reasonable fits to the nesting data. 

Therefore, our study further highlights the need for additional research on sea turtle 

survival rates (Pfaller et al. 2018), but particularly for Kemp’s ridley sea turtles.  

 Given the conservation status of this species there is considerable interest in 

understanding mechanisms underpinning the nesting changes that have occurred since 

2010 and most recent population models have been narrowly focused on this topic 

(Crowder & Heppell 2011, NMFS & USFWS 2015, Gallaway et al. 2016b, Kocmoud 

et al. 2019). These models are in agreement that a significant mortality event must 

have occurred in 2010, possibly linked to the Deepwater Horizon (DWH) oil spill. 

However, the population has not rebounded as expected under “pulse” perturbation 
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scenarios prompting speculation that DWH effects may persist (i.e., “press” 

perturbation; Crowder & Heppell 2011) or that a combination of factors may be 

influencing demographic rates (e.g., shift in age structure, Caillouet 2014; density 

dependent changes in remigration interval, Gallaway et al. 2016b, Shaver et al. 2016, 

Kocmoud et al. 2019; decline in GoM carrying capacity, Caillouet et al. 2018). While 

our model was not designed to examine this issue, it does suggest that Atlantic 

Kemp’s ridleys are likely not currently an important part of this story and would not 

be able to “rescue” the population from extinction should deleterious effects in the 

GoM persist or worsen (Hufbauer et al. 2015).   

As Atlantic and GoM Kemp’s ridleys face distinct threats and stressors 

(Lewison et al. 2014, Hart et al. 2018a), future investigations into the role of Atlantic 

turtles in shaping the species’ population dynamics would benefit from additional 

study of regional difference in demographic rates. For example, we know that somatic 

growth rates differ between these population subgroups (Caillouet et al. 1995, Zug et 

al. 1997, NMFS & USFWS 2015, Avens et al. 2017, Chapter 2), but casual factors 

and their potential effect on other demographic rates remain unknown. Additionally, 

it has been hypothesized that the carrying capacity of the GoM has been reached and 

that density-dependent factors may be affecting adult female re-nesting intervals 

(Gallaway et al. 2016b, Caillouet et al. 2018, Kocmoud et al. 2019). However, density 

dependent effects would be expected to vary spatiotemporally and manifest in other 

demographics rates (e.g., growth, survival, clutch frequency, etc.; Chapter 2). 

Notably, Atlantic Kemp’s ridleys co-occur with a large loggerhead turtle (Caretta 
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caretta) population. Although limited tracking data suggests loggerheads and Kemp’s 

ridleys may partition habitats in the Chesapeake Bay (Byles 1988), much still remains 

unknown regarding the extent to which they compete for resources. Enhanced inter-

specific competition, combined with more variable environmental conditions (e.g., 

water temperature) and interactions with regionally variable fisheries, could lead to 

divergent demographic rates. 

 Understanding how life history variation influences demographic rates and 

population dynamics is critical to conserving highly mobile, patchily distributed 

species (Runge et al. 2014), especially critically endangered species such as the 

Kemp’s ridley sea turtle (Wibbels & Bevan 2019). Through the development of a 

spatially explicit, age-structured matrix population model, we simulated regional 

Kemp’s ridley population dynamics during the species’ pre-2010 population 

recovery. Our results suggest Atlantic turtles contributed little to overall population 

growth and recovery during this time period. Nevertheless, many uncertainties in key 

demographic rates prevent precise estimation of current and future population size, so 

our results only outline the potential relative contribution of Atlantic versus GoM 

turtles to population growth. While primarily qualitative, these results may be 

important to the development of future conservation and management plans for this 

species, which faces a suite of threats that vary spatiotemporally that continue to 

threaten their recovery (Bjorndal et al. 2011).  
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Table 5.1. Summary of input parameter used across all models.  
 

Parameter Value Source 

Reproduction   
  Clutch frequency 2.5 nests/yr NMFS et al. (2011) 
  Clutch size 97 eggs NMFS et al. (2011) 
  Sex ratio (corral) 0.76 NMFS et al. (2011) 
  Sex ratio (in-situ) 0.64 NMFS et al. (2011) 
  Egg survival (corral) 0.678 NMFS et al. (2011) 
  Egg survival (in-situ) 0.50 NMFS et al. (2011) 
  Breeding probability 0.50 NMFS et al. (2011) 
 Corral capacity 14500 nests NMFS et al. (2011) 
Maturation   
  GoM age at 50% maturity (min, max) 13.3 yr (6 – 21) Avens et al. (2017) 
  ATL age at 50% maturity (min, max) 15.3 yr (8 – 23) This study* 
Ontogenetic Shifts   
 Proportion to GoM 0.85 Putman et al. (2013) 
 Proportion to ATL 0.15 Putman et al. (2013) 
 Proportion to GoM at age 1 0.80 This study 
 Proportion to GoM at age 2 0.20 This study 
 Proportion to ATL at age 1 0.50 This study 
 Proportion to ATL at age 2 0.50 This study 

*Assumes 2 years delay in maturation relative to GoM Kemp’s ridleys given differences in growth 
patterns between regions. 
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Table 5.2. Age at oceanic-to-neritic habitat shift by stranding region based on bone 
δ15N values (‰) [mean ± SD (sample size)]. 
 

Shift age n Pre-shift δ15N (‰) Post-shift δ15N (‰) Proportion of turtles (%) 

Gulf of Mexico stranded turtles 
  0.75 56 9.65 ± 0.58 (18)  12.93 ± 1.85 (56) 74 
  1.75 17 9.41 ± 0.57 (16) 12.66 ± 2.69 (12) 22 
  2.75 3 9.62 ± 0.48 (3) 14.61 ± 0.27 (2) 4 
Atlantic stranded turtles 
  0.75 21 9.42 ± 0.61 (12) 12.47 ± 1.84 (20) 40 
  1.75 24 9.64 ± 0.50 (25) 13.18 ± 1.57 (24) 46 
  2.75 7 9.14 ± 0.56 (5) 13.79 ± 1.91 (5) 13 
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Table 5.3. Summary of survival rate estimates generated through catch curve analyses 
of stranding data (non-bolded values) or maximum likelihood estimation (bolded 
values) for the three models evaluated. Model predicted nest counts were fit to 
observed nests on three index nesting beaches for the years 1966–2009. 
 

 1966–1988 1989–2004 2005–2009 

Model 1 (base model): Atlantic turtles shift to GoM at maturation (logistic function) 
  Oceanic juv (ages 0–1) 0.318 0.318 0.318 
  GOM small neritic juv (ages 1–5) 0.522 0.669 0.669 
  GOM large neritic juv (ages 6+) 0.780 0.826 0.826 
  ATL small neritic juv (ages 1–7) 0.651 0.651 0.651 
  ATL large neritic  juv (ages 8+) 0.651 0.651 0.950 
 Adult 0.843 0.843 0.950 
 NLL –32.347   
 CV 0.088   
Model 2: Atlantic turtles shift to GoM at age 7 (exponential function) 
  Oceanic juv (ages 0–1) 0.311 0.311 0.311 

  GOM small neritic juv (ages 1–5) 0.522 0.669 0.669 
  GOM large neritic juv (ages 6+) 0.774 0.826 0.826 
  ATL small neritic juv (ages 1–7) 0.651 0.651 0.651 
  ATL large neritic  juv (ages 8+) 0.651 0.651 0.651 

 Adult 0.844 0.844 0.950 

 NLL –31.767   
 CV 0.090   
Model 3: No Atlantic turtles shift to GoM 
  Oceanic juv (ages 0–1) 0.325 0.325 0.325 

  GOM small neritic juv (ages 1–5) 0.522 0.669 0.669 

  GOM large neritic juv (ages 6+) 0.788 0.826 0.826 

  ATL small neritic juv (ages 1–7) — — — 
  ATL large neritic  juv (ages 8+) — — — 
 Adult 0.843 0.843 0.950 

 NLL –32.398   

 CV 0.088   
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Figure 5.1. Conceptual diagram of base spatially explicit, age structured matrix population model. 
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Figure 5.2. Summary of sizes (straightline carapace length, SCL) and ages of stranded 
Kemp’s ridley sea turtles by region.  
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Figure 5.3. Results of region- and age-specific catch curve analyses for Kemp’s ridley 
sea turtles. Data were binned across cohorts, including only cohorts fully represented 
for each age class within each time period. Z is the estimated instantaneous mortality 
rate, whereas A is the estimated annual mortality rate (A = 1 – e–Z).  
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Figure 5.4. Habitat- and stage-specific survival and fertility elasticities for Kemp’s 
ridley sea turtles (2005–2009). (A) Elasticities summed across life stages. (B) Age-
specific survival elasticities.  
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Figure 5.5. Estimated population size by life stage for the base model (Model 1: 
Atlantic turtles shift to GoM at maturation; base scenario = 15% to Atlantic, ATL, 
annually). Neophyte = first time nesting female. Age 1 turtles occur in both the 
oceanic and small neritic juvenile life stages due to variable recruitment between 
habitats.   
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Figure 5.6. (A) Predicted nest counts for the base model (Model 1: Atlantic turtles 
shift to GoM at maturation) ran using varying proportions of turtles entering U.S. 
Atlantic life stages from the oceanic life stage. (B) Percent change in nests counts 
relative to the base scenario (base scenario = 15% to Atlantic, ATL, annually). Plots 
for Model 2 and 3 presented in Figure D4. 
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Figure 5.7. Sensitivity of population growth rate (percent change in λnest for period 
2005–2009) to change in the proportion of turtles entering U.S. Atlantic life stages 
from the oceanic life stage (base scenario = 15% to Atlantic, ATL, annually) for each 
model evaluated. Model 1 (base model): Atlantic turtles shift to GoM at maturation 
(logistic function). Model 2: Atlantic turtles shift to GoM beginning at age 7 
(exponential function). Model 3: No Atlantic turtles shift to GoM. 
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Figure 5.8. (A) Predicted number of nesting females per year based on projection of 
base model (Model 1: Atlantic turtles shift to GoM at maturation) and varying 
proportions of turtles entering U.S. Atlantic life stages from the oceanic life stage. (B) 
Projection for all three models evaluated using base scenario (15% to Atlantic 
annually). Endangered Species Act nesting female downlisting criteria are 10,000 
nesting females per season at the index nesting beaches (Rancho Nuevo, Tepehuajes, 
Playa Dos) in Mexico; delisting criteria are a 6-year average of 40,000 nesting 
females per season across all nesting beaches (NMFS et al. 2011).  
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CHAPTER 6: GENERAL CONCLUSION 
 

 The goal of my dissertation was to evaluate how various environmental 

factors influence sea turtle growth rates and how somatic growth variation 

subsequently influences sea turtle population dynamics. To this end, Chapters 2 and 3 

examined the influence of the 2010 Deepwater Horizon oil spill, climate change, 

changing population density, and regionally variable diet composition on Kemp’s 

ridley sea turtle growth rates. Chapter 4 focused on the development of geochemical 

tools to characterize alternative habitat use that, in the future, may allow for 

quantification of Atlantic-to-Gulf of Mexico (GoM) transition probabilities critical to 

parameterization of spatially explicit population models. Lastly, Chapter 5 examined 

how life history variation, specifically regionally variable growth rates, influences 

Kemp’s ridley population growth and recovery time. I focused my research on the 

critically endangered Kemp’s ridley sea turtle due to the availability of a robust 

growth dataset and large tissue collection (i.e., humerus bones from dead stranded 

turtles), as well as the species’ unique life history and distribution, which provided a 

means of testing multiple alternative hypotheses regarding the influence of 

environmental factors on somatic growth and population dynamics. Although this 

analysis focused on a single species, many of the results and methods employed may 

be applicable to other sea turtle and migratory marine megafauna in the western 

North Atlantic Ocean.      

 My research revealed that various environmental factors drive stage- and 

habitat-specific growth responses in Kemp’s ridley sea turtles. Indeed, in Chapter 2 I 
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observed a simultaneous decline in somatic growth rates for oceanic (Age 0) and 

small neritic juveniles (Age 2–5) in both the GoM and Atlantic. Moreover, analyses 

indicated that drivers of this variation are likely regionally variable and additive. For 

example, while I hypothesized these simultaneous declines may ultimately be due in 

part to both direct and indirect effects of the DWH oil spill, Age 0 growth rates also 

appeared to be influenced by regionally variable climate and Age 2–5GoM growth 

rates may be influenced by changing population density. Unfortunately, these results 

did not align with most of my a priori hypotheses related to environmental drivers of 

somatic growth variation in sea turtles. Also, my study design, which focused on 

broadscale patterns over multiple decades, prevented evaluation and exclusion of 

many competing hypotheses. Establishing direct links between sea turtle growth rates 

and the DWH oil spill exposure through geochemical analyses of bone tissue is 

perhaps the most important next step in evaluating DWH oil spill effects on sea turtles 

and disentangling the effects of multiple potential environmental drivers of somatic 

growth variation. Specifically, analyses of bone trace element and polycyclic 

aromatic hydrocarbon (PAH) concentrations may allow for the retrospective 

characterization of DWH oil spill exposure in sea turtles as there is some evidence 

that concentrations of these geochemicals increased in both the water column and 

animal tissues following the oil spill (Wise et al. 2014, López-Duarte et al. 2016, 

Romero et al. 2018). Importantly, these geochemicals would be expected to be 

retained unaltered in sea turtle cortical bone tissue. 
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 Drivers of the post-2012 change in Age 2–5ATL growth rates, along with those 

of large neritic and subadult juvenile growth variation, are poorly understood. The 

identification of a geochemical fingerprint of DWH oil spill exposure would allow for 

testing of our principal hypothesis that changes in Atlantic turtle somatic growth is 

related to carry over effects from DWH oil spill impacts on oceanic habitats and life 

stages. However, if DWH impacts on oceanic life stages were indirect then a DWH 

geochemical fingerprint would likely contribute little to investigating this hypothesis. 

Expanding our understanding of the dynamics of oceanic habitats occupied by 

Kemp’s ridleys and the processes that govern the recruitment of oceanic turtles to 

neritic habitats and life stages in both the GoM and Atlantic may shed important light 

on factors that may explain this regionally variable growth response. Additionally, 

Atlantic Kemp’s ridleys are poorly studied relative to their GoM counterparts, so 

additional study of Atlantic Kemp’s ridley foraging ecology, migratory connectivity, 

and both inter-and intra-specific competitive interactions may provide important new 

insights into somatic growth dynamics. Lastly, low sample sizes and an incomplete 

growth time series prevented robust analysis of drivers of large neritic juvenile 

growth dynamics. Collection and analysis of humerus bones from additional large 

juvenile and adult Kemp’s ridleys in the future will help fill this knowledge gap.  

 My decision to integrate bone stable isotope and growth analyses to examine 

the relationship between diet composition and growth represents a major advance in 

our ability to link these two major ecological factors but comes with certain 

limitations and data needs that presently limit the utility of this approach. The ideal 
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way of estimating dietary proportions using stable isotope mixing models is to 

simultaneously collect tissue samples of consumers—preferably tissues with rapid 

turnover rates (i.e., short time between food intake and assimilation of constituents 

into the body)—and all potential prey over a specific area and period of time (Phillips 

et al. 2014). Such an approach was not possible for our analysis given the spatial 

scale and retrospective nature of our study. Many factors are thus confounded in our 

analysis (e.g., time, space, data availability) that may have affected our ability to 

detect diet variation within and among regions and our ability to characterize 

relationships between diet composition and somatic growth rates. Nevertheless, we 

detected novel relationships between stable nitrogen isotope ratios, diet composition, 

and growth that may serve as the foundation for much additional research. Chapter 3 

therefore represents but the first step in using sea turtle bones to study connections 

between diet and somatic growth variation. Future studies that narrow their 

spatiotemporal scope would go a long way in ameliorating some of these issues. 

Additionally, much greater effort is needed to characterize the means and variances of 

potential prey stable isotope ratios across all habitats utilized by sea turtles in order to 

improve these models and effectively expand their application. 

 Perhaps the most exciting finding from my research was the identification of a 

geochemical marker that allows us to differentiate GoM vs. Atlantic habitat use: Pb 

isotopes. Quantifying population connectivity is central to understanding the 

dynamics of patchily distributed species (Crooks & Sanjayan 2006, Runge et al. 

2014), particularly those demonstrated to have regionally variable vital rates such as 
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the Kemp’s ridley sea turtle (Avens et al. 2017). Nevertheless, we do not know the 

relative proportion of Kemp’s ridleys that reside along the U.S. Atlantic Coast let 

alone the sizes/ages at which they migrate to GoM habitats. In Chapter 4, I 

demonstrated that Pb isotopes may be the key to answering such questions in future 

analyses. Specifically, a largescale extension of this research to large juvenile and 

adult Kemp’s ridleys stranded in the GoM, which represent an unknown mix of life-

long GoM residents and Atlantic migrants, may allow researchers to identify the 

timing of Atlantic-to-GoM ontogenetic shifts and quantify the proportion of turtles 

that ultimately occupy these disparate habitats. Such information could ultimately be 

included in spatially explicit population models to more accurately quantify the 

contribution of Atlantic vs. GoM Kemp’s ridleys to population growth and develop 

region-specific management plants. Importantly, as Pb isotopes do not fractionate 

within foods (i.e., Pb isotope ratios in tissues directly track those in the environment) 

our results are likely applicable to the study of connectivity in many other migratory 

species in the western North Atlantic Ocean that occupy GoM and Atlantic habitats 

(e.g., other sea turtle species, marine mammals, sharks). 

 I originally had hoped to extend the Chapter 4 analysis to aid in 

parameterization of my Chapter 5 population model, but circumstances prevented this 

additional research from occurring. Part of this setback was due to the Burt Hall fire 

that compromised necessary analytical equipment. But methodological limitations 

also slowed progress on this research. Solutions-based analyses of Pb isotopes are 

very time-consuming and require a relatively large amount of sample. Indeed, the 
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average amount of bone dust that can be extracted from individual bone growth layers 

is near the minimum sample requirements for this approach. Trying to sample all of 

the growth layers for individual turtles would have in many cases been infeasible, not 

to mention cost prohibitive given the time it takes to analyze these samples once 

prepared. An exciting potential avenue for continuing this work in the future would 

be laser-ablation multi-collector inductively coupled plasma mass spectrometry (MC-

ICP-MS), which combines the sensitivity of MC-ICP-MS with the flexibility of 

sampling via laser ablation to characterize Pb isotope ratios of solid materials 

(Ponting et al. 2003, Kent 2008). If this approach has great enough precision to detect 

the very small differences in Pb isotope ratios of turtles from the Atlantic and GoM, it 

might allow for the rapid sampling of hundreds of turtle bones in a matter of days at a 

significantly reduced cost relative to the solutions-based approach. 

 Variable growth has the potential to influence sea turtle population dynamics 

through effects on time to maturity and size-specific mortality. When regional 

differences in demographic rates exist for a species of conservation concern, it is 

pertinent to evaluate how this life history variation influences overall species 

population dynamics. In Chapter 5, I implemented a spatially explicit, age-structured 

matrix population model to evaluate how regionally variable growth rates influence 

Kemp’s ridley population growth and recovery time. I specifically evaluated the 

relative importance of Atlantic Kemp’s ridleys to population growth and found that 

they likely contributed little to the species’ pre-2010 population recovery under a 
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range of scenarios. This represented the first population model for this species that 

included separate Atlantic life stages and demographic rates.  

While my population model included many new sources of information 

related to Atlantic turtle vital rates and movement patterns, key uncertainties remain 

that constrain precise quantification of this species’ population dynamics. As for most 

sea turtle species, in-water survival rate are the most pressing data need in order to 

more accurately estimate population sizes and trends (Crouse et al. 1987, Crowder et 

al. 1994, Heppell et al. 2004). However, given the logistical difficulties of conducting 

mark-recapture studies in highly mobile marine species, expanded study of sea turtle 

strandings may be a more feasible approach to quantifying sea turtle survival rates in 

the future. There is still much we do not know about the causes and patterns of sea 

turtle strandings that would aid interpretation of these data, although recent efforts are 

working to fill some of this knowledge gaps. For example, recent tagging studies of 

frozen sea turtle carcasses have greatly increased our understanding of the physical 

processes that govern sea turtle carcass movements and decomposition rates (Higgins 

et al. 2007, Nero et al. 2013, Santos et al. 2018). Nevertheless, we still do not know 

what proportion of strandings are associated with natural versus anthropogenic 

mortality nor what proportion of total mortality they represent. Maintaining consistent 

stranding response effort across space and time will be critical to reducing biases in 

the stranding dataset. Ameliorating these sources of uncertainty would greatly 

enhance the value of stranded turtles to survival rate estimation. 
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Highly migratory species pose unique challenges to studying somatic growth 

and potential drivers of growth variation. However, my research demonstrated the 

potentially transformative value of stranded sea turtle bones to addressing otherwise 

intractable questions in sea turtle ecology. While biologging technologies have 

greatly expanded the information we can obtain from individual animals (Wilmers et 

al. 2015), mark-recapture studies may never allow us to robustly evaluate drivers of 

somatic growth variation in sea turtles within reasonable time frames as tag returns 

are low and resulting growth intervals are inconsistent. Responding to stranded sea 

turtles is potentially less resource-intense than implementing large-scale mark-

recapture studies, and routine collection of humerus bones from a subset of stranded 

turtles that are already being monitored through the Sea Turtle Stranding and Salvage 

Network may be a more feasible approach to rapidly censusing a populations’ 

somatic growth rates and exploring drivers of somatic growth variation in real time 

(e.g., following an oil spill or red tide event). Importantly, such efforts can yield 

large, long-term datasets that are necessary for evaluating changes in demographic 

rates across space and time.   

Taken together, this research has greatly expanded our understanding of the 

drivers of sea turtle somatic growth and population dynamics. Out of necessity, this 

research examined effects at broad spatial scales. Much knowledge may be gained by 

examining local effects on somatic growth rates through comparison of region- or 

state-specific growth rate data presented herein with local factors (e.g., temperature, 

prey availability, fishing pressure, salinity, etc.). At the individual turtle level, 



   
 

 

 
 
 
  187 

comparing somatic growth rate data with other data obtained from necropsies, such as 

nutritional condition and stomach contents, may also provide novel insights into the 

drivers of somatic growth variation. Ultimately, my results provide important new 

information on Kemp’s ridley sea turtle life history and population dynamics that may 

be important to future population assessments and development of conservation 

plans.  
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Table A1. Summary characteristics for stranded Kemp’s ridley sea turtles by 
stranding state. 
 

*Stranding state unknown for 15 turtles (2 in Gulf of Mexico, 13 in Atlantic) 
  

Location Stranding data Growth rate data 
n SCL (cm) 

Mean ± SD  
(range) 

Age (yr) 
Mean ± SD  
(range) 

Year range n Year range 

Texas 200 55.6 ± 10.9 
(4.2 – 69.1) 

11.87 ± 6.47 
(1.00 – 30.25) 

1997 – 2013 915 1988 – 2012 

Louisiana 193 41.1 ± 12.1  
(16.6 – 65.4) 

4.82 ± 4.02 
(0.75 – 20.25) 

1999 – 2015 425 1998 – 2014 

Mississippi 185 39.7 ± 10.7  
(21.0 – 66.2) 

5.10 ± 4.60 
(0.75 – 20.75) 

1993 – 2016 479 1990 – 2015 

Alabama 61 38.1 ± 9.1  
(23.4 – 65.4) 

4.26 ± 4.68 
(1.25 – 23.00) 

1997 – 2014 151 1994 – 2013 

Florida, Gulf 142 41.1 ± 11.0  
(20.3 – 65.4) 

4.62 ± 3.23 
(1.00 – 15.75) 

1998 – 2013 354 1994 – 2013 

Florida, Atlantic 17 51.1 ± 9.7 
(31.5 – 66.7) 

9.70 ± 4.19 
(2.50 – 18.75) 

1998 – 2012 87 1995 – 2010 

Georgia 15 37.4 ± 7.2 
(28.5 – 50.8) 

5.23 ± 2.28 
(2.00 – 9.50) 

2002 – 2011 51 1998 – 2010 

South Carolina 6 40.2 ± 10.9 
(25.1 – 55.9) 

5.34 ± 3.09 
(1.75 – 10.25) 

2011 – 2012 23 2005 – 2011 

North Carolina 255 35.1 ± 9.3 
(19.3 – 64.4) 

4.14 ± 2.65 
(1.00 – 14.75) 

1993 – 2016 602 1991 – 2015 

Virginia 69 42.7 ± 9.1 
(23.1 – 59.8) 

6.28 ± 3.05 
(1.25 – 16.00) 

1998 – 2013 261 1994 – 2011 

Delaware 1 23.2 
 

1.00 2011 1 2010 

New Jersey 4 28.4 ± 5.5 
(23.3 – 36.0) 

3.76 ± 1.35 
(2.00 – 5.50) 

2004 – 2012 13 2000 – 2011 

New York 4 26.4 ± 2.1 
(23.8 – 28.3) 

2.75 ± 1.36 
(1.25 – 4.50) 

2001 – 2001 10 1996 – 2000 

Massachusetts 68 28.1 ± 4.1 
(19.3 – 40.0) 

3.73 ± 1.38 
(1.25 – 8.50) 

2002 – 2017 195 1999 – 2015 
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Table A2. Results of Reverse Helmert Coding schemes used to compare mean age 
class-specific growth rates of Kemp’s ridley sea turtles before and after the 
Deepwater Horizon oil spill. Number of asterisks (*) indicates degree of significance 
based on p–values for Reverse Helmert Coding schemes (* = p < 0.05, ** = p < 0.01, 
*** = p < 0.001; empty cells mean no significant change in mean growth rate). Colors 
indicate direction of change in mean growth rate (black = increase, red = decrease). 
Shaded rows identify significant years where there was concordance complementary 
breakpoint and cutpoint analyses. Analyses excluded years with N < 5 (noted by 
dash).  
 

 Age class 
Reverse Helmert comparison  Gulf of Mexico 

stranded turtles 
Atlantic  

stranded turtles 
Comparison 0 1 2–5 6–9 1 2–5 6–9 
2000 vs. 1995–1999    **    
2001 vs. 1995–2000        
2002 vs. 1995–2001  –      
2003 vs. 1995–2002  –      
2004 vs. 1995–2003     – *  
2005 vs. 1995–2004    *    
2006 vs. 1995–2005  – **     
2007 vs. 1995–2006     **   
2008 vs. 1995–2007        
2009 vs. 1995–2008        
2010 vs. 1995–2009  *    ***  
2011 vs. 1995–2009      ** – 
2012 vs. 1995–2009 **  *   * – 
2013 vs. 1995–2009 ***  * –   – 
2014 vs. 1995–2009   *** – ** *** – 
2015 vs. 1995–2009 – –  – –  – 
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Table A3. Summary of statistical output for age class-specific Generalized Additive 
Models (GAMs) used to analyze the influence of population density metrics on mean 
back–calculated growth rates for Kemp’s ridley sea turtles stranded in the U.S. Gulf 
of Mexico and Atlantic Coasts. Abund is cumulative oceanic or neritic juvenile turtle 
abundance in a given year estimated from a Kemp’s ridley sea turtle population 
model (up to 2009; NMFS & USFWS 2015). HatchProd is cumulative hatchling 
production for years, t(x), prior to a given year. Dev = deviance explained by the 
model (data sourced from NMFS & USFWS 2015). The models exclude years with N 
< 5.  
 

     Smooth term  

Model N Dev (%) Adj. R2 AIC Variable Edf F Prob(F) 

(a) Model: growth rate ~ turtle abundance 

 GAMAge0 15 9.4 0.03 22.08 Abund (S Ages 0–1) 1.00 1.34   0.267 

 GAMAge1_GoM 9 72.8 0.57 22.67 Abund (S Ages 0–1) 2.96 3.00   0.117 

 GAMAge1_Atl 11 35.2 0.23 31.03 Abund (S Ages 0–1) 1.61 1.94   0.212 

 GAMAge2–5_GoM 15 52.8 0.42 24.36 Abund (S Ages 2–5) 2.60 3.43   0.051 

 GAMAge2–5_Atl 15 37.7 0.26 16.82 Abund (S Ages 2–5) 2.23 2.35 0.154 

 GAMAge6–9_GoM 15 1.36 –0.06 22.70 Abund (S Ages 2–5) 1.00 0.18 0.679 

 GAMAge6–9_Atl 11 5.70 5.16 13.34 Abund (S Ages 2–5) 1.00 0.54 0.479 

Model: growth rate ~ prior hatchling production 

 GAMAge0 20 15.5 0.11 43.69 HatchProd (S t0–t–1) 1.00 3.30   0.086 

 GAMAge1_GoM 14 0.01 –0.08 39.04 HatchProd (S t0–t–1) 1.00 0.00   0.979 

 GAMAge1_ATL 16 60.2 0.46 40.43 HatchProd (S t0–t–1) 4.00 2.65   0.071 

 GAMAge2–5_GoM 21 48.5 0.41 43.82 HatchProd (S t–2–t–5) 2.73 4.17 0.018 

 GAMAge2–5_Atl 21 2.43 –0.03 51.09 HatchProd (S t–2–t–5) 1.00 0.47 0.500 

 GAMAge6–9_GoM 18 24.4 0.14 28.34 HatchProd (S t–2–t–5) 1.84 1.82 0.197 

 GAMAge6–9_Atl 12 7.34 –0.02 12.97 HatchProd (S t–2–t–5) 1.00 0.79 0.394 
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Table A4. Cross-correlation coefficients for comparison of age class-specific mean 
growth rates and lagged climate indices (0- to 5-yr lags). Bold numbers identify 
correlation values ≥ 0.50. Colors and shading indicated direction and degree of 
correlations, respectively (blue = negative correlation, red = positive correlation). 
 

 Lag year 
Age class 0 1 2 3 4 5 
Winter North Atlantic Oscillation (wNAO) Index 
 Age 0 0.22 0.46 0.59 0.54 0.54 0.60 
 Age 1GoM 0.23 0.20 0.17 0.16 0.02 –0.13 
 Age 1Atlantic 0.30 0.26 0.15 –0.12 –0.17 –0.22 
 Age 2–5GoM –0.27 –0.05 0.09 0.21 0.27 0.32 
 Age 2–5Atlantic –0.09 –0.01 0.04 0.14 0.23 0.25 
 Age 6–9GoM –0.06 –0.23 –0.42 –0.44 –0.53 –0.59 
 Age 6–9Atlantic 0.34 0.35 0.35 0.11 0.08 0.06 
Atlantic Multidecadal Oscillation (AMO) Index 
 Age 0 –0.17 –0.42 –0.57 –0.52 –0.52 –0.60 
 Age 1GoM –0.25 –0.22 –0.19 –0.20 –0.06 0.09 
 Age 1Atlantic –0.31 –0.29 –0.18 0.10 0.16 0.21 
 Age 2–5GoM 0.31 0.08 –0.05 –0.17 –0.23 –0.28 
 Age 2–5Atlantic 0.11 0.04 –0.01 –0.11 –0.20 –0.22 
 Age 6–9GoM 0.01 0.19 0.39 0.42 0.52 0.60 
 Age 6–9Atlantic –0.33 –0.35 –0.36 –0.11 –0.09 –0.07 
Multivariate El Niño Southern Oscillation Index (MEI) 
 Age 0 0.51 0.59 0.60 0.49 0.41 0.40 
 Age 1GoM –0.03 –0.03 –0.03 –0.01 –0.08 –0.15 
 Age 1Atlantic 0.03 0.03 –0.04 –0.21 –0.22 –0.23 
 Age 2–5GoM 0.21 0.32 0.36 0.39 0.37 0.34 
 Age 2–5Atlantic 0.24 0.25 0.24 0.26 0.28 0.25 
 Age 6–9GoM –0.25 –0.32 –0.40 –0.36 –0.37 –0.38 
 Age 6–9Atlantic 0.27 0.25 0.23 0.03 0.01 –0.01 
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Figure A1. Time series of Kemp’s ridley sea turtle abundance. Top panel: 
population–model derived estimates of annual number of turtles in each age class 
through 2009. Post–2010 abundances were excluded due to poor model fit (see 
NMFS and USFWS 2015). Bottom panel: cumulative hatchling production from the 
species’ index nesting beach in Tamaulipas, Mexico (data sourced from NMFS & 
USFWS 2015). 
 
 

  

Ne
rit

ic 
ab

un
da

nc
e 

(th
ou

sa
nd

s)

Oc
ea

nic
 a

bu
nd

an
ce

 (m
illi

on
s)

Ha
tch

lin
g 

pr
od

uc
tio

n 
(m

illi
on

s) ∑t0
∑t0–t−1
∑t−2–t−9

0

10

20

30

40

50

60

0.0
0.2
0.4
0.6
0.8
1.0
1.2

Oceanic Juv (∑Age 0–1)
Neritic Juv (∑ Age 2–5)
Neritic Juv (∑ Age 6–9)
Neritic Adult (∑ Age 10+)

Year

0

1

2

3

4

1990 1995 2000 2005 2010 2015



   
 

 

 
 
 
  221 

 
 
Figure A2. Relationship between mean back–calculated growth rate and population 
density metrics for Age 0 Kemp’s ridley sea turtles stranded in the Gulf of Mexico 
and Atlantic Coast. Dashed lines and grey ribbons are predicted values and 95% CI 
from GAM models with either cumulative hatchling production (left panel) or 
population abundance (right panel) included as a smoother term (see Table A4). 
Points are means ± 95% CI.  
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Figure A3. Relationship between mean back–calculated growth rate and population 
density metrics for Age 1, Age 2–5, and Age 6–9 Kemp’s ridley sea turtles stranded 
in the Gulf of Mexico. Dashed lines and grey ribbons are predicted values and 95% 
CI from GAMs with either cumulative hatchling production (left panel) or population 
abundance (right panel) included as a smoother term (see Table A4). Points are means 
± 95% CI.  
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Figure A4. Relationship between mean back–calculated growth rate and population 
density metrics for Age 1, Age 2–5, and Age 6–9 Kemp’s ridley sea turtles stranded 
along the Atlantic Coast. Dashed lines and grey ribbons are predicted values and 95% 
CI from GAM models with either cumulative hatchling production (left panel) or 
population abundance (right panel) included as a smoother term (see Table A4). 
Points are means ± 95% CI.  
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Materials and Methods 

Bulk sea turtle bone δ13C carbonate carbon correction 

Following stable isotope analysis, bulk bone δ13C values were mathematically 

corrected to account for carbonate-derived carbon as recommended by Turner 

Tomaszewicz et al. (2015). Using their approach, we collected ~15 mg cortical bone 

dust from 43 Kemp’s ridley sea turtle humeri using an ESI New Wave Research 

MicroMill, sampling only the central portion of the cortical bone. To generate 

sufficient bone dust for analysis, we sampled across multiple humerus bone growth 

layers. Approximately 1.5 mg of this bulk bone dust was then packaged into tin cups 

for each turtle for stable carbon and nitrogen isotope analysis (hereafter δ13Cbulk and 

δ15Nbulk). 

We then placed the remaining bone dust in individual 1.5 mL microcentrifuge 

tubes, added 0.5 mL of 0.25 M HCL, stirred the contents with a metal spatula, and 

refrigerated the bone-acid solution for 1–2 hours. We then centrifuged the samples for 

2 minutes, rinsed the samples three times with nanopore water, and then pipetted 

down each solution to 0.25 mL. Each sample was then mixed, transferred into pre-

weighed tin capsules, and dried for 48 hours. The isolated collagen samples were then 

analyzed for δ13C and δ15N values (hereafter δ13Ccollagen and δ15Ncollagen). 

Paired samples were then compared to assess effects of acidification on stable 

isotope values. As in Turner Tomaszewicz et al. (2015), bulk and collagen values did 

not differ for δ15N (Wilcoxon signed rank test, V = 527, p = 0.12) but were 

significantly different for δ13C (Wilcoxon signed rank test, V = 941, p < 0.001). The 
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relationship between δ13Cbulk and δ13Ccollagen was well described by a simple linear 

model (δ13Ccollagen = 0.98 * δ13Cbulk – 1.13, F1,42 = 550.1, p < 0.001, adjusted R2 = 

0.93). We applied this equation to our broader Kemp’s ridley bone stable isotope 

dataset used in the mixing models to mathematically convert δ13Cbulk values to 

δ13Ccollagen values. δ15Nbulk data were left untransformed.  

 

Informative Prior 

 We used published Kemp’s ridley sea turtle diet composition data to serve as 

informative priors in our analyses. We identified seven studies that presented detailed 

diet composition data (% dry mass or % wet volume) for multiple turtles (Table B2). 

For each study, we aggregated data for each prey group utilized herein and then 

calculated a weighted mean across all studies based on the number of turtles sampled. 

Within these studies, bivalves and gastropods tended to be aggregated within a single 

mollusc group. We therefore calculated a weighted mean for molluscs and then split 

the weighted mean evenly to generate informative priors for bivalves and gastropods. 

Witzell and Schmid (2005) was excluded from this calculation given the abnormally 

high percentage of their Other/Unidentified category. Final diet composition 

estimates used as informative priors were 76.7% for crustaceans, 2.1% for bivalves, 

2.1% for gastropods, 6.0% for fish, and 2.1% for seagrass/algae.  

 

Concentration of carbon and nitrogen in prey sources 
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 Mixing model derived estimates of diet composition can be strongly 

influenced by differences in elemental compositions about potential prey sources 

(Phillips & Koch 2002), particularly for omnivorous species (MacArthur et al. 2011). 

Given that our models include both plant and animal species, we sought to account 

for taxon-specific digestibility in our analyses. To this end we performed a literature 

review using Web of Science and Google Scholar for published carbon and nitrogen 

elemental concentrations of representative prey items.  

 Through this search we identified 44 research articles that reported carbon and 

nitrogen elemental concentrations of bivalves (n = 4), crustaceans (n = 5), fish (n = 

9), gastropods (n = 3), macroalgae (n = 12), and seagrass (n = 11) from primarily the 

U.S. GoM and Atlantic (Table B2). These data were averaged within each taxonomic 

group to generate means used in our stable isotope mixed models. Only data for 

animal soft tissue were used in this analysis, whereas samples for macroalgae and 

seagrasses where whole samples. Mean %C and %N, respectively, were 44.46 and 

12.19 % for bivalves; 39.27 and 11.42 % for crustaceans; 41.12 and 9.54 % for 

gastropods; 42.85 and 11.64 % for fish; 22.06 and 1.70 % for macroalgae; and, 36.37 

and 2.03 % for seagrasses. As in the broader analysis, means for macroalgae and 

seagrasses were averaged to generate plant values of 29.22 % carbon and 1.87 % 

nitrogen used in the analysis. 
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Table B1. Stable carbon and nitrogen isotope values for potential Kemp’s ridley sea turtle prey species included in the stable 
isotope mixing model. Data were summarized by prey group and region (see Prey Stable Isotope Ratios in Materials and 
Methods for full details). 
 
Phylum Family/Order Prey Group Common 

Name 
Scientific Name N δ15N 

(‰) 
SD N δ13C 

(‰) 
SD State Sampl

ing 
Year 

Source 

Mollusca Arcidae Bivalve Clam Arca ponderosa    1 -18.30  NC 1975 Thayer et al. 1978 
Mollusca Arcidae Bivalve Clam Arca transversa    1 -18.90  NC 1975 Thayer et al. 1978 
Mollusca Mactridae Bivalve Atlantic 

rangia 
Rangia cuneata, 
Corbicula fluminea 

20 6.28 0.19 20 -22.67 0.37 NC 2002 Bucci et al. 2007b 

Mollusca Mactridae Bivalve Atlantic 
rangia 

Rangia cuneata, 
Corbicula fluminea 

5 9.26 0.25 5 -24.16 0.19 NC 2002 Bucci et al. 2007b 

Mollusca Mactridae Bivalve Atlantic 
rangia 

Rangia cuneata 15 9.15 0.86    LA 2005 Fry 2008 

Mollusca Mactridae Bivalve Atlantic 
rangia 

Rangia cuneata 1 6.80  1 -27.40  MS 2006 Rush et al. 2010 

Mollusca Mactridae Bivalve Atlantic 
rangia 

Rangia cuneata 14 7.20 0.28 14 -26.30 0.59 MS 2006 Rush et al. 2010 

Mollusca Mytilidae Bivalve Ribbed 
mussel 

Geukensia demissa 1 7.60  1 -25.30  MS 2008 Baker et al. 2013 

Mollusca Mytilidae Bivalve Ribbed 
mussel 

Geukensia demissa 3 6.40 0.52 3 -18.30 0.35 NC 2008 Baker et al. 2013 

Mollusca Mytilidae Bivalve Ribbed 
mussel 

Geukensia demissa 2 7.90 0.57 2 -19.10 0.35 NC 2008 Baker et al. 2013 

Mollusca Mytilidae Bivalve Ribbed 
mussel 

Geukensia demissa 1 6.60  1 -20.20  TX 2008 Baker et al. 2013 

Mollusca Mytilidae Bivalve Hooked 
mussel 

Ischadium recurvum 15 6.94 0.23 15 -24.83 0.58 LA 2010 Beck and La Peyre 2015 

Mollusca Mytilidae Bivalve Hooked 
mussel 

Ischadium recurvum 15 8.99 0.35 15 -25.69 0.43 LA 2010 Beck and La Peyre 2015 

Mollusca Mytilidae Bivalve Hooked 
mussel 

Ischadium recurvum 15 9.17 0.27 15 -23.97 0.31 LA 2010 Beck and La Peyre 2015 

Mollusca Mytilidae Bivalve Mussel Brachidontes spp    3 -24.10  FL(FG) 1992 Chanton and Lewis 2002 
Mollusca Mytilidae Bivalve Hooked 

mussel 
Ischadium recurvum 15 5.86 0.76 15 -24.90 1.04 MS 2006 Dillon et al. 2015 

Mollusca Mytilidae Bivalve Ribbed 
mussel 

Geukensia demissa    12 -22.98  LA 2010 Fry and Anderson 2014 

Mollusca Mytilidae Bivalve Ribbed 
mussel 

Geukensia demissa    12 -22.37  LA 2010 Fry and Anderson 2014 



   
 

 

 
 
 
  229 

Mollusca Mytilidae Bivalve Ribbed 
mussel 

Geukensia demissa 6 8.20 0.73 6 -17.30 0.24 VA 1997 Knoff et al. 2001 

Mollusca Mytilidae Bivalve Mussel Unidentified 55 7.43 0.47 55 -24.05 0.75 LA 2013 Olin et al. 2017 
Mollusca Mytilidae Bivalve Ribbed 

mussel 
Geukensia demissa 2 6.20 0.57 2 -27.20 1.70 MS 2006 Rush et al. 2010 

Mollusca Mytilidae Bivalve Ribbed 
mussel 

Geukensia demissa 8 6.70 0.54 8 -22.60 0.76 MS 2006 Rush et al. 2010 

Mollusca Mytilidae Bivalve Carolina 
marsh clam 

Polymesoda 
caroliniana 

1 8.50  1 -22.00  MS 1988 Sullivan and Moncreiff 1990 

Mollusca Mytilidae Bivalve Hooked 
mussel 

Ischadium recurvum 4 6.60  6 -21.90  MS 1988 Sullivan and Moncreiff 1990 

Mollusca Mytilidae Bivalve Ribbed 
mussel 

Geukensia demissa 2 7.30  2 -21.80  MS 1988 Sullivan and Moncreiff 1990 

Mollusca Mytilidae Bivalve Mussel Unidentified    1 -21.10  AL 2010 Wilson et al. 2015 
Mollusca Mytilidae Bivalve Mussel Unidentified    1 -22.10  FL(FG) 2010 Wilson et al. 2015 
Mollusca Mytilidae Bivalve Mussel Unidentified    3 -24.20 0.60 LA 2010 Wilson et al. 2015 
Mollusca Mytilidae Bivalve Mussel Unidentified    1 -27.10  MS 2010 Wilson et al. 2015 
Mollusca Mytilidae Bivalve Mussel Unidentified 1 8.00  1 -22.20  TX 1999 Winemiller et al. 2007 
Mollusca Ostreidae Bivalve Eastern 

oyster 
Crassostrea virginica 40 4.99 0.50 40 -22.56 0.93 FL(FG) 2008 Abeels et al. 2012 

Mollusca Ostreidae Bivalve Eastern 
oyster 

Crassostrea virginica 2 7.80  2 -20.70  FL(FG) 2008 Baker et al. 2013 

Mollusca Ostreidae Bivalve Eastern 
oyster 

Crassostrea virginica 5 9.30 0.22 5 -18.00 0.17 LA 2008 Baker et al. 2013 

Mollusca Ostreidae Bivalve Eastern 
oyster 

Crassostrea virginica 1 6.80  1 -19.20  NC 2008 Baker et al. 2013 

Mollusca Ostreidae Bivalve Eastern 
oyster 

Crassostrea virginica 3 8.90 0.35 3 -21.10 0.17 TX 2008 Baker et al. 2013 

Mollusca Ostreidae Bivalve Eastern 
oyster 

Crassostrea virginica 1 8.90  1 -20.90  TX 2008 Baker et al. 2013 

Mollusca Ostreidae Bivalve Eastern 
oyster 

Crassostrea virginica 15 9.36 0.23 15 -23.20 0.50 LA 2010 Beck and La Peyre 2015 

Mollusca Ostreidae Bivalve Eastern 
oyster 

Crassostrea virginica 15 11.54 0.27 15 -23.70 0.46 LA 2010 Beck and La Peyre 2015 

Mollusca Ostreidae Bivalve Eastern 
oyster 

Crassostrea virginica 15 11.64 0.77 15 -22.54 0.31 LA 2010 Beck and La Peyre 2015 

Mollusca Ostreidae Bivalve Eastern 
oyster 

Crassostrea virginica 15 12.01 0.31 15 -20.49 0.31 LA 2010 Beck and La Peyre 2015 

Mollusca Ostreidae Bivalve Eastern 
oyster 

Crassostrea virginica 27 8.48 1.16    AL 2007 Biancani et al. 2012 

Mollusca Ostreidae Bivalve Eastern 
oyster 

Crassostrea virginica 41 13.34 2.22 40 -21.05 2.44 TX 2009 Bishop et al. 2017 
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Mollusca Ostreidae Bivalve Eastern 
oyster 

Crassostrea virginica 96 9.82 1.00    TX 2012 Blomberg et al. 2017 

Mollusca Ostreidae Bivalve Eastern 
oyster 

Crassostrea virginica    28 -23.35  FL(FG) 1992 Chanton and Lewis 2002 

Mollusca Ostreidae Bivalve Eastern 
oyster 

Crassostrea virginica 70 7.11 0.60 70 -24.01 1.31 MS 2006 Dillon et al. 2015 

Mollusca Ostreidae Bivalve Eastern 
oyster 

Crassostrea virginica 33 9.50 0.57 33 -22.40 1.15 VA 2005 Fertig et al. 2014 

Mollusca Ostreidae Bivalve Eastern 
oyster 

Crassostrea virginica 19 11.00 0.87 19 -20.50 0.87 VA 2005 Fertig et al. 2014 

Mollusca Ostreidae Bivalve Eastern 
oyster 

Crassostrea virginica 36 5.57 0.38 36 -26.48 1.57 FL(FG) 2012 Loh et al. 2017 

Mollusca Ostreidae Bivalve Eastern 
oyster 

Crassostrea virginica 10 9.29 0.76 10 -22.79 1.20 TX 2006 Oakley et al. 2014 

Mollusca Ostreidae Bivalve Eastern 
oyster 

Crassostrea virginica 150 8.25 0.31 150 -21.68 0.40 FL(FG) 2006 Oczkowski et al. 2011 

Mollusca Ostreidae Bivalve Eastern 
oyster 

Crassostrea virginica 6 5.75 0.55 6 -23.25 0.82 FL(FG) 2008 Olin et al. 2013 

Mollusca Ostreidae Bivalve Eastern 
oyster 

Crassostrea virginica 16 8.80 0.40 16 -25.60 0.50 MS 2010 Olsen et al. 2014 

Mollusca Ostreidae Bivalve Eastern 
oyster 

Crassostrea virginica 3 8.10  6 -21.40  MS 1988 Sullivan and Moncreiff 1990 

Mollusca Ostreidae Bivalve Oyster Unidentified    2 -21.40 0.20 AL 2010 Wilson et al. 2015 
Mollusca Ostreidae Bivalve Oyster Unidentified    10 -22.00 1.00 FL(FG) 2010 Wilson et al. 2015 
Mollusca Ostreidae Bivalve Oyster Unidentified    2 -23.80 0.20 LA 2010 Wilson et al. 2015 
Mollusca Ostreidae Bivalve Oyster Unidentified    7 -23.80 0.70 LA 2010 Wilson et al. 2015 
Mollusca Ostreidae Bivalve Oyster Unidentified    2 -26.40 2.50 MS 2010 Wilson et al. 2015 
Mollusca Ostreidae Bivalve Oyster Unidentified 4 10.20 1.30 4 -22.76 0.30 TX 1999 Winemiller et al. 2007 
Mollusca Pectinidae Bivalve Calico 

scallop 
Argopecten gibbus 23 7.20 0.30 23 -17.60 0.50 FL(FG) 1998 Sulak et al. 2012 

Mollusca Pectinidae Bivalve Bay scallop Argopecten irradians    4 -18.70 0.52 NC 1975 Thayer et al. 1978 
Mollusca Tellinidae Bivalve Tellin spp Tellina alternata 1 7.50  1 -19.20  MS 1991 Moncreiff and Sullivan 2001 
Mollusca Tellinidae Bivalve Baltic 

macoma 
clam 

Macoma balthica    1 -18.60  NC 1975 Thayer et al. 1978 

Mollusca Tellinidae Bivalve Narrowed 
macoma 
clam 

Macoma tenta    1 -17.80  NC 1975 Thayer et al. 1978 

Mollusca Tellinidae Bivalve Tellin spp Tellina versicolor    1 -17.30  NC 1975 Thayer et al. 1978 
Mollusca Veneridae Bivalve Northern 

quahog 
Mercenaria 
mercenaria 

   1 -21.50  FL(FG) 1992 Chanton and Lewis 2002 
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Mollusca Veneridae Bivalve Northern 
quahog 

Mercenaria 
mercenaria 

4 9.10 0.14 4 -19.47 0.00 NC 2007 Deehr et al. 2014 

Mollusca Veneridae Bivalve Marsh clam Unidentified 1 6.00  1 -20.00  FL(FG) 2012 Denton et al. 2019 
Mollusca Veneridae Bivalve Northern 

quahog 
Mercenaria 
mercenaria 

35 11.72 0.81 35 -18.81 0.89 VA 2010 Hondula and Price 2014 

Mollusca Veneridae Bivalve Northern 
quahog 

Mercenaria 
mercenaria 

4 8.80 1.60 4 -17.40 1.40 VA 1997 Knoff et al. 2001 

Mollusca Veneridae Bivalve Southern 
quahog 

Mercenaria 
campechiensis 

2 10.80  2 -18.50  MS 1991 Moncreiff and Sullivan 2001 

Mollusca Veneridae Bivalve Clam Chione cancellata    1 -18.70  NC 1975 Thayer et al. 1978 
Arthropoda Aethridae Crab Calico box 

crab 
Hepatus epheliticus 2 14.10  2 -16.20  MS 1991 Moncreiff and Sullivan 2001 

Arthropoda Diogenidae Crab Striped 
hermit crab 

Clibanarius vittatus 72 9.60  72 -15.10  MS 1991 Moncreiff and Sullivan 2001 

Arthropoda Diogenidae Crab Striped 
hermit crab 

Clibanarius vittatus 8 11.65 0.37 8 -19.35 0.41 LA 2007 Simonsen 2008 

Arthropoda Diogenidae Crab Striped 
hermit crab 

Clibanarius vittatus 1 9.40  2 -19.60  MS 1988 Sullivan and Moncreiff 1990 

Arthropoda Epialtidae Crab Spider crab Libinia spp 3 3.27 0.87 3 -21.85 2.22 FL(FG) 2008 Abeels et al. 2012 
Arthropoda Epialtidae Crab Longnose 

spider crab 
Libinia dubia 2 13.90  2 -17.20  MS 1991 Moncreiff and Sullivan 2001 

Arthropoda Epialtidae Crab Portly 
spider crab 

Libinia emarginata 2 13.70  2 -17.30  MS 1991 Moncreiff and Sullivan 2001 

Arthropoda Epialtidae Crab Longnose 
spider crab 

Libinia dubia 5 12.60 1.10 5 -17.00 1.60 NC 1997 Snover et al. 2010 

Arthropoda Epialtidae Crab Portly 
spider crab 

Libinia emarginata 11 10.65 0.48 11 -17.92 1.33 NC 2007 Wallace et al. 2009 

Arthropoda Limulidae Crab Horseshoe 
crab 

Limulus polyphemus 1 10.30  1 -13.20  VA 1997 Knoff et al. 2001 

Arthropoda Limulidae Crab Horseshoe 
crab 

Limulus polyphemus 5 12.10  5 -15.70  MS 1991 Moncreiff and Sullivan 2001 

Arthropoda Limulidae Crab Horseshoe 
crab 

Limulus polyphemus 9 13.30 0.90 9 -17.00 0.60 NC 1997 Snover et al. 2010 

Arthropoda Limulidae Crab Horseshoe 
crab 

Limulus polyphemus 10 11.62 0.46 10 -16.97 1.31 NC 2007 Wallace et al. 2009 

Arthropoda Menippidae Crab Stone crab Menippe mercenaria 11 5.02 0.09 11 -19.65 1.90 FL(FG) 2008 Abeels et al. 2012 
Arthropoda Menippidae Crab Stone crab Menippe mercenaria 1 14.10  1 -16.50  MS 1991 Moncreiff and Sullivan 2001 
Arthropoda Menippidae Crab Gulf stone 

crab 
Menippe adina 9 9.18 3.39 9 -17.55 2.43 TX 2006 Oakley et al. 2014 

Arthropoda Menippidae Crab Gulf stone 
crab 

Menippe adina 36 13.63 0.64 36 -16.51 0.38 LA 2016 Reeves et al. 2019 

Arthropoda Multiple Crab Crab Unidentified 5 11.17 1.37 5 -22.36 1.01 AL 2011 Kroetz et al. 2017 
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Arthropoda Paguridae Crab Gray 
hermit crab 

Pagurus pollicaris 25 11.60  25 -15.60  MS 1991 Moncreiff and Sullivan 2001 

Arthropoda Panopeidae Crab Flatback 
mud crab 

Eurypanopeus 
depressus 

40 4.05 0.67 40 -17.89 1.58 FL(FG) 2008 Abeels et al. 2012 

Arthropoda Panopeidae Crab Knot-
fingered 
mud crab 

Panopeus lacustris 1 5.88  1 -17.62  FL(FG) 2008 Abeels et al. 2012 

Arthropoda Panopeidae Crab Mud crab Panopeus spp 4 4.41 1.00 4 -20.96 1.84 FL(FG) 2008 Abeels et al. 2012 
Arthropoda Panopeidae Crab Oystershell 

mud crab 
Panopeus simpsoni 7 4.97 0.88 7 -19.46 1.08 FL(FG) 2008 Abeels et al. 2012 

Arthropoda Panopeidae Crab Flatback 
mud crab 

Eurypanopeus 
depressus 

15 8.92 0.62 15 -22.86 1.67 LA 2010 Beck and La Peyre 2015 

Arthropoda Panopeidae Crab Flatback 
mud crab 

Eurypanopeus 
depressus 

15 11.42 0.50 15 -21.61 1.94 LA 2010 Beck and La Peyre 2015 

Arthropoda Panopeidae Crab Flatback 
mud crab 

Eurypanopeus 
depressus 

15 11.60 1.16 15 -21.03 2.29 LA 2010 Beck and La Peyre 2015 

Arthropoda Panopeidae Crab Flatback 
mud crab 

Eurypanopeus 
depressus 

15 12.50 0.46 15 -20.66 1.16 LA 2010 Beck and La Peyre 2015 

Arthropoda Panopeidae Crab Black-
fingered 
mud crab 

Panopeus herbstii 15 6.20 1.20 15 -23.70 0.70 FL(FG) 2012 Denton et al. 2019 

Arthropoda Panopeidae Crab Oystershell 
mud crab 

Panopeus simpsoni 28 6.67 1.04 28 -20.01 1.17 MS 2006 Dillon et al. 2015 

Arthropoda Panopeidae Crab Estuarine 
mud crab 

Rhithropanopeus 
harrisii 

1 7.60  1 -22.60  FL(FG) 1983 Harrigan et al. 1989 

Arthropoda Panopeidae Crab Black-
fingered 
mud crab 

Panopeus herbstii 3 11.40 0.35 3 -14.20 0.35 VA 1997 Knoff et al. 2001 

Arthropoda Panopeidae Crab Mud crab Panopeidae spp    3 -14.68 0.46 VA 1999 Pruell et al. 2003 
Arthropoda Panopeidae Crab Mud crab Panopeidae spp    1 -15.60  FL(FG) 2010 Wilson et al. 2015 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus 1 9.50  1 -17.50  FL(FG) 2008 Baker et al. 2013 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus 2 10.30 0.28 2 -17.20 2.69 LA 2008 Baker et al. 2013 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus 2 11.00 0.07 2 -16.60 0.14 LA 2008 Baker et al. 2013 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus 5 8.90 1.34 5 -15.20 1.12 NC 2008 Baker et al. 2013 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus 4 9.40 3.80 4 -17.10 0.60 NC 2008 Baker et al. 2013 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus 3 7.40 0.17 3 -15.30 0.69 TX 2008 Baker et al. 2013 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus 2 8.50 2.47 2 -19.20 1.41 TX 2008 Baker et al. 2013 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus 4 9.20 0.60 4 -16.50 2.66 TX 2008 Baker et al. 2013 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus 35 9.60 0.40 35 -23.40 0.80 NC 2002 Bucci et al. 2007b 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus 15 12.00 0.70 15 -21.50 1.10 NC 2002 Bucci et al. 2007b 
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Arthropoda Portunidae Crab Blue crab Callinectes sapidus    8 -21.90  FL(FG) 1992 Chanton and Lewis 2002 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus 16 9.54 0.41 16 -17.98 0.32 NC 2007 Deehr et al. 2014 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus 1 6.80  1 -21.90  FL(FG) 2012 Denton et al. 2019 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus 4 7.70 1.10 4 -17.70 1.20 FL(FG) 2012 Denton et al. 2019 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus 8 5.94 1.96 8 -19.13 1.10 MS 2006 Dillon et al. 2015 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus 11 11.41 0.34 11 -17.91 0.15 VA 2005 Douglass et al. 2011 
Arthropoda Portunidae Crab Swimming 

crab 
Callinectes spp 3 12.30 0.77 3 -17.56 0.40 AL 2008 Drymon et al. 2012 

Arthropoda Portunidae Crab Blue crab Callinectes sapidus 14 8.60 0.49 14 -19.60 0.56 LA 2000 Duque 2004 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus 137 10.60 1.53 137 -19.54 2.35 LA 2007 Gelpi et al. 2013 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus 92 12.75 1.59 92 -20.13 2.38 LA 2007 Gelpi et al. 2013 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus 1 8.70  1 -23.20  FL(FG) 1983 Harrigan et al. 1989 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus 22 9.41 0.94 22 -19.15 1.44 TX 2004 Hoeinghau and Davis 2007 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus 6 11.50 2.45 6 -14.60 0.49 VA 1997 Knoff et al. 2001 
Arthropoda Portunidae Crab Ocellate 

lady crab 
Ovalipes ocellatus 1 11.00  1 -17.70  VA 1997 Knoff et al. 2001 

Arthropoda Portunidae Crab Speckled 
swimming 
crab 

Arenaeus cribrarius 3 11.30 0.52 3 -17.30 0.17 VA 1997 Knoff et al. 2001 

Arthropoda Portunidae Crab Blue crab Callinectes sapidus 11 13.10  11 -18.00  MS 1991 Moncreiff and Sullivan 2001 
Arthropoda Portunidae Crab Iridescent 

swimming 
crab 

Portunus gibbesii 18 13.20  18 -17.30  MS 1991 Moncreiff and Sullivan 2001 

Arthropoda Portunidae Crab Blue crab Callinectes sapidus 15 9.58 2.01 15 -17.32 2.52 TX 2006 Oakley et al. 2014 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus 9 10.23 1.48 9 -22.73 1.48 FL(FG) 2008 Olin et al. 2013 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus 15 9.26 2.19 15 -21.06 1.04 FL(FG) 2008 Olin et al. 2013 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus    9 -15.95 1.02 VA 1999 Pruell et al. 2003 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus 22 11.43 1.59 22 -17.20 1.31 TX 2014 Rezek et al. 2017 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus 3 5.60 0.07 3 -15.30 0.96 MS 2006 Rush et al. 2010 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus 3 6.30 0.76 3 -22.70 2.42 MS 2006 Rush et al. 2010 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus 7 11.20 0.90 7 -16.60 1.50 NC 1997 Snover et al. 2010 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus    1 -19.70  TX 1991 Street et al. 1997 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus 5 8.60  10 -19.60  MS 1988 Sullivan and Moncreiff 1990 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus 42 11.22 1.17 42 -20.57 2.22 AL 2010 Vedral 2012 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus 4 9.28 0.38 4 -16.26 1.65 NC 2007 Wallace et al. 2009 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus 13 12.00 0.70 6 -20.30 4.80 FL(FG) 1992 Wilson et al. 2009 
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Arthropoda Portunidae Crab Blue crab Callinectes sapidus    1 -16.40  AL 2010 Wilson et al. 2015 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus    1 -18.60  LA 2010 Wilson et al. 2015 
Arthropoda Portunidae Crab Blue crab Callinectes sapidus 7 11.10 2.30 7 -19.30 2.30 TX 1999 Winemiller et al. 2007 
Chordata Achiridae Fish Lined sole Achirus lineatus 1 8.02  1 -22.78  FL(FG) 2009 Abeels et al. 2012 
Chordata Achiridae Fish Hogchoker Trinectes maculatus 6 10.30 0.71 6 -21.70 2.36 FL(FG) 2008 Olin et al. 2013 
Chordata Ariidae Fish Hardhead 

sea catfish 
Ariopsis felis    10 -19.36  FL(FG) 1992 Chanton and Lewis 2002 

Chordata Ariidae Fish Hardhead 
sea catfish 

Ariopsis felis 8 13.26 0.40 8 -18.96 1.05 AL 2008 Drymon et al. 2012 

Chordata Ariidae Fish Hardhead 
sea catfish 

Ariopsis felis 16 13.40 1.20 16 -19.70 2.00 LA 2003 Fry and Chuchal 2012 

Chordata Ariidae Fish Hardhead 
sea catfish 

Ariopsis felis 25 13.60  25 -17.00  MS 1991 Moncreiff and Sullivan 2001 

Chordata Ariidae Fish Gafftopsail 
sea catfish 

Bagre marinus 21 15.53 1.05 21 -18.62 0.92 TX 2006 Oakley et al. 2014 

Chordata Ariidae Fish Hardhead 
sea catfish 

Ariopsis felis 24 14.05 1.08 24 -19.23 1.81 TX 2006 Oakley et al. 2014 

Chordata Ariidae Fish Gafftopsail 
sea catfish 

Bagre marinus 23 11.83 2.82 23 -19.89 2.82 FL(FG) 2006 Olin et al. 2012 

Chordata Ariidae Fish Gafftopsail 
sea catfish 

Bagre marinus 16 11.10 1.20 16 -18.90 2.40 FL(FG) 2006 Olin et al. 2012 

Chordata Ariidae Fish Hardhead 
sea catfish 

Ariopsis felis 40 12.01 1.45 40 -21.03 1.93 FL(FG) 2006 Olin et al. 2012 

Chordata Ariidae Fish Hardhead 
sea catfish 

Ariopsis felis 23 10.72 1.75 23 -21.12 2.41 FL(FG) 2006 Olin et al. 2012 

Chordata Ariidae Fish Hardhead 
sea catfish 

Ariopsis felis    7 -12.60  TX 1991 Street et al. 1997 

Chordata Ariidae Fish Gafftopsail 
sea catfish 

Bagre marinus 16 12.10 1.10 16 -17.20 1.70 FL(FG) 1998 Sulak et al. 2012 

Chordata Ariidae Fish Hardhead 
sea catfish 

Ariopsis felis 21 10.10 1.00 21 -19.70 1.60 FL(FG) 1998 Sulak et al. 2012 

Chordata Ariidae Fish Hardhead 
sea catfish 

Ariopsis felis 7 11.50  11 -20.30  MS 1988 Sullivan and Moncreiff 1990 

Chordata Ariidae Fish Hardhead 
sea catfish 

Ariopsis felis 12 14.50 0.70 8 -19.30 0.90 FL(FG) 1992 Wilson et al. 2009 

Chordata Ariidae Fish Hardhead 
sea catfish 

Ariopsis felis    4 -17.10 0.50 FL(FG) 2010 Wilson et al. 2015 

Chordata Ariidae Fish Hardhead 
sea catfish 

Ariopsis felis 6 13.70 1.00 6 -19.00 1.30 TX 1999 Winemiller et al. 2007 

Chordata Carangidae Fish Round scad Decapterus punctatus 29 10.50 0.65 29 -17.30 0.54 NC 1990 Thomas and Cahoon 1993 
Chordata Clupeidae Fish Gulf 

menhaden 
Brevoortia patronus    1 -20.70  FL(FG) 1992 Chanton and Lewis 2002 
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Chordata Clupeidae Fish Atlantic 
menhaden 

Brevoortia tyrannus 19 11.71 0.84 19 -18.99 0.25 NC 2007 Deehr et al. 2014 

Chordata Clupeidae Fish Gulf 
menhaden 

Brevoortia patronus 24 12.20 1.47 24 -21.30 1.47 LA 2003 Fry and Chuchal 2012 

Chordata Clupeidae Fish Gulf 
menhaden 

Brevoortia patronus 2 11.90  2 -19.60  MS 1991 Moncreiff and Sullivan 2001 

Chordata Clupeidae Fish Scaled 
herring 

Harengula jaguana 220 13.10  220 -18.20  MS 1991 Moncreiff and Sullivan 2001 

Chordata Clupeidae Fish Gulf 
menhaden 

Brevoortia patronus 36 13.47 1.26 36 -19.96 1.20 TX 2006 Oakley et al. 2014 

Chordata Clupeidae Fish Gulf 
menhaden 

Brevoortia patronus 161 12.08 0.49 161 -20.81 1.38 MS 2010 Olsen et al. 2014 

Chordata Clupeidae Fish Atlantic 
menhaden 

Brevoortia tyrannus    3 -19.41 0.63 VA 1999 Pruell et al. 2003 

Chordata Clupeidae Fish Scaled 
herring 

Harengula jaguana 7 9.40 1.40 7 -16.20 2.20 FL(FG) 2009 Rossman et al. 2015 

Chordata Clupeidae Fish Threafin 
herring 

Opisthonema 
oglinum 

11 9.20 0.40 11 -17.50 1.70 FL(FG) 2009 Rossman et al. 2015 

Chordata Clupeidae Fish Gulf 
menhaden 

Brevoortia patronus 9 10.80 0.80 9 -20.60 1.90 LA 2005 Senn et al. 2010 

Chordata Clupeidae Fish Gulf 
menhaden 

Brevoortia patronus    10 -18.50  TX 1991 Street et al. 1997 

Chordata Clupeidae Fish Gulf 
menhaden 

Brevoortia patronus 6 11.30  7 -21.30  MS 1988 Sullivan and Moncreiff 1990 

Chordata Clupeidae Fish Scaled 
herring 

Harengula jaguana 1 12.10  1 -17.80  MS 1988 Sullivan and Moncreiff 1990 

Chordata Clupeidae Fish Gulf 
menhaden 

Brevoortia patronus 2 12.00 0.30 2 -17.10 0.10 FL(FG) 2007 Wilson et al. 2013 

Chordata Clupeidae Fish Scaled 
herring 

Harengula jaguana 2 11.70 0.60 2 -17.80 0.20 FL(FG) 2007 Wilson et al. 2013 

Chordata Clupeidae Fish Scaled 
herring 

Harengula jaguana    4 -19.10 0.20 FL(FG) 2010 Wilson et al. 2015 

Chordata Clupeidae Fish Gulf 
menhaden 

Brevoortia patronus 4 14.47 0.42 4 -20.50 1.60 TX 1999 Winemiller et al. 2007 

Chordata Engraulidae Fish Bay 
anchovy 

Anchoa mitchilli 1 11.90  1 -21.20  FL(FG) 2008 Baker et al. 2013 

Chordata Engraulidae Fish Bay 
anchovy 

Anchoa mitchilli 1 12.70  1 -20.50  LA 2008 Baker et al. 2013 

Chordata Engraulidae Fish Bay 
anchovy 

Anchoa mitchilli 3 12.90 0.17 3 -20.60 0.52 LA 2008 Baker et al. 2013 

Chordata Engraulidae Fish Bay 
anchovy 

Anchoa mitchilli 1 12.10  1 -21.30  NC 2008 Baker et al. 2013 

Chordata Engraulidae Fish Bay 
anchovy 

Anchoa mitchilli 2 13.50 0.49 2 -18.40 0.14 TX 2008 Baker et al. 2013 
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Chordata Engraulidae Fish Bay 
anchovy 

Anchoa mitchilli 3 13.70 0.52 3 -21.60 1.04 TX 2008 Baker et al. 2013 

Chordata Engraulidae Fish Bay 
anchovy 

Anchoa mitchilli 38 16.20 0.86 38 -19.40 0.74 VA 2006 Buchheister and Latour 
2011 

Chordata Engraulidae Fish Bay 
anchovy 

Anchoa mitchilli    23 -20.15  FL(FG) 1992 Chanton and Lewis 2002 

Chordata Engraulidae Fish Anchovy Anchoa mitchilli, 
Anchoa hespetus 

27 13.13 1.50 27 -19.81 0.13 NC 2007 Deehr et al. 2014 

Chordata Engraulidae Fish Anchovy Anchoa spp 11 13.59 0.51 11 -21.96 1.36 AL 2008 Drymon et al. 2012 
Chordata Engraulidae Fish Bay 

anchovy 
Anchoa mitchilli 19 12.70 1.05 19 -21.60 1.22 LA 2000 Duque 2004 

Chordata Engraulidae Fish Bay 
anchovy 

Anchoa mitchilli 119 14.80  119 -19.10  MS 1991 Moncreiff and Sullivan 2001 

Chordata Engraulidae Fish Longnose 
anchovy 

Anchoa nasus 24 14.30  24 -18.40  MS 1991 Moncreiff and Sullivan 2001 

Chordata Engraulidae Fish Bay 
anchovy 

Anchoa mitchilli 10 13.43 1.14 10 -21.00 1.87 TX 2006 Oakley et al. 2014 

Chordata Engraulidae Fish Bay 
anchovy 

Anchoa mitchilli 10 13.10 0.50 10 -21.30 0.60 MS 2010 Olsen et al. 2014 

Chordata Engraulidae Fish Bay 
anchovy 

Anchoa mitchilli    18 -18.17 1.45 VA 1999 Pruell et al. 2003 

Chordata Engraulidae Fish Bay 
anchovy 

Anchoa mitchilli 7 13.10 1.00 7 -19.00 2.20 LA 2005 Senn et al. 2010 

Chordata Engraulidae Fish Bay 
anchovy 

Anchoa mitchilli 84 13.33 0.56 84 -21.34 1.59 LA 2005 Simonsen and Cowan 2013 

Chordata Engraulidae Fish Bay 
anchovy 

Anchoa mitchilli 2 12.00  3 -20.60  MS 1988 Sullivan and Moncreiff 1990 

Chordata Engraulidae Fish Longnose 
anchovy 

Anchoa nasus 1 12.40  1 -19.50  MS 1988 Sullivan and Moncreiff 1990 

Chordata Engraulidae Fish Bay 
anchovy 

Anchoa mitchilli 26 14.30 0.80 21 -20.00 0.80 FL(FG) 1992 Wilson et al. 2009 

Chordata Engraulidae Fish Bay 
anchovy 

Anchoa mitchilli    2 -17.90 0.20 FL(FG) 2010 Wilson et al. 2015 

Chordata Engraulidae Fish Bay 
anchovy 

Anchoa mitchilli 9 12.80 0.85 9 -20.30 0.40 TX 1999 Winemiller et al. 2007 

Chordata Haemulidae Fish Tomtate 
grunt 

Haemulon 
aurolineatum 

   10 -18.00 0.25 FL(FG) 2007 Nelson et al. 2012 

Chordata Haemulidae Fish Tomtate 
grunt 

Haemulon 
aurolineatum 

40 10.50 0.90 40 -16.60 0.70 FL(FG) 2010 Radabaugh and Peebles 
2014 

Chordata Haemulidae Fish White grunt Haemulon plumierii 36 10.50 0.40 36 -16.20 0.40 FL(FG) 2010 Radabaugh and Peebles 
2014 

Chordata Haemulidae Fish Tomtate 
grunt 

Haemulon 
aurolineatum 

6 10.00 0.59 6 -15.90 0.49 NC 1990 Thomas and Cahoon 1993 
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Chordata Mugilidae Fish Flathead 
grey mullet 

Mugil cephalus 4 8.73 0.40 4 -15.88 1.26 FL(FG) 2008 Baker et al. 2013 

Chordata Mugilidae Fish Flathead 
grey mullet 

Mugil cephalus 3 8.70 0.35 3 -15.20 0.17 LA 2008 Baker et al. 2013 

Chordata Mugilidae Fish Flathead 
grey mullet 

Mugil cephalus 2 7.90 2.97 2 -19.30 1.63 MS 2008 Baker et al. 2013 

Chordata Mugilidae Fish Flathead 
grey mullet 

Mugil cephalus 1 7.80  1 -15.20  TX 2008 Baker et al. 2013 

Chordata Mugilidae Fish Flathead 
grey mullet 

Mugil cephalus 3 10.30 1.56 3 -18.80 0.35 TX 2008 Baker et al. 2013 

Chordata Mugilidae Fish White 
mullet 

Mugil curema 3 6.30 0.17 3 -13.40 0.35 TX 2008 Baker et al. 2013 

Chordata Mugilidae Fish White 
mullet 

Mugil curema 2 8.50  2 -14.90  TX 2008 Baker et al. 2013 

Chordata Mugilidae Fish Flathead 
grey mullet 

Mugil cephalus 3 10.10 2.08 3 -18.00 0.69 LA 2003 Fry and Chuchal 2012 

Chordata Mugilidae Fish Flathead 
grey mullet 

Mugil cephalus 3 9.20  3 -14.60  MS 1991 Moncreiff and Sullivan 2001 

Chordata Mugilidae Fish White 
mullet 

Mugil curema 6 9.60  6 -15.70  MS 1991 Moncreiff and Sullivan 2001 

Chordata Mugilidae Fish Flathead 
grey mullet 

Mugil cephalus 4 9.36 2.64 4 -16.14 1.88 TX 2006 Oakley et al. 2014 

Chordata Mugilidae Fish Flathead 
grey mullet 

Mugil cephalus 11 8.58 0.58 11 -18.35 3.50 FL(FG) 2006 Olin et al. 2012 

Chordata Mugilidae Fish Flathead 
grey mullet 

Mugil cephalus 1 5.74  1 -14.57  FL(FG) 2006 Olin et al. 2012 

Chordata Mugilidae Fish Flathead 
grey mullet, 
White 
mullet 

Mugil cephalus, 
Mugil curema 

5 5.99 0.83 5 -12.33 1.56 FL(FG) 2000 Reynolds et al. 2001 

Chordata Mugilidae Fish Mullet Mugil spp 10 10.64 1.19 10 -15.41 2.73 TX 2014 Rezek et al. 2017 
Chordata Mugilidae Fish Flathead 

grey mullet 
Mugil cephalus 15 9.90 4.00 15 -12.90 1.60 FL(FG) 2009 Rossman et al. 2015 

Chordata Mugilidae Fish Flathead 
grey mullet 

Mugil cephalus    3 -13.50  TX 1991 Street et al. 1997 

Chordata Mugilidae Fish Flathead 
grey mullet 

Mugil cephalus    2 -12.90  TX 1991 Street et al. 1997 

Chordata Mugilidae Fish Flathead 
grey mullet 

Mugil cephalus 1 8.00  7 -18.90  MS 1988 Sullivan and Moncreiff 1990 

Chordata Mugilidae Fish Flathead 
grey mullet 

Mugil cephalus 8 10.45 1.80 8 -17.40 0.90 TX 1999 Winemiller et al. 2007 

Chordata Paralichthyida
e 

Fish Summer 
flounder 

Paralichthys dentatus 1 15.16     NC 2002 Bucci et al. 2007a 
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Chordata Paralichthyida
e 

Fish Summer 
flounder 

Paralichthys dentatus 43 15.95 0.95 43 -18.05 0.93 VA 2006 Buchheister and Latour 
2011 

Chordata Paralichthyida
e 

Fish Flounder Paralichthys spp    4 -19.83  FL(FG) 1992 Chanton and Lewis 2002 

Chordata Paralichthyida
e 

Fish Fringed 
flounder 

Etropus crossotus    2 -19.75  FL(FG) 1992 Chanton and Lewis 2002 

Chordata Paralichthyida
e 

Fish Flounder Paralichthys spp 4 11.02 0.39 4 -17.36 0.61 NC 2007 Deehr et al. 2014 

Chordata Paralichthyida
e 

Fish Gulf 
flounder 

Paralichthys 
albigutta 

   5 -16.10 1.50 FL(FG) 2007 Nelson et al. 2012 

Chordata Paralichthyida
e 

Fish Southern 
flounder 

Paralichthys 
lethostigma 

1 10.36  1 -16.54  TX 2006 Oakley et al. 2014 

Chordata Paralichthyida
e 

Fish Dusky 
flounder 

Syacium papillosum 324 9.10 0.90 324 -17.50 1.00 FL(FG) 2010 Radabaugh et al. 2013 

Chordata Paralichthyida
e 

Fish Southern 
flounder 

Paralichthys 
lethostigma 

1 10.80  1 -19.90  LA 2005 Senn et al. 2010 

Chordata Paralichthyida
e 

Fish Southern 
flounder 

Paralichthys 
lethostigma 

2 9.70  6 -20.00  MS 1988 Sullivan and Moncreiff 1990 

Chordata Paralichthyida
e 

Fish Southern 
flounder 

Paralichthys 
lethostigma 

10 12.91 1.26 10 -18.47 3.23 NC 2007 Wallace et al. 2009 

Chordata Paralichthyida
e 

Fish Flounder Paralichthys spp 7 14.50 0.80 4 -20.00 0.90 FL(FG) 1992 Wilson et al. 2009 

Chordata Paralichthyida
e 

Fish Gulf 
flounder 

Paralichthys 
albigutta 

9 6.20 2.10 9 -17.40 0.90 FL(FG) 2007 Wilson et al. 2013 

Chordata Paralichthyida
e 

Fish Gulf 
flounder 

Paralichthys 
albigutta 

12 10.00 1.10 12 -15.00 1.20 FL(FG) 2007 Wilson et al. 2013 

Chordata Paralichthyida
e 

Fish Gulf 
flounder 

Paralichthys 
albigutta 

2 12.40 1.40 2 -15.50 2.40 FL(FG) 2007 Wilson et al. 2013 

Chordata Paralichthyida
e 

Fish Southern 
flounder 

Paralichthys 
lethostigma 

2 13.22 1.68 2 -18.50 0.10 TX 1999 Winemiller et al. 2007 

Chordata Paralichthyida
e 

Fish Summer 
flounder/ 
Flathead 
catfish 

Paralichthys 
dentatus/ Pylodictis 
olivaris 

3 12.35 0.49    NC 2002 Bucci et al. 2007a 

Chordata Phycidae Fish Spotted 
hake 

Urophycis regia 4 15.79 0.40 4 -18.83 0.14 VA 2006 Buchheister and Latour 
2011 

Chordata Phycidae Fish Spotted 
hake 

Urophycis regia    1 -17.80  NC 1975 Thayer et al. 1978 

Chordata Phycidae Fish Spotted 
hake 

Urophycis regia    1 -18.20  NC 1975 Thayer et al. 1978 

Chordata Pomatomidae Fish Bluefish Pomatomus saltatrix 5 14.30 0.80 5 -17.61 0.16 NC 2007 Deehr et al. 2014 
Chordata Pomatomidae Fish Bluefish Pomatomus saltatrix 1 15.27  1 -17.23  TX 2006 Oakley et al. 2014 
Chordata Sciaenidae Fish Atlantic 

croaker 
Micropogonias 
undulatus 

14 15.58 1.26 14 -19.30 1.14 VA 2006 Buchheister and Latour 
2011 
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Chordata Sciaenidae Fish Spot 
croaker 

Leiostomus 
xanthurus 

22 14.85 1.26 22 -18.31 1.90 VA 2006 Buchheister and Latour 
2011 

Chordata Sciaenidae Fish Weakfish Cynoscion regalis 16 15.61 0.55 16 -18.92 0.47 VA 2006 Buchheister and Latour 
2011 

Chordata Sciaenidae Fish American 
silver perch 

Bairdiella chrysoura    12 -19.63  FL(FG) 1992 Chanton and Lewis 2002 

Chordata Sciaenidae Fish Atlantic 
croaker 

Micropogonias 
undulatus 

   16 -19.65  FL(FG) 1992 Chanton and Lewis 2002 

Chordata Sciaenidae Fish Sand 
weakfish 

Cynoscion arenarius    6 -20.05  FL(FG) 1992 Chanton and Lewis 2002 

Chordata Sciaenidae Fish Spot 
croaker 

Leiostomus 
xanthurus 

   16 -19.19  FL(FG) 1992 Chanton and Lewis 2002 

Chordata Sciaenidae Fish Atlantic 
croaker 

Micropogonias 
undulatus 

2 12.27 0.04 2 -18.94 0.51 NC 2007 Deehr et al. 2014 

Chordata Sciaenidae Fish Southern 
kingcroack
er 

Menticirrhus 
americanus 

1 12.30     NC 2007 Deehr et al. 2014 

Chordata Sciaenidae Fish Spot 
croaker 

Leiostomus 
xanthurus 

22 11.17 0.56 22 -16.53 0.19 NC 2007 Deehr et al. 2014 

Chordata Sciaenidae Fish Atlantic 
croaker 

Micropogonias 
undulatus 

69 12.57 0.71 69 -19.13 1.05 AL 2008 Drymon et al. 2012 

Chordata Sciaenidae Fish Atlantic 
croaker 

Micropogonias 
undulatus 

14 11.80 1.50 14 -21.10 1.87 LA 2003 Fry and Chuchal 2012 

Chordata Sciaenidae Fish Spot 
croaker 

Leiostomus 
xanthurus 

16 12.50 1.60 16 -21.10 2.40 LA 2003 Fry and Chuchal 2012 

Chordata Sciaenidae Fish Northern 
kingcroack
er 

Menticirrhus 
saxatillis 

3 9.40 0.69 3 -14.30 0.35 VA 1997 Knoff et al. 2001 

Chordata Sciaenidae Fish Southern 
kingcroack
er 

Menticirrhus 
americanus 

3 13.20 0.35 3 -17.80 0.35 VA 1997 Knoff et al. 2001 

Chordata Sciaenidae Fish Spot 
croaker 

Leiostomus 
xanthurus 

1 12.90  1 -12.50  VA 1997 Knoff et al. 2001 

Chordata Sciaenidae Fish Atlantic 
croaker 

Micropogonias 
undulatus 

5 13.40  5 -16.50  MS 1991 Moncreiff and Sullivan 2001 

Chordata Sciaenidae Fish Spot 
croaker 

Leiostomus 
xanthurus 

4 13.50  4 -17.40  MS 1991 Moncreiff and Sullivan 2001 

Chordata Sciaenidae Fish Spotted 
weakfish 

Cynoscion nebulosus 3 14.60  3 -17.50  MS 1991 Moncreiff and Sullivan 2001 

Chordata Sciaenidae Fish American 
silver perch 

Bairdiella chrysoura    5 -17.50 1.30 FL(FG) 2007 Nelson et al. 2012 

Chordata Sciaenidae Fish Atlantic 
croaker 

Micropogonias 
undulatus 

   5 -17.30 1.30 FL(FG) 2007 Nelson et al. 2012 

Chordata Sciaenidae Fish Spot 
croaker 

Leiostomus 
xanthurus 

   5 -15.90 0.90 FL(FG) 2007 Nelson et al. 2012 
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Chordata Sciaenidae Fish Spotted 
weakfish 

Cynoscion nebulosus    5 -16.60 0.70 FL(FG) 2007 Nelson et al. 2012 

Chordata Sciaenidae Fish American 
silver perch 

Bairdiella chrysoura 5 16.16 2.48 5 -18.79 1.77 TX 2006 Oakley et al. 2014 

Chordata Sciaenidae Fish Atlantic 
croaker 

Micropogonias 
undulatus 

13 12.82 1.33 13 -17.37 1.69 TX 2006 Oakley et al. 2014 

Chordata Sciaenidae Fish Gulf 
kingcroack
er 

Menticirrhus 
littoralis 

13 13.94 0.87 13 -17.08 1.26 TX 2006 Oakley et al. 2014 

Chordata Sciaenidae Fish Sand 
weakfish 

Cynoscion arenarius 7 15.20 0.40 7 -18.12 0.74 TX 2006 Oakley et al. 2014 

Chordata Sciaenidae Fish Spot 
croaker 

Leiostomus 
xanthurus 

16 13.78 1.68 16 -19.36 2.12 TX 2006 Oakley et al. 2014 

Chordata Sciaenidae Fish Spotted 
weakfish 

Cynoscion nebulosus 12 13.71 2.46 12 -17.45 2.39 TX 2006 Oakley et al. 2014 

Chordata Sciaenidae Fish Sand 
weakfish 

Cynoscion arenarius 8 11.15 0.21 8 -22.53 0.42 FL(FG) 2008 Olin et al. 2013 

Chordata Sciaenidae Fish Southern 
kingcroack
er 

Menticirrhus 
americanus 

8 10.31 0.44 8 -22.36 0.54 FL(FG) 2008 Olin et al. 2013 

Chordata Sciaenidae Fish Atlantic 
croaker 

Micropogonias 
undulatus 

   10 -18.98 2.39 VA 1999 Pruell et al. 2003 

Chordata Sciaenidae Fish Spot 
croaker 

Leiostomus 
xanthurus 

   12 -17.60 0.93 VA 1999 Pruell et al. 2003 

Chordata Sciaenidae Fish Weakfish Cynoscion regalis    17 -17.90 1.91 VA 1999 Pruell et al. 2003 
Chordata Sciaenidae Fish Spot 

croaker 
Leiostomus 
xanthurus 

1 5.80  1 -11.98  FL(FG) 2000 Reynolds et al. 2001 

Chordata Sciaenidae Fish Atlantic 
croaker 

Micropogonias 
undulatus 

4 15.38 0.30 4 -17.05 0.80 TX 2014 Rezek et al. 2017 

Chordata Sciaenidae Fish Spot 
croaker 

Leiostomus 
xanthurus 

24 10.30 1.40 24 -16.70 2.10 FL(FG) 2009 Rossman et al. 2015 

Chordata Sciaenidae Fish Spotted 
weakfish 

Cynoscion nebulosus 27 11.50 1.70 27 -14.30 1.70 FL(FG) 2009 Rossman et al. 2015 

Chordata Sciaenidae Fish Spotted 
weakfish 

Cynoscion nebulosus 4 13.00 0.90 4 -19.10 1.50 LA 2005 Senn et al. 2010 

Chordata Sciaenidae Fish Atlantic 
croaker 

Micropogonias 
undulatus 

243 13.03 1.29 243 -18.50 1.52 LA 2005 Simonsen and Cowan 2013 

Chordata Sciaenidae Fish Spotted 
weakfish 

Cynoscion nebulosus 89 14.17 0.86 89 -19.78 1.01 LA 2005 Simonsen and Cowan 2013 

Chordata Sciaenidae Fish American 
silver perch 

Bairdiella chrysoura    1 -17.10  TX 1991 Street et al. 1997 

Chordata Sciaenidae Fish Spot 
croaker 

Leiostomus 
xanthurus 

   4 -10.00  TX 1991 Street et al. 1997 
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Chordata Sciaenidae Fish Spotted 
weakfish 

Cynoscion nebulosus    6 -15.40  TX 1991 Street et al. 1997 

Chordata Sciaenidae Fish American 
silver perch 

Bairdiella chrysoura 29 12.10 1.60 29 -18.00 1.70 FL(FG) 1998 Sulak et al. 2012 

Chordata Sciaenidae Fish Atlantic 
croaker 

Micropogonias 
undulatus 

4 14.10 0.30 4 -20.30 0.80 FL(FG) 1998 Sulak et al. 2012 

Chordata Sciaenidae Fish Spotted 
weakfish 

Cynoscion nebulosus 19 12.40 1.80 19 -17.20 1.90 FL(FG) 1998 Sulak et al. 2012 

Chordata Sciaenidae Fish American 
silver perch 

Bairdiella chrysoura 4 12.20  7 -19.40  MS 1988 Sullivan and Moncreiff 1990 

Chordata Sciaenidae Fish American 
star drum 

Stellifer lanceolatus 1 10.20  1 -20.80  MS 1988 Sullivan and Moncreiff 1990 

Chordata Sciaenidae Fish Atlantic 
croaker 

Micropogonias 
undulatus 

6 10.20  13 -22.40  MS 1988 Sullivan and Moncreiff 1990 

Chordata Sciaenidae Fish Kingcroack
er 

Menticirrhus spp 1 11.10  1 -18.80  MS 1988 Sullivan and Moncreiff 1990 

Chordata Sciaenidae Fish Sand 
weakfish 

Cynoscion arenarius 2 11.00  2 -20.40  MS 1988 Sullivan and Moncreiff 1990 

Chordata Sciaenidae Fish Spot 
croaker 

Leiostomus 
xanthurus 

7 11.20  7 -21.00  MS 1988 Sullivan and Moncreiff 1990 

Chordata Sciaenidae Fish Spotted 
weakfish 

Cynoscion nebulosus 1 11.80  11 -20.70  MS 1988 Sullivan and Moncreiff 1990 

Chordata Sciaenidae Fish American 
silver perch 

Bairdiella chrysoura    1 -17.20  NC 1975 Thayer et al. 1978 

Chordata Sciaenidae Fish Spot 
croaker 

Leiostomus 
xanthurus 

8 12.37 1.47 8 -16.77 2.77 NC 2007 Wallace et al. 2009 

Chordata Sciaenidae Fish American 
silver perch 

Bairdiella chrysoura 17 15.00 1.40 10 -19.60 1.30 FL(FG) 1992 Wilson et al. 2009 

Chordata Sciaenidae Fish Atlantic 
croaker 

Micropogonias 
undulatus 

30 13.80 0.70 16 -19.30 1.30 FL(FG) 1992 Wilson et al. 2009 

Chordata Sciaenidae Fish Sand 
weakfish 

Cynoscion arenarius 9 15.20 1.40 5 -19.90 0.40 FL(FG) 1992 Wilson et al. 2009 

Chordata Sciaenidae Fish Spot 
croaker 

Leiostomus 
xanthurus 

22 14.20 0.60 15 -19.10 1.10 FL(FG) 1992 Wilson et al. 2009 

Chordata Sciaenidae Fish American 
silver perch 

Bairdiella chrysoura 10 9.60 0.80 10 -17.00 0.40 FL(FG) 2007 Wilson et al. 2013 

Chordata Sciaenidae Fish American 
silver perch 

Bairdiella chrysoura 18 12.20 1.20 18 -17.90 1.50 FL(FG) 2007 Wilson et al. 2013 

Chordata Sciaenidae Fish American 
silver perch 

Bairdiella chrysoura 1 12.60  1 -16.10  FL(FG) 2007 Wilson et al. 2013 

Chordata Sciaenidae Fish Atlantic 
croaker 

Micropogonias 
undulatus 

6 10.90 1.10 6 -15.80 0.70 FL(FG) 2007 Wilson et al. 2013 

Chordata Sciaenidae Fish Atlantic 
croaker 

Micropogonias 
undulatus 

4 12.10 1.50 4 -15.30 2.50 FL(FG) 2007 Wilson et al. 2013 
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Chordata Sciaenidae Fish Sand 
weakfish 

Cynoscion arenarius 10 6.60 1.00 10 -16.80 0.70 FL(FG) 2007 Wilson et al. 2013 

Chordata Sciaenidae Fish Sand 
weakfish 

Cynoscion arenarius 3 11.60 0.40 3 -15.40 2.50 FL(FG) 2007 Wilson et al. 2013 

Chordata Sciaenidae Fish Sand 
weakfish 

Cynoscion arenarius 3 13.20 0.50 3 -13.50 0.60 FL(FG) 2007 Wilson et al. 2013 

Chordata Sciaenidae Fish Spot 
croaker 

Leiostomus 
xanthurus 

8 11.60 0.90 8 -16.10 0.80 FL(FG) 2007 Wilson et al. 2013 

Chordata Sciaenidae Fish Spot 
croaker 

Leiostomus 
xanthurus 

1 13.00  1 -13.10  FL(FG) 2007 Wilson et al. 2013 

Chordata Sciaenidae Fish American 
silver perch 

Bairdiella chrysoura 4 14.69 1.98 4 -19.30 0.50 TX 1999 Winemiller et al. 2007 

Chordata Sciaenidae Fish Spot 
croaker 

Leiostomus 
xanthurus 

2 13.34 1.99 2 -13.50 0.10 TX 1999 Winemiller et al. 2007 

Chordata Sciaenidae Fish Spotted 
weakfish 

Cynoscion nebulosus 8 13.23 2.21 8 -19.40 0.60 TX 1999 Winemiller et al. 2007 

Chordata Sciaenidae Fish Atlantic 
croaker 

Micropogonias 
undulatus 

63 15.50 0.40 63 -19.20 1.62 VA 2009 Xu et al. 2013 

Chordata Sciaenidae Fish Spot 
croaker 

Leiostomus 
xanthurus 

51 15.90 1.09 51 -20.70 1.09 VA 2009 Xu et al. 2013 

Chordata Sparidae Fish Sheepshead Archosargus 
probatocephalus 

1 7.42  1 -20.71  FL(FG) 2008 Abeels et al. 2012 

Chordata Sparidae Fish Pinfish Lagodon rhomboides    2 -17.70  FL(FG) 1992 Chanton and Lewis 2002 
Chordata Sparidae Fish Pinfish Lagodon rhomboides 5 9.72 0.91 5 -13.74 0.42 FL(FG) 1997 Chasar et al. 2005 
Chordata Sparidae Fish Pinfish Lagodon rhomboides 23 10.71 0.53 23 -17.94 0.31 NC 2007 Deehr et al. 2014 
Chordata Sparidae Fish Pinfish Lagodon rhomboides 3 13.40 1.91 3 -18.80 0.00 LA 2003 Fry and Chuchal 2012 
Chordata Sparidae Fish Pinfish Lagodon rhomboides 13 11.80  13 -16.10  MS 1991 Moncreiff and Sullivan 2001 
Chordata Sparidae Fish Pinfish Lagodon rhomboides    5 -17.00 1.40 FL(FG) 2007 Nelson et al. 2012 
Chordata Sparidae Fish Pinfish Lagodon rhomboides 10 11.03 1.58 10 -16.59 1.77 TX 2006 Oakley et al. 2014 
Chordata Sparidae Fish Sheepshead Archosargus 

probatocephalus 
6 13.09 1.86 6 -18.57 1.81 TX 2006 Oakley et al. 2014 

Chordata Sparidae Fish Pinfish Lagodon rhomboides 17 11.02 1.37 17 -19.25 2.64 FL(FG) 2006 Olin et al. 2012 
Chordata Sparidae Fish Pinfish Lagodon rhomboides 14 9.69 0.64 14 -21.89 1.64 FL(FG) 2006 Olin et al. 2012 
Chordata Sparidae Fish Littlehead 

porgy 
Calamus proridens 181 9.70 0.50 181 -16.00 0.80 FL(FG) 2010 Radabaugh et al. 2013 

Chordata Sparidae Fish Pinfish Lagodon rhomboides 81 9.70 0.90 81 -16.80 1.00 FL(FG) 2010 Radabaugh and Peebles 
2014 

Chordata Sparidae Fish Pinfish Lagodon rhomboides 10 6.95 0.57 10 -13.23 1.26 FL(FG) 2000 Reynolds et al. 2001 
Chordata Sparidae Fish Pinfish Lagodon rhomboides 12 14.87 0.83 12 -17.73 1.00 TX 2014 Rezek et al. 2017 
Chordata Sparidae Fish Pinfish Lagodon rhomboides 27 8.00 1.30 27 -13.70 1.20 FL(FG) 2009 Rossman et al. 2015 
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Chordata Sparidae Fish Pinfish Lagodon rhomboides 20 9.00 0.70 20 -16.10 1.20 FL(FG) 2009 Rossman et al. 2015 
Chordata Sparidae Fish Sheepshead Archosargus 

probatocephalus 
15 9.00 0.80 15 -14.90 1.60 FL(FG) 2009 Rossman et al. 2015 

Chordata Sparidae Fish Pinfish Lagodon rhomboides    2 -13.40  TX 1991 Street et al. 1997 
Chordata Sparidae Fish Pinfish Lagodon rhomboides    2 -13.30  TX 1991 Street et al. 1997 
Chordata Sparidae Fish Pinfish Lagodon rhomboides 6 9.60 1.80 6 -19.10 2.40 FL(FG) 1998 Sulak et al. 2012 
Chordata Sparidae Fish Pinfish Lagodon rhomboides 4 10.10  7 -22.00  MS 1988 Sullivan and Moncreiff 1990 
Chordata Sparidae Fish Sheepshead Archosargus 

probatocephalus 
6 10.00  6 -21.20  MS 1988 Sullivan and Moncreiff 1990 

Chordata Sparidae Fish Red porgy Pagrus pagrus 17 10.60 0.66 17 -16.20 0.66 NC 1990 Thomas and Cahoon 1993 
Chordata Sparidae Fish Spottail 

pinfish 
Diplodus holbrooki 30 11.00 0.82 30 -17.70 0.66 NC 1990 Thomas and Cahoon 1993 

Chordata Sparidae Fish Pinfish Lagodon rhomboides 10 5.70 1.70 10 -17.60 0.60 FL(FG) 2007 Wilson et al. 2013 
Chordata Sparidae Fish Pinfish Lagodon rhomboides 8 11.40 0.60 8 -17.00 1.00 FL(FG) 2007 Wilson et al. 2013 
Chordata Sparidae Fish Pinfish Lagodon rhomboides 11 11.50 0.20 11 -15.00 0.70 FL(FG) 2007 Wilson et al. 2013 
Chordata Sparidae Fish Pinfish Lagodon rhomboides 12 9.01 1.72 12 -16.90 1.40 TX 1999 Winemiller et al. 2007 
Chordata Synodontidae Fish Inshore 

lizardfish 
Synodus foetens    10 -17.60 0.47 FL(FG) 2007 Nelson et al. 2012 

Chordata Synodontidae Fish Inshore 
lizardfish 

Synodus foetens 226 11.20 0.80 226 -17.30 0.60 FL(FG) 2010 Radabaugh et al. 2013 

Chordata Synodontidae Fish Inshore 
lizardfish 

Synodus foetens 4 11.60 0.40 4 -15.00 1.20 FL(FG) 2007 Wilson et al. 2013 

Chordata Triglidae Fish Searobin Prionotus spp 11 13.04 0.41 11 -18.70 1.84 AL 2008 Drymon et al. 2012 
Chordata Triglidae Fish Bighead 

searobin 
Prionotus tribulus 8 11.40  8 -16.20  MS 1991 Moncreiff and Sullivan 2001 

Mollusca Buccinidae Gastropod Tinted 
cantharus 

Pisania tincta 54 12.60  54 -19.20  MS 1991 Moncreiff and Sullivan 2001 

Mollusca Busyconidae Gastropod Lightning 
whelk 

Busycon sinistrum 2 11.60  2 -17.10  MS 1991 Moncreiff and Sullivan 2001 

Mollusca Busyconidae Gastropod Whelk spp Busycon spp 10 9.41 0.57 10 -17.01 0.70 NC 2007 Wallace et al. 2009 
Mollusca Calyptraeidae Gastropod Slipper 

snail 
Crepidula convexa 3 8.86 0.34 3 -17.40 0.84 VA 2005 Douglass et al. 2011 

Mollusca Calyptraeidae Gastropod Eastern 
white 
slipper 
snail 

Crepidula plana 177 8.70  177 -19.30  MS 1991 Moncreiff and Sullivan 2001 

Mollusca Cerithiidae Gastropod Sea snail Cerithium lutosum    5 -13.40  TX 1991 Street et al. 1997 
Mollusca Cerithiidae Gastropod Sea snail Ittibittium oryza    4 -15.30 0.79 NC 1975 Thayer et al. 1978 
Mollusca Columbellidae Gastropod Sea snail Astyris lunata    4 -15.50 0.52 NC 1975 Thayer et al. 1978 
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Mollusca Columbellidae Gastropod Sea snail Costoanachis avara    6 -16.00 0.93 NC 1975 Thayer et al. 1978 
Mollusca Littorinidae Gastropod Marsh 

periwinkle 
Littorina irrorata 3 8.30 0.17 3 -18.00 0.35 FL(FG) 2008 Baker et al. 2013 

Mollusca Littorinidae Gastropod Marsh 
periwinkle 

Littorina irrorata 2 8.50 0.28 2 -14.00 1.41 LA 2008 Baker et al. 2013 

Mollusca Littorinidae Gastropod Marsh 
periwinkle 

Littorina irrorata 3 9.40 0.17 3 -16.70 0.35 LA 2008 Baker et al. 2013 

Mollusca Littorinidae Gastropod Marsh 
periwinkle 

Littorina irrorata 3 5.80 0.87 3 -19.30 3.81 MS 2008 Baker et al. 2013 

Mollusca Littorinidae Gastropod Marsh 
periwinkle 

Littorina irrorata 1 3.80  1 -17.00  NC 2008 Baker et al. 2013 

Mollusca Littorinidae Gastropod Marsh 
periwinkle 

Littorina irrorata 2 6.50 0.71 2 -16.30 0.14 NC 2008 Baker et al. 2013 

Mollusca Littorinidae Gastropod Marsh 
periwinkle 

Littorina irrorata 3 8.00 0.80 3 -15.60 3.81 NC 2008 Baker et al. 2013 

Mollusca Littorinidae Gastropod Marsh 
periwinkle 

Littorina irrorata 3 8.70 0.35 3 -14.50 0.69 TX 2008 Baker et al. 2013 

Mollusca Littorinidae Gastropod Marsh 
periwinkle 

Littorina irrorata 3 9.20 0.35 3 -15.50 1.39 TX 2008 Baker et al. 2013 

Mollusca Littorinidae Gastropod Marsh 
periwinkle 

Littorina irrorata 4 3.15 0.69 4 -16.03 0.65 NC 1992 Currin et al. 1995 

Mollusca Littorinidae Gastropod Marsh 
periwinkle 

Littorina irrorata 3 10.80 0.69 3 -14.30 0.35 VA 1997 Knoff et al. 2001 

Mollusca Littorinidae Gastropod Marsh 
periwinkle 

Littorina spp 65 6.29 0.62 65 -14.75 1.56 LA 2013 Olin et al. 2017 

Mollusca Littorinidae Gastropod Marsh 
periwinkle 

Littorina irrorata 8 3.80 0.19 8 -15.60 0.88 MS 2006 Rush et al. 2010 

Mollusca Littorinidae Gastropod Marsh 
periwinkle 

Littorina irrorata 8 6.50 0.30 8 -20.00 0.62 MS 2006 Rush et al. 2010 

Mollusca Littorinidae Gastropod Marsh 
periwinkle 

Littorina irrorata    4 -21.60  MS 1988 Sullivan and Moncreiff 1990 

Mollusca Littorinidae Gastropod Common 
periwinkle 

Littorina littorea    2 -18.80 5.40 AL 2010 Wilson et al. 2015 

Mollusca Littorinidae Gastropod Common 
periwinkle 

Littorina littorea    10 -16.10 1.60 LA 2010 Wilson et al. 2015 

Mollusca Littorinidae Gastropod Marsh 
periwinkle 

Littorina spp    1 -16.30  MS 2010 Wilson et al. 2015 

Mollusca Melongenidae Gastropod Crown 
conch 

Melongena corona    1 -21.80  FL(FG) 1992 Chanton and Lewis 2002 

Mollusca Melongenidae Gastropod Crown 
conch 

Melongena corona 1 4.30  1 -24.10  FL(FG) 2012 Denton et al. 2019 

Mollusca Melongenidae Gastropod Crown 
conch 

Melongena corona 18 7.80 0.90 18 -19.90 2.20 FL(FG) 2012 Denton et al. 2019 
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Mollusca Muricidae Gastropod Red-
mouthed 
rock snail 

Thais haemastoma 20 13.70  20 -16.60  MS 1991 Moncreiff and Sullivan 2001 

Mollusca Muricidae Gastropod Atlantic 
oyster drill 

Urosalpinx cinerea 16 12.24 0.22 16 -17.78 0.29 LA 2007 Simonsen 2008 

Mollusca Muricidae Gastropod Sea snail Eupleura caudata    1 -16.60  NC 1975 Thayer et al. 1978 
Mollusca Nassariidae Gastropod Eastern 

mudsnail 
Ilyanassa obsoleta 3 7.07 0.38 3 -14.07 1.03 NC 1992 Currin et al. 1995 

Mollusca Nassariidae Gastropod Bruised 
nassa 

Nassarius vibex 79 14.10  79 -16.30  MS 1991 Moncreiff and Sullivan 2001 

Mollusca Nassariidae Gastropod Bruised 
nassa 

Nassarius vibex    1.00 -15.40  NC 1975 Thayer et al. 1978 

Mollusca Naticidae Gastropod Atlantic 
moon snail 

Polynices duplicatus 1 11.40  1 -16.50  MS 1991 Moncreiff and Sullivan 2001 

Mollusca Naticidae Gastropod Atlantic 
moon snail 

Polinices duplicatus 1 8.40  1 -18.10  MS 1988 Sullivan and Moncreiff 1990 

Mollusca Naticidae Gastropod Atlantic 
moon snail 

Polinices duplicatus    1 -18.90  NC 1975 Thayer et al. 1978 

Mollusca Neritidae Gastropod Olive nerite Neritina usnea 22 7.40 0.25 22 -20.90 0.50 MS 2006 Rush et al. 2010 
Mollusca Potamididae Gastropod Ladder 

horn snail 
Cerithidea 
scalariformis 

1 7.60  1 -19.10  FL(FG) 2012 Denton et al. 2019 

Mollusca Turbinidae Gastropod West 
Indian 
starsnail 

Lithopoma tectum 6 4.47 0.72 6 -10.97 1.25 FL(FG) 1997 Behringer and Butler 2006 

Plant Cladophorace
ae 

Macroalgae Filamentou
s green 
algae 

Cladophora spp 1 8.91  1 -16.67  VA 2006 Douglass et al. 2011 

Plant Ceramiaceae Macroalgae Red algae Ceramium spp 1 9.60  1 -13.07  VA 2006 Douglass et al. 2011 
Plant Cladophorace

ae 
Macroalgae Green algae Chaetomorpha spp 1 6.60  1 -21.70  NC 1992 Currin et al. 1995 

Plant Codiaceae Macroalgae Green sea 
fingers 

Codium fragile 8 9.66 0.58 8 -15.34 1.25 VA 2010 Hondula and Price 2014 

Plant Codiaceae Macroalgae Green sea 
fingers 

Codium fragile    2 -13.48 0.06 NC 1989 Raven and Osmond 1992 

Plant Dictyotaceae Macroalgae Forkweed Dictyota menstrualis    2 -16.67 0.03 NC 1989 Raven and Osmond 1992 
Plant Dictyotaceae Macroalgae Forkweed Padina gymnospora    2 -19.68 0.18 NC 1989 Raven and Osmond 1992 
Plant Ectocarpaceae Macroalgae Filamentou

s brown 
algae 

Ectocarpus spp 1 7.58  1 -16.25  VA 2006 Douglass et al. 2011 

Plant Fucaceae Macroalgae Bladder 
rack 

Fucus vesiculosus    2 -15.97 0.05 NC 1989 Raven and Osmond 1992 

Plant Gelidiaceae Macroalgae Red algae Gelidium spp 3 7.84 0.07 3 -18.85 0.10 TX 2007 Gorga 2010 
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Plant Gelidiaceae Macroalgae Red algae Gelidium spp 3 10.07 0.11 3 -20.39 0.17 TX 2007 Gorga 2010 
Plant Gracilariaceae Macroalgae Red algae Gracilaria spp    2 -20.30 0.57 FL(FG) 1992 Chanton and Lewis 2002 
Plant Gracilariaceae Macroalgae Red algae Gracilaria spp 2 9.98 0.15 2 -17.11 4.66 VA 2005 Douglass et al. 2011 
Plant Gracilariaceae Macroalgae Red algae Gracilaria caudata 1 5.90  1 -17.92  TX 1999 Herzka et al. 2002 
Plant Gracilariaceae Macroalgae Red algae Hydropuntia cornea 1 7.70  1 -15.54  TX 1999 Herzka et al. 2002 
Plant Gracilariaceae Macroalgae Red algae Gracilaria 

vermicuphylla 
16 8.77 2.18 16 -18.03 2.59 VA 2010 Hondula and Price 2014 

Plant Gracilariaceae Macroalgae Red algae Gracilaria spp 2 6.60  2 -13.00  FL(FG) 2011 Williams et al. 2014 
Plant Halymeniacea

e 
Macroalgae Red algae Grateloupia spp 10 6.77 0.66 10 -20.53 1.68 FL(FG) 2009 Prado et al. 2012 

Plant Macroalgae Macroalgae Benthic 
algae 

Unknown 16 4.90 4.20 16 -20.40 4.10 TX 2004 Hoeinghau and Davis 2007 

Plant Macroalgae Macroalgae Macroalgae Gracilaria spp, Ulva 
spp 

2 7.45  2 -18.94  TX 2007 Howell et al. 2016 

Plant Macroalgae Macroalgae Macroalgae Gracilaria spp, Ulva 
spp 

2 9.21  2 -18.73  TX 2007 Howell et al. 2016 

Plant Macroalgae Macroalgae Epiphytic 
algae 

Unidentified 4 5.90 0.90 4 -17.50 1.70 MS 1991 Moncreiff and Sullivan 2001 

Plant Macroalgae Macroalgae Benthic 
algae 

Unknown 85 4.00 0.80 85 -19.30 2.70 FL(FG) 2010 Radabaugh et al. 2013 

Plant Multiple Macroalgae Macroalgae Ulva spp, Codium 
spp, Dictyota spp 

7 5.80 0.15 7 -17.13 0.35 NC 2007 Deehr et al. 2014 

Plant Multiple Macroalgae Macroalgae Sargassum spp, 
Gracilaria spp 

4 6.30 0.29 4 -19.27 0.83 NC 2007 Deehr et al. 2014 

Plant Multiple Macroalgae Sea lettuce, 
filamentous 
algae 

Ulva australis, 
miscellaneous 
macroalgae 

129 4.82 1.25    FL(FG) 1999 Dillon and Chanton 2008 

Plant Multiple Macroalgae Red algae Agardhiella subulata, 
Dictyota cervicornis, 
Gracilaria spp, 
Hypnea spp, 
Lomentaria 
baileyana, Solieria 
filiformis 

118 4.68 1.57    FL(FG) 2008 Milbrandt et al. 2019 
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Plant Multiple Macroalgae Red algae Agardhiella subulata, 
Dictyota cervicornis, 
Gracilaria spp, 
Hypnea spp, 
Lomentaria 
baileyana, Solieria 
filiformis 

63 6.12 1.71    FL(FG) 2008 Milbrandt et al. 2019 

Plant Solieriaceae Macroalgae Red algae Agardhiella spp 6 11.02 0.68 6 -16.85 0.40 VA 2006 Douglass et al. 2011 
Plant Solieriaceae Macroalgae Red algae Agardhiella subulata 7 9.37 0.96 7 -18.84 2.88 VA 2010 Hondula and Price 2014 
Plant Ulvaceae Macroalgae Sea lettuce Ulva lactua    3 -20.20 1.30 FL(FG) 1992 Chanton and Lewis 2002 
Plant Ulvaceae Macroalgae Sea lettuce Ulva spp 1 8.10  1 -15.50  NC 1992 Currin et al. 1995 
Plant Ulvaceae Macroalgae Sea lettuce Ulva spp 1 8.75  1 -17.10  VA 2005 Douglass et al. 2011 
Plant Ulvaceae Macroalgae Sea lettuce Ulva spp 3 7.22 0.24 3 -19.01 0.10 TX 2007 Gorga 2010 
Plant Ulvaceae Macroalgae Sea lettuce Ulva spp 3 8.52 0.12 3 -17.08 0.03 TX 2007 Gorga 2010 
Plant Ulvaceae Macroalgae Sea lettuce Ulva lactuca 17 8.71 1.81 17 -20.76 2.67 VA 2010 Hondula and Price 2014 
Plant Ulvaceae Macroalgae Sea lettuce Enterpmoprha spp 1 8.80  1 -16.20  MS 1991 Moncreiff and Sullivan 2001 
Plant Ulvaceae Macroalgae Sea lettuce Ulva lactua 1 5.96  1 -18.54  TX 2006 Oakley et al. 2014 
Plant Ulvaceae Macroalgae Sea lettuce Ulva spp 9 10.10 0.30    FL(FG) 2006 Oczkowski et al. 2011 
Plant Ulvaceae Macroalgae Sea lettuce Ulva spp 5 6.77 0.13 5 -18.86 0.04 AL 2009 Prado et al. 2012 
Plant Ulvaceae Macroalgae Sea lettuce Ulva spp 3.00 8.40 0.07 3.00 -15.40 1.54 LA 2016 Reeves et al. 2019 
Plant Ulvaceae Macroalgae Sea lettuce Ulva spp 2 5.50  2 -12.80  FL(FG) 2011 Williams et al. 2014 
Plant Ulvaceae Macroalgae Sea lettuce Ulva spp 3 6.50 0.40 3 -20.20 0.20 TX 1999 Winemiller et al. 2007 
Plant Unidentified Macroalgae Filamentou

s brown 
algae 

Unidentified 4 10.60 0.02 4 -20.50 0.30 LA 2016 Reeves et al. 2019 

Plant Unidentified Macroalgae Filamentou
s green 
algae 

Unidentified 2 10.20 0.59 2 -20.00 1.27 LA 2016 Reeves et al. 2019 

Plant Unidentified Macroalgae Filamentou
s red algae 

Unidentified 3 8.80 0.05 3 -19.60 3.17 LA 2016 Reeves et al. 2019 

Plant Wrangeliaceae Macroalgae Red algae Wrangelia spp    1 -21.60  FL(FG) 1992 Chanton and Lewis 2002 
Plant Cymodoceace

ae 
Seagrass Manatee 

grass 
Syringodium 
filiforme 

1 3.70  1 -8.40  FL(FG) 1983 Harrigan et al. 1989 

Plant Cymodoceace
ae 

Seagrass Shoal grass Halodule wrightii 1 3.40  1 -12.80  FL(FG) 1983 Harrigan et al. 1989 

Plant Hydrocharitac
eae 

Seagrass Turtle grass Thalassia testudinum 1 3.70  1 -13.60  FL(FG) 1983 Harrigan et al. 1989 

Plant Cymodoceace
ae 

Seagrass Shoal grass Halodule wrightii    2 -14.45  FL(FG) 1992 Chanton and Lewis 2002 
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Plant Cymodoceace
ae 

Seagrass Shoal grass Halodule wrightii 3 2.70 0.87 3 -12.10 0.35 FL(FG) 1998 Chasar et al. 2005 

Plant Cymodoceace
ae 

Seagrass Shoal grass Halodule spp 1 2.92  1 -12.26  NC 2007 Deehr et al. 2014 

Plant Cymodoceace
ae 

Seagrass Shoal grass Halodule wrightii 60 4.40 0.60    TX 2014 Delgado et al. 2017 

Plant Cymodoceace
ae 

Seagrass Manatee 
grass 

Syringodium 
filiforme 

3 4.64 0.09 3 -5.25 0.19 TX 2007 Gorga 2010 

Plant Cymodoceace
ae 

Seagrass Manatee 
grass 

Syringodium 
filiforme 

3 6.32 0.23 3 -10.82 0.14 TX 2007 Gorga 2010 

Plant Cymodoceace
ae 

Seagrass Shoal grass Halodule wrightii 3 5.39 0.11 3 -9.79 0.26 TX 2007 Gorga 2010 

Plant Cymodoceace
ae 

Seagrass Shoal grass Halodule wrightii 3 7.20 0.18 3 -5.20 0.08 TX 2007 Gorga 2010 

Plant Cymodoceace
ae 

Seagrass Shoal grass Halodule wrightii 1 3.68  1 -9.41  TX 1999 Herzka et al. 2002 

Plant Cymodoceace
ae 

Seagrass Shoal grass Halodule wrightii 16 5.47 0.37 16 -12.43 0.50 TX 2010 Lebreton et al. 2016 

Plant Cymodoceace
ae 

Seagrass Shoal grass Halodule wrightii 4 6.00 1.10 4 -12.20 1.20 MS 1991 Moncreiff and Sullivan 2001 

Plant Cymodoceace
ae 

Seagrass Shoal grass Halodule wrightii 4 3.50 1.24 4 -11.74 0.40 TX 2006 Oakley et al. 2014 

Plant Cymodoceace
ae 

Seagrass Manatee 
grass 

Syringodium 
filiforme 

3 0.30 1.00 3 -8.80 0.40 FL(FG) 2004 Reich et al. 2008 

Plant Cymodoceace
ae 

Seagrass Shoal grass Halodule wrightii 6 -0.80 1.00 6 -10.80 0.20 FL(FG) 2004 Reich et al. 2008 

Plant Cymodoceace
ae 

Seagrass Shoal grass Halodule wrightii 5 6.58 0.10 5 -11.92 0.20 TX 2014 Rezek et al. 2017 

Plant Cymodoceace
ae 

Seagrass Manatee 
grass 

Syringodium 
filiforme 

2 4.10  2 -6.90  FL(FG) 2011 Williams et al. 2014 

Plant Cymodoceace
ae 

Seagrass Shoal grass Halodule wrightii 2 1.40  2 -11.40  FL(FG) 2011 Williams et al. 2014 

Plant Cymodoceace
ae 

Seagrass Shoal grass Halodule and 
Syringodium spp 

11 2.00 0.60 11 -8.80 1.60 FL(FG) 2007 Wilson et al. 2017 

Plant Hydrocharitac
eae 

Seagrass Turtle grass Thalassia testudinum 10.0
0 

-0.07 1.08 10.0
0 

-15.02 2.27 FL(FG) 2010 Barry et al. 2017 

Plant Hydrocharitac
eae 

Seagrass Turtle grass Thalassia testudinum 6 2.97 0.47 6 -6.97 0.53 FL(FG) 1997 Behringer and Butler 2006 

Plant Hydrocharitac
eae 

Seagrass Turtle grass Thalassia testudinum 13 3.57 1.42 13 -10.16 1.25 FL(FG) 1997 Chasar et al. 2005 

Plant Hydrocharitac
eae 

Seagrass Turtle grass Thalassia testudinum 69 5.77 2.28    FL(FG) 1994 Corbett et al. 1999 

Plant Hydrocharitac
eae 

Seagrass Turtle grass Thalassia testudinum 10 4.10 2.50 10 -10.60 1.10 FL(FG) 2012 Denton et al. 2019 
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Plant Hydrocharitac
eae 

Seagrass Turtle grass Thalassia testudinum 10 6.00 0.95 10 -10.70 0.63 FL(FG) 2001 Fourqurean and Schrlau 
2003 

Plant Hydrocharitac
eae 

Seagrass Turtle grass Thalassia testudinum 3 5.26 0.05 3 -9.34 0.03 TX 2007 Gorga 2010 

Plant Hydrocharitac
eae 

Seagrass Turtle grass Thalassia testudinum 3 5.59 0.11 3 -12.03 0.16 TX 2007 Gorga 2010 

Plant Hydrocharitac
eae 

Seagrass Seagrass Thalassia 
testudinum, 
Cymodocea 
filiformis, Halodule 
beaudettei 

3 5.08 0.40 3 -8.12 2.49 TX 2007 Howell et al. 2016 

Plant Hydrocharitac
eae 

Seagrass Seagrass Thalassia 
testudinum, 
Cymodocea 
filiformis, Halodule 
beaudettei 

3 6.37 0.81 3 -9.36 3.64 TX 2007 Howell et al. 2016 

Plant Hydrocharitac
eae 

Seagrass Turtle grass Thalassia testudinum 6 4.29 0.56 6 -10.46 0.73 FL(FG) 2010 Marco-Mendez et al. 2012 

Plant Hydrocharitac
eae 

Seagrass Turtle grass Thalassia testudinum 16 4.77 1.48 16 -10.21 0.52 FL(FG) 2009 Prado et al. 2012 

Plant Hydrocharitac
eae 

Seagrass Turtle grass Thalassia testudinum 3 1.40 1.20 3 -9.60 1.20 FL(FG) 2004 Reich et al. 2008 

Plant Hydrocharitac
eae 

Seagrass Star grass Halophila 
engelmanni 

5 7.02 0.57 5 -13.96 1.79 TX 2014 Rezek et al. 2017 

Plant Hydrocharitac
eae 

Seagrass Turtle grass Thalassia testudinum 2 5.60 0.01 2 -7.70 0.14 FL(FG) 2011 Vander Zanden et al. 2013 

Plant Hydrocharitac
eae 

Seagrass Turtle grass Thalassia testudinum    8 -8.53 0.16 FL(FG) 2007 Williams et al. 2009 

Plant Hydrocharitac
eae 

Seagrass Turtle grass Thalassia testudinum 2 5.60  2 -6.80  FL(FG) 2011 Williams et al. 2014 

Plant Multiple Seagrass Shoal grass, 
Manatee 
grass, 
Turtle grass 

Halodule wrightii, 
Syringodium 
filiforme, Thalassia 
testudinum 

15 1.10 2.32 15 -12.90 1.94 FL(FG) 2001 Alves-Stanley et al. 2010 

Plant Multiple Seagrass Shoal grass, 
Manatee 
grass, 
Turtle grass 

Halodule wrightii, 
Syringodium 
filiforme, Thalassia 
testudinum 

15 1.40 1.16 15 -11.00 1.94 FL(FG) 2001 Alves-Stanley et al. 2010 

Plant Multiple Seagrass Shoal grass, 
Manatee 
grass, 
Turtle grass 

Halodule wrightii, 
Syringodium 
filiforme, Thalassia 
testudinum 

16 2.50 1.60 16 -14.80 3.20 FL(FG) 2001 Alves-Stanley et al. 2010 
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Plant Multiple Seagrass Shoal grass, 
Manatee 
grass, 
Turtle grass 

Halodule wrightii, 
Syringodium 
filiforme, Thalassia 
testudinum 

164 2.19 0.65    FL(FG) 1999 Dillon and Chanton 2008 

Plant Multiple Seagrass Seagrass Unidentified 5 6.02 1.00 5 -12.23 1.10 AL 2011 Kroetz et al. 2017 
Plant Zosteraceae Seagrass Common 

eelgrass 
Zostera marina    1 -10.00  NC 1988 Canuel et al. 19997 

Plant Zosteraceae Seagrass Common 
eelgrass 

Zostera marina 8 6.09 0.50 8 -10.01 0.89 VA 2005 Douglass et al. 2011 

Plant Zosteraceae Seagrass Common 
eelgrass 

Zostera marina 22 6.55 0.68 22 -10.07 0.43 VA 2010 Hondula and Price 2014 

Plant Zosteraceae Seagrass Common 
eelgrass 

Zostera marina 4 6.79 0.34 4 -9.37 0.55 VA 2014 Oreska et al. 2018 

Plant Zosteraceae Seagrass Common 
eelgrass 

Zostera marina    12 -10.20 0.75 NC 1975 Thayer et al. 1978 

Arthropoda Multiple Shrimp Shrimp Unidentified 5 10.87 0.57 5 -19.52 0.98 AL 2011 Kroetz et al. 2017 
Arthropoda Penaeidae Shrimp Northern 

brown 
shrimp 

Farfantepenaeus 
aztecus 

3 8.30 0.17 3 -17.10 0.17 FL(FG) 2008 Baker et al. 2013 

Arthropoda Penaeidae Shrimp Northern 
brown 
shrimp 

Farfantepenaeus 
aztecus 

3 9.60 0.17 3 -16.90 0.35 LA 2008 Baker et al. 2013 

Arthropoda Penaeidae Shrimp Northern 
brown 
shrimp 

Farfantepenaeus 
aztecus 

3 10.40 0.52 3 -19.10 0.35 LA 2008 Baker et al. 2013 

Arthropoda Penaeidae Shrimp Northern 
white 
shrimp 

Litopenaeus setiferus 3 9.40 0.17 3 -16.90 0.35 LA 2008 Baker et al. 2013 

Arthropoda Penaeidae Shrimp Northern 
brown 
shrimp 

Farfantepenaeus 
aztecus 

3 7.30 0.17 3 -14.80 0.17 NC 2008 Baker et al. 2013 

Arthropoda Penaeidae Shrimp Northern 
brown 
shrimp 

Farfantepenaeus 
aztecus 

3 7.70 0.69 3 -15.60 0.52 NC 2008 Baker et al. 2013 

Arthropoda Penaeidae Shrimp Northern 
brown 
shrimp 

Farfantepenaeus 
aztecus 

3 8.20 0.35 3 -16.50 0.52 NC 2008 Baker et al. 2013 

Arthropoda Penaeidae Shrimp Northern 
brown 
shrimp 

Farfantepenaeus 
aztecus 

3 7.60 0.35 3 -15.30 0.52 TX 2008 Baker et al. 2013 

Arthropoda Penaeidae Shrimp Northern 
brown 
shrimp 

Farfantepenaeus 
aztecus 

3 9.00 0.35 3 -18.30 0.17 TX 2008 Baker et al. 2013 
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Arthropoda Penaeidae Shrimp Northern 
brown 
shrimp 

Farfantepenaeus 
aztecus 

3 9.20 0.35 3 -17.20 0.52 TX 2008 Baker et al. 2013 

Arthropoda Penaeidae Shrimp Northern 
white 
shrimp 

Litopenaeus setiferus 1 6.90  1 -15.40  TX 2008 Baker et al. 2013 

Arthropoda Penaeidae Shrimp Northern 
white 
shrimp 

Litopenaeus setiferus 1 8.30  1 -17.10  TX 2008 Baker et al. 2013 

Arthropoda Penaeidae Shrimp Northern 
white 
shrimp 

Litopenaeus setiferus 3 8.80 0.17 3 -17.00 0.52 TX 2008 Baker et al. 2013 

Arthropoda Penaeidae Shrimp Northern 
brown 
shrimp 

Farfantepenaeus 
aztecus 

3 10.90 0.35 3 -16.30 0.17 VA 2008 Baker et al. 2013 

Arthropoda Penaeidae Shrimp Northern 
white 
shrimp 

Litopenaeus setiferus    19 -20.00  FL(FG) 1992 Chanton and Lewis 2002 

Arthropoda Penaeidae Shrimp Northern 
brown 
shrimp 

Farfantepenaeus 
aztecus 

11 8.65 0.66 11 -17.30  NC 2007 Deehr et al. 2014 

Arthropoda Penaeidae Shrimp Shrimp Penaeus spp 4 10.87 0.56 4 -19.47 0.75 AL 2008 Drymon et al. 2012 
Arthropoda Penaeidae Shrimp Northern 

brown 
shrimp 

Farfantepenaeus 
aztecus 

19 10.10 0.31 19 -19.50 0.39 LA 2000 Duque 2004 

Arthropoda Penaeidae Shrimp Northern 
brown 
shrimp 

Farfantepenaeus 
aztecus 

310 9.30 1.76 310 -19.40 1.76 LA 2005 Fry 2011 

Arthropoda Penaeidae Shrimp Northern 
brown 
shrimp 

Farfantepenaeus 
aztecus 

175 9.87 0.97 175 -17.14 2.22 LA 2005 Fry 2011 

Arthropoda Penaeidae Shrimp Northern 
brown 
shrimp 

Farfantepenaeus 
aztecus 

71 9.94 0.60 71 -17.18 1.58 LA 1999 Fry 2011 

Arthropoda Penaeidae Shrimp Northern 
brown 
shrimp 

Farfantepenaeus 
aztecus 

71 12.20 0.45 71 -18.85 0.93 LA 2006 Fry 2011 

Arthropoda Penaeidae Shrimp Northern 
brown 
shrimp 

Farfantepenaeus 
aztecus 

74 12.84 0.68 74 -20.52 0.97 LA 2006 Fry 2011 

Arthropoda Penaeidae Shrimp Northern 
brown 
shrimp 

Farfantepenaeus 
aztecus 

45 8.82 0.62 45 -15.96 1.01 TX 1995 Fry 2011 
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Arthropoda Penaeidae Shrimp Northern 
brown 
shrimp 

Farfantepenaeus 
aztecus 

18 13.90 0.85 18 -19.50 1.70 TX 1995 Fry 2011 

Arthropoda Penaeidae Shrimp Pink 
shrimp 

Farfantepenaeus 
duorarum 

177 6.96 0.95 177 -21.75 2.58 FL(FG) 1997 Fry et al. 1999 

Arthropoda Penaeidae Shrimp Pink 
shrimp 

Farfantepenaeus 
duorarum 

96 5.38 1.05 96 -12.11 1.50 FL(FG) 1997 Fry et al. 1999 

Arthropoda Penaeidae Shrimp Pink 
shrimp 

Farfantepenaeus 
duorarum 

74 6.56 0.79 74 -14.67 1.80 FL(FG) 1997 Fry et al. 1999 

Arthropoda Penaeidae Shrimp Pink 
shrimp 

Farfantepenaeus 
duorarum 

60 6.58 0.87 60 -14.67 1.07 FL(FG) 1997 Fry et al. 1999 

Arthropoda Penaeidae Shrimp Northern 
brown 
shrimp 

Farfantepenaeus 
aztecus 

49 10.15 0.58 49 -20.18 1.46 LA 2000 Fry et al. 2003 

Arthropoda Penaeidae Shrimp Pink 
shrimp 

Farfantepenaeus 
duorarum 

4 6.65 0.40 4 -23.20 0.25 FL(FG) 1983 Harrigan et al. 1989 

Arthropoda Penaeidae Shrimp Pink 
shrimp 

Farfantepenaeus 
duorarum 

4 5.40 0.50 4 -13.70 0.93 FL(FG) 1983 Harrigan et al. 1989 

Arthropoda Penaeidae Shrimp Northern 
brown 
shrimp 

Farfantepenaeus 
aztecus 

40 11.00  40 -17.70  MS 1991 Moncreiff and Sullivan 2001 

Arthropoda Penaeidae Shrimp Northern 
white 
shrimp 

Litopenaeus setiferus 3 11.40  3 -19.60  MS 1991 Moncreiff and Sullivan 2001 

Arthropoda Penaeidae Shrimp Pink 
shrimp 

Farfantepenaeus 
duorarum 

8 11.20  8 -16.50  MS 1991 Moncreiff and Sullivan 2001 

Arthropoda Penaeidae Shrimp Roughneck 
shrimp 

Rimapenaeus 
constrictus 

29 11.40  29 -16.70  MS 1991 Moncreiff and Sullivan 2001 

Arthropoda Penaeidae Shrimp Yellow 
roughneck 
shrimp 

Rimapenaeus similis 97 11.80  97 -17.90  MS 1991 Moncreiff and Sullivan 2001 

Arthropoda Penaeidae Shrimp Shrimp Penaeus spp    5 -16.80 0.80 FL(FG) 2007 Nelson et al. 2012 
Arthropoda Penaeidae Shrimp Northern 

brown 
shrimp 

Farfantepenaeus 
aztecus 

16 8.65 1.48 16 -16.56 2.40 TX 2006 Oakley et al. 2014 

Arthropoda Penaeidae Shrimp Northern 
white 
shrimp 

Litopenaeus setiferus 10 9.93 1.58 10 -17.45 2.56 TX 2006 Oakley et al. 2014 

Arthropoda Penaeidae Shrimp Penaeid 
shrimp 

Farfantepenaeus spp 10 9.99 1.61 10 -17.39 1.87 TX 2006 Oakley et al. 2014 



   
 

 

 
 
 
  253 

Arthropoda Penaeidae Shrimp Shrimp Penaeus spp 3 9.84 1.56 3 -17.10 0.83 TX 2006 Oakley et al. 2014 
Arthropoda Penaeidae Shrimp Northern 

brown 
shrimp 

Farfantepenaeus 
aztecus 

43 12.16 1.24 43 -16.54 1.23 TX 2014 Rezek et al. 2017 

Arthropoda Penaeidae Shrimp Northern 
brown 
shrimp 

Farfantepenaeus 
aztecus 

   10 -20.50  MS 1988 Sullivan and Moncreiff 1990 

Arthropoda Penaeidae Shrimp Shrimp Penaeus spp    10 -19.50 0.50 LA 2010 Wilson et al. 2015 
Arthropoda Penaeidae Shrimp Northern 

brown 
shrimp 

Farfantepenaeus 
aztecus 

9 8.00 0.50 9 -18.40 0.50 TX 1999 Winemiller et al. 2007 

Arthropoda Penaeidae Shrimp Northern 
white 
shrimp 

Litopenaeus setiferus 5 10.10 3.30 5 -20.60 3.30 TX 1999 Winemiller et al. 2007 

Arthropoda Squillidae Shrimp Mantis 
shrimp 

Squilla empusa 22 12.89 0.63 22 -18.66 0.70 VA 2006 Buchheister and Latour 
2011 

Arthropoda Squillidae Shrimp Mantis 
shrimp 

Squilla empusa 3 12.50 0.80 3 -18.78 0.67 AL 2008 Drymon et al. 2012 

Arthropoda Squillidae Shrimp Mantis 
shrimp 

Squilla empusa 23 13.10  23 -16.90  MS 1991 Moncreiff and Sullivan 2001 
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Table B2. Summary of studies quantifying Kemp’s ridley sea turtle diet composition throughout their range. Weighted means 
of these percentages were used as informative priors in the stable isotope mixing models. As most studies reported data for 
bivalves and gastropods within a single mollusc category, we split the weighted mean for molluscs evenly to generate 
informative bivalve and gastropod priors. 
 

Source State Sample Type Sample 
Size 

Data Type Turtle Carapace 
Length 

Crustacean 
(%) 

Mollusc 
(%) 

Fish 
(%) 

Macropalgae/ 
Seagrass (%) 

Other/ 
Unidentified (%) 

Schmid and Tucker 2018 FL(FG) fecal 58 % dry 
matter 

40.7 ± 8.5 cm SCL 
(24.2 - 63.7 cm) 

80.60 0.30 0.10 0.10 18.90 

Burke et al. 1993, 1994 NY fecal 12 % dry 
matter 

32.8 ± 4.8 cm SCL 
(24.7 - 42.6 cm) 

80.40 4.00 0.00 9.90 5.70 

Seney and Musick 2005 VA whole 
digestive 
tract 

18 % dry 
matter 

36.7 ± 7.3 cm SCL 
(23.1 - 49.9 cm) 

94.30 0.70 3.00 0.10 1.90 

Servis et al. 2015 FL(FG) stomach or 
entire GI 
contents 

20 % wet 
volume 

45.9 ± 3.1 cm SCL 
(23.6 - 65.0 cm) 

70.70 5.20 8.70 0.00 15.40 

Shaver 1991 TX whole 
digestive 
tract 

50 % dry 
matter 

43.3 ± 2.2 cm CCL 
(5.2 - 71 cm) 

95.40 1.56 0.08 0.14 2.82 

Werner 1994 LA, TX fecal 92 % dry 
matter 

32.74 ± 7.14 cm SCL 
(21.6 - 59.5 cm) 

61.57 8.66 13.65 4.35 11.77 

Witzell and Schmid 2005* FL(FG) fecal 66 % dry 
matter 

41.4 ± 5.8 cm SCL 
(28.2 - 52.5 cm) 

34.90 2.60 0.00 0.10 62.40 

*Excluded from analysis due to abnormally high Other/Unidentified percentage (i.e., high prevalence of tunicates in diet)  

  



   
 

 

 
 
 
  255 

Table B3. Elemental concentrations of species representative of the prey groups included in the stable isotope mixing models. 
Data are from various geographic origin but we assumed taxonomy would be the primary source of variation. 

 

Prey group Common Name Scientific Name Sampling Location 
(State, Country) 

Sample 
Size 

%C %N Source 

Bivalve Eastern oyster Crassostrea virginica Virginia and Maryland, 
USA 

525 43.45 12.63 Fertig et al. 2014 

Bivalve Eastern oyster Crassostrea virginica Maryland, USA 48 – 12.18 Fertig et al. 2009 

Bivalve Mussel Brachidontes exustus Florida, USA 120 47.33 11.14 Fry and Smith 2002 

Bivalve California mussel Mytilus californianus California, USA 8 42.60 12.80 Newsome et al. 2004 

Crustacean Blue crab Callinectes sapidus North Carolina, USA 4 38.61 12.00 Wallace et al. 2009 

Crustacean Portly spider crab Libinia emarginata North Carolina, USA 11 41.68 12.77 Wallace et al. 2009 

Crustacean Horseshoe crab Limulus polyphemus North Carolina, USA 10 43.35 12.30 Wallace et al. 2009 

Crustacean Unidentified Unidentified California, USA 3 42.30 12.00 Turner Tomaszewicz et al. 2017 

Crustacean Grass shrimp Palaemonetes vulgaris Georgia, USA 7 30.40 8.02 Parker et al. 2008 

Fish Capelin, blue runner Mallotus villosus, Caranx crysos California, USA 3 48.40 13.10 Turner Tomaszewicz et al. 2017 

Fish Spot croaker Leiostomus xanthurus North Carolina, USA 8 56.28 9.94 Wallace et al. 2009 

Fish Southern flounder Paralichthys lethostigma North Carolina, USA 10 44.89 12.65 Wallace et al. 2009 

Fish Atlantic sturgeon Acipenser oxyrinchus  Florida, USA 36 47.23 14.62 Gu et al. 2001 

Fish Killifish Fundulus heteroclitus Georgia, USA 7 26.60 7.52 Parker et al. 2008 

Fish Miscellaneous Miscellaneous California, USA 24 40.30 12.40 Newsome et al. 2004 

Fish Capelin Mallotus villosus France 15 35.80 10.60 Cherel et al. 2005 

Fish Herring Clupea harengus France 15 42.60 12.50 Cherel et al. 2005 

Fish Speckled worm eel Myrphis punctatus Florida, USA 56 43.51 11.41 Vaslet et al. 2011 

Gastropod Whelk spp Busycon spp North Carolina, USA 10 44.76 13.09 Wallace et al. 2009 

Gastropod Mud snail Ilyanassa obsoleta Georgia, USA 6 34.10 8.02 Parker et al. 2008 
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Gastropod Unidentified Unidentified Guadaloupe 5 44.50 7.50 Dromard et al. 2015 

Macroalgae Sea lettuce, red algae Ulva lactuca, Wranglia, Gracilaria Florida, USA – 26.70 0.60 Wilson et al. 2010 

Macroalgae Sea lettuce Ulva spp Alabama, USA – 31.67 1.95 Prado et al. 2012 

Macroalgae Bladder rack Fucus vesiculosus North Carolina, USA – 28.69 0.87 Raven and Osmond 1992 

Macroalgae Forkweed Dictyota menstrualis North Carolina, USA – 18.08 1.53 Raven and Osmond 1992 

Macroalgae Forkweed Padina gymnospora North Carolina, USA – 17.54 0.94 Raven and Osmond 1992 

Macroalgae Green sea fingers Codium fragile North Carolina, USA – 23.48 1.44 Raven and Osmond 1992 

Macroalgae Red algae Gracileria spp Maryland, USA 174 – 1.93 Fertig et al. 2009 

Macroalgae Red algae Bostrychia spp Georgia, USA 4 16.70 2.09 Parker et al. 2008 

Macroalgae Sea lettuce Ulva spp Georgia, USA 9 24.50 2.83 Parker et al. 2008 

Macroalgae Red algae Caloglossa spp Georgia, USA 5 15.60 1.76 Parker et al. 2008 

Macroalgae Red algae Grateloupia spp Alabama, USA – 27.44 2.57 Prado et al. 2012 

Macroalgae Unidentified Dictyota pulchella, Acanthophora 
spicifera 

Guadaloupe 6 12.30 1.90 Dromard et al. 2015 

Seagrass Shoal grass Halodule wrightii Florida, USA – 33.10 1.00 Wilson et al. 2010 

Seagrass Turtle grass Thalassia testudinum Florida, USA 10 36.38 2.08 Barry et al. 2017 

Seagrass Turtle grass Thalassia testudinum Texas, USA 108 – 1.84 Delgado et al. 2017 

Seagrass Turtle grass Thalassia testudinum Florida, USA 10 33.40 2.30 Fourqurean and Schrlau 2003 

Seagrass Turtle grass Thalassia testudinum Florida, USA 5 – 2.02 Goecker et al. 2005 

Seagrass Turtle grass Thalassia testudinum Florida, USA 5 – 2.24 Goecker et al. 2005 

Seagrass Turtle grass Thalassia testudinum Alabama, USA – 34.37 2.47 Prado et al. 2012 

Seagrass Shoal grass Halodule and Syringodium spp Florida, USA 11 32.20 2.10 Wilson et al. 2017 

Seagrass Turtle grass Thalassia testudinum Florida, USA 134 39.20 1.90 Campbell and Fourqurean 2009 

Seagrass Shoal grass Halodule wrightii Florida, USA 70 43.40 2.30 Campbell and Fourqurean 2009 

Seagrass Manatee grass Syringodium filiforme Florida, USA 77 38.90 2.10 Campbell and Fourqurean 2009 
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Table B4. Statistical results for Kruskal-Wallis rank sum tests comparing prey stable 
carbon and nitrogen isotope ratios (A) within and (B) among regions. 
 

Prey Group δ13C δ15N 
X2 df P-value X2 df P-value 

(A) Within region comparisons 
  western GoM 42.21 4 <0.001 60.13 4 <0.001 
  northern GoM 58.80 4 <0.001 53.13 4 <0.001 
  eastern GoM 59.73 4 <0.001 81.64 4 <0.001 
  southern Atlantic 23.35 4 <0.001 32.4 4 <0.001 
  northern Atlantic 15.47 4   0.004 26.24 4 <0.001 
(B) Between region comparisons 
  Crustacean 14.81 4 0.005 40.19 4 <0.001 
  Bivalve 22.55 4 <0.001 20.73 4 <0.001 
  Gastropod 11.03 4 0.026 7.59 4 0.108 
  Fish 30.28 4 <0.001 36.07 4 <0.001 
  Macroalgae/Seagrass 11.37 4 0.023 42.15 4 <0.001 
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Table B5. Statistical results for Wilcoxon rank sum tests comparing stable carbon and nitrogen isotope ratios among prey 
groups within regions. 
 

 

 

 

 wGoM nGoM eGoM NC VA 

Comparison δ13Ccor δ13N δ13Ccor δ13N δ13Ccor δ13N δ13Ccor δ13N δ13Ccor δ13N 

Crustacean vs. Bivalve <0.001 0.969 <0.001 <0.001 0.016 0.823 <0.001 0.008 0.027 0.143 
Crustacean vs. Gastropod 0.010 0.576 0.210 0.100 0.904 0.876 0.204 0.003 0.758 0.089 
Crustacean vs. Fish 0.262 <0.001 0.001 0.015 0.011 <0.001 0.050 0.004 0.003 0.002 
Crustacean vs. Macroalgae/Seagrass 0.006 <0.001 0.259 <0.001 <0.001 <0.001 0.324 <0.001 0.901 <0.001 
Bivalve vs. Gastropod 0.003 0.502 <0.001 0.138 0.151 1.000 <0.001 0.699 0.095 1.000 
Bivalve vs. Fish <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.002 <0.001 0.842 0.003 
Bivalve vs. Macroalgae/Seagrass <0.001 <0.001 <0.001 0.574 <0.001 0.003 0.013 0.177 0.019 0.246 
Gastropod vs. Fish 0.092 0.070 0.002 0.005 0.212 0.002 0.002 <0.001 0.092 0.051 
Gastropod vs.  Macroalgae/Seagrass 0.856 0.051 0.699 0.153 0.007 0.015 0.926 0.66 0.933 0.381 
Fish vs. Macroalgae/Seagrass 0.018 <0.001 0.008 <0.001 <0.001 <0.001 0.091 <0.001 0.004 <0.001 
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Table B6. Statistical results for one-way Analysis of Variance with post-hoc Tukey 
Honestly Significant Difference Test comparing Kemp’s ridley bone stable carbon 
and nitrogen isotope ratios among regions. 
 

Prey Group δ13C δ15N 
Difference  P-value Difference  P-value 

wGoM vs. nGoM 1.49 <0.001 1.45 0.004 
wGoM vs. eGoM −0.44 0.600 4.23 <0.001 
wGoM vs. NC 0.57 0.250 2.32 <0.001 
wGoM vs. NC −0.30 0.860 0.54 0.687 
nGoM vs. eGoM −1.93 <0.001 2.78 <0.001 
nGoM vs. NC −0.92 0.032 0.87 0.263 
nGoM vs. VA −1.79 <0.001 −0.91 0.276 
eGoM vs. NC 1.02 0.018 −1.91 <0.001 
eGoM vs. VA 0.14 0.994 −3.67 <0.001 
NC vs. VA −0.87 0.058 −1.78 <0.001 
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Figure B1. Map of sampling locations of invertebrate prey groups and geographic 
breakpoints used to cluster turtles and prey groups. Crustacean = blue diamonds, 
Bivalves = red circles, Gastropods = orange squares. Shape size scales with relative 
sample size for each study using bins of 0–25, 25–50, 50–100, and 100+. 
  

25
°N

30
°N

35
°N

38
°N

TX
LA

MS AL

FL
NC

VA

25
°N

30
°N

35
°N

38
°N

TX
LA

MS AL

FL
NC

VA

25
°N

30
°N

95°W 90°W 85°W

35
°N

38
°N

78°W 75°W

TX
LA

MS AL

FL
NC

VA

N

NC

VA

NC

VA

NC

VA



   
 

 

 
 
 
  261 

 
 
Figure B2. Map of sampling locations of fish and macroalgae/seagrass prey groups 
and geographic breakpoints used to cluster turtles and prey groups. Fish = purple plus 
signs, Macroalgae = green plus signs, Seagrass = green triangles. Shape size scales 
with relative sample size for each study using bins of 0–25, 25–50, 50–100, and 
100+. 
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Figure B3. Informative and uninformative priors used in the mixing models. 
 

 

Bivalve

Crustacean

Fish

Gastropod

Macroalgae/Seagrass

0.0 0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.00.0

Uninformative priorInformative prior

Proportion

D
en

si
ty



   
 

 

 
 
 
  263 

 
 
Figure B4. Posterior distributions for the proportional contribution of each prey group 
to Kemp’s ridley sea turtle diets.  
Blue = invertebrates, purple = fish, green = macroalgae/seagrass. Invertebrate prey 
groups (crustacean, bivalve, gastropod) were aggregated a posteriori. Medians are 
denoted by vertical dashed lines.   
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Figure B5. Proportional contribution of each prey group to Kemp’s ridley sea turtle 
diets based on MixSIAR models that included an informative prior constructed from 
published diet proportion data and an uninformative prior that assigned equal 
probability to all prey groups.  
Lines in boxes are medians, boxes are 50% credible intervals, error bars are 95% 
credible intervals.  
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Figure B6. Sensitivity analysis showing how the proportional contribution of each 
prey group to western GoM-stranded Kemp’s ridley sea turtle diets changes when 
trophic discrimination factors (TDFs) are varied. White stars denote mean TDF used 
in this study and plot areas represent approximately one standard deviation (∆13C = 
2.1 ± 0.6, ∆15N = 5.1 ± 1.1).  
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APPENDIX C: CHAPTER 4 SUPPLEMENTAL INFORMATION  
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  Predicted   
Model Actual ATL GoM % Correct Model Evaluation 
Scaled growth + trace element QDAs 
   (A) trace element QDAfull ATL 30 11 73.1 Wilk’s l = 0.70 

F10,62 = 2.62 
P = 0.010 

 GoM 11 21 65.6 
 Total 41 32 69.8 
   (B) trace element QDAreduced ATL 31 10 75.6 Wilk’s l = 0.71 

F8,64 = 3.30 
P = 0.003 

 GoM 11 21 65.6 
 Total 42 31 71.2 
  (C) trace element QDAgrowth ATL 36 5 87.9 ANOVA 

F1,71 = 0.278 
P = 0.599 

 GoM 20 12 37.4 
 Total 56 17 65.8 

 
Table C1. Predicted regional assignment of Kemp’s ridley sea turtles based on cross-
validated quadratic discriminant function analysis (QDA). Models included (A) trace 
element QDAfull (scaled growth rate + 9 trace element concentrations), (B) trace 
element QDAreduced (scaled growth rate + 7 trace element concentrations), and (C) 
trace element QDAgrowth (scaled growth rate only; see Table 4.4. Correct 
classifications are in bold. The most successful model is highlighted in grey. Final 
models were evaluated via (M)ANOVA. Atlantic (ATL) = Florida Atlantic Coast 
through Virginia, Gulf of Mexico (GoM) = Texas through Florida Gulf Coast. 
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Figure C1. Conceptual diagram outlining (A) decision tree for estimating growth rates 
and (B) weighted growth rate calculation.  
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APPENDIX D: CHAPTER 5 SUPPLEMENTAL INFORMATION  
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Table D1. Annual nest and hatchling production from the three primary Kemp’s 
ridley sea turtle nesting beaches in Mexico (Rancho Nuevo, Tepehuajes, Playa Dos). 
Data sourced from Gallaway et al. (2016) (originally provided by La Comisión 
Nacional de Áreas Naturales Protegidas, CONANP). 
 

 Hatchlings   Hatchlings 

Year Nests Total Corral In-situ  Year Nests Total Corral In-situ 

1966 5991 29100 29100 0  1988 842 62218 62218 0 
1967 5519 24100 24100 0  1989 828 66802 66802 0 
1968 5117 15000 15000 0  1990 992 74339 74339 0 
1969 4018 28400 28400 0  1991 1178 79749 79749 0 
1970 3017 31400 31400 0  1992 1275 92116 92116 0 

1971 2012 13100 13100 0  1993 1241 84605 84605 0 
1972 1824 14600 14600 0  1994 1562 107687 107687 0 
1973 1643 23500 23500 0  1995 1930 120038 120038 0 
1974 1466 23500 23500 0  1996 1981 114842 114842 0 
1975 1266 11100 11100 0  1997 2221 141770 141770 0 
1976 1110 36100 36100 0  1998 3482 167168 167168 0 
1977 1036 30100 30100 0  1999 3369 211355 211355 0 
1978 924 48009 48009 0  2000 5834 365479 365479 0 

1979 954 63996 63996 0  2001 4927 291268 291268 0 
1980 868 37378 37378 0  2002 5525 357313 357313 0 
1981 897 53282 53282 0  2003 7604 433719 433719 0 
1982 750 48007 48007 0  2004 6309 421684 413761 7923 
1983 746 32921 32921 0  2005 9236 569963 555884 14079 
1984 798 58124 58124 0  2006 11322 715002 688755 26247 
1985 702 51033 51033 0  2007 13849 902290 709619 192671 
1986 744 48818 48818 0  2008 17131 806079 731383 74696 
1987 737 44634 44634 0  2009 19163 1025027 767633 257394 
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Figure D1. Transition probabilities for Atlantic-to-GoM ontogenetic shifts used in 
Model 1 (Atlantic turtles shift to GoM at maturation) and Model 2 (Atlantic turtles 
shift to GoM beginning at age 7).  
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Figure D2. Kemp’s ridley stranding counts by state and year. 
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Figure D3. Estimated annual mortality estimates for Kemp’s ridley stranding counts 
by state. 
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Figure D4. Predicted nest counts for Model 2 (upper panels; Atlantic turtles shift to 
GoM beginning at age 7) and Model 3 (lower panels; No Atlantic turtles shift to 
GoM) ran using varying proportions of turtles entering U.S. Atlantic life stages from 
the oceanic life stage. Bottom panel displays percent change in nests counts relative 
to the base scenario (base scenario = 15% to Atlantic, ATL, annually).  
 
  

0

5000

10000

15000

20000

1966 1976 1986 1996 2006

Ne
st

 C
ou

nt

Year

Observed
5% to ATL
15% to ATL
25% to ATL
35 % to ATL

-30%

-20%

-10%

0%

10%

20%

1966 1976 1986 1996 2006

Pe
rc

en
t C

ha
ng

e 
in

 N
es

t C
ou

nt
 

(fr
om

 b
as

e 
sc

en
ar

io
)

Year

0

5000

10000

15000

20000

1966 1976 1986 1996 2006

Ne
st

 C
ou

nt

Year

Observed

5% to
ATL
15% to
ATL
25% to
ATL

-30%

-20%

-10%

0%

10%

20%

1966 1976 1986 1996 2006

Pe
rc

en
t C

ha
ng

e 
in

 N
es

t C
ou

nt
 

(fr
om

 b
as

e 
sc

en
ar

io
)

Year



   
 

 

 
 
 
  275 

 


