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Abstract 

Understanding the geographic distribution of sea turtles within their sub-populations could enhance 

conservation and management, especially for sub-populations that are the most threatened. Isotope 

techniques have been used for this purpose and have become popular in the past decade, with an 

increasing year-to-year trend in published studies. Via systematic literature review of all studies 

using isotopes to understand sea turtle ecology, this thesis first presents a robust understanding of 

the current state of the science, identifying knowledge gaps and priorities for future sea turtle 

conservation research (Chapter 2). This identified that very few stable isotope studies aimed at 

understanding foraging distributions have been completed on threatened sub-populations of sea 

turtles, whereas those considered of least concern by the IUCN have been the focus of many. I 

aimed to address this mismatch between stable isotope studies and conservation needs by 

developing, validating, and applying a novel isotope technique to understand the foraging 

distribution of critically endangered South Pacific loggerhead turtles (Caretta caretta), and in doing 

so identifying critical habitats for priority management. The technique presented uses isotope ratios 

from commensal barnacle shells, which vary with temperature (SST) and salinity (SSS) rather than 

turtle diet. Barnacle shells are formed sequentially, storing chemical information about of the 

surrounding conditions at the time of formation. This makes it possible to assign a date to samples, 

and compare isotope ratios with the spatial and temporal distribution of sea water parameters (SST 

and SSS), if the growth of the animal is well understood. Thus, in this thesis I tested the applicability 

of using barnacles to understand sea turtle foraging distribution by quantifying barnacle growth 

rates (Chapter 3), regional relationships between barnacle isotopes (C and O) and SST & SSS (Chapter 

5), and discriminating between foraging areas based on time dependent isoscapes for barnacle shell 

(Chapter 4, 5). Finally, the technique is applied to predict the home area of loggerhead turtles that 

nest in southern Queensland, Australia, identifying hotspots and relationships between nesting and 

foraging habitats (Chapter 6). This thesis demonstrates that isotopes from barnacle shells can be 

used to identify the origin and migration distances of host turtles at varying spatial scales, depending 

on water chemistry gradients present at the time and location of shell formation. In eastern 

Australia is it possible to assign turtles to home areas with >86% accuracy when areas are separated 

by at least 400 km (Chapter 4). Globally, many coastal areas are likely to offer similar or better 

resolution to this, while pelagic waters will typically offer lower resolution. This thesis also shows 

that estuarine habitats are important foraging habitats for adult loggerhead turtles, probably more 

so for southern foragers, while marine habitats are clearly important in northern Australia. Future 

research should focus on developing isoscapes for barnacle shell in other regions, and combining 

barnacle analyses with other methods to improve the achievable resolution. I also expect that this 

technique can be applied widely to other taxa and objects that carry commensal barnacles 

throughout marine journeys. 
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Chapter 1 

Introduction 

Anthropogenic activities can have particularly detrimental effects on populations of long-

lived and late-maturing species (Congdon et al. 1993, Congdon et al. 1994, Heppell et al. 

2005, Seminoff & Shanker 2008). Sea turtles offer one example where the combination of 

late age-to-maturity, extensive migrations (sometimes spanning entire oceans), and reliance 

on a variety of habitats throughout the life history allows human activities to affect every 

stage of the life history (e.g. Resendiz et al. 1998, Wallace et al. 2010, Finkbeiner et al. 2011, 

Limpus et al. 2013, Seminoff et al. 2014). This slow development and wide distribution 

means that regional disturbances (even if seemingly small in magnitude) can have 

devastating impacts in the long-term. As a result, research and management efforts must 

cross international boundaries in order to be effective in driving recovery and protection. 

The South Pacific loggerhead turtle (Caretta caretta) subpopulation and is considered 

critically endangered by the International Union for the Conservation of Nature (IUCN; 

Limpus & Casale 2015) and is the primary focus of this dissertation.  This population has 

experienced declines of >80% over two decades, which was reported as continuing in the 

2015 assessment (Limpus & Casale 2015). Past assessments have suggested fisheries 

bycatch as a major source of mortality in this subpopulation (e.g. Heppel et al. 1996), but 

the full suite of causes behind these continuing declines is not well-understood (Limpus & 

Casale 2015). It is therefore necessary to gain a better understanding of habitat use and 

foraging distribution in order to better understand the drivers of decline.  

South Pacific loggerhead turtles nest almost exclusively in mainland southern Queensland, 

the islands of the southern Great Barrier Reef, and New Caledonia (Limpus et al. 2013). 

After hatching, these turtles spend approximately 16 years in the open ocean, before 

recruiting to foraging areas within ~2 600 km of their natal rookery (Limpus et al. 1992, 

Limpus et al. 2013). This is an area to which they show remarkable site fidelity for the 

remainder of their lives, leaving only periodically to undertake breeding migrations (Limpus 

et al. 1992). 

Long term mark-recapture work, which began in the 1960s, has provided valuable 

information on the foraging locations of a proportion (~3%) of the loggerhead nesting 

population (Limpus et al. 1992, Limpus & Limpus 2003; C. Limpus, personal communication, 

2014), and satellite tracking has also revealed migratory pathways and foraging behaviour of 

some individuals (Limpus et al. 2013, Shimada et al. 2016). However, an up-to-date and 

more inclusive understanding of the foraging distribution of nesting turtles would benefit 

conservation efforts for this critically endangered sub-population. Recently the United 

Nations Environment Program’s (UNEP) Convention on the Conservation of Migratory 

Species of Wild Animals (CMS) ratified a single species action plan for the South Pacific 
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loggerhead turtle which reflected this need. This report stated that gaining a better 

understanding of foraging habitat use is an essential priority (UNEP-CMS 2014) because it is 

needed to support other objectives within the action plan, as well as local, state, and federal 

management efforts. This thesis aimed to improve the understanding of the foraging habitat 

use of adult loggerheads that nest in the South Pacific by developing and applying a novel 

stable isotope technique. 

Stable isotope analysis (SIA) has been used for many purposes across many taxa (Hobson 

1999, Philp 2007). By analysing the soft, metabolically active tissues of the target animals 

themselves, SIA can provide information about the diet/resource use and feeding location 

of the animal (e.g. Seminoff et al. 2007, Hobson et al. 1994). Thus, understanding food-web 

structure and migratory origins are two of the more common uses for SIA, and have been 

growing in popularity in the sea turtle literature in recent decades (see Chapter 2 for 

review). Isotope studies aiming to infer a location or migratory origin (geographic studies) 

for sea turtles have shown an increasing year-to-year trend in published studies applying 

this technique (Fig 1.1). These studies have predominantly used soft-tissues of the turtles 

themselves, which are affected by both diet choice and geographic location (Reich et al. 

2008, Pajuelo et al. 2012a). It is often difficult to tease apart the influence of each on 

isotope values in tissues without advanced, costly techniques such as compound specific 

isotope analysis (CSIA). For example, in areas with high prey diversity, this can result in high 

within-area isotope variation in soft-tissues (Pajuelo et al. 2016), potentially confounding 

the resolution that is achievable with geographic isotope analyses if the variation within 

areas is larger than between areas. Thus, geographic isotope analyses using soft-tissues may 

not be useful in some areas. At the very least, soft-tissue techniques need to be validated in 

new areas, generally via concurrent use of satellite telemetry to build baseline isoscapes 

(e.g. Pajuelo et al. 2012b, Vander Zanden et al. 2015), which can be cost-prohibitive for 

some researchers. 

 

Fig 1.1 Number of sea turtle isotope studies published per year to 2015 (from analyses in Pearson et 

al. 2017; Chapter 2). 
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Isotope values in some biogenic carbonates (e.g. marine invertebrate shells) can instead be 

more representative of environmental variables (sea temperature and salinity) than of diet 

choices (e.g. Killingley & Lutcavage 1983, McConnaughey et al. 1997), potentially reducing 

the variability of isotope values within a region and strengthening area and/or habitat type 

assignments. Analyses of carbonates may therefore provide an opportunity to understand 

animal movement through water bodies with different characteristics, potentially without 

the need for concurrent satellite telemetry. As such, it is possible that isotope analyses of 

the shells of barnacles that grow on marine megafauna could provide an alternative or 

complementary technique for understanding spatial movement and distributions in marine 

systems, with less reliance on expensive telemetry techniques. This is especially true if 

regional relationships can allow conversion between isotope values and remotely collected 

temperature and salinity data. Thus, in this thesis I aimed to develop, validate and apply a 

method for tracing movement through marine waters by analysing the stable isotope 

composition of barnacle shells that grow on sea turtles and, in doing so identify important 

foraging habitat for nesting turtles from the critically endangered South Pacific loggerhead 

turtle population. From this platform, the objectives of this thesis were to: 

1. Understand how isotopes have been used in sea turtle ecology and identify 

knowledge gaps via quantitative literature review (Chapter 2) 

2. Quantify the size-age relationship for a globally distributed sea turtle barnacle 

(Chelonibia testudinaria) (Chapter 3) 

3. Develop and validate a method to extract and date barnacle shell samples for 

isotope analysis, and test the applicability for inferring the foraging areas of host 

turtles (Chapter 4) 

4. Develop regional relationships between barnacle isotopes (C & O) and remotely 

collected SST and SSS data to enable creation of time-specific isoscapes for barnacle 

shell (Chapter 5) 

5. Assign foraging areas to nesting turtles using isotopes from barnacle shells, 

identifying important habitats (Chapter 6) 
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Relationships between chapters 

 

Fig 1.2 Conceptual diagram demonstrating the relationships between chapters in this thesis. An 

arrow between chapters indicates that the receiving chapter relies on knowledge developed in the 

preceding chapter.  

All chapters in this thesis are written as stand-alone manuscripts that are either intended for 

publication or already published. Chapters 4-6 are built upon the knowledge developed in 

the first two, which are largely independent of one another. 

Chapter 2 provides the understanding around how, why, and where isotopes have been 

used in sea turtle ecology. This systematic review led to development of the core concept of 

the thesis - to use isotopes from barnacle shells to understand sea turtle movement. Hence, 

information derived from Chapter 2 feeds into all subsequent chapters. 

Chapter 3 is similarly fundamental to this thesis. This chapter assesses the growth rates of 

the target barnacles, Chelonibia testudinaria. Understanding their growth rates allows 

calculation of a date-of-formation for each shell sample extracted from a barnacle, which is 

a necessary step in all following chapters. 

Chapter 4 provides a description of extraction methods and the expected isotopic variation 

within each sample, which is necessary for analyses in chapters 5 and 6.  

Chapter 5 then provides regional equations that allow conversion between environmental 

parameters (sea surface temperature and salinity) and isotope ratios in barnacle shell, 

which are then used to assign foraging areas to nesting turtles in Chapter 6. 
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Chapter 2 

Realignment of sea turtle isotope studies needed to match 

conservation priorities 

 

This chapter includes a co-authored published paper. My contribution involved: designing 

the study, conducting literature review, data extraction and analysis, interpretation of 

results, and writing. The bibliographic details of the co-authored published paper, including 

all authors, are: 

Pearson RM, van de Merwe JP, Limpus CJ, Connolly RM (2017) Realignment of sea turtle 

isotope studies needed to match conservation priorities. Marine Ecology Progress Series 

583:259-271 
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Corresponding author: Ryan Pearson  Supervisor: Rod Connolly 
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Abstract 

Stable isotope analyses have become popular in the sea turtle literature in the past decade 

with an increasing year-to-year trend in published studies reporting insights into food web 

structure, diet, trophic interactions, ontogenetic shifts, geographic distributions, and more. 

Understanding the geographic distribution of migrating taxa within their sub-populations 

could enhance conservation and management, especially for threatened populations. For 

sea turtles, stable isotope analyses can potentially be used to quickly assess foraging 

distributions across large proportions of a nesting population, with high numbers of turtles 

at low cost and/or effort relative to satellite telemetry and mark-recapture. We 

systematically assessed the literature, aiming to identify the current state of research into 

sea turtle isotope ecology, including key knowledge gaps and the level of geographic 

assessment within regional management units (RMUs). Sea turtle RMUs listed as ‘least 

concern’ by the IUCN (6.5 studies per RMU) have been studied at a rate 13 times higher 

than those considered threatened (0.5 studies per RMU). Loggerhead (Caretta caretta) and 

green (Chelonia mydas) are the most studied species. Comparatively, flatback (Natator 

depressus) and Kemp’s ridley (Lepidochelys kempii) turtles return a paucity of analyses. This 

is the first review of sea turtle isotope studies and helps to refocus future isotope research 

to prioritise conservation outcomes throughout the world. The mismatch between effort 

and conservation priority may be a testimony to the effectiveness of research and 

management in these areas, but suggests a need to now realign the focus of sea turtle 

isotope ecological studies towards more threatened RMUs. 

 

  

  
This chapter has been removed for copyright 
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Chapter 3 

Using growth rates to estimate age of the sea turtle barnacle 

Chelonibia testudinaria 

 

This chapter includes a co-authored published paper. I am not the first author on this paper; 

however, I contributed extensively to every phase, qualifying it for inclusion in this thesis. 

My contribution involved: conceiving the study and methodology, participating in field 

work, data analysis, interpretation of results, and writing. The bibliographic details of the co-

authored published paper, including all authors, are: 

 

Doell SA, Connolly RM, Limpus CJ, Pearson RM, van de Merwe JP (2017) Using growth rates 

to estimate age of the sea turtle barnacle Chelonibia testudinaria. Marine Biology 164:222 
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Corresponding author: Jason van de Merwe  Supervisor: Rod Connolly 
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Abstract 

Epibionts can serve as valuable ecological indicators, providing information about the 

behaviour or health of the host. The use of epibionts as indicators is, however, often limited 

by a lack of knowledge about the basic ecology of these ‘hitchhikers’. This study investigated 

the growth rates of a turtle barnacle, Chelonibia testudinaria, under natural conditions, and 

then used the resulting growth curve to estimate the barnacle’s age. Repeat morphometric 

measurements (length and basal area) on 78 barnacles were taken, as host loggerhead 

turtles (Caretta caretta) laid successive clutches at Mon Repos, Australia, during the 

2015/16 nesting season. Barnacles when first encountered ranged in size from 3.7 to 62.9 

mm, and were recaptured between 12 and 56 days later. Fitting the growth measurements 

of these barnacles to a von Bertalanfy growth curve, we estimated the age of these 

barnacles as a function of their size. Length growth rate decreased over time in a nonlinear 

fashion, while basal area growth rate showed a linear relationship with age. The average 

estimated age of barnacles at first capture was approximately 6 months (barnacle length 

30.3 ± 1.8 mm). The largest and oldest individual had a length of 62.9 mm when first 

measured, and was estimated to be 642 days old. The finding that C. testudinaria may live 

for up to 2 years, means that these barnacles may serve as interesting ecological indicators 

over this period. In turn, this information may be used to better understand the movement 

and habitat use of their sea turtle hosts, ultimately improving conservation and 

management of these threatened animals.  
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Chapter 4 

Distinguishing between sea turtle foraging areas using stable 

isotopes from commensal barnacle shells 

 

 

 

 

 

 

 

 

 

This chapter has been submitted for publication:  

Pearson RM, van de Merwe JP, Limpus CJ, Connolly RM (in review) Distinguishing between 

sea turtle foraging areas using stable isotopes from commensal barnacle shells.  
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Abstract 

Understanding the movement behaviour of marine megafauna within and between habitats 

is valuable for informing conservation management, particularly for threatened species. 

Stable isotope analyses of soft-tissues have been used to understand these parameters in 

sea turtles, usually relying on concurrent satellite telemetry at high cost. Barnacles that 

grow on sea turtles have been shown to offer a source of isotopic history that reflects the 

temperature and salinity of the water in which the host animal has been. We analysed 

stable isotopes of barnacle shells collected from sea turtles in four foraging areas in 

Queensland, Australia. We used a novel method that combines barnacle growth rates and 

stable isotopes (δ18O and δ13C) as predictors of home area for foraging turtles (using linear 

discriminant analyses). We showed high success rates in assigning turtles to foraging areas 

based on isotope ratios from the shells of barnacles that were attached to them (up to 

94%). Accuracy remained high (86-91%) where foraging areas were separated by as little as 

400 km. This method based on isotope ratios in commensal barnacle shells can assign sea 

turtles to foraging areas with high probability. This method could be used to understand 

foraging distribution, migration distances and the habitat use of nesting turtles throughout 

the world, benefiting conservation and management of these threatened species. This 

method could also be expanded to understand the movement of other taxa that carry 

hitchhiking barnacles through oceans or estuaries. 

Introduction 

Understanding the distribution, migratory pathways, and habitat use of marine fauna is 

valuable to inform management decisions, especially for threatened species. For example, 

understanding foraging distributions can help to prioritise conservation efforts via 

protection of key resources, habitat characteristics and/or improving fishery/bycatch 

management within critical habitats. Various methods have been employed across many 

taxa for these purposes, but with varying success and each with their own limitations. For 

sea turtles, being long-lived, highly migratory and threatened, understanding spatial and 

temporal distributions within foraging areas is important for management within and 

beyond jurisdictional boundaries (Hamann et al. 2010).  

Sea turtles are known to use a variety of habitats throughout their long-lives, with juvenile 

stages in open-ocean and (for many species) sub-adult and adult stages in coastal foraging 

areas (McClellan and Read 2007). As adults, an individual will undergo breeding migrations 

to an area near to where they hatched (Meylan et al. 1990) which, for green (Chelonia 

mydas) and loggerhead (Caretta caretta) turtles, can be >2,600 km distant from their 

foraging area (Limpus et al. 1992). Sea turtles show strong fidelity to foraging, mating and 

nesting areas throughout their adult lives (Broderick et al. 2007; Limpus et al. 1992). Turtles 

in some sub-populations will use different areas in winter and summer (e.g. Broderick et al. 

2007; Hawkes et al. 2011) whereas others remain in the same foraging area regardless of 
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season (e.g. southwest Pacific loggerheads; Limpus et al. 1992). Similarly, some sub-

populations have turtles that forage in pelagic areas (>200 m deep) as adults (e.g. northwest 

Pacific loggerheads; Hatase et al. 2010), while for others there is no evidence suggesting 

adults feed beyond the continental shelf (e.g. southwest Pacific loggerheads; Limpus et al. 

2013).  

Considerable progress has been made toward understanding the foraging distribution of 

nesting turtles for some sub-populations (Rees et al. 2016), largely through the use of 

satellite telemetry (Godley et al. 2008) and also often with concurrent stable isotope 

analysis (SIA) of sea turtle tissues (e.g. Ceriani et al. 2012; Hatase et al. 2006; Pajuelo et al. 

2012). For example, the foraging distribution of nesting turtles and how this varies between 

years has become quite well understood in the north-west Atlantic through a combination 

of both techniques (e.g. Ceriani et al. 2017). However, improving the understanding of adult 

foraging distributions and how they relate to nesting beach choice would greatly benefit 

management of many sub-populations (e.g. Hamann et al. 2010; UNEP-CMS 2014).   

Satellite telemetry provides high accuracy and some studies have utilised extensive satellite 

telemetry derived data (e.g. see Abecassis et al. 2013; Kobayashi et al. 2008; Roe et al. 2014; 

Scott et al. 2012 for sample sizes between 135 and 400 turtles). However, replication is 

limited in some regions (Jeffers and Godley 2016) potentially due to the high-costs 

associated with telemetry studies. The capture-recapture method is comparatively low in 

cost, but also tends to yield low sample sizes in the short-term due to limited recapture 

success in foraging areas and provides comparatively limited data (e.g. understanding of 

behaviour between captures is lacking). In SIA, ratios of light to heavy isotopes (which are 

variants of the same elements that contain different numbers of neutrons) vary predictably 

(in both organic or inorganic materials). Variations can be driven by changes in diet, trophic 

level, or chemical properties such as temperature and salinity – depending on the type of 

material. SIA techniques allow for higher-replication (due to relatively low cost), but 

generally also lower spatial resolution compared with satellite telemetry. As a result, SIA of 

metabolically active tissues (e.g. skin, scute, blood, bone) have been used for distinguishing 

between foraging areas and understanding resource use for many taxa (e.g. Hobson 1999; 

Turner Tomaszewicz et al. 2015; Vander Zanden et al. 2014), including sea turtles (see 

Pearson et al. 2017 for review).  

SIA studies on sea turtles have almost entirely focused on analysis of metabolically active 

tissues (Pearson et al. 2017), in which isotope ratios are affected by individual diet choices 

of the individual. When attempting to infer a geographic origin from isotopes in turtle 

tissue, studies generally combine a relatively high-volume of satellite telemetry (e.g. 50+ 

turtles) with SIA of soft-tissues to build a reference library (isoscape or calibration data) of 

isotopic signals (e.g. Pajuelo et al. 2012; Vander Zanden et al. 2015). These reference 

libraries are then used to assign foraging areas to individuals that were not tracked. Soft-

tissue isotope techniques have been effective in identifying foraging areas of nesting turtles 
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in some regions due to their consistent site fidelity, along with the tendency for females to 

fast throughout migration and the nesting season. This means that isotope ratios in tissues 

that have slow turnover rates (e.g. skin and red blood cells) are likely to represent those 

incorporated from prey consumed in the home foraging area. With sufficient difference in 

food-web signals between foraging areas, it has been possible to differentiate between 

areas using C and N isotopes from turtle tissues. However, there remain questions over how 

much effect individual diet choice has on assignment success. For example, loggerhead 

turtles are known to be diet generalists at the population level, but specialists as individuals 

(Vander Zanden et al. 2010). This suggests that within a foraging area, individual diet choices 

may result in high variation in isotope ratios and lower ability to identify differences 

between regions. This phenomenon is partly supported by recent findings that foraging 

areas with higher prey diversity show higher variation in soft-tissue isotope ratios (Pajuelo 

et al. 2016).  

A potential alternative or complementary method to these techniques is the analysis of 

isotope ratios (δ13C and δ18O) in the calcareous shells of barnacles commensal on sea 

turtles. Isotope ratios in balanomorph barnacle shells are known to reflect the 

physicochemical characteristics (temperature and salinity) of the water in which they form 

(Detjen et al. 2015; Killingley 1980; Killingley and Newman 1982; Killingley and Lutcavage 

1983). The calcitic shells of acorn barnacles are formed via sequential concentric growth of 

material precipitated from the water (Bourget and Crisp 1975). It is therefore expected that 

the contribution diet makes to shell isotope ratios is minimal - estimated between 0-25% 

(McConnaughey et al. 1997). Sequential sampling of barnacle shell can therefore provide 

information about historical changes in water temperature and salinity (e.g. Killingley and 

Lutcavage 1983). 

Paleotemperature equations, which describe the temperature dependent fractionation of 

oxygen isotopes (δ18O) in carbonates, have been well established across various taxa such as 

molluscs (Epstein et al. 1953) and foraminifera (Erez and Luz 1983). Additional carbonate 

materials, such as fish otoliths (e.g. Devereux 1967; Elsdon and Gillanders 2002; Rooker et 

al. 2008) and other bones (Barrick et al. 1999), have also been useful for inferring water 

temperatures, salinities, and/or tracing movements. The balanomorph barnacle 

paleotemperature equation (described by Killingley and Newman 1982), allows conversion 

between δ18O ratios in barnacle shells and water temperature where the oxygen isotope 

ratio of the seawater itself (δ18Oseawater) is known. This equation shows that as water 

temperature increases, barnacle shell δ18O ratios decrease (Killingley and Newman 1982). 

Despite this understanding, and extensive use of similar techniques in other fields (e.g. 

Gagan et al. 1998), to date only three studies have attempted to use isotope ratios from 

commensal barnacle shells to understand the habitat preferences and/or movement of the 

host (Detjen et al. 2015; Killingley 1980; Killingley and Lutcavage 1983).  
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In an ecological context, the relationship between water chemistry and barnacle shell 

isotopes has been used in an effort to understand animal movement only three times, with 

very low replication. Killingley (1980) demonstrated that barnacle (Cryptolepas rhachianecti) 

shell isotopes (δ18O) from two California grey whales (Eschrichtius robustus) could be used 

to estimate water temperatures and aligned these estimates with expected δ18O ratios 

along their north to south migration. Killingley and Lutcavage (1983) showed (using six 

Chelonibia testudinaria barnacles from six loggerhead turtles in the northwest Atlantic) that 

it is possible to identify when the host transitions between estuarine and oceanic waters. 

Lastly, Detjen et al. (2015) investigated the foraging habitat of green turtles (Chelonia 

mydas) in the central north Pacific using isotope ratios from commensal Platylepas sp. 

barnacle shells. This study (assessing nine barnacles from three turtles) found that carbon 

isotopes were not useful for the purpose in this region, but that oxygen isotopes were able 

to delineate regional movement patterns at very coarse resolution (identified areas were 

very large - thousands of km2). However, some limitations of this study may have inhibited a 

complete understanding of the method’s viability. Foremost, a very small barnacle species 

(~4 mm) was used (Detjen et al. 2015) for which there was no understanding of the 

barnacle’s growth rates, making it impossible to estimate the age of each sample. An 

understanding of growth rates could have strengthened these analyses by, at minimum, 

eliminating areas from which the animal could not have possibly travelled during the time 

represented in the barnacle’s shell. 

Thus, understanding the growth rates of the target barnacle species should form a 

necessary part of any analysis aiming to understand movement through water bodies using 

barnacle shell chemistry. A robust understanding of how a barnacle species grows makes it 

possible to assign an age to each section of the barnacle shell, which can then allow direct 

comparison between dated samples from different barnacles. The most common barnacle 

species present on sea turtles worldwide is Chelonibia testudinaria. This species has been 

the subject of three studies investigating its growth rate (Cheang et al. 2013; Doell et al. 

2017; Sloan et al. 2014). Most recently, Doell et al. (2017) described a non-linear, von 

Bertalanffy growth model for C. testudinaria barnacles growing on nesting loggerhead 

turtles in eastern Australia. The rate of shell formation is rapid when young and decreases 

with age/size. Using this non-linear growth rate it is possible to estimate the age of 

barnacles and assign a date to isotope samples collected from different areas of the shell.  

The aim of this study was to validate a method for extracting and dating barnacle shell 

samples for isotope analysis (δ13C and δ18O) and test the accuracy of using isotope ratios 

from dated barnacle shell samples for distinguishing between the foraging locations of host 

turtles.  We expect this method to be applicable for identifying the migratory origin of 

mating and nesting sea turtles throughout the world. 
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Methods 

Barnacles were collected from foraging and basking green and loggerhead turtles (see Fig 

4.3 for N per area) that were captured in four locations along the Queensland coast, 

spanning an area of approximately 1,600 km between July and October 2015. From north to 

south these foraging areas were the Howick group of islands, Gladstone, Hervey Bay, and 

Moreton Bay (Fig 4.1).  

The three southern areas are all coastal bays, partially enclosed by islands, and are generally 

described as estuarine environments (Currie and Small 2005; Leigh et al. 2013). However, 

the freshwater influence varies spatially and temporally within these systems (Currie and 

Small 2005; Leigh et al. 2013; Martin et al. 2015). As a result, we expect each to have 

experienced different freshwater influences during the sampling period.  

The capture locations in Moreton Bay were all in the eastern side of the bay, an area that is 

likely to be influenced more by marine waters than by river discharges in the western bay. 

Salinity in the eastern bay is expected to remain above 34 ‰ except in cases of extreme 

flooding (e.g. Maxwell et al. 2014). Shimada et al. (2017) demonstrated that turtles captured 

in the eastern bay tend to remain exclusively in this area or in the marine waters outside the 

bay (to the north and east) when not undergoing a breeding migration. This suggests a low 

likelihood that the Moreton Bay turtles captured in the present study would have 

encountered truly estuarine waters. Hervey Bay is often fully marine or even slightly 

hypersaline (>36 ‰) but salinity reduces to below oceanic levels following heavy rain in the 

catchment (Ribbe et al. 2008). Our capture location in the western bay is approximately 6 

km to the north of the Mary River mouth which, in combination with moderate rainfall over 

the period (140-170 mm May-July), suggests that the barnacles tested were likely exposed 

to lower salinities at some point in their growth. Similarly, parts of Gladstone Harbour are 

fully marine, but with rainfall triggering reductions in salinity at times (Currie and Small 

2005). Thus, we expect that our Moreton Bay samples will reflect a marine system, while 

Gladstone and Hervey Bay samples may return isotope ratios reflective of the variable 

freshwater influence expected in these locations. In effect, this suggests we may expect to 

see more variability in the isotope ratios in barnacles from turtles from Gladstone and 

Hervey Bay than those from Moreton Bay. The northern area (Howick group) is expected to 

have experienced entirely marine conditions given that capture areas were in the coral 

lagoons of the northern Great Barrier Reef, 15-30 km from the mainland.  
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Fig 4.1. Map of Queensland, Australia, showing the four turtle foraging areas (green). Sea surface 
temperature (SST) at 15-Jun-2015 (IMOS 2015). 

Field sampling  

Turtles were captured using the standard rodeo jump method (Limpus and Reed 1985) in 

three of the four locations (Howick group, Gladstone, Moreton Bay). In Hervey Bay, turtles 

were instead encountered in mangrove flats while basking during the night time low tide. 

The largest available barnacle (C. testudinaria) was removed from the carapace or head of 

each turtle and dried to constant mass at 60°C. All turtle capture and barnacle collection 

occurred between July and October 2015. Turtles were individually identified using titanium 

tags and key morphometric and demographic data were recorded as part of a long-running 

monitoring program. 

Lab sampling 

After drying, the maximum rostro-carinal length (Fig 4.2b) and curved length of the rostrum 

surface (Fig 4.2c) was recorded for each barnacle. These variables are used in age 

calculation and for assigning dates to sub-samples based on the growth curve described by 

(Doell et al. 2017). Only barnacles without obvious shell deformities were used in order to 

maintain confidence in sample age assignments. Deformities include conspicuous curvature 

or indents to the basal disk or shell plates. These deformities affect shell formation and thus 
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complicate age estimates. The basal disk of each barnacle was coated with epoxy resin to 

minimise breakage and contamination during the sample extraction process. Each barnacle 

was cleaned mechanically using a hand-held Dremel rotary tool, removing all epiphytic 

growth, dirt and discolouration. Care was taken to ensure minimal calcite was removed 

from the outer layer. Remaining dust was mechanically removed using a Dremel with brush 

tip and a manual air pump. 

For balanomorph barnacles, the youngest shell material is near the outer edge of the base 

(e.g. the bottom of frames A & C in Fig 4.2), with layers becoming progressively older with 

increasing height along the shell surface (Bourget and Crisp 1975). Therefore, target areas 

were described as a distance (in mm) along the rostrum from the base.  

 

Fig 4.2. Summary of measurements used to calculate the age of each sample collected from a 
barnacle shell. (A) front view of barnacle facing rostrum. (B) top view of barnacle with rostrum on 
left. (C) side view with rostrum on right. Distance (mm) from base to centre of sample site (H); 
Maximum rostro-carinal length in mm (L); Length (mm) of curved surface of rostrum (R). Red arrow 
points to sample taken of newest/youngest material. Black arrow points to the oldest of three 
successive samples taken from this barnacle. Yellow line identifies the extent of the rostrum plate in 
each frame. Each grid-square (in B) is 10 mm. 

Each barnacle was sampled multiple times along the outer edge of the rostrum where shell 

material was calculated to have formed between May and July 2015. Each sample was from 

a different location and thus represented a different time within this period. We set the 

target date as the 15th of each month and calculated the location (as distance from base – 

Fig 4.2a) where shell material of this age was formed for each barnacle using the von 

Bertalanffy growth equation for Chelonibia testudinaria described by (Doell et al. 2017). This 

area was then sampled as described below. Post-sample extraction measurements were 

taken from the base to the centre of the sample site (distance from base, in mm). The age 

was then calculated, and each sample was assigned an individual formation date. It is 
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feasible that growth rates vary between areas, potentially deeming age assignments 

inaccurate. However, Doell et al. (2017; Chapter 3) demonstrated that previous studies on 

the same barnacle species, but from other areas (including the eastern USA), have reported 

similar growth rates (Sloan et al. 2014, Ewers-Saucedo et al. 2015). This suggests that region 

has minimal effect on the rate of accretion of barnacle shell, and thus growth rates and 

aging techniques are likely widely applicable to this species. Furthermore, Doell et al. (2017) 

show that variation around the mean growth rates generally increases with barnacle 

size/age. This is partially accounted for naturally in our calculations through standardisation 

of sample size. The result of this is that larger, older barnacles have more likelihood of error 

in age assignment, but also have more time represented in each sample (because the same 

0.5 mm section, vertically, has been growing slower in larger barnacles), thus reducing the 

likelihood of ‘missing’ the target date completely. 

For all subsequent statistical analyses, samples were categorised by the month in which 

they were expected to have formed. Equations for calculating the date represented by a 

sample are presented in the On-line Supplement (Appendix S2.1: Eq. S1-S6). Some samples 

were unusable for various reasons (e.g. the median date calculated post-extraction fell 

outside the target months; insufficient sample mass collected). These samples were not 

analysed and prevented further sampling at or near the target location, resulting in an 

unbalanced design (i.e. different numbers of samples from each barnacle).  

Green and loggerhead turtles in the western Pacific are known to show high fidelity to 

foraging areas, using the same foraging areas pre- and post-migration, and across years 

(Limpus et al. 1992). There is no evidence that these turtles use different foraging areas 

seasonally, unlike those in some other regions (Limpus et al. 1992). Migrations generally 

occur between October and March, with only adult turtles undertaking migrations during 

these months. Thus, we expect all turtles to have remained in the area near to where they 

were captured for the full period represented by our samples. 

Extraction of shell samples was performed using diamond coated cutting blades (0.6 mm 

thickness) in a Proxxon MF-70 micromill with rotating dividing head. The blade was aligned 

with the target area and inserted 0.8 mm after first contact. The barnacle was then rotated 

on the dividing head approximately 5° along the growth axis (parallel to base) to capture 

enough material of the same age for analysis. Calcite powder was captured in a 1.5 mL 

microcentrifuge tube and then analysed for stable carbon (δ13C) and stable oxygen (δ18O) 

isotope ratios.  

Methodological reproducibility 

Additional samples were used to test variation within a barnacle for samples of the same 

age. We extracted adjacent samples separately from the same barnacle (where sample age 

calculations were within two days of one another), analysed for δ18O and δ13C ratios, and 

calculated differences between paired samples (N = 20 pairs. One pair from each of 20 

different barnacles). 
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Isotope analysis 

Analysis of δ13C and δ18O in barnacle calcite was performed at the Australian National 

University Research School of Earth Sciences Stable Isotope Laboratory (Canberra, Australia) 

using Finnigan MAT 251 and 253 mass spectrometers fitted with automated individual-

carbonate reaction (Kiel) devices. Where sample weights were too low for the MAT 251 

(<100 µg), the MAT 253 was used. CO2 was liberated from the carbonate by reaction under 

vacuum with 105% H3PO4 at 90°C (MAT 251) and 75°C (MAT 253).  In both cases, 

measurements of δ18O and δ13C were corrected using the NBS19 (δ18O = -2.20‰, δ13C = 

1.95‰) and NBS18 (δ18O = -23.0‰, δ13C = 5.0‰) standards and are reported in delta 

notation relative to Vienna Peedee Belemnite (VPDB). Analytical precision for repeat 

measurements of NBS-19 run in parallel with the shell samples was 0.03‰ for δ18O and 

0.02‰ for δ13C (1 S.D., N = 46). 

Data analyses 

Testing for isotopic differences between foraging areas 

Barnacle shell isotope ratios, from samples collected in each foraging area, were analysed 

using MANCOVA in SPSS (IBM Corp. 2013) to assess if the ratios were statistically different 

between areas. ‘Area’ was used as a factor and sample ‘month’ (i.e. the month in which the 

sample was expected to have been formed) was used as a covariate. Post-hoc least 

significant difference (LSD) tests identified statistical differences between paired areas.  

Foraging area assignments 

Linear Discriminant Analysis (LDA) (MASS package in R v3.41, R Core Team 2017; Venables 

and Ripley 2013) was used to assign individual samples to foraging areas (as in Vander 

Zanden et al. 2015), and to investigate the spatial scale at which this method may be useful 

in eastern Australia. For all tests, ‘area’ was set as the grouping variable with δ18O, δ13C, and 

month used as predicting variables. Priors were set so that there was an equal probability 

that a sample could come from all areas included, rather than being reflective of the sample 

proportions in the calibration dataset. For example, where four areas were included, the 

probability of coming from any individual area was set to 0.25. In this analysis, the 

calibration dataset defines which values of predicting variables best describe each level in 

the grouping variable. These characteristics are then used to assign individual samples in the 

validation dataset to one of the levels in the grouping variable. Assignment success is 

measured as a percentage based on the number of correct assignments within a level and 

overall. 

There are many ways that calibration and validation datasets could be defined. Therefore, in 

order to establish if there was any bias on assignment success developing from how 

datasets were separated, we tested multiple methods for defining which samples were used 

in each. The full dataset (sample N = 93, turtle/barnacle N = 27) was split into two subsets 

(one for calibration, one for validation of the model) using multiple methods across 12 

iterations (2 sample splitting techniques × 3 methods for defining areas × 2 directions, 
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forward and reverse). The forward and reverse distinction is here defined as either: a) using 

the calibration dataset as intended, to calibrate the model (forward), or; b) flipping the 

function of the datasets, whereby the ‘calibration’ dataset in the forward direction is used 

for validation, and validation for calibration (reverse). 

For sample splitting techniques, first, we split by alternating assignment of individual 

samples (Alternating Samples; AS). This method was designed to maintain the highest 

possible replication at the turtle level (turtle N between 21 and 26 within each of the two 

datasets across tests), while ensuring that no individual sample was represented in both 

datasets. A limitation of this method is that the same turtle was often represented in both 

datasets, but by different samples from different deposition dates. The second sample 

splitting method was by alternating turtles, where all samples from individual turtles were 

assigned to a single dataset (Alternating Turtles; AT). This ensured independence of samples 

and turtles between datasets, but limited replication at the turtle level (turtle N between 11 

and 14 within each dataset across tests). 

To test the spatial scale at which this method may be useful for assigning foraging areas to 

nesting turtles in eastern Australia, we ran the analysis (using the same splitting methods) 

with three methods for defining areas: 1) all four areas included (4 areas), 2) Hervey Bay 

excluded (3 areas), and 3) with all southern areas grouped together (South) and Howick 

samples used as a North group (2 areas). Hervey Bay was chosen for exclusion in the second 

test because it was an intermediate location, between Gladstone and Moreton Bay, thus 

changing the minimum distance between areas from approx. 150 km to 400 km and 

enabling assessment of effective spatial resolution. Similarly, to test the effect of expanding 

the minimum distance between areas dramatically, we grouped the three southern areas 

and re-ran the analysis with only two groups (North and South). These had a minimum 

distance between them of approximately 1,100 km. 

Results 

Method reproducibility 

The difference in isotope ratios between 20 paired samples (i.e. pairs from the same 

barnacle across 20 different barnacles, 40 samples in total) was 0.09 ± 0.07 ‰ for δ13C and 

0.18 ± 0.11 ‰ for δ18O (absolute mean ± S.D.). The differences are larger than expected 

based on machine error within the mass spectrometer alone (given by repeat 

measurements of NBS-19, which were <0.03 ‰ for both isotopes).  Thus, this error is likely 

due (at least in part) to heterogeneity within the barnacle. 

Isotopic differences between areas 

Ninety-three samples from 27 barnacles (from 27 turtles) were included in these analyses 

(Fig 4.3), except in tests that exclude Hervey Bay samples. The number of repetitions within 

a barnacle ranged from one to seven (mean = 3.4).  
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Fig 4.3. Cross-plot of δ13C and δ18O (‰) for 93 Chelonibia testudinaria barnacle shell samples 
collected from 27 sea turtles within the four foraging areas. The month in which the shell material 
was formed is represented by different shapes. The number of turtles and samples within each of 
the four areas were: Gladstone (7 turtles, 16 samples); Hervey Bay (4 turtles, 23 samples); Moreton 
Bay (10 turtles, 27 samples), Howick Group (6 turtles, 27 samples). 

MANCOVA returned a significant overall model (p < 0.001 for both isotopes) indicating that 

there were significant differences between areas. The covariate ‘month’ was significant for 

δ18O (p < 0.001), and nearly so for δ13C (p = 0.055). Pairwise comparisons show that one or 

both isotopes are significantly different between each area pairing (Table 4.1). The 

distribution of data from Gladstone and Hervey Bay showed signs of bimodality for one or 

both isotopes, but given the robustness of parametric ANOVA models to mild departures 

from the normality assumption, as well as the highly significant p values for both isotopes, 

we consider this test to represent the best available assessment of the data.  

Table 4.1. Pairwise (between locations) MANCOVA results for barnacle shell δ18O (left/bottom) and 
δ13C (right/top) between the four foraging areas. Significant differences are represented by *. 

  

Howick Gladstone Hervey Moreton 

 Howick 

δ18O 

NA  <0.001* <0.001* 0.202 

δ13C 
Gladstone <0.001*  NA <0.001* <0.001* 

Hervey <0.001* 0.083 NA  <0.001* 

Moreton <0.001* 0.377 0.297 NA  

 

   Gladstone 
   Hervey Bay 
   Howick Group 
   Moreton Bay 
 
   May 
   June 
   July 

Legend 
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Assigning location to turtles using barnacle isotope samples 

The 12 LDA iterations returned overall foraging ground assignment accuracies ranging 

between 50% and 97% at the sample level and between 57 and 96% at the turtle level 

(Table 4.2; Table S2.1). Mean accuracies (from averaging both directions) ranged between 

59% and 94% at the turtle level. The Howick Group was the most successful area, with 100% 

of turtles assigned correctly in all tests. Hervey Bay was the least successful with zero to 75% 

of turtles being assigned correctly (Table 4.2; Table S2.1). Splitting datasets using the AS 

method (mean 86%) generally provided more accurate assignments than the AT method 

(mean 81%). Assignment accuracy for both AT and AS methods increased each time an area 

was removed from the analysis, with assignment success lowest using the AT method and 

with all four areas included. Both AS and AT methods provided assignment successes >90% 

when separating between only two areas (North & South; Table 4.2; Appendix 2.1). 

With all four areas in the model (minimum separation approx. 150 km), the Hervey Bay 

negatively affected overall assignment success and success within each neighbouring area 

(Gladstone & Moreton Bay). Using the AT method, Hervey Bay returned 0% assignment 

success, and very low success for either Gladstone (14%) or Moreton Bay (42%) depending 

on the direction (Table 4.2; Table S2.1).  In these tests, Gladstone showed low success in the 

forward iteration (14%), and high (78%) in the reverse direction, while Moreton Bay showed 

the opposite trend (90% forward, 40% reverse). The AS method with four areas was more 

successful (mean = 78%), but remained the lowest of all AS attempts (Table 4.2; Table S2.1).  

We then opted to test the effect of increasing the minimum distance between areas by 

removing Hervey Bay from the analysis. With only three foraging areas included (minimum 

separation approx. 400 km), assignment success increased substantially overall (AS = 86%; 

AT = 91%) and within each of the remaining southern areas (Gladstone mean = 75%, max = 

100%; and Moreton Bay mean = 88%, max = 100%) (Table 4.2; Table S2.1). 

The best assignment success came when combining the three southern regions into one 

group (South) and comparing to the Howick group samples (North). This method returned 

assignment mean successes of 94% (AS) and 93% (AT) at the turtle level, with only one turtle 

being incorrectly assigned in three out of four tests, and two incorrect in the fourth (reverse 

AS method). At the sample level both AS and AT methods returned identical 97% accuracies 

(Table 4.2; Table S2.1). 
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Table 4.2. Results of Linear Discriminant Analyses using multiple methods to define calibration and validation datasets. Split method defines 
how each sample was selected for the calibration or validation datasets. Areas: the number of regions which were used as the grouping 
variable. Cal: The number of turtles and samples used in the calibration subset and; Val: in the validation subset. Assignment success per area 
is defined as the number of samples (S) and turtles (T) that were correctly assigned to the areas they were from. Overall Accuracy: the 
percentage of samples (S) and turtles (T) correctly assigned to their home area across all areas used. Mean Accuracy: the average percentage 
of samples (S) and turtles (T) that were assigned correctly across both directions. South & North groupings used where only two areas are 
included. Gladstone, Moreton, and Howick used in three area tests. Only forward iterations shown. Reverse iterations in Table S2.1. 

Split 

method 
Areas 

Sample Sizes (N) Assignment success per area (%) Overall 

Accuracy 

(%) 

Mean 

accuracy 

(%) 
Turtles Samples 

South North 

Gladstone Hervey Moreton Howick 

  
Total Cal Val Total Cal Val S T S T S T S T S T S T 

Alternating 

samples 

(AS) 

4 27 25 26 93 47 46 75 71 45 75 62 78 100 100 71 81 71 78 

3 23 21 22 70 35 35 75 71 NA 86 80 100 100 87 82 85 86 

2 27 25 26 93 47 46 S = 94;      T = 95 100 100 97 96 97 94 

Alternating 

turtles (AT) 

4 27 14 13 93 44 49 14 17 0 0 87 90 100 100 50 62 53 59 

3 27 12 11 70 33 37 57 67 NA 93 100 93 100 81 91 88 91 

2 23 14 13 93 44 49 S = 94;      T = 90 100 100 97 92 97 93 
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Discussion 

Here we show that isotope ratios (δ13C and δ18O) of the calcareous shells from barnacles 

commensal on sea turtles can be used to distinguish between foraging areas with success 

varying at different spatial scales. We demonstrate that incorporating barnacle growth rates 

(to assign dates to samples) strengthens assignment success and allows for comparison to 

the characteristics of water bodies (e.g. SST) at the time of shell deposition.  

Separating sea turtle foraging areas with barnacle shell isotopes 

In eastern Australia, it is possible to assign turtles to foraging areas with high success, up to 

94% assignment accuracy, when separating assignment to northern or southern areas in 

Queensland, Australia, regions separated by about 1,100 km. We expect the differences 

between our north and south groups is driven simultaneously by latitudinal gradients in 

temperature, and salinity gradients between estuarine and marine waters. This spatial scale 

is comparable to that using soft-tissue methods in the northwest Atlantic where the eastern 

US coast was separated into four areas, each up to 1,600 km across (e.g. Pajuelo et al. 

2012), and in the northeast Pacific where three foraging areas were each separated by 

approximately 1,000 km (Allen et al. 2013). In the Mediterranean, stable isotopes were used 

to assign nesting turtles to two foraging areas, each separated by about 1,000 km and 

approximately 600-900 km across (Cardona et al. 2014; Zbinden et al. 2011).  

At smaller spatial scales, it was still possible to achieve high assignment success if regions 

were sufficiently separated geographically and, as a result, isotopically. For example, we 

show that assignment success is still high (up to 91%) when separating between areas with a 

minimum distance between them of approximately 400 km. However, with all four areas 

included, the minimum distance between two areas was approximately 150 km. Overall 

assignment success in this test was lowest (59% of turtles correct), driven by the low 

assignment success of Hervey Bay turtles, and their effect on the assignment success of 

adjacent areas. It is possible that higher replication within each region could reduce this 

confusion and allow for higher assignment success at this scale (as may be suggested by the 

higher assignment success in the four area AS method), but it is also possible that 

separation of regions by only 100-200 km is too fine for the method to be effective in this 

region. 

When removing Hervey Bay from the analysis (increasing minimum separation to approx. 

400 km), assignment success was considerably higher with 91% of turtles being correctly 

assigned. Averaging success from the forward and reverse directions shows that success 

remained high within the two closest areas: Gladstone (83% of turtles) and Moreton Bay 

(90%). In this test, once again we expect both temperature and salinity to be driving 

differences, however the effect is likely different between paired areas. Gladstone is 

distinguishable from the other two areas due to a high estuarine (low salinity) influence, 

with the temperature effect being small in comparison. The other two areas (Howick and 
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Moreton Bay) appear to have been mostly marine in nature during the period and are 

therefore likely being separated primarily by temperature differences. 

The ability to assign a date to barnacle shell samples based on the work of Doell et al. (2017) 

allowed the significant effect of month on isotope ratios within each region to be used as a 

predictor in the LDA model. Without this ability, it is likely that assignment success would 

have been considerably lower in all tests. For example, samples from the Howick Group and 

Moreton Bay show similar ratios for both isotopes and appear to occupy the same space 

when viewed without the effect of month (Fig 4.3). However, there is no overlap in values 

between these areas within a given month, thus allowing the LDA model to better 

distinguish between the two areas than if this parameter had not been included. 

Applying techniques in future ecological studies 

By applying the techniques presented here in future assessments of turtle movement, it is 

feasible that nesting turtles could be accurately assigned to foraging areas separated by as 

little as 400 km, especially when there is a variable effect of salinity between different 

estuaries as seen here. Given the overlap in temperature ranges between the Howick Group 

and Moreton Bay, it is likely that the resolution in marine habitats in eastern Australia will 

fall between 400 and 1100 km.  

This resolution is finer than has been achieved in most previous geographic isotope studies 

on sea turtles, but not as fine as has been achieved in some other, less mobile taxa such as 

scallops and jellyfish (Trueman et al. 2017). Recently, however, Ceriani et al. (2017) 

identified foraging hotspots for northwest Atlantic loggerhead turtles, with some of the 

hotspots covering notably smaller areas (smallest = 4,800 km2) than has been achieved in 

previous isotope studies. This was supported by an extensive quantity of known-origin and 

satellite tracked individuals (N = 227) to establish regional baseline values, indicating that 

the power of soft-tissue analyses may increase as baseline data becomes more readily 

available. We expect that the resolution achievable using barnacle isotopes will similarly 

improve as the technique is adopted more widely, with increased data availability allowing 

for more robust analyses.  

The resolution of this method is dependent on the magnitude and/or rate of change in 

salinity and temperature, which drive the changes in the oxygen isotope values in barnacle 

shell (Killingley and Newman 1982; Killingley and Lutcavage 1983). Thus, it follows the 

resolution, and applicability, of this method may therefore be reduced in regions where sea 

temperature and/or salinity differences are less pronounced. However, the opposite is also 

true, with the resolution of this method likely improved in some other regions of the world. 

We can make predictions about the expected resolution of this method in other regions of 

the world from existing δ18Oseawater data, a proxy for δ18O values in barnacle shell, that is 

influenced by salinity (Killingley and Newman 1982; Schmidt et al. 2007). Across the 
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geographic range of our study (eastern Queensland, Australia), LeGrande and Schmidt 

(2006) report that variation in δ18Oseawater may be as low as 0.2 to 0.4‰, whereas much 

larger changes (more than five times larger in some cases) are expected across similar 

distances in other regions (e.g. parts of the east coasts of both North and South America). 

This implies that at least some other regions are likely to provide higher resolution for 

identifying the origin of sea turtles from barnacle isotopes than we have presented here.  

Limitations and future research 

Future research would do well to address limitations in the understanding of 

spatio-temporal variation in δ18Oseawater and its relationship with salinity within each region 

for which these techniques are to be applied. This variable is required to convert between 

barnacle isotopes and water temperatures using the balanomorph barnacle 

paleotemperature equation (Killingley and Newman 1982), but current knowledge comes 

from global databases of δ18Oseawater values measured across years (e.g. Bigg and Rohling 

2000; LeGrande and Schmidt 2006), with no temporal variation and particularly sparse 

observations in the region of our study (the southwest Pacific). Given a relationship exists 

between salinity and δ18Oseawater (Schmidt et al. 2007), it is expected that regional values will 

vary with freshwater input.  

Establishing robust regional equations of this nature (i.e. those that describe the 

relationships between SST, salinity, and barnacle isotopes) may allow isoscapes to be 

created from freely accessible, remotely collected data, and reduce the need for extensive 

in-water capture or satellite telemetry to support this method, perhaps eliminating this 

need altogether. In effect, this could allow large numbers of nesting turtles to be assigned 

foraging areas using a single barnacle sample from each individual, equating to 

identification of foraging area at approximately 1% of the cost of satellite telemetry, though 

at coarser scales. Analysing additional samples per turtle may further improve the 

resolution. Thus, despite the coarser resolution (compared with that provided by satellite 

telemetry), the method we present offers an opportunity to assess the foraging distribution 

of nesting sea turtle populations with higher replication (in a direct cost comparison) than 

other available methods (especially when considering soft-tissue isotope analyses require 

concurrent satellite telemetry), and at scales that remain biologically relevant and useful to 

managers. 

Conclusions 

This study is the first to present a method that is able to distinguish between home foraging 

areas of sea turtles via SIA of the calcareous shells of commensal barnacles. This novel 

approach that combines barnacle growth rates to assign a date to each sample and stable 

isotope ratios from barnacle shell provides a basis for better understanding the foraging 

distribution of sea turtles. It is demonstrably possible to distinguish between barnacles 

formed in estuarine versus marine waters. It is also possible to separate areas spatially 
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within marine waters by comparing isotopes, though possibly only at coarse spatial scales 

(i.e. 1,600 km as demonstrated here). It is possible to separate areas as little as 400 km 

apart with high success, but introducing areas in between can confound results and impede 

accuracy. This method could be used across other taxa and objects that carry barnacles, and 

further validation of methods may be able to improve the resolution at which areas can be 

separated. 
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Chapter 5 

Telemetry enables development of multi-element isoscapes from 

barnacle shell for tracing host movement 
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Abstract 

Understanding movement of animals through marine environments is fundamental to many 

ecological and anthropogenic investigations. Most available techniques are invasive (e.g. 

tissue sampling) and/or require extensive effort (e.g. mark-recapture) or cost (e.g. satellite 

telemetry). Isotope values from barnacle shells (δ13Ccarbonate and δ18Ocarbonate) are known to 

record information about the temperature and salinity conditions under which they were 

formed, allowing for inferences of movement between water bodies of varying physico-

chemical properties for animals or objects that carry hitchhiking barnacles. Here we present 

the first time that barnacle shell samples have been analysed after collection from a satellite 

tracked sea turtle host. In combination with known barnacle growth rates, this allows shell 

samples to be assigned a specific time and location for direct comparison of isotope values 

to environmental conditions.  We have developed the first models that allow high-

predictability in barnacle shell for both δ13Ccarbonate and δ18Ocarbonate using only remotely 

collected sea surface temperature (SST) and salinity (SSS) data. We show that combined 

analysis of δ13Ccarbonate and δ18Ocarbonate allows for calculation of the specific salinity and 

temperature values under which the shell material was formed. Sea turtle case studies 

demonstrate how these models can be used in the creation of isoscapes, allowing hosts to 

be placed in space and time at higher resolution than other isotope techniques, and 

considerably lower cost than satellite telemetry. The techniques presented here could be 

applied widely to understand the movement of any animal or object that carries hitchhiking 

barnacles, and may be useful in studies of past and present climate change. 
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Introduction 

The stable isotope composition of natural materials varies spatio-temporally due to 

different biological processes and environmental conditions (Spero et al. 1997, West et al. 

2006). The predictable nature of these changes makes stable isotope analyses particularly 

useful in assessing important questions in several fields, including: spatial (Killingley 1980, 

Hobson 1999, MacKenzie et al. 2011) and food-web (Vander Zanden et al. 1999, West et al. 

2006, Seminoff et al. 2007) ecology; paleoclimatology (Woodruff et al. 1981, Rozanski et al. 

1992, Gagan et al. 1998); and forensics (Silva et al. 2002, Philp 2007). For example, stable 

isotope values (particularly of carbon (C) and nitrogen (N)) in the soft tissues of animals (e.g. 

skin and blood) have been used across many taxa to elucidate diet choices (Arthur et al. 

2008, Newsome et al. 2009), feeding habitats (MacKenzie et al. 2011, Robinson et al. 2016), 

and food web structure (Vander Zanden et al. 1999). Isotope values (often oxygen (O and C) 

in biogenic carbonates, which vary mostly due to environmental gradients (e.g. temperature 

(Urey 1948, Devereux 1967, Killingley & Berger 1979) and salinity (Killingley & Lutcavage 

1983)) rather than metabolic processes, have been used to recreate climactic conditions 

(Devereux 1967, Shemesh et al. 1992, Gagan et al. 1998) and geographic origins (Killingley 

1980, MacKenzie et al. 2011, Pearson et al. Chapter 4).  

In marine systems, O isotope values in the water itself (δ18Oseawater) increase linearly with 

salinity (Schmidt et al. 2007). However, the nature of this linear relationship is known only 

for some regions (e.g. much of the tropics globally, and the sub-tropical and temperate 

regions (extra-tropics) in the northwest Atlantic ocean (Schmidt et al. 2007)), and needs to 

be established in others. The O isotope value of seawater, alongside temperature, largely 

drives the values that are incorporated into biogenic carbonates (Killingley & Newman 1982) 

(Fig 5.1). Therefore, for some carbonates, O isotope values (δ18Ocarbonate) are predictable if 

δ18Oseawater and temperature (at the time of shell formation) are both known (Killingley & 

Newman 1982), noting that there is, at present, limited availability of δ18Oseawater data with 

sufficient temporal coverage to enable this in all cases. For example, paleotemperature 

equations for various organisms (e.g. molluscs (Epstein et al. 1953), barnacles (Killingley & 

Newman 1982), diatoms (Shemesh et al. 1992), forams (Erez & Luz 1983), and brachiopods 

(Brand et al. 2013)) exist that allow conversion between δ18Ocarbonate, δ18Oseawater, and 

temperature if two out of these three parameters are known (Fig 5.1). Furthermore, many 

biogenic carbonates are formed sequentially (often in distinct layers) (Pannella 1971, 

Killingley & Lutcavage 1983, Turner Tomaszewicz et al. 2016), allowing changes in 

temperature and salinity (via δ18Oseawater) to be recreated through time (Killingley 1980, 

Killingley & Lutcavage 1983, Pearson et al. under review/Chapter 4).  
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Fig 5.1. Theoretical framework describing the relationships between time, location, salinity, 
temperature, and isotopes in seawater, dissolved inorganic carbon (DIC), and carbonate from 
barnacle shell. Black arrows are known relationships, measurable in nature. Red arrows are 
mathematical relationships that would be useful to understand for spatial ecology and 
paleoclimatology. Dashed arrows are relationships we are aiming to describe regionally in this study. 
SSS: Sea Surface Salinity. SST: Sea Surface Temperature. Carbonate isotopes = O and C isotope values 
in barnacle carbonate.  

The ability to trace changes in water temperature and salinity through time allows 

inferences about the climatic changes throughout the life of the organism that creates the 

carbonate material, as well as across longer periods if the sample age can be reliably 

established. For carbonate-secreting organisms (e.g. barnacles) that hitchhike on larger 

animals or objects (e.g. marine debris) as they undergo migrations, there is also an ability to 

recreate the movement of the host through water bodies of different characteristics. This 

has been attempted using O isotopes from barnacle carbonate (δ18Ocarbonate), in recreating 

the movement of host turtles (Killingley & Lutcavage 1983, Detjen et al. 2015) and whales 

(Killingley 1980). However, until recently, there was no incorporation of barnacle growth 

rates into models in an effort to date samples, and no validation of calculations with 

spatio-temporal variation measured in-water. Pearson et al. (under review/Chapter 4) were 

the first to incorporate barnacle growth rates (defined by Doell et al. (2017)) with C and O 

isotopes from barnacle shells (dating samples collected from host sea turtles) to distinguish 

between sea turtle foraging areas with relatively high accuracy, especially when foraging 

areas have sufficient geographic separation. 

To apply this in practice, for calculating temperatures and salinities, or assigning origin to 

dated samples from barnacle shells, it is first necessary to have a robust understanding of 

the regional relationships between temperature, salinity, δ18Oseawater, and δ18Ocarbonate. This 
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understanding should allow development of isoscapes (maps of the geographic distribution 

of isotope values) that are reflect specific time periods, allowing potential areas of origin to 

be identified for each sample, and migration pathways recreated.  

Similar to O, a relationship exists between salinity and dissolved inorganic carbon (DIC) 

isotopes in seawater (Gillikin et al. 2006), which then propagates into carbonates (e.g.  

mollusc shell (Killingley & Lutcavage 1983); Fig 5.1). This relationship remains untested and 

undefined for barnacle shell carbonates but suggests that it may be possible to develop 

linear relationships with environmental variables and create C isoscapes for barnacle shell 

(δ13Ccarbonate). If using C isotopes to aid in geographic analyses (as in Killingley & Lutcavage 

1983, Chapter 3) then the combination of δ18Ocarbonate and δ13Ccarbonate isoscapes for 

identifying origin is likely to increase the power to refine the resolution that is achievable in 

such analyses. Similarly, the additional tracer may allow further refinement of estimates of 

past climate change in paleoclimatology studies. 

Here, we aimed to define the relationships between isotopes (C & O) in barnacle shell with 

environmental parameters (sea surface temperature and salinity) specific to the marine 

waters near north West Australia (Fig 5.2). We further aimed to define the relationship 

between seawater O isotopes (δ18Oseawater) and salinity (Fig 5.2) in the region by using 

δ18Ocarbonate and sea surface temperature (SST) as a proxies to estimate δ18Oseawater via the 

balanomorph barnacle paleotemperature equation (Killingley & Newman 1982). Last, we 

aimed to use these relationships to present the first isoscapes for barnacle shell in the 

region, the first anywhere for C isotopes in barnacle shell, and the first barnacle shell 

isoscapes that account for temporal variation in salinity and δ18Oseawater (Fig 5.2). 

Methods 

In December 2015, a satellite tag was attached to a nesting loggerhead turtle (Caretta 

caretta) in Coral Bay, south of Exmouth, Western Australia (Fig 5.2). The movement of this 

turtle was tracked for approximately 8 months, while migrating >2,500 km. It was then re-

encountered near Darwin in Australia’s Northern Territory in August 2016 (Fig 5.2). At this 

point, a barnacle (Chelonibia testudinaria) was removed from the satellite tag and sent to 

the authors for stable isotope analysis.  
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Fig 5.2. The 2016 post-nesting migration pathway of a loggerhead turtle that was tagged on the 
Western Australian coast, and travelled to near Darwin . Dated black outlines on telemetry track 
represent the location at which each barnacle shell sample was expected to have been created. 
Table at base shows calculated (median date and mean SST & SSS) and analysed parameters 
(δ13Ccarbonate and δ18Ocarbonate) for each sample. Satellite telemetry data obtained from research by 
the Gnaraloo Turtle Conservation Program for the Gnaraloo Wilderness Foundation.  

Eight shell sub-samples were extracted, dated (using the growth rates established by Doell 

et al. (2017), Chapter 3), and analysed for stable isotope values of C and O (δ13Ccarbonate and 

δ18Ocarbonate) using the sampling and analysis protocol outlined by Pearson et al. (under 

review/Chapter 4). We then identified the location of the host turtle (using the satellite 

telemetry tracking data) during the period represented within each dated barnacle shell 

sample (Fig 5.2) and extracted (in ArcMAP) sea surface temperature (SST) and sea surface 

salinity (SSS) values that represented the time and location at which the shell material 

contained in each sample was estimated to have formed. SST data were from satellite 

derived raster layers (IMOS 2016), and SSS data from netCDF files provided by the Bureau of 

Meteorology based on the OceanMaps models (Brassington et al. 2012). 
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Defining δ18Oseawater relationship with salinity 

Existing methods for converting between temperature and δ18Ocarbonate, or vice-versa, 

require knowledge of the specific δ18Oseawater. These data are not readily available for all 

regions, but can be estimated from salinity data if the regional relationships between 

salinity and δ18Oseawater are known. Until now, this relationship has been undefined for NW 

Australia and we are therefore attempting to do so here. The balanomorph barnacle 

paleotemperature equation (BBPE) defined by Killingley and Newman (1982) (Equation 1 

below) contains three unknown parameters: temperature (t), δ18Ocarbonate, and δ18Oseawater.  

Equation 1:   𝑡(°𝐶) = 22.14 − 4.37(𝛿18𝑂𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒 − 𝛿18𝑂𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟) +

0.07(𝛿18𝑂𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒 − 𝛿18𝑂𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟)2 

Thus, with any two of these three parameters, it is possible to calculate the third by 

rearranging this equation. In this case, we used temperature and δ18Ocarbonate to estimate 

δ18Oseawater with Equation 2, a rearranged form of the BBPE.  

Equation 2:  𝛿18𝑂𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟 =  
√2800𝑡+128977+(14×𝛿18𝑂𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒)+437

14
 

The BBPE was generated via analysis of δ18Ocarbonate from balanomorph barnacles collected 

from multiple places globally. The relationship between temperature and δ18Ocarbonate 

appears consistent between species and regions. We therefore consider it universally 

applicable. Following calculation of δ18Oseawater for each sample, we then used linear 

regression to define the relationship between δ18Oseawater and SSS for the region. 

Defining relationships between barnacle carbonate isotopes (O, C) and environmental 

parameters (SST and SSS) 

In order to reduce the need to have specific knowledge of δ18Oseawater for understanding 

marine movement using barnacle isotopes in this region, we then used linear regression to 

determine the nature of the relationship between SST, SSS, and each of the isotopes 

measured (separately). 

Creating barnacle isoscapes 

Time specific-isoscapes (maps of the geographic distribution of isotope values) could be 

used to identify a region of formation for any barnacle shell sample. Thus, following 

development of models defining the relationships between each of the environmental 

parameters, we applied these models to create barnacle shell isoscapes that mapped the 

distribution of isotope values. Mean SST (IMOS 2016) and SSS (Brassington et al. 2012) data 

were extracted for each cell (0.1° × 0.1°) for the dates calculated to be represented in each 

shell sample. We then applied the O and C models established in this study (Table 5.1) to 

these data and calculated the expected O and C isotope values for each cell within the 

designated time period. We projected these calculated values as spatial maps (isoscapes) 
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using ArcMap 10.1. We created two isoscapes for δ18Ocarbonate and one for δ13Ccarbonate. The 

first δ18Ocarbonate isoscape was based on values derived using the BBPE relationship (including 

δ18Oseawater). The second was from the model describing the direct relationship with SST and 

SSS, without the need for δ18Oseawater. The δ13Ccarbonate used only the direct relationship 

because no equation exists that describes the relationship for barnacle shell δ13Ccarbonate, 

salinity and temperature. 

Results and discussion 

Barnacle age and sample dating 

The barnacle sampled has a rostro-carinal diameter of 38.9 mm and a curved rostrum length 

of 18 mm. Using these values in the von Bertalanffy growth equation for Chelonibia 

testudinaria barnacles (described by Doell et al. 2017) resulted in an estimated age of 222 

days at the time of collection. Sampling occurred on 28-August-2016, which means this 

barnacle is expected to have settled on the turtle (on the satellite tag) on approximately 19-

Jan-2016. While this was 41 days after tag application, the host turtle was still in close 

proximity to the nesting beach (<10 km) at this time. 

The eight samples extracted from this barnacle were at approximately 2 mm intervals along 

the rostrum surface (example in Fig 5.1). Dating of these samples resulted in approximately 

1 month separation between shell formation (median date) for each sample. The oldest 

sample had a median date of 6-Feb-2016 (range: 4-8 Feb; highest sample on barnacle in 

Fig 5.1), and the youngest was 15-Aug-2016 (range: 11-20 Aug; lowest sample on barnacle in 

Fig 5.1; Fig 5.2). We note here that C. testudinaria growth rates have not been explicitly 

measured in north Western Australian waters and that applying the Doell et al. (2017) 

growth model to this barnacle may result in mis-assignment of age. However, as noted in 

Doell et al. (2017) and Chapter 4, growth rates for this species appear to be similar between 

distant regions (e.g. eastern Australia (Doell et al. 20187) and eastern USA (Sloan et al. 

2014)). Natural variation in barnacle growth rates could also result in incorrect date 

assignments. However, the results we present pass the ‘logic test’ and also provide 

seemingly robust relationships between barnacle shell isotopes, SSS, and SST, that are 

consistent with expectations from previous work. Thus, we suggest that our dating process 

is accurate in this case. 

Observations of environmental parameters and isotope values 

Barnacle shell O isotopes ranged from -2.16 to -0.57 ‰ and C isotopes ranged from 0.36 to 

0.96 ‰ (Fig 5.2). Temperatures ranged from 26.64 to 31.40°C (Fig 5.2). The lowest 

temperature matched the sample with the highest δ18Ocarbonate value, and the highest 

temperature matched the lowest δ18Ocarbonate value (Fig 5.2). Salinity ranged from 33.93 to 

35.20 PSU (Fig 5.2). Salinity was highest (35.2 PSU) where the second sample was formed, 

generally higher nearer the southern end of the migration, and lowest (33.93 PSU) in the 
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vicinity of the re-capture location (i.e. where the last sample was formed) near Darwin (Fig 

5.2). 

Defining δ18Oseawater relationship with salinity 

Here we describe the relationship between salinity and δ18Oseawater in NW Australia, using 

δ18Oseawater values calculated via the BBPE. The rearranged BBPE (Equation 2) returned 

estimates of δ18Oseawater ranging from -0.60 to 0.44 ‰. Regression analysis returned a strong 

linear relationship between these δ18Oseawater values and SSS (r2 = 0.71; Fig 5.3). All 

parameters were significant: overall model (p = 0.009), constant (p = 0.009), and gradient (p 

= 0.009). The relationship between these parameters in NW Australia is described by 

Equation 3: 

Equation 3:   𝛿18𝑂𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟 = 0.809 × 𝑆𝑆𝑆 − 28.205   

 

Fig 5.3. Linear relationship between Sea Surface Salinity and δ18Oseawater in North Western Australian 
coastal waters. 

Schmidt et al. (2007) predicted that the relationship between salinity and seawater δ18O in 

the west Pacific warm pool/Indian Ocean region would have a steeper gradient than other 

areas in which this relationship has already been established, expecting it to be >0.4‰/PSU. 

Our linear equation for NW Australia aligns well with these expectations, returning a 

gradient of 0.81‰/PSU, which is steeper than both the global tropical (0.25‰/PSU) and NW 

Atlantic extra-tropical (0.57‰/PSU) slopes provided by Schmidt et al. (2007). 
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Defining relationships between barnacle carbonate isotopes (δ18Ocarbonate & δ13Ccarbonate) 

and environmental parameters (SST and SSS) directly 

Linear regressions for each isotope (O and C in carbonate) also showed strong relationships 

with environmental parameters. For oxygen, the overall model was significant (p = 0.004; r2 

= 0.89), as were both temperature (p = 0.004) and salinity (p = 0.012; Table 5.1). This agrees 

with expectations that both temperature and salinity (indirectly via changes in δ18Oseawater) 

are strongly influential in driving δ18Ocarbonate. 

Table 5.1. Linear regression defining model parameters that can be used to predict barnacle shell 
isotope values (in ‰) from sea surface temperature and salinity. Formula for models 1 & 2: 
δ(isotope)carbonate = Constant + β1*Salinity + β2*SST + error. Formula for model 3: δ13Ccarbonate = 
Constant + β1*Salinity + error. Asterisk denotes significant relationship. Significance of overall model 
shown as p-value in right column. 

Model # 
 

Constant β1 (SSS) β2 (SST) Overall Model 

1 
δ18O -21.590 ± 7.521 0.810 ± 0.211 -0.280 ± 0.057 r2 = 0.89 

0.004* p 0.035* 0.012* 0.004* 

2 
δ13C -15.003 ± 5.185 0.424 ± 0.146 0.032 ± 0.040 r2 = 0.65 

0.074 p 0.034* 0.033* 0.451 

3 
δ13C -14.099 ± 4.924 0.425 ± 0.142 

N/A 
r2 = 0.60 

0.024* p 0.029* 0.024* 

 

For carbon, the model including both temperature and salinity had an r2 =0.65, but was not 

significant (p = 0.074). The salinity term was significant (p = 0.033) in this model, but the 

temperature term was not (p = 0.451). Therefore, we repeated the regression analysis with 

salinity alone, which resulted in a significant model (p = 0.024) and a significant relationship 

with salinity (p = 0.024), but accounted for slightly less of the variation in the data than the 

model including temperature (r2 = 0.60; Table 5.1). This C model allows isoscapes for 

barnacle shell C to be created for the first time, again from remotely collected salinity data. 

However, we present both models because it should be noted that while the temperature 

parameter was not significant for carbon, temperature is still expected to have some effect 

on C isotope values, and the overall model including temperature (r2 = 0.65) accounted for 

more variation in the data than the salinity only model did (r2 = 0.60). Thus, it is possible 

that a small temperature effect exists, but that the temperature range and replication in our 

data were insufficient to return a significant effect statistically. Therefore, we suggest that 

temperature should still be considered in future models aimed at analysing C isotopes in 

barnacle shell. In either case, it appears that every unique temperature/salinity combination 

results in a unique combination of δ13Ccarbonate and δ18Ocarbonate values in barnacle shell 

(Fig S3.1). That is, the temperature and salinity can be calculated if both δ13Ccarbonate and 

δ18Ocarbonate are known, and vice versa. 
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Oxygen and carbon isoscapes for northwest Australia 

Here we show examples of isoscapes that can be produced using the models we have now 

presented. Two of these are the first examples of isoscapes (for both C and O) in barnacle 

shell that do not require prior knowledge of the isotopic composition of seawater. This 

simplifying of the requirements and process should allow for faster analyses in future 

research than has been possible thus far. For the purpose of demonstrating this capability, 

we selected an example period matching the dates represented within the most recent 

layer of the barnacle we sampled. In theory, similar isoscapes can be created for any time 

period for which both SST and SSS are known in this region.  

All isoscapes showed the lowest values in the north, that generally increased with latitude 

(Fig 5.4). We used the linear relationship with salinity only (i.e. no temperature) for both the 

δ18Oseawater and the δ13Ccarbonate isoscapes, which resulted in these showing identical spatial 

patterns for the time period selected (12-18 Aug, 2016), but with each offset empirically 

from one another (Fig 5.4a, b). The two δ18Ocarbonate isoscapes included both salinity and 

temperature in calculations, but in different ways. This resulted in the same general spatial 

patterns, but a slight offset in values (Fig 5.4c, d). The model requiring sequential equations 

and more variables to include for water isotope content (Fig 5.4c) returned consistently 

lower values than the more direct model (Fig 5.4d), but only slightly (mean difference within 

cells = 0.21 ‰).  
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Fig 5.4. Isoscapes generated from newly derived relationships between isotopes, salinity, and 
temperature. All are examples of spatial variation during the same period (in this case mean values 
for 11-20 August, 2016, selected purely for example). A: isoscape of δ18Oseawater. B: isoscape of 
δ13Ccarbonate generated from the model that does not include a temperature parameter (Model 3; 
Table 5.1). C: δ18Ocarbonate (stepwise method) isoscape derived from δ18Oseawater-salinity relationship 
and then generated using the Balanomorph Barnacle Paleotemperature Equation (BBPE) . D: 
Isoscape of δ18Ocarbonate generated directly from linear regression (Model 1; Table 5.1) without BBPE 
or δ18Oseawater values. All isotope values in permil (‰). 

Limitations and future research 

This study presented a unique opportunity to collect and analyse barnacle shell samples that 

were formed while the host turtle was being satellite tracked. We acknowledge that 

replication is low due to the novelty of this opportunity, but we nevertheless show strong 

relationships between environmental parameters and barnacle shell isotopes that align well 

with expectations derived from relevant literature. However, we also strongly suggest that 

future studies should aim to broaden the scope of similar analyses and further validate 

these relationships, especially when investigating new regions. Further, the equations we 

present describe consistent relationships with no variability (i.e. no uncertainty parameter 

in the model). We show strong relationships but acknowledge that variability is visible in the 

data likely due to a combination of factors (e.g. averaging remotely collected data and 

variability in barnacle growth rates resulting in mismatches between sample age and 

remote data) and should be accounted for in studies that apply these models. This could be 

achieved by applying a buffer around calculated isotope values when aligning measured 

values with isoscapes. 
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Conclusions 

Here we define the relationship between stable isotopes in barnacle shell and the 

environmental conditions under which the shell was formed in coastal waters of north 

western Australia. These relationships align well with expectations from the literature and 

fill important gaps in the understanding of stable isotope dynamics (for both barnacle 

carbonate and seawater), especially in this region. This has allowed C isoscapes for barnacle 

shell to be produced for the first time and provided more robust and simplified O isoscapes. 

The previous lack of understanding around the salinity - δ18Oseawater relationship in regions 

beyond the tropics and NW Atlantic made it difficult to predict temporal variation in 

barnacle isotopes in regions where this relationship was unknown (Detjen et al. 2015, 

Pearson et al. in prep). Our findings here greatly progress understanding of the spatial and 

temporal variation that can be expected in both C and O isotope values in barnacle shells. 

The simplified model presented for O isotopes in barnacle shell, which does not require 

direct knowledge of δ18Oseawater values, makes it now possible to create time-specific 

isoscapes from entirely remotely collected temperature and salinity data within this region. 

This study also provides a framework that can be applied directly to understand the 

movement of hosts carrying Chelonibia testudinaria barnacles or replicated to generate 

similar models that will be useful in other regions. This framework could also be applied to 

other barnacle species (with sufficient knowledge of the rate of shell formation) to 

understand the movement of any animal or object that carries hitchhiking barnacles 

through marine waters. 
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Chapter 6 

Assigning foraging areas to critically endangered nesting sea 

turtles with barnacle shell isotopes  

 

 

 

 

 

 

 

 

This chapter is written as a stand-alone manuscript, intended for publication. 
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Abstract 

Sea turtles are threatened and in need of priority management globally. Understanding 

their geographic distribution and habitat use within sub-populations can benefit 

management and conservation efforts. Stable isotope analyses (SIA) have been used for this 

purpose in many regions (e.g. the northwest Atlantic). Recent work has shown that isotope 

analysis of barnacle shell can be used to infer the location of host turtles by linking isotope 

values to remotely collected sea surface temperature and salinity values. Here, we apply 

barnacle isotope methods to identify the home foraging habitat type and location for 

nesting females from the critically endangered South Pacific loggerhead turtle sub-

population. Our analyses represent the first time that barnacle shell isotope values have 

been used to infer the pre-migration origin of nesting turtles. We show that this population 

relies heavily (47% of females) on areas with salinity lower than mean oceanic (e.g. 

estuarine habitat). Of those that forage in marine waters, the majority come from northern 

Australia or the Pacific islands, with only a small number (13%) originating in southern 

Queensland (QLD) or New South Wales (NSW). We suggest that many of the turtles 

identified as foraging in estuaries may come from this southern QLD/NSW region. Past 

assessments have returned a high proportion (60% of females) coming from this southern 

region which has a comparatively smaller area of shallow marine habitat, and a comparative 

lack of large predators in estuaries (crocodiles). This combination of factors suggests that 

estuaries are likely safer and more accessible habitats for foraging turtles nearer the 

southern extent, perhaps leading to a higher proportion of turtles foraging in estuaries in 

the south. Our findings identify areas which should receive prioritised management efforts 

in order to maintain important foraging habitat for critically endangered South Pacific 

loggerhead turtles.  
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Introduction 

Sea turtles are threatened and need priority management (Hamann et al. 2010, Rees et al. 

2016). While some sub-populations show signs of recovery, others continue to decline and 

many sub-populations are still considered critically endangered (Wallace et al. 2010b, IUCN 

2016). Nesting beaches, being the most accessible are the focus of the majority of research, 

but it is becoming increasingly apparent that foraging distributions, migratory pathways, 

and the connectivity between foraging and nesting areas need to be better understood in 

order to effectively manage sub-populations (Hamann et al. 2010, UNEP-CMS 2014).  

South Pacific loggerhead turtles (Caretta caretta) are one critically endangered sub-

population (Wallace et al. 2010b, Limpus & Casale 2015) that would benefit from targeted 

management of threats in important habitats throughout their range. This nesting 

population has been monitored since 1968, leading to a very good understanding of the 

distribution and relative usage of nesting beaches. Almost every nesting turtle that has 

visited the primary nesting beach (Mon Repos in Queensland, Australia) in the past few 

decades has been tagged. Adult loggerhead turtles are known to exhibit strong site fidelity 

to both nesting and foraging areas (Tucker et al. 2014, Vander Zanden et al. 2016), including 

in the South Pacific where many individuals have been recaptured in the same foraging 

areas in multiple years, either side of nesting migrations (Limpus et al. 1992), and also after 

intentional displacement (Shimada et al. 2016). However, despite extensive efforts focussed 

on in-water capture in foraging areas, tag recoveries, and satellite telemetry (Limpus et al. 

2013), only about 3% of loggerhead turtles encountered on nesting beaches have been 

linked to a foraging area (pers. comm. Limpus 2015). Gaining a better understanding of 

foraging distributions was listed as a critical priority for management of this population in 

the recent multi-national single species action plan for the South Pacific loggerhead sub-

population (UNEP-CMS 2014).  

Understanding the relationships between nesting beach choice and foraging area is also 

important for the ongoing management of the population. Different beach types (e.g. 

mainland vs island) are exposed to different suites of stressors (temperature and sea level 

rise, feral predators, etc.) and produce different outcomes in terms of hatching success and 

sex-ratios (Fuentes et al. 2011, Fuentes et al. 2012, Limpus et al. 2013). For example, in 

southern Queensland (QLD), the most used mainland beaches (Mon Repos and Wreck Rock; 

Fig 6.1) have dark sand , which leads to higher sand temperatures and skews toward female 

hatchlings (Maloney et al. 1990, Hays et al. 2001, Limpus et al. 2013). Increased sand 

temperature has been linked to increased prevalence of temperature-induced hatchling and 

egg mortality (Laloë et al. 2017). The island beaches, however, have white sand and cooler 

nest temperatures, making them therefore more likely to produce males (Limpus et al. 

2013) and, potentially mitigate the effects of heat-waves by maintaining temperatures 

below thermal limits. Maintaining a diversity of nesting strategies (e.g. beach locations and 

types) likely contributes to the ability for a population to persist under changing conditions. 
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Hence, understanding the foraging distribution of adult turtles that utilise different beach 

types may enhance management and conservation actions to improve the viability of this 

critically endangered population.  

Limpus et al. (1992) investigated the relationships between nesting beach selection and 

home foraging area of the South Pacific loggerhead sub-population, showing that a high 

proportion (57%) of female loggerhead turtles that nested on island beaches, and a low 

proportion (31%) that nested on mainland beached came from foraging areas north of 

latitude 24.5°S. Similarly, recaptures in international foraging areas (i.e. South Pacific 

islands) were much higher for island nesters (27%) compared to mainland nesters (7%). This 

suggested that, in general, island nesters tend to come from further afield than mainland 

nesters (Limpus et al. 1992). In total, Limpus et al (1992) estimated that 40 % of turtles came 

from northern or Pacific island foraging areas, with the remaining 60 % originating in 

southern QLD or New South Wales (NSW). However, there have been considerable changes 

to the intensity and type of threats in Australian and international foraging areas since 

Limpus et al. (1992) described these nesting-foraging relationships (e.g. coastal 

development and introduction of turtle excluder devices). Thus, in the absence of up-to-

date information on the foraging distribution of nesting loggerheads and the threats in 

northern and southern foraging grounds, it is possible that current management strategies 

are not appropriate for the present-day population dynamics.  

Stable isotope analyses (SIA) have been used for investigating the foraging distribution of 

nesting sea turtle populations elsewhere (see Pearson et al. 2017 (Chapter 2) for review). 

Generally, these techniques use the soft-tissues of the turtles themselves in combination 

with satellite telemetry to develop isoscapes (maps of the geographic distribution of isotope 

ratios) that describe differences in the resource use of turtles within different foraging areas 

(e.g. Pajuelo et al. 2012, Vander Zanden et al. 2015). These isoscapes are then used to assign 

turtles of unknown origin to foraging areas that match isotope ratios in their tissues (e.g. 

Zbinden et al. 2011). Stable isotope ratios (usually C & N) in animal soft-tissues 

approximately reflect ratios from diet items, plus some trophic fractionation, but can also 

reflect the feeding location if there are sufficient differences between the isotopes in 

resources between location (Hobson 1999). However, where foraging areas have a high 

diversity of food resources the differences between areas may be insufficient to identify 

origin (Pajuelo et al. 2016). The necessary concurrent use of satellite telemetry to establish 

baseline ratios in each foraging area may also make this technique cost-prohibitive for many 

researchers. 

An alternative method lies in the sequential sampling of carbonate materials. Analysing the 

isotopic components of turtle bone and/or invertebrate shells has been used to infer habitat 

types (e.g. estuarine vs oceanic using barnacle shell isotopes; Killingley & Lutcavage 1983), 

the timing of ontogenetic shifts (e.g. from turtle bone; Turner Tomaszewicz et al. 2017) and 

to separate between sea turtle foraging areas (Pearson et al. under review/Chapter 4). 
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Sequential sampling of barnacle shell has various benefits over sequential sampling of turtle 

bone, not least of which is the non-invasive nature, given barnacle samples can come from 

living turtles, where bone samples cannot. Further, barnacle shell precipitates from 

elements in the surrounding seawater, and isotope ratios are largely independent of the 

diet choices of the barnacle (estimated diet contribution is 0-25%; McConnaughey et al. 

1997), or the host turtle. Stable isotope values of carbon and oxygen (δ13C and δ18O) in 

barnacle shell are instead driven primarily by water temperature and salinity (Killingley & 

Newman 1982, Killingley & Lutcavage 1983, Chapter 5). Thus, separating between foraging 

areas using barnacle shell isotopes (in this case Chelonibia testudinaria) is possible without 

the need for the concurrent, extensive satellite tracking that is required to support soft-

tissue techniques, because barnacle shell isotopes can be inferred from remotely collected 

sea surface temperature and salinity data (Chapter 5). That is not to say that barnacle 

isotopes can replicate the precision and specificity of satellite telemetry, but that broad-

scale information can be derived from barnacle isotopes that soft-tissue techniques are 

unable to achieve without extensive satellite telemetry to build an isotope reference library 

for each foraging area. 

With concurrent understanding of the growth rate of the barnacle shell (as in Doell et al. 

2017 (Chapter 3)) it is possible to assign a date of formation to each individual sample taken 

from a barnacle shell and compare the isotope ratios (C and O) to water temperatures and 

salinities in situ. This technique (applied in eastern Australia) was able to separate foraging 

areas at least 400 km apart (Pearson et al. under review/Chapter 4). If a series of layers is 

sampled sequentially from a single barnacle then migration routes and timing/location of 

shifts between marine and estuarine habitats may also be identified (e.g. Killingley & 

Lutcavage 1983, Chapter 5). 

Here we aimed to use carbon and oxygen isotopes from commensal barnacle shells to 

distinguish between turtles that forage in estuarine versus marine habitats and to assign 

foraging areas to nesting South Pacific loggerhead turtles that forage in marine waters, in 

order to identify important habitats for priority management for this critically endangered 

sub-population. We took the approach of first creating isoscapes (δ18Ocarbonate and 

δ13Ccarbonate) from remotely collected sea surface temperature (SST) and salinity (SSS) data 

and relationships between SST, SSS, δ18Oseawater, δ18Ocarbonate, and δ13Ccarbonate established in 

the literature. We then used these isoscapes (validated with turtles of known foraging 

locations) to assign foraging locations of nesting turtles, considering turtles nesting at 

different beach locations (island vs mainland beaches) separately. We also investigated the 

potential application of analysing a series of sequential barnacle shell layers to understand 

migration distance and improve the resolution and applicability of identifying turtle foraging 

habitat using barnacle isotopes.  
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Methods 

Field Sampling 

Barnacles (Chelonibia testudinaria) were removed from nesting loggerhead turtles on five 

beaches in southern QLD, Australia between December 2014 and February 2015 (Fig 6.1). 

Two are mainland beaches (Mon Repos and Wreck Rock), and three are islands in the 

southern Great Barrier Reef (GBR; Heron, Lady Musgrave, and Wreck). These five nesting 

beaches account for the majority of loggerhead turtle nesting in the South Pacific (Limpus et 

al. 2013). The largest available barnacle was collected from each turtle. Soft-tissues of the 

barnacle were discarded, and the calcitic shell retained, dried, and stored for sample 

extraction in the lab.  

 

Fig 6.1. Map of eastern Australia showing locations of nesting beaches (blue dots), foraging areas for 
known origin turtles used in this study (black dots) and δ18Ocarbonate isoscape with predicted values for 
oxygen isotopes in barnacle shell that was formed in July, 2014. Isoscape extent was limited to areas 
<200 m deep, in line with the distribution of potential foraging habitat for South Pacific loggerhead 
turtles. 

Barnacle sampling 

Given barnacle shells are formed sequentially, and it is possible to calculate the age of shell 

samples (methods for sample dating, extraction and isotope analysis are described in 

Pearson et al. (under review/Chapter 4), based on growth rates defined by Doell et al. (2017 

Chapter 3)), we selected samples from barnacle shells that were representative of 
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approximately the same date across all turtles, allowing direct comparison between turtles 

and regions. The targeted date was 15 July 2014 because we expect all turtles to be in their 

home foraging area at this time. To estimate this we used knowledge of first nesting each 

year, average migration swimming speeds, and longest known migration distances. First 

nesting each year occurs in late October or early November (Limpus & Fien 2008). We used 

a conservative estimate of swimming speed (30 km/day), which is less than the slowest 

migration speed (31.4km/day) reported by Limpus et al. (1992)). Maximum known 

migration distances are approx. 2600 km (Limpus et al. 2013). Combined this suggests that 

the furthest migrating turtle will take approximately 90 days to travel between its home 

foraging area and the nesting beach. If this turtle is also the first to arrive, it must have left 

its home foraging area no later than the end of July, while turtles undertaking shorter 

migrations or nesting later are expected to begin migration in the following months. Thus, 

we analysed 76 samples (one barnacle from each of 76 turtles) that were predicted to have 

formed in July. Of these, 45 samples were from mainland beaches (Mon Repos = 44; Wreck 

Rock = 1), and 31 from island beaches (Wreck = 17; Lady Musgrave = 8; Heron = 6). Nesting 

beaches are represented by the two clusters of blue dots in Fig 6.1. 

Barnacles from nine nesting turtles with known foraging origins (from previous mark-

recapture and satellite telemetry work) were also sampled. These barnacles/turtles were 

used to validate the models used to assign foraging areas to turtles of unknown origin. 

However, six of the known origin turtles carried barnacles that were smaller in size and were 

limited to an oldest sample estimated to be deposited in August, rather than July, 2014.  As 

such, six barnacle shell layers from August and three from July were used to validate the 

models. Of these, seven of the host turtles were from Moreton Bay in southern QLD, one 

from Bowen in north QLD, and one from Evans Head in NSW (Fig 6.1, 6.2).  

Isoscape creation and model selection 

Isoscapes (for both δ18Ocarbonate and δ13Ccarbonate), covering the approximate range for adult 

loggerhead turtles in the southwest Pacific, were created separately for July and August, 

2014. The coverage range is areas within approximately 3,000 km of the nesting beach and 

was restricted to areas <200 m deep because there is no evidence of adult loggerhead 

turtles foraging in oceanic waters in this sub-population. We created isoscapes by 

converting remotely collected sea surface temperature (SST) and salinity (SSS) data to 

barnacle isotope values using established relationships between SST, SSS, δ18Oseawater, 

δ18Ocarbonate, and δ13Ccarbonate (see Killingley & Newman 1982, Schmidt et al. 2007, and region-

specific improvements described in Pearson et al. Chapter 5). Briefly, we extracted SST 

(IMOS 2015) and SSS (Brassington et al. 2012) data across the known foraging distribution 

for every cell in a 0.1° × 0.1° grid, for each day of July and August 2014 and calculated a 

monthly mean for each variable (in each cell). These means were used in calculations of 

expected δ18Ocarbonate and δ13Ccarbonate for each cell/time period. Five isoscapes (four for 

δ18Ocarbonate and one for δ13Ccarbonate) were then created from these data (for both July and 
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August), using the five slightly different relationships between SST, SSS and 

seawater/carbonate C and O isotopes (see Chapter 5 and Appendix S4 for the equations). 

The accuracy of each of these different isoscapes at assigning foraging location was then 

validated using the eight barnacle samples from turtles of known foraging origin. 

Preliminary tests showed that we were unable to use δ13Ccarbonate isoscapes to assign 

foraging area because the only available equation (from north western Australia; Chapter 5) 

was unable to correctly assign known origin turtles in eastern Australia. Thus, we instead 

applied a lower limit of δ13Ccarbonate (0.5 ‰) for barnacle shell formed in marine waters (as 

determined from global analyses across 10 genera by Killingley & Lutcavage (1983)) to 

separate between estuarine and marine foragers. For this, we assigned foraging areas only 

to turtles with marine-derived barnacles (those with δ13Ccarbonate above 0.5 ‰) and based 

foraging area assignments on oxygen isoscapes only. We did this because estuarine waters 

are beyond the marine-only scope of the data used to create the isoscapes, meaning our 

data cannot yet predict the isotope values of barnacles turtles formed in estuarine habitats.  

Multiple options were available for creating the δ18Ocarbonate isoscapes that are valid 

elsewhere but yet to be tested in eastern Australia (Killingley & Newman 1982, Schmidt et 

al. 2007, Chapter 5). Two methods could be used to predict δ18Ocarbonate from remote SST 

and SSS data: a direct approach or stepwise approach. The direct approach bypasses the 

need for knowledge of seawater isotope ratios by converting directly from SSS and SST to 

δ18Ocarbonate (using equations presented in Chapter 5). Whereas the stepwise approach uses 

a combination of equations, where SSS is converted to δ18Oseawater, and then SST and 

δ18Oseawater are used to calculate δ18Ocarbonate using rearranged Balanomorph Barnacle 

Paleotemperature Equation from Killingley and Newman (1982).  

The direct approach (for both C and O) was unable to place all turtles of known origin in 

their home foraging areas in eastern Australia, indicating that this method also requires 

development of regionally appropriate parameters for eastern Australia before being 

applied. However, all known origin samples fell within the predicted range in each 

area/month pairing (Fig 6.2), when using the stepwise approach and converting from SSS to 

δ18Oseawater using the northwest Australia equation reported in Chapter 5. Thus, all 

assignments in this study were completed using δ18Ocarbonate isoscapes calculated via 

stepwise calculation (using the two equations identified by ** in the appendix S4). 
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Fig 6.2. Measured oxygen isotope values (δ18Ocarbonate) for barnacles collected from turtles that are 
known to forage in Bowen, Moreton Bay, and Evans Head (black diamonds) overlayed on predicted 
range (from δ18Ocarbonate isoscape) within each area (grey bars).  

We then used raster package in R (Hijmans & van Etten 2014) to assign potential foraging 

areas to turtles of previously unknown origin (with marine derived carbon values), based on 

this isoscape. We did this by identifying areas in the isoscape that matched measured 

δ18Ocarbonate values from barnacle shell (±0.18‰ as per variation reported in Pearson et al. 

under review/Chapter 4). Potential foraging locations were restricted to neritic areas (<200 

m depth) because, there is no evidence that adult South Pacific loggerhead turtles forage in 

oceanic habitats. Each cell from which an individual turtle could have originated (i.e. those 

matching the measured isotope ratio ± error) was assigned a value of 1, and cells outside of 

the measured range were assigned a value of zero. All potential turtle foraging locations 

were then stacked to create a heat map illustrating areas from which a certain percentage 

of this nesting population have likely been foraging. This process identified potentially 

important foraging habitats for this nesting population. We separated the coastline into two 

regions (marine north and marine south), characterised as the location at which oxygen 

isotope values in marine waters transition from negative (marine north) to positive (marine 

south). This occurs at approximately Bowen in QLD (where oxygen isotopes are 

approximately 0.0‰) and was selected because it forms a natural break in values and 

occurs approximately at the mid-point of the known distribution latitudinally (20°S). 

Estimations of migration distance 

We also assessed the applicability of using multiple sequential samples to distinguish 

between areas with similar isotope values values, or no available SST or SSS data (e.g. 

estuarine habitats). To do this, we extracted and aged twelve samples from a single 

barnacle; collected from a nesting turtle that is known to be from Evans Head, NSW 

(Fig 6.1). We compared this isotopic profile to our expectations of the turtle’s location 

(based on migration distance and average swim speeds, details in results) at the time each 
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sample was created. We do this to identify the point in time that the turtle left her home 

foraging area to begin migration (as a proxy for migration distance) because future 

applications could conduct similar assessments on turtles of unknown origin to either 

distinguish between marine areas with similar conditions or to identify when (and by proxy, 

where) a turtle moved between estuarine and marine waters (based on inferred migration 

distance). 

Results 

We analysed 76 barnacles in total, with 45 from turtles nesting at mainland beaches and 31 

from turtles nesting at island beaches. Carbonate oxygen isotope ratios (δ18Ocarbonate) ranged 

from -2.41 ‰ to 1.20 ‰ with a mean of -0.66 ‰ (Fig 6.3). Carbon isotope ratios ranged 

from -2.53 ‰ to 1.33 ‰ with a mean of 0.35 ‰ (Fig 6.3). Barnacle from mainland nesting 

loggerhead turtles had marginally higher mean carbon (0.48 ‰) and oxygen (-0.46 ‰) ratios 

than island nesters (C: 0.16 ‰; O: -0.94 ‰). 

Of these, 36 turtles (47 %) had carbon values representative of estuarine environments (i.e. 

where δ13Ccarbonate <0.5 ‰; Fig 6.3). Thus, 40 (53 %) turtles that we expect to forage in 

marine waters (with δ13Ccarbonate > 0.5 ‰; Fig 6.3, 6.4) were assigned foraging areas. Nine (13 

%) of these had oxygen values greater than 0.0 ‰, indicating likely foraging areas in marine 

waters south of Bowen, QLD and the remaining 31 (40 %) are expected to use northern or 

island foraging areas (Fig 6.3, 6.4). 

 

Fig 6.3. δ18Ocarbonate and δ13Ccarbonate from 76 barnacle samples collected from nesting turtles (island or 
mainland beaches) with separation into foraging regions in estuarine (δ13Ccarbonate < 0.5 ‰; orange) or 
marine (δ13Ccarbonate > 0.5 ‰) habitat. Marine foragers are separated into those foraging in northern 
Australia or Pacific island areas (Marine north = δ18Ocarbonate < 0.0 ‰; blue) and those that forage in 
Australian shelf waters south of 20°S (Marine south = δ18Ocarbonate > 0.0 ‰; green). All shell samples 
analysed were formed in July 2014. 
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Assigning foraging areas to nesting turtles 

Island beaches produced no turtles that were expected to forage south of the nesting 

locations, and only one that was possibly from south of Bowen, whereas mainland beaches 

produced a small percentage of turtles that are expected to forage in marine waters 

southern QLD or northern NSW (Fig 6.4). Island beaches returned a much higher proportion 

of estuarine foragers (71 %) compared with mainland beaches (31 %; Fig 6.4). 

 

Fig 6.4. Density distribution of island nesters (A) and mainland nesters (B) from δ18Ocarbonate that 
forage in marine waters (δ13Ccarbonate > 0.5 ‰). N = number of turtles included in analysis within a 
panel. Map colours represent percentage of N (from each beach type, as reported within each panel) 
that were included in the analyses. Pie charts represent percentage of all turtles from each beach 
type (island or mainland) that are included (blue = northern marine foragers; green = southern 
marine foragers) or excluded (orange, from estuaries). Black rectangles show nesting region covering 
both island and mainland beaches. Dashed line shows north-south separation (where δ18Ocarbonate is 
approximately 0 ‰). 

Multiple consecutive shell layers of the barnacle collected from the turtle that was 

confirmed via satellite telemetry to migrate to Evans Head (NSW) after nesting were 
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analysed. This turtle arrived for first nesting on 22 Nov, 2014 and was sampled after her 

second nesting event on 6 Dec, 2014. The migration distance between the two locations is 

approximately 600 km, which, at an average swimming speed 30 km/day, and accounting 

for approx. 3 days in a mating area with 200 km of the nesting beach, suggests she likely left 

her home foraging area between 23 and 38 days before she arriving on the nesting beach 

(see departure timeframe in Fig 6.5). The layer profile showed relatively stable isotope 

values (for both C and O) for approximately two months through August-October, and then 

a period of transition that began during our estimated departure timeframe and continued 

to the known time of arrival at the nesting beach at the end of November. This is 

represented by a small but distinct shift in isotopic values from mid-October through to the 

end of November (Fig 6.5).  

 

Fig 6.5. Isotopic profile across dated shell samples from a single barnacle. This barnacle was 
collected from a turtle that migrated between Evans Head, NSW and Mon Repos, QLD. ‘Departure 
timeframe’ represents the time period in which we expect the turtle began migration towards the 
nesting beach. ‘Foraging Area’ represents the isotope values and time-period during which we 
expect the host turtle was foraging near Evans Head in NSW, prior to commencing migration. 

Discussion 

Here, for the first time, we assigned foraging areas to nesting sea turtles using isotopes from 

commensal barnacle shell samples. Our analyses suggest that of the 76 loggerhead turtles 

assessed, up to 47 % were likely using low salinity/estuarine environments (as determined 

by our exclusion levels based on carbon isotope values of 0.5‰) when they were expected 

to be foraging (July 2014). Of the turtles that we predicted were from marine waters (N=40; 
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those with carbon values >0.5 ‰), our analyses suggest that the majority come from 

foraging areas north of the nesting beaches, with only a small percentage originating from 

southern QLD or NSW. These findings may have broad management implications for this 

critically endangered loggerhead turtle population, suggesting that marine waters should be 

a management priority in northern areas, and that estuarine waters may also play a large 

role in the supporting this population. However, identifying specific locations for estuarine 

foragers requires further analysis and research. 

Our findings were consistent with Limpus et al. (1992) in that the foraging distribution of the 

South Pacific nesting loggerhead population is widespread (with foraging occurring from 

south of the GBR to northern Australia, Papua New Guinea and western South Pacific island 

nations). We also show that 40 % of the total nesting population came from northern 

Australia or Pacific island marine areas, an almost identical result to Limpus et al. (1992). 

Given the high proportion of animals originating in estuarine environments, we cannot rule 

out higher proportions coming from northern areas, if estuaries in northern areas are also in 

use. However, we suggest that it may be the proportion of southern foragers that is 

underestimated in our data, rather than the northern component. 

Our findings did not directly support some aspects of previous work, but may indirectly 

agree when considering other factors. For example, from 21 years of tag-recapture data 

(1968-1989), Limpus et al. (1992) found that a relatively high abundance of nesting 

loggerhead turtles came from southern foraging areas, which is a finding that our data did 

not directly support. However, when considering the availability of suitable marine habitat 

in northern Australia versus south of Bowen, QLD (Fig 6.1) and a higher abundance of large 

predators in estuaries in the north, it may be reasonable to expect a much higher use of 

estuarine habitat in the southern areas. There is considerably more shallow marine habitat 

available in northern Australia compared with the southern east coast (Fig 6.1). The entire 

Gulf of Carpentaria, Torres Strait, and northern GBR region is <100 m deep, with the 

majority being <40 m. Whereas, south of the GBR, the continental shelf is relatively narrow, 

with waters dropping beyond 200 m deep sometimes within only 5 km of shore. In the 

dataset used to create our isoscapes, this presented as approximately 4.5 times more 

marine area in northern Australia compared with our southern region.  

We also cannot overlook the potential effect of large predators in northern estuaries. Sea 

turtles are known to seek alternative habitat when large predators are present (Heithaus et 

al. 2008). Throughout northern Australia, estuaries have high abundances of large saltwater 

crocodiles (Crocodylus porosus), a natural predator of even large sea turtles (Read et al. 

2005, Whiting & Whiting 2011). Conversely, saltwater crocodiles are rare in southern QLD 

(Read et al. 2005) and absent further south (e.g. NSW). This suggests that estuaries in 

southern QLD and NSW may be much safer environments for foraging turtles, potentially 

driving a much higher use of this type of habitat in the southern region. Conversely, the high 

density of crocodiles in northern areas may drive the turtle population to seek suitable 
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habitat further from shore, where crocodile densities are lower (Heithaus et al. 2008), and 

within the scope of our marine isoscape data. If true, then this may suggest that the 

majority of our estuarine foragers come from southern estuaries, further aligning our 

findings with those of Limpus et al. (1992). That said, we acknowledge that the way we are 

attempting to distinguish between estuarine and marine foragers in this study is still quite 

preliminary, and requires improvement through further analyses or research.  

That we could not apply the carbon isoscape from north western Australia (from Chapter 5) 

to eastern Australia suggests that there is possibly more than just salinity and temperature 

driving carbon isotope ratios in barnacle shell. For example, local upwelling regimes are 

known to affect carbon isotopes in biogenic carbonates in some regions, but not in others 

(Geary et al. 1992). Thus, it is possible that differences in the upwelling regimes between 

eastern and western Australia are driving differences in the relationships between isotopes, 

salinity, and temperature. Further research should work to develop more robust regional 

models for carbon isotopes in eastern Australia (and any new region globally) and aim to 

further improve our understanding of the relative differences between isotope ratios in 

estuarine versus marine environments. This could be achieved by further opportunistic 

sampling of satellite tracked turtles (as in Chapter 5), or potentially by targeted sampling of 

barnacles across a latitudinal range. An ability to use both carbon and oxygen isoscapes in 

marine waters would significantly improve the resolution that is achievable for each 

migrating turtle, and thus improve assessments of foraging hotspots for the broader 

population.  

Additional improvements to the assignment accuracy could come from sequential sampling 

of barnacle shell (e.g. Killingley 1980, Killingley & Lutcavage 1983, Chapter 5). In this study 

we demonstrate that sequential sampling along the growth axis of a barnacle (with 

concurrent dating of each sample) could be used to estimate duration of the migration from 

the foraging area to the nesting beach (Fig 6.5). Extending this out, it is also possible to infer 

a migration distance for each animal via sequential sampling. This suggests that where the 

animal migrated from an estuary (e.g. Killingley & Lutcavage 1983) it should be possible to 

estimate the distance between the estuary and the nesting beach by identifying the point in 

time at which the isotope values changed from estuarine to marine, considerably narrowing 

the number of potential origin locations.  

Future analyses similar to ours could provide insight into year-to-year changes in the 

relationships between foraging areas and nesting beaches across a larger proportion of the 

nesting population than has previously been achievable. With improvements to our 

understanding of the regional dynamics between isotopes and environmental variables, this 

could rapidly identify management issues in foraging areas, allowing for timely responses to 

emerging threats. Lastly, it is possible that differential abundance of large Chelonibia 

testudinaria barnacles on turtles from different foraging areas would skew assessments of 

this nature. During our study we estimate that >70 % of turtles carried Chelonibia barnacles, 
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suggesting a relatively even spread of turtles from most foraging areas carrying barnacles. 

However, this is unconfirmed and thus future studies would do well to investigate potential 

biases created by differential abundances of large barnacles on turtles coming from 

different foraging areas. 

Conclusions 

Here we use isotope values from barnacle shell to distinguish between habitat types 

(estuarine vs marine) and assign foraging areas to nesting turtles that forage in marine 

environments. Our findings suggest that estuarine habitats may be of high importance to 

the adult South Pacific loggerhead population (with potentially 47% of turtles foraging in 

estuarine conditions), and that those that forage primarily in marine waters may be 

concentrated in areas around northern Australia or the Pacific islands. We also show that it 

is possible to estimate migration distance via analysis of multiple successive samples of 

barnacle shell material (Fig 6.5). This suggests that delineating the location of estuarine 

foragers, while beyond the scope of this study, may be possible with additional analyses of 

barnacle shell isotopes.  
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General discussion  

Implications and future applications of barnacle isotope analyses 

for marine spatial ecology and conservation 
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Synthesis of key findings 

In this thesis I investigated the use of stable isotope techniques in sea turtle ecology, with a 

focus on techniques that aim to understand the spatial distribution of foraging turtles. The 

majority of past stable isotope work has focused on analysis of the soft-tissues of sea turtles 

for this purpose and has provided valuable insights into feeding and spatial ecology, as well 

as important information about the life history of sea turtles throughout the world. 

However, via systematic review of the literature, I identified gaps in where geographic 

studies had been conducted, which showed that sub-populations that are the most 

threatened are actually the least studied. I also identified a method that could potentially 

improve the speed and affordability of applying geographic isotope research more widely 

through analysis of barnacle shell isotopes, rather than metabolically active sea turtle 

tissues. The relationships between sea surface temperature, salinity and shell isotopes 

allows host animals to be placed in space and time without the need for extensive, and 

expensive satellite telemetry to support baseline isoscape development. Though some 

concurrent satellite tracking can improve the power of the technique and should be 

considered in future applications in order to develop regional models. 

Until recently, our understanding of barnacle shell isotopes for use in sea turtle ecology was 

limited to a single study (Killingley and Lutcavage 1983). A handful of other studies on 

benthic barnacles and whale barnacles provided supporting information (Killingley 1980, 

Killingley & Newman 1982), but the body of literature was very limited. The technique 

presented by Killingley & Lutcavage (1983) suggested the possibility of using barnacle 

isotopes to trace the movement of living hosts, especially through waters of considerably 

different salinities. From 1983 until 2015, no one else had published attempts to build upon 

this foundational work. Detjen et al. (2015) was next to try by attempting to elucidate the 

movement of host turtles in the central north Pacific. However, with no understanding of 

the growth rates of the barnacles (Platylepas sp.) used, it was not possible for Detjen et al. 

(2015) to apply a temporal reference to samples, making it difficult to infer regional 

movement patterns. Further, it is possible that the location in which Detjen et al. (2015) 

worked is one of the most difficult locations globally to distinguish between areas using 

barnacle isotopes (discussed further below under Global Applicability). Thus, the work I 

present in this thesis by developing, validating, and applying a standardised method for 

using barnacle isotopes to understand the movement of host animals represents several 

significant advances to marine spatial ecology with implications for the conservation of sea 

turtles. 

There are many potential broader implications for the techniques and findings presented in 

this thesis. The techniques I present could be applied to most sea turtle species and, with 

validation, in most areas of the world – though with variable resolution dependent on the 

local temperature/salinity dynamics. This could enable broad-scale assessments of foraging 

distributions for a fraction of the price of common techniques. While carbonate isotope 
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analysis is generally more expensive than soft-tissue analyses (costs for C and N in soft-

tissues are generally about 60 % of the cost of C and O in carbonates), this is greatly 

outweighed by the reduced need for concurrent satellite telemetry (which is required for 

soft-tissue isotope techniques to develop an isotope reference library for each new area), 

because baseline data can be calculated from with remotely available SST and SSS data 

instead. Analysing a single barnacle sample is approximately 2% of the cost of satellite 

tracking a single turtle from nesting beach to home foraging area. This potentially makes 

isotope analyses of barnacle shell a cost-effective alternative for achieving similar spatial 

resolution to soft-tissue techniques (or potentially better in some cases). That said, barnacle 

isotopes are unlikely to replace other techniques, but could be a viable tool to improve the 

volume and speed of geographic assessments of turtle populations and/or provide 

complementary understanding to support findings from other techniques. For example, 

satellite telemetry will always provide better resolution than barnacle isotopes, and soft-

tissue analyses provide valuable information about resource use and trophic structure that 

barnacle isotopes are unable to achieve. However, this thesis shows that barnacle isotope 

analysis can provide a viable alternative to other techniques for assessing the broad 

geographic distributions of migrating megafauna that carry barnacles, potentially at a 

fraction of the price of other techniques. That said, there is plenty of room for future work 

to build and improve upon the foundational understanding of barnacle shell isotopes that I 

present here. Specifically, future research would do well to focus in five key areas which 

feed into achieving two broader outcomes (Fig 7.1): 

1) Develop an ability to apply these techniques to turtle sub-populations in other 

regions, as well as other taxa and objects that carry hitchhiking barnacles. 

2) Improve the achievable spatial resolution for identifying origin and pathways using 

barnacle isotopes (Fig 7.1) 

Below I discuss these five focus areas in detail. 
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Fig 7.1. Theoretical framework outlining how future research could build on the foundation set by 
this thesis, to apply techniques more broadly and achieve better spatial resolution from similar 
analyses of isotopes from barnacle shell. Green and orange dashed lines show which future research 
topic could contribute to each of the two main outcomes (green and orange boxes). 

Future applications 

1. Regional models 

Here I showed the benefit of combining satellite telemetry with sequential sampling of 

barnacle shell isotopes in order to develop regional models for both carbon and oxygen in 

western Australia (Chapter 5). Developing these models for the western Australian coast 

provided strong relationships between isotopes, SST, and SSS. The oxygen model appears to 

be applicable in eastern Australia, but the carbon model is not. This suggests a few 

important points about the drivers behind isotopes of each element in barnacle shell, and 

the need sometimes to develop regional models when using these techniques in new areas.  

Oxygen isotopes may have a lower (but still strong) need for development of regional 

models than carbon. This is partly because some models already exist for large parts of the 

world (e.g. global tropics, NW Atlantic extra-tropics (Schmidt et al. 2007), and now western 

Australia (Chapter 5)), but partly also because the relationship between SST, SSS, and 

oxygen isotopes (r2 = 0.89) in barnacle shell is stronger than for carbon (r2 = 0.60 & 0.65). 

Carbon isotopes are, at least partly, affected by other factors (e.g. upwelling), which makes 

the need for regional models stronger for this element, and may partly be the driver behind 

the inapplicability of the western Australian carbon model to eastern Australia. Thus, in 

order to apply these techniques to populations of sea turtles (and other host taxa) in other 
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regions, future research should first focus on developing a robust understanding of the local 

relationships between shell isotopes, SST, and SSS (Fig 7.1). 

2. Sequential sampling 

In this thesis I applied some sequential sampling of barnacle shell, which shows strong 

promise for a variety of applications. Firstly, as demonstrated in Chapter 5, sequential 

sampling can allow for the development of regional models for each isotope when 

combined with satellite telemetry (as discussed above). Secondly the possibility arises that 

sequential sampling may allow the origin of estuarine foragers to be determined, perhaps 

precisely. By assessing multiple layers and identifying the time at which a turtle moved from 

marine waters to estuarine waters (or vice-versa), it should be possible to estimate the 

distance travelled between a nesting (or mating) area and the mouth of the estuary, as well 

as the SST and SSS of the marine waters nearby. This could rule out many possible foraging 

areas with similar SST and SSS regimes in surround waters, and potentially identify the 

precise location of the estuary in which they forage. 

3. Estuarine versus marine carbon 

The best estimate we have of marine-derived carbon isotope values in barnacle shell comes 

from Killingley and Lutcavage (1983 pg. 347), who stated “We have analysed 10 genera of 

barnacles from various marine environments around the world and have found that their 

δ13C values generally lie between 0.5 and 2.5 ‰ (PDB) and are usually greater than 1.0 ‰”. 

In this thesis (Chapter 6) I used this lower value (0.5 ‰) as the cut-off between marine and 

estuarine waters. However, the carbon isoscape developed for western Australian marine 

waters (Chapter 5) suggests that values as low as -0.2 ‰ were possible within the scope of 

the marine data used to build the isoscapes. This suggests a need for future research to 

develop a more robust understanding of the differences between isotope ratios in marine 

versus estuarine environments, and how they change regionally to aid in future 

determinations of foraging areas. 

4. Global applicability 

The resolution that is achievable for identifying the origin of barnacle shell from isotope 

values is largely based on the spatial and temporal variability in SST and SSS gradients. Thus, 

globally, the applicability of barnacle isotope methods will also vary through time and space. 

Below (Fig 7.2), I present results from a global analysis of barnacle isotopes I have 

conducted separate to this thesis (in prep). To produce this map (Fig 7.2) I calculated 

expected barnacle shell isotopes (δ18Ocarbonate) from SST and the global seawater oxygen 

isotope (δ18Oseawater) database (LeGrande & Schmidt 2006) using the balanomorph barnacle 

paleotemperature equation (Killingley & Newman 1982), and then displayed this visually as 

a rate-of-change (slope) between adjacent areas. These data do not capture temporal 

variation in isotope ratios, being derived from multi-year measurements of seawater 
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isotopes, but do provide insight into areas that may provide higher or lower resolution than 

where I have conducted my tests in eastern Australia. Areas with a high slope angle (darker 

blue) are likely to provide high resolution for identifying origin (possibly <100 km2; less as 

higher resolution source data become available), whereas those with a low slope angle (light 

blue) will only afford low resolution assessments.  

 

Fig 7.2. Analysis of the rate-of-change (as slope) in oxygen isotope values in barnacle shell globally. 
Slope represents the angle of the gradient between adjacent 1° × 1° cells. High slope represents 
rapid change in isotope ratios over short distances. 

In eastern and western Australia the slope angle is relatively low (predominantly 5 - 10°), 

suggesting that this region is far from offering the highest possible resolution for the 

technique, albeit also not the lowest. Where Detjen et al. (2015) attempted similar work 

with barnacle isotopes from green turtles at Palmyra Atoll in the central Pacific (approx. 

6°N), there is very little change in oxygen isotope values across vast area (<5° slope), making 

it unsurprising that oxygen isotopes were only minimally effective in the region (i.e. only 

able to identify very broad regions many thousands of kilometres across). However, many 

parts of the world have considerably higher slopes than eastern Australia, suggesting that 

foraging areas closer than 400 km may be distinguishable in these areas. For example, 

important sea turtle areas, where much of the soft-tissue isotope work has been conducted 

to date, may potentially offer higher resolution than eastern Australia (e.g. parts of the east 

coasts of north and south America, the Mediterranean, and near Japan). Similarly, large 

sections of the Southern and Arctic oceans have steep slopes, suggesting that origin may be 

identifiable for barnacles to less than 100 km in these areas. These areas are not useful for 

sea turtle ecologists, as they are largely outside of known sea turtle habitats but may be 

important for whale ecologists that look to apply similar techniques on whale barnacles. 

Overall, this suggests is that the high success in assignment accuracy (>86 %) when 

distinguishing between foraging areas 400 km apart in eastern Australia that I present in 
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Chapter 4 could potentially be improved upon in many other coastal, temperate, or polar 

regions, but probably not in tropical open ocean environments. 

5. Combination with other techniques to increase applicability within and beyond 

ecology 

Broad applicability of barnacle isotope methods could exist beyond sea turtle ecology and 

could improve upon understanding derived from other existing techniques. I have already 

discussed the benefit of combining isotope analyses with satellite telemetry, however, a 

core difference between this method and satellite telemetry or mark-recapture is that it is 

possible to identify where a host animal (or object) has travelled prior to encounter, 

whereas telemetry and tagging can only understand movement post capture. This is 

important, especially when considering potential applications beyond ecology, such as in 

forensic investigations.  

As an example, shell isotopes could theoretically be used to narrow the search area for 

missing flight MH370. A flaperon (part of a plane wing) washed up on Reunion Island in 

2015 that was identified as coming from missing this Malaysian Airlines aircraft (MH370). 

This flaperon was covered in biotic fauna, including barnacles, which in theory allows for a 

possible novel application of this method (in combination with others) for narrowing the 

search area for this missing flight. Barnacle shell isotopes could be used alone to identify a 

region of origin (if the barnacles attached at or near the crash site, and if the growth rates of 

the barnacle species are well established). However, combining barnacle shell isotope 

analysis with other techniques could further narrow the search area. Additional assessments 

of the spatial distributions of all epibiont species and genetic analyses (to identify sub-

populations and how they are distributed) could work in concert to narrow the range of 

potential origin locations. Each of these techniques will provide different spatial resolutions 

for identifying an origin. The main search location for MH370 in the Indian Ocean is an open 

ocean environment where barnacle shell isotopes are likely to provide better resolution 

latitudinally than longitudinally whereas, it is feasible that other techniques may offer better 

resolution longitudinally instead (e.g. see hypothetical expected applicability of shell 

isotopes versus genetics in Fig 7.3). In cases such as this, areas where techniques agree 

could identify a narrower area of origin than can be achieved by any technique individually 

(Fig 7.3). 
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Fig 7.3. Conceptual model of three biological and chemical methods which, if applied to animals and 
plants on parts of the plane that washed ashore, could narrow the MH370 search area. Species 
Distributions = geographical distribution of hitchhikers. Shell isotopes = stable isotope analysis of the 
calcitic shells of hitchhiking barnacles. Genetics = genetic analysis of some or all hitchhiking species. 
Left: the relative maximum and minimum areas of origin in the world’s oceans able to be identified 
using each technique (from a quantitative review of existing data), and the expected usefulness of 
each technique for the MH370 search based on known species distributions and environmental 
gradients near the search area. Right: the combination of the three methods with ranges based on 
their expected applicability to MH370 in a hypothetical best-case scenario. Notes: Home location or 
target object will not always be in centre of identified range. Centre of each method’s range is 
unlikely to be in the same location. 

I acknowledge that combining techniques will not improve upon resolutions in every case 

(e.g. if all techniques present similar ranges, especially if they all return low resolution). 

However, where conditions align well, e.g. where a high-resolution region for isotope 

analyses presents alongside some hitchhiking species with restricted natural distributions, 

then this combination of techniques has the potential to dramatically improve assessments 

of origin and travel routes in both marine megafauna ecology and forensics investigations. 

In conclusion, this thesis has built the foundation for applying barnacle shell isotope analysis 

for understanding marine animal and object movement and has provided new insight into 

the distribution of a critically endangered sea turtle population. Future work could build 
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upon this foundation and apply similar techniques to other sea turtle sub-populations or 

other taxa, to improve the conservation and management of migratory marine animals that 

carry hitchhiking barnacles.  



Sea turtle conservation using barnacle isotopes 2018 

 

89  
 

References  

Allen CD, Lemons GE, Eguchi T, LeRoux RA, Fahy CC, Dutton PH, Hoyt Peckham S, Seminoff 

JA (2013) Stable isotope analysis reveals migratory origin of loggerhead turtles in the 

Southern California Bight. Mar Ecol Prog Ser 472:275-285 

Arthur KE, O'Neil JM, Limpus CJ, Abernathy K, Marshall G (2007) Using animal-borne imaging 

to assess green turtle (Chelonia mydas) foraging ecology in Moreton Bay, Australia. 

Mar Technol Soc J 41:9-13 

Arthur KE, Boyle MC, Limpus CJ (2008) Ontogenetic changes in diet and habitat use in green 

sea turtle (Chelonia mydas) life history. Mar Ecol Prog Ser 362:303-311 

Arthur KE, Kelez S, Larsen T, Choy CA, Popp BN (2014) Tracing the biosynthetic source of 

essential amino acids in marine turtles using δ13C fingerprints. Ecology 95:1285-1293 

Balazs GH (1980) Synopsis of biological data on the green turtle in the Hawaiian Islands.  

Barnes H (1955) The growth rate of Balanus balanoides (L.). Oikos 6:109-113 

Barrick RE, Fischer AG, Showers WJ (1999) Oxygen isotopes from turtle bone: applications 
for terrestrial paleoclimates? Palaios:186-191 

Barrow LM, Bjorndal KA, Reich KJ (2008) Effects of preservation method on stable carbon 

and nitrogen isotope values. Physiol Biochem Zool 81:688-693 

Bergamo TF, Botta S, Copertino M (2016) Lipid extraction in stable isotope analyses of 

juvenile sea turtle skin and muscle. Aquat Biol 25:1-6 

Bigg GR, Rohling EJ (2000) An oxygen isotope data set for marine waters. Journal of 
Geophysical Research: Oceans 105:8527-8535 

Bjorndal KA, Schroeder BA, Foley AM, Witherington BE, Bresette M, Clark D, et al. (2013) 

Temporal, spatial, and body size effects on growth rates of loggerhead sea turtles 

(Caretta caretta) in the northwest Atlantic. Mar Biol 160:2711-2721. 

Bourget E, Crisp DJ (1975) An analysis of the growth bands and ridges of barnacle shell 
plates. J. Mar. Biol. Assoc. U.K. 55:439-461 

Bowen BW (1995) Tracking marine turtles with genetic markers. Bioscience 45:528-534 

Brand U, Azmy K, Bitner MA, Logan A, Zuschin M, Came R, Ruggiero E (2013) Oxygen 
isotopes and MgCO3 in brachiopod calcite and a new paleotemperature equation. 
Chemical Geology 359:23-31 

Brassington G, Freeman J, Huang X, Alves O, Pugh T, Oke P (2012) Ocean model, analysis and 
prediction system: version 2, Vol 39. Citeseer 

Broderick AC, Coyne MS, Fuller WJ, Glen F, Godley BJ (2007) Fidelity and over-wintering of 
sea turtles. Proceedings of the Royal Society B: Biological Sciences 274:1533-1539 

Burkholder DA, Heithaus MR, Thomson JA, Fourqurean JW (2011) Diversity in trophic 

interactions of green sea turtles Chelonia mydas on a relatively pristine coastal 

foraging ground. Mar Ecol Prog Ser 439:277-293 

Caine EA (1986) Carapace epibionts of nesting loggerhead sea turtles: Atlantic coast of USA. 

J Exp Mar Biol Ecol 95:15-26 

Cardona L, Aguilar A, Pazos L (2009) Delayed ontogenic dietary shift and high levels of 

omnivory in green turtles (Chelonia mydas) from the NW coast of Africa. Mar Biol 

156:1487-1495 



Sea turtle conservation using barnacle isotopes 2018 

 

90  
 

Cardona L, Clusa M, Eder E, Demetropoulos A, Margaritoulis D, Rees AF, Hamza AA, Khalil M, 
Levy Y, Turkozan O, Marin I, Aguilar A (2014) Distribution patterns and foraging 
ground productivity determine clutch size in Mediterranean loggerhead turtles. Mar 
Ecol Prog Ser 497:229-241 

Carpena-Catoira C, Ortega-Ortiz CD, Elorriaga-Verplancken FR (2016) Isotopic effects of 

different preservation methods on scales of olive ridley sea turtles (Lepidochelys 

olivacea) from the Mexican Central Pacific. Rapid Commun Mass Sp 30:2480-2486 

Carpentier AS, Booth DT, Arthur KE, Limpus CJ (2015) Stable isotope relationships between 

mothers, eggs and hatchlings in loggerhead sea turtles Caretta caretta. Mar Biol 

162:783-797 

Casale P, Tucker A (2015) Caretta caretta The IUCN Red List of Threatened Species 

Ceriani SA, Roth JD, Evans DR, Weishampel JF, Ehrhart LM (2012) Inferring Foraging Areas of 
Nesting Loggerhead Turtles Using Satellite Telemetry and Stable Isotopes. PLoS ONE 
7. doi: 10.1371/journal.pone.0045335 

Ceriani SA, Roth JD, Sasso CR, McClellan CM, James MC, Haas HL, Smolowitz RJ, Evans DR, 

Addison DS, Bagley DA, Ehrhart LM, Weishampel JF (2014) Modeling and mapping 

isotopic patterns in the Northwest Atlantic derived from loggerhead sea turtles. 

Ecosphere 5 

Ceriani SA, Weishampel JF, Ehrhart LM, Mansfield KL, Wunder MB (2017) Foraging and 
recruitment hotspot dynamics for the largest Atlantic loggerhead turtle rookery. 
Scientific reports 7:16894 

Cheang CC, Tsang LM, Chu KH, Cheng IJ, Chan BKK (2013) Host-Specific Phenotypic Plasticity 
of the Turtle Barnacle Chelonibia testudinaria: A Widespread Generalist Rather than 
a Specialist. PLoS ONE 8. doi: 10.1371/journal.pone.0057592 

Congdon JD, Dunham AE, van Loben Sels R (1993) Delayed Sexual Maturity and 
Demographics of Blanding's Turtles (Emydoidea blandingii): Implications for 
Conservation and Management of Long‐Lived Organisms. Conserv Biol 7:826-833 

Congdon JD, Dunham AE, Sels RVL (1994) Demographics of common snapping turtles 
(Chelydra serpentina): implications for conservation and management of long-lived 
organisms. Am Zool 34:397-408 

Coulson AB, Kohn MJ, Shirley MH, Joyce WG, Barrick RE (2008) Phosphate-oxygen isotopes 

from marine turtle bones: Ecologic and paleoclimatic applications. Palaeogeogr 

Palaeoclimatol Palaeoecol 264:78-84 

Currie DR, Small KJ (2005) Macrobenthic community responses to long-term environmental 
change in an east Australian sub-tropical estuary. Estuar. Coast. Shelf Sci. 63:315-331 

DeNiro MJ, Epstein S (1978) Influence of diet on the distribution of carbon isotopes in 

animals. Geochim Cosmochim Acta 42:495-506 

DeNiro MJ, Epstein S (1981) Influence of diet on the distribution of nitrogen isotopes in 

animals. Geochim Cosmochim Acta 45:341-351 

Detjen M, Sterling E, Gomez A (2015) Stable isotopes in barnacles as a tool to understand 

green sea turtle (Chelonia mydas) regional movement patterns. Biogeosciences 

12:7081-7086 

Devereux I (1967) Temperature measurements from oxygen isotope ratios of fish otoliths. 
Science 155:1684-1685 



Sea turtle conservation using barnacle isotopes 2018 

 

91  
 

Doell SA, Connolly RM, Limpus CJ, Pearson RM, van de Merwe JP (2017) Using growth rates 
to estimate age of the sea turtle barnacle Chelonibia testudinaria. Mar. Biol. 
164:222. doi: 10.1007/s00227-017-3251-5 

Eckert KL, Eckert SA (1987) Growth rate and reproductive condition of the barnacle 

Conchoderma virgatum on gravid leatherback sea turtles in Caribbean waters. J Crust 

Biol 7:682-690Eder E, Ceballos A, Martins S, Pérez-García H, Marín I, Marco A, 

Cardona L (2012) Foraging dichotomy in loggerhead sea turtles Caretta caretta off 

northwestern Africa. Mar Ecol Prog Ser 470:113-122 

Elsdon TS, Gillanders BM (2002) Interactive effects of temperature and salinity on otolith 
chemistry: challenges for determining environmental histories of fish. Can. J. Fish. 
Aquat. Sci. 59:1796-1808 

Epstein S, Buchsbaum R, Lowenstam HA, Urey HC (1953) Revised carbonate-water isotopic 
temperature scale. Geological Society of America Bulletin 64:1315-1326 

Erez J, Luz B (1983) Experimental paleotemperature equation for planktonic foraminifera. 
Geochim. Cosmochim. Acta 47:1025-1031 

Ewers-Saucedo C, Arendt MD, Wares JP, Rittschof D (2015) Growth, mortality, and mating 

group size of an androdioecious barnacle: implications for the evolution of dwarf 

males. J Crust Biol 35:166-176 

Finkbeiner EM, Wallace BP, Moore JE, Lewison RL, Crowder LB, Read AJ (2011) Cumulative 

estimates of sea turtle bycatch and mortality in USA fisheries between 1990 and 

2007. Biol Conserv 144:2719-2727 

FitzSimmons NN, Limpus CJ (2014) Marine turtle genetic stocks of the Indo-Pacific: 

identifying boundaries and knowledge gaps. Indian Ocean Turtle Newsletter 20:2-18 

Flint M, Patterson-Kane JC, Limpus CJ, Work TM, Blair D, Mills PC (2009) Postmortem 

diagnostic investigation of disease in free-ranging marine turtle populations: a 

review of common pathologic findings and protocols. J Vet Diagn Invest 21:733-759 

Frankel NS, Vander Zanden HB, Reich KJ, Williams KL, Bjorndal KA (2012) Mother− offspring 

stable isotope discrimination in loggerhead sea turtles Caretta caretta. Endanger 

Species Res 17:133-138 

Frick MG, Ross A (2001) Will the real Chelonibia testudinaria please come forward: An 

appeal. MTN 94:16-17 

Frick MG, Williams KL, Robinson M (1998) Epibionts associated with nesting loggerhead sea 

turtles (Caretta caretta) in Georgia, USA. Herpetol Rev 29:211-214  

Frick MG, Williams KL, Veljacic DX, Jackson JA, Knight SE (2000) Epibiont community 

succession on nesting loggerhead sea turtles, Caretta caretta, from Georgia, USA. 

Science 64:185-188 

Fry B (2006) Stable isotope ecology. Springer Science & Business Media 

Fuentes M, Limpus C, Hamann M (2011) Vulnerability of sea turtle nesting grounds to 

climate change. Global Change Biol 17:140-153 

Gagan MK, Ayliffe LK, Hopley D, Cali JA, Mortimer GE, Chappell J, McCulloch MT, Head MJ 

(1998) Temperature and surface-ocean water balance of the mid-Holocene tropical 

western Pacific. Science 279:1014-1018 



Sea turtle conservation using barnacle isotopes 2018 

 

92  
 

Geary DH, Brieske TA, Bemis BE (1992) The influence and interaction of temperature, 

salinity, and upwelling on the stable isotopic profiles of strombid gastropod shells. 

Palaios:77-85 

Gillikin DP, Lorrain A, Bouillon S, Dehairs F, Willenz P (2006) δ13C in Mytilus edulis shells: 
relation to salinity, DIC, phytoplankton and metabolism. Org Geochem 37 

Godley B, Lima E, Åkesson S, Broderick A, Glen F, Godfrey M, Luschi P, Hays G (2003) 

Movement patterns of green turtles in Brazilian coastal waters described by satellite 

tracking and flipper tagging. Mar Ecol Prog Ser 253:279-288 

Godley B, Blumenthal J, Broderick A, Coyne M, Godfrey M, Hawkes L, Witt M (2008) Satellite 
tracking of sea turtles: where have we been and where do we go next? Endang Spec 
Res 4:3-22 

Goodman Hall A, Avens L, Braun McNeill J, Wallace B, Goshe LR (2015) Inferring long-term 

foraging trends of individual juvenile loggerhead sea turtles using stable isotopes. 

Mar Ecol Prog Ser 537:265-276 

Hamann M, Godfrey M, Seminoff J, Arthur K, Barata P, Bjorndal K, Bolten A, Broderick A, 

Campbell L, Carreras C (2010) Global research priorities for sea turtles: informing 

management and conservation in the 21st century. Endang Spec Res 11:245-269 

Hatase H, Sato K, Yamaguchi M, Takahashi K, Tsukamoto K (2006) Individual variation in 
feeding habitat use by adult female green sea turtles (Chelonia mydas): are they 
obligately neritic herbivores? Oecologia 149:52-64. doi: 10.1007/s00442-006-0431-2 

Hatase H, Omuta K, Tsukamoto K (2010) Oceanic residents, neritic migrants: a possible 

mechanism underlying foraging dichotomy in adult female loggerhead turtles 

(Caretta caretta). Mar Biol 157:1337-1342 

Hawkes LA, Witt MJ, Broderick AC, Coker JW, Coyne MS, Dodd M, Frick MG, Godfrey MH, 
Griffin DB, Murphy SR (2011) Home on the range: spatial ecology of loggerhead 
turtles in Atlantic waters of the USA. Divers Distrib 17:624-640 

Hayashi R, Tsuji K (2008) Spatial distribution of turtle barnacles on the green sea turtle, 

Chelonia mydas. Ecol Res 23:121 

Hays G, Ashworth J, Barnsley M, Broderick A, Emery D, Godley B, Henwood A, Jones E (2001) 

The importance of sand albedo for the thermal conditions on sea turtle nesting 

beaches. Oikos 93:87-94 

Heithaus MR, Wirsing AJ, Thomson JA, Burkholder DA (2008) A review of lethal and non-

lethal effects of predators on adult marine turtles. J Exp Mar Biol Ecol 356:43-51 

Heppel S, Limpus CJ, Crouse DT, Frazer NB, Crowder LB (1996) Population model analysis for 
the loggerhead sea turtle, Caretta caretta, in Queensland. Wildl Res 23:143-161 

Heppell SS, Heppell SA, Read AJ, Crowder LB (2005) Effects of fishing on long-lived marine 
organisms. Marine conservation biology: the science of maintaining the sea’s 
biodiversity Island Press, Washington, DC:211-231 

Hijmans RJ, van Etten J (2014) raster: Geographic data analysis and modeling. R package 

version 2 

Hobson KA, Piatt JF, Pitocchelli J (1994) Using stable isotopes to determine seabird trophic 
relationships. J Anim Ecol:786-798 



Sea turtle conservation using barnacle isotopes 2018 

 

93  
 

Hobson KA (1999) Tracing origins and migration of wildlife using stable isotopes: a review. 
Oecologia 120:314-326 

Howell LN, Reich KJ, Shaver DJ, Landry AM, Gorga CC (2016) Ontogenetic shifts in diet and 

habitat of juvenile green sea turtles in the northwestern Gulf of Mexico. Mar Ecol 

Prog Ser 559:217-229 

IBM Corp. (2013) IBM SPSS statistics for windows, version 22.0. Armonk, NY: IBM Corp 
IMOS (2015) SRS Satellite - SST LS3, https://portal.aodn.org.au/ 
IMOS (2016) IMOS - SRS Satellite - SST L3S - 06 day composite - day and night time 

composite. https://portal.aodn.org.au 
IUCN (2016) The IUCN Red List of Threatened Species. http://www.iucnredlist.org (Accessed 

02 July). 

Jeffers VF, Godley BJ (2016) Satellite tracking in sea turtles: How do we find our way to the 
conservation dividends? Biol. Conserv. 199:172-184 

Jones TT, Seminoff JA (2013) Feeding Biology Advances from Field-Based Observations, 

Physiological Studies, and Molecular Techniques. In: Wyneken J, Lohmann KJ, Musick 

JA (eds) Biology of Sea Turtles, Vol III 

Kaufman TJ, Pajuelo M, Bjorndal KA, Bolten AB, Pfaller JB, Williams KL, Vander Zanden HB 

(2014) Mother-egg stable isotope conversions and effects of lipid extraction and 

ethanol preservation on loggerhead eggs. Conserv Physiol 2 

Killingley JS, Berger WH (1979) Stable isotopes in a mollusk shell: detection of upwelling 
events. Science 205:186-188 

Killingley J (1980) Migrations of California gray whales tracked by oxygen-18 variations in 
their epizoic barnacles. Science 207:759-760 

Killingley J, Newman W (1982) O-18 fractionation in barnacle calcite - a barnacle 

paleotemperature equation. J Mar Res 40:893-902 

Killingley JS, Lutcavage M (1983) Loggerhead turtle movements reconstructed from 18O and 
13C profiles from commensal barnacle shells. Estuar Coast Shelf Sci 16:345-349 

Kitsos M-S, Christodoulou M, Arvanitidis C, Mavidis M, Kirmitzoglou I, Koukouras A (2005) 

Composition of the organismic assemblage associated with Caretta caretta. J Mar 

Biol Assoc UK 85:257-261 

Kobayashi DR, Polovina JJ, Parker DM, Kamezaki N, Cheng I-J, Uchida I, Dutton PH, Balazs GH 
(2008) Pelagic habitat characterization of loggerhead sea turtles, Caretta caretta, in 
the North Pacific Ocean (1997–2006): insights from satellite tag tracking and 
remotely sensed data. J Exp Mar Biol Ecol 356:96-114 

Laloë JO, Cozens J, Renom B, Taxonera A, Hays GC (2017) Climate change and temperature‐

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

Change Biol 23:4922-4931 

Layman CA, Arrington DA, Montaña CG, Post DM (2007) Can stable isotope ratios provide 
for community-wide measures of trophic structure? Ecology 88:42-48 

LeGrande AN, Schmidt GA (2006) Global gridded data set of the oxygen isotopic composition 
in seawater. Geophys. Res. Lett. 33 

Leigh C, Burford MA, Connolly RM, Olley JM, Saeck E, Sheldon F, Smart JC, Bunn SE (2013) 
Science to support management of receiving waters in an event-driven ecosystem: 
from land to river to sea. Water 5:780-797 



Sea turtle conservation using barnacle isotopes 2018 

 

94  
 

Lemons G, Lewison R, Komoroske L, Gaos A, Lai C-T, Dutton P, Eguchi T, LeRoux R, Seminoff 

JA (2011) Trophic ecology of green sea turtles in a highly urbanized bay: Insights 

from stable isotopes and mixing models. J Exp Mar Biol Ecol 405:25-32 

Lemons GE, Eguchi T, Lyon BN, LeRoux R, Seminoff JA (2012) Effects of blood anticoagulants 

on stable isotope values of sea turtle blood tissue. Aquat Biol 14:201-206 

Limpus CJ, Reed PC (1985) The green turtle, Chelonia mydas, in Queensland: a preliminary 
description of the population structure in a coral reef feeding ground. . In: Grigg G, 
Shine R, Ehmann H (eds) Biology of Australasian Frogs and Reptiles. Royal Zoological 
Society of New South Wales, Sydney, pp 47-52 

Limpus C, Miller J, Paramenter C, Reimer D, McLachlan N, Webb R (1992) Migration of green 
(Chelonia mydas) and loggerhead (caretta caretta) turtles to and from eastern 
Australian rookeries. Wildl. Res. 19:347-357. doi: 
http://dx.doi.org/10.1071/WR9920347 

Limpus CJ, Limpus DJ (2000) Mangroves in the diet of Chelonia mydas in Queensland, 

Australia. Mar Turtle Newsl 89:13-15 

Limpus CJ, de Villiers DL, de Villiers MA, Limpus DJ, Read MA (2001) The loggerhead turtle, 

Caretta caretta, in Queensland: Feeding ecology in warm temperate waters. Mem 

Queensl Mus 46:631-645 

Limpus C, Limpus D (2003a) Biology of the loggerhead turtle in western South Pacific Ocean 
foraging areas. Loggerhead Sea Turtles 1:63-78 

Limpus CJ, Limpus DJ (2003b) Loggerhead turtles in the equatorial and southern Pacific 

Ocean: a species in decline. In: Bolten AB, Witherington BE (eds) Loggerhead Sea 

Turtles. Smithsonian Books, Washington DC, pp 199–209 

Limpus CJ, Fien L (2008) A biological review of Australian marine turtles. 1 Loggerhead Turtle 

Caretta caretta (Linnaeus). Environmental Protection Agency 

Limpus C, Parmenter C, Chaloupka M (2013) Monitoring of Coastal Sea Turtles: Gap Analysis 
1. Loggerhead turtles, Caretta caretta, in the Port Curtis and Port Alma Region 
Report produced for the Ecosystem Research and Monitoring Program Advisory 
Panel as part of Gladstone Ports Corporation's Ecosystem Research and Monitoring 
Program 

Limpus C, Casale P (2015) Caretta caretta (South Pacific subpopulation). The IUCN Red List 

of Threatened Species 2015 e.T84156809A84156890. 

http://dx.doi.org/10.2305/IUCN.UK.2015-4.RLTS.T84156809A84156890.en 

(Accessed 12 April 2018). 

Martin TS, Olds AD, Pitt KA, Johnston AB, Butler IR, Maxwell PS, Connolly RM (2015) 
Effective protection of fish on inshore coral reefs depends on the scale of mangrove-
reef connectivity. Mar Ecol Prog Ser 527:157-165 

Maxwell PS, Pitt KA, Burfeind DD, Olds AD, Babcock RC, Connolly RM (2014) Phenotypic 
plasticity promotes persistence following severe events: physiological and 
morphological responses of seagrass to flooding. J. Ecol. 102:54-64 

MacKenzie KM, Palmer MR, Moore A, Ibbotson AT, Beaumont WR, Poulter DJ, Trueman CN 
(2011) Locations of marine animals revealed by carbon isotopes. Scientific reports 1 



Sea turtle conservation using barnacle isotopes 2018 

 

95  
 

Maloney JE, Darian-Smith C, Takahashi Y, Limpus CJ (1990) The environment for 

development of the embryonic loggerhead turtle (Caretta caretta) in Queensland. 

Copeia:378-387 

McClellan CM, Read AJ (2007) Complexity and variation in loggerhead sea turtle life history. 
Biol. Lett. 3:592-594 

McClellan CM, Braun-McNeill J, Avens L, Wallace BP, Read AJ (2010) Stable isotopes confirm 

a foraging dichotomy in juvenile loggerhead sea turtles. J Exp Mar Biol Ecol 387:44-

51 

McClelland JW, Montoya JP (2002) Trophic relationships and the nitrogen isotopic 

composition of amino acids in plankton. Ecology 83:2173-2180 

McConnaughey TA, Burdett J, Whelan JF, Paull CK (1997) Carbon isotopes in biological 
carbonates: respiration and photosynthesis. Geochim. Cosmochim. Acta 61:611-622 

McCutchan JH, Lewis WM, Kendall C, McGrath CC (2003) Variation in trophic shift for stable 

isotope ratios of carbon, nitrogen, and sulfur. Oikos 102:378-390 

Medeiros L, Monteiro DdS, Petitet R, Bugoni L (2015) Effects of lipid extraction on the 

isotopic values of sea turtle bone collagen. Aquat Biol 23:191-199 

Meylan AB, Bowen BW, Avise JC (1990) A genetic test of the natal homing versus social 
facilitation models for green turtle migration. Science 248:724-727 

Newman WA, Abbott DP (1980) Cirripedia: the barnacles. Intertidal invertebrates of 

California. Stanford University Press, Stanford. 

Newsome SD, Tinker MT, Monson DH, Oftedal OT, Ralls K, Staedler MM, Fogel ML, Estes JA 
(2009) Using stable isotopes to investigate individual diet specialization in California 
sea otters (Enhydra lutris nereis). Ecology 90:961-974 

Pajuelo M, Bjorndal KA, Reich KJ, Vander Zanden HB, Hawkes LA, Bolten AB (2012a) 

Assignment of nesting loggerhead turtles to their foraging areas in the Northwest 

Atlantic using stable isotopes. Ecosphere 3 

Pajuelo M, Bjorndal KA, Reich KJ, Arendt MD, Bolten AB (2012b) Distribution of foraging 

habitats of male loggerhead turtles (Caretta caretta) as revealed by stable isotopes 

and satellite telemetry. Mar Biol 159:1255-1267 

Pajuelo M, Bjorndal KA, Arendt MD, Foley AM, Schroeder BA, Witherington BE, Bolten AB 

(2016) Long-term resource use and foraging specialization in male loggerhead 

turtles. Mar Biol 163 

Pannella G (1971) Fish otoliths: daily growth layers and periodical patterns. Science 
173:1124-1127 

Payo-Payo A, Ruiz B, Cardona L, Borrell A (2013) Effect of tissue decomposition on stable 

isotope signatures of striped dolphins Stenella coeruleoalba and loggerhead sea 

turtles Caretta caretta. Aquat Biol 18:141-147 

Pearson RM, van de Merwe JP, Limpus CJ, Connolly RM (2017) Realignment of sea turtle 
isotope studies needed to match conservation priorities. Mar. Ecol. Prog. Ser. 
583:259-271. doi: https://doi.org/10.3354/meps12353 

Pearson RM, van de Merwe JP, Gagan MK, Limpus CJ, Connolly RM (under review/Chapter 4) 
Distinguishing between sea turtle foraging areas using stable isotopes from 
commensal barnacle shells. Oecologia 



Sea turtle conservation using barnacle isotopes 2018 

 

96  
 

Pfaller JB, Alfaro-Shigueto J, Balazs GH, Ishihara T, Kopitsky K, Mangel JC, Peckham SH, 

Bolten AB, Bjorndal KA (2014) Hitchhikers reveal cryptic host behavior: new insights 

from association between Planes major and sea turtles in the Pacific Ocean. Mar Biol 

161:2167-2178 

Phillips DL, Inger R, Bearhop S, Jackson AL, Moore JW, Parnell AC, Semmens BX, Ward EJ 

(2014) Best practices for use of stable isotope mixing models in food-web studies. 

Canadian Journal of Zoology 92:823-835 

Philp RP (2007) The emergence of stable isotopes in environmental and forensic 
geochemistry studies: a review. Environmental Chemistry Letters 5:57-66 

Pilcher N, Chaloupka M, Woods E (2012) Chelonia mydas (Hawaiian subpopulation). IUCN 

Red List of Threatened Species  

Post DM, Layman CA, Arrington DA, Takimoto G, Quattrochi J, Montana CG (2007) Getting to 

the fat of the matter: models, methods and assumptions for dealing with lipids in 

stable isotope analyses. Oecologia 152:179-189 

Prior B, Booth DT, Limpus CJ (2015) Investigating diet and diet switching in green turtles 

(Chelonia mydas). Aust J Zool 63:365-375 

Rasband WS (2015) ImageJ. U. S. National Institutes of Health, Bethesda, Maryland, USA. 

www.imagej.nih.gov/ij (accessed 16 Oct 2015)  

R Core Team (2017) R: A language and environment for statistical computing. Vienna, 
Austria: R Foundation for Statistical Computing; 2014 

Read MA, Miller JD, Bell IP, Felton A (2005) The distribution and abundance of the estuarine 

crocodile, Crocodylus porosus, in Queensland. Wildl Res 31:527-534 

Rees A, Alfaro-Shigueto J, Barata P, Bjorndal K, Bolten A, Bourjea J, Broderick A, Campbell L, 

Cardona L, Carreras C (2016) Are we working towards global research priorities for 

management and conservation of sea turtles? Endang Spec Res 31:337-382 

Reich KJ, Bjorndal KA, Bolten AB (2007) The ‘lost years’ of green turtles: using stable 

isotopes to study cryptic lifestages. Biol Lett 3:712-714 

Reich KJ, Bjorndal KA, Martínez Del Rio C (2008) Effects of growth and tissue type on the 

kinetics of 13C and 15N incorporation in a rapidly growing ectotherm. Oecologia 

155:651-663 

Reich KJ, López-Castro MC, Shaver DJ, Iseton C, Hart KM, Hooper MJ, Schmitt CJ (2017) δ13C 

and δ15N in the endangered Kemp's ridley sea turtle Lepidochelys kempii after the 

Deepwater Horizon oil spill. Endanger Species Res 33:281-289 

Resendiz A, Resendiz B, Nichols WJ, Seminoff JA, Kamezaki N (1998) First confirmed east-
west transpacific movement of a loggerhead sea turtle, Caretta caretta, released in 
Baja California, Mexico. Pac Sci 52:151 

Ribbe J, Wolff J-O, Staneva J, Gräwe U (2008) Assessing water renewal time scales for 
marine environments from three-dimensional modelling: a case study for Hervey 
Bay, Australia. Environ. Model. Software 23:1217-1228 

Robinson NJ, Morreale SJ, Nel R, Paladino FV (2016) Coastal leatherback turtles reveal 

conservation hotspot. Scientific Reports 6 



Sea turtle conservation using barnacle isotopes 2018 

 

97  
 

Robinson NJ, Lazo-Wasem EA, Paladino FV, Zardus JD, Pinou T (2017) Assortative epibiosis of 

leatherback, olive ridley and green sea turtles in the Eastern Tropical Pacific. J Mar 

Biol Assoc UK 97:1233-40 

Rooker JR, Secor DH, DeMetrio G, Kaufman AJ, Ríos AB, Tičina V (2008) Evidence of trans-
Atlantic movement and natal homing of bluefin tuna from stable isotopes in otoliths. 
Mar. Ecol. Prog. Ser. 368:231-239 

Rozanski K, Araguas-Araguas L, Gonfiantini R (1992) Relation between long-term trends of 
oxygen-18 isotope composition of precipitation and climate. Science 258:981-985 

Rubenstein DR, Hobson KA (2004) From birds to butterflies: animal movement patterns and 

stable isotopes. Trends Ecol Evol 19:256-263 

Sampson L, Giraldo A, Payán LF, Amorocho DF, Ramos MA, Seminoff JA (2017) Trophic 

ecology of green turtle Chelonia mydas juveniles in the Colombian Pacific. J Mar Biol 

Assoc UK:1-13 

Schmidt GA, LeGrande AN, Hoffmann G (2007) Water isotope expressions of intrinsic and 
forced variability in a coupled ocean‐atmosphere model. J. Geophys. Res. (Atmos.) 
112 

Scott R, Hodgson DJ, Witt MJ, Coyne MS, Adnyana W, Blumenthal JM, Broderick AC, 
Canbolat AF, Catry P, Ciccione S (2012) Global analysis of satellite tracking data 
shows that adult green turtles are significantly aggregated in Marine Protected 
Areas. Global Ecol Biogeogr 21:1053-1061 

Seminoff JA, Jones TT, Eguchi T, Jones DR, Dutton PH (2006) Stable isotope discrimination 

(δ13C and δ15N) between soft tissues of the green sea turtle Chelonia mydas and its 

diet. Mar Ecol Prog Ser 308:271-278 

Seminoff JA, Bjorndal KA, Bolten AB (2007) Stable carbon and nitrogen isotope 

discrimination and turnover in pond sliders Trachemys scripta: Insights for trophic 

study of freshwater turtles. Copeia:534-542 

Seminoff JA, Shanker K (2008) Marine turtles and IUCN Red Listing: a review of the process, 

the pitfalls, and novel assessment approaches. J Exp Mar Biol Ecol 356:52-68 

Seminoff JA, Jones TT, Eguchi T, Hastings M, Jones DR (2009) Stable carbon and nitrogen 

isotope discrimination in soft tissues of the leatherback turtle (Dermochelys 

coriacea): insights for trophic studies of marine turtles. J Exp Mar Biol Ecol 381:33-41 

Seminoff JA, Benson SR, Arthur KE, Eguchi T, Dutton PH, Tapilatu RF, Popp BN (2012) Stable 

isotope tracking of endangered sea turtles: validation with satellite telemetry and 

δ15N analysis of amino acids. . PLoS ONE 7 

Seminoff JA, Eguchi T, Carretta J, Allen CD, Prosperi D, Rangel R, Gilpatrick J, Forney K, 
Peckham SH (2014) Loggerhead sea turtle abundance at a foraging hotspot in the 
eastern Pacific Ocean: implications for at-sea conservation. Endanger Species Res 
24:207-220 

Shemesh A, Charles C, Fairbanks R (1992) Oxygen isotopes in biogenic silica: global changes 
in ocean temperature and isotopic composition. Science 256:1434-1436 

Shimada T, Aoki S, Kameda K, Hazel J, Reich K, Kamezaki N (2014) Site fidelity, ontogenetic 

shift and diet composition of green turtles Chelonia mydas in Japan inferred from 

stable isotope analysis. Endanger Species Res 25:151-164 



Sea turtle conservation using barnacle isotopes 2018 

 

98  
 

Shimada T, Jones R, Limpus C, Groom R, Hamann M (2016a) Long-term and seasonal 

patterns of sea turtle home ranges in warm coastal foraging habitats: implications 

for conservation. Mar Ecol Prog Ser 562:163-179 

Shimada T, Limpus C, Jones R, Hazel J, Groom R, Hamann M (2016b) Sea turtles return home 

after intentional displacement from coastal foraging areas. Mar Biol 163:8 

Shimada T, Limpus C, Jones R, Hamann M (2017) Aligning habitat use with management 
zoning to reduce vessel strike of sea turtles. Ocean Coast. Manage. 142:163-172 

Silva S, Ging P, Lee R, Ebbert J, Tesoriero A, Inkpen E (2002) Forensic applications of nitrogen 
and oxygen isotopes in tracing nitrate sources in urban environments. Environmental 
Forensics 3:125-130 

Sloan K, Zardus JD, Jones ML (2014) Substratum fidelity and early growth in Chelonibia 
testudinaria, a turtle barnacle especially common on debilitated loggerhead (Caretta 
caretta) sea turtles. Bull. Mar. Sci. 90:581-597 

Spero HJ, Bijma J, Lea DW, Bemis BE (1997) Effect of seawater carbonate concentration on 
foraminiferal carbon and oxygen isotopes. Nature 390:497-500 

Tagliabue A, Bopp L (2008) Towards understanding global variability in ocean carbon‐13. 

Global Biogeochemical Cycles 22 

Trager GC, Hwang J-S, Strickler JR (1990) Barnacle suspension-feeding in variable flow. Mar 

Biol 105:117-127 

Trueman CN, MacKenzie KM, St John Glew K (2017) Stable isotope‐based location in a shelf 
sea setting: accuracy and precision are comparable to light‐based location methods. 
Methods in Ecology and Evolution 8:232-240 

Tucker AD, MacDonald BD, Seminoff JA (2014) Foraging site fidelity and stable isotope 

values of loggerhead turtles tracked in the Gulf of Mexico and northwest Caribbean. 

Mar Ecol Prog Ser 502:267-279 

Turner Tomaszewicz CN, Seminoff JA, Ramirez MD, Kurle CM (2015) Effects of 

demineralization on the stable isotope analysis of bone samples. Rapid Commun 

Mass Sp 29:1879-1888 

Turner Tomaszewicz CN, Seminoff JA, Avens L, Kurle CM (2016) Methods for sampling 

sequential annual bone growth layers for stable isotope analysis. Methods Ecol Evol 

7:556-564 

Turner Tomaszewicz CN, Seminoff JA, Peckham SH, Avens L, Kurle CM (2017) 

Intrapopulation variability in the timing of ontogenetic habitat shifts in sea turtles 

revealed using N-15 values from bone growth rings. J Anim Ecol 86:694-704 

UNEP-CMS (2014) Single Species Action Plan for the Loggerhead Turtle (Caretta caretta) in 
the South Pacific Ocean. In: UNEP-CMS (ed). United Nations Environment Program 
Convention on the Conservation of Migratory Species of Wild Animals, Quito, 
Ecuador 

Urey HC (1948) Oxygen isotopes in nature and in the laboratory. Science 108:489-496 
Van Houtan KS, Andrews AH, Jones TT, Murakawa SKK, Hagemann ME (2016) Time in 

tortoiseshell: a bomb radiocarbon-validated chronology in sea turtle scutes. Proc R 

Soc B 283 



Sea turtle conservation using barnacle isotopes 2018 

 

99  
 

Vander Zanden HB, Bjorndal KA, Reich KJ, Bolten AB (2010) Individual specialists in a 
generalist population: results from a long-term stable isotope series. Biol. Lett. 
6:711-714 

Vander Zanden HB, Bjorndal KA, Inglett PW, Bolten AB (2012a) Marine-derived Nutrients 

from Green Turtle Nests Subsidize Terrestrial Beach Ecosystems. Biotropica 44:294-

301 

Vander Zanden HB, Bjorndal KA, Mustin W, Ponciano JM, Bolten AB (2012b) Inherent 

variation in stable isotope values and discrimination factors in two life stages of 

green turtles. Physiol Biochem Zool 85:431-441 

Vander Zanden HB, Arthur KE, Bolten AB, Popp BN, Lagueux CJ, Harrison E, Campbell CL, 

Bjorndal KA (2013) Trophic ecology of a green turtle breeding population. Mar Ecol 

Prog Ser 476:237-+ 

Vander Zanden HB, Pfaller JB, Reich KJ, Pajuelo M, Bolten AB, Williams KL, Frick MG, 

Shamblin BM, Nairn CJ, Bjorndal KA (2014) Foraging areas differentially affect 

reproductive output and interpretation of trends in abundance of loggerhead turtles. 

Mar Biol 161:585-598 

Vander Zanden HB, Wunder MB, Hobson KA, Van Wilgenburg SL, Wassenaar LI, Welker JM, 
Bowen GJ (2014) Contrasting assignment of migratory organisms to geographic 
origins using long‐term versus year‐specific precipitation isotope maps. Methods in 
Ecology and Evolution 

Vander Zanden HB, Tucker AD, Hart KM, Lamont MM, Fujisaki I, Addison DS, Mansfield KL, 

Phillips KF, Wunder MB, Bowen GJ, Pajuelo M, Bolten AB, Bjorndal KA (2015) 

Determining origin in a migratory marine vertebrate: a novel method to integrate 

stable isotopes and satellite tracking. Ecol Appl 25:320-335 

Vander Zanden HB, Bolten AB, Tucker AD, Hart KM, Lamont MM, Fujisaki I, Reich KJ, Addison 

DS, Mansfield KL, Phillips KF, Pajuelo M, Bjorndal KA (2016) Biomarkers reveal sea 

turtles remained in oiled areas following the Deepwater Horizon oil spill. Ecol Appl 

26:2145-2155 

Vander Zanden MJ, Casselman JM, Rasmussen JB (1999) Stable isotope evidence for the 
food web consequences of species invasions in lakes. Nature 401:464 

Venables WN, Ripley BD (2013) Modern applied statistics with S-PLUS. Springer Science & 
Business Media 

von Bertalanffy L (1951) Metabolic types and growth types. Am Nat 85:111-117  

Wallace B, Tiwari M, Girondot M (2013) Dermochelys coriacea. 

http://dx.doi.org/10.2305/IUCN.UK.2013-2.RLTS.T6494A43526147.en (Accessed 02 

July). 

Wallace BP, Williams CL, Paladino FV, Morreale SJ, Lindstrom RT, Spotila JR (2005) 

Bioenergetics and diving activity of internesting leatherback turtles Dermochelys 

coriacea at Parque Nacional Marino Las Baulas, Costa Rica. J Exp Biol 208:3873-3884 

Wallace BP, Avens L, Braun-McNeill J, McClellan CM (2009) The diet composition of 

immature loggerheads: Insights on trophic niche, growth rates, and fisheries 

interactions. J Exp Mar Biol Ecol 373:50-57 



Sea turtle conservation using barnacle isotopes 2018 

 

100  
 

Wallace BP, Lewison RL, McDonald SL, McDonald RK, Kot CY, Kelez S, Bjorkland RK, 
Finkbeiner EM, Crowder LB (2010a) Global patterns of marine turtle bycatch. 
Conservation letters 3:131-142 

Wallace BP, DiMatteo AD, Hurley BJ, Finkbeiner EM, Bolten AB, Chaloupka MY, Hutchinson 

BJ, Abreu-Grobois FA, Amorocho D, Bjorndal KA (2010b) Regional management units 

for marine turtles: a novel framework for prioritizing conservation and research 

across multiple scales. PLoS ONE 5:e15465 

Wallace BP, DiMatteo AD, Bolten AB, Chaloupka MY, Hutchinson BJ, Abreu-Grobois FA, 

Mortimer JA, Seminoff JA, Amorocho D, Bjorndal KA (2011) Global conservation 

priorities for marine turtles. PLoS ONE 6:e24510 

West JB, Bowen GJ, Cerling TE, Ehleringer JR (2006) Stable isotopes as one of nature's 
ecological recorders. Trends Ecol Evol 21:408-414 

Whiting SD, Whiting AU (2011) Predation by the saltwater crocodile (Crocodylus porosus) on 

sea turtle adults, eggs, and hatchlings. Chelonian Conserv Biol 10:198-205 

Woodruff F, Savin SM, Douglas RG (1981) Miocene stable isotope record: a detailed deep 

Pacific Ocean study and its paleoclimatic implications. Science 212:665-668 

Zardus JD, Hadfield MG (2004) Larval development and complemental males in Chelonibia 

testudinaria, a barnacle commensal with sea turtles. J Crust Biol 24:409-421 

Zardus JD, Lake DT, Frick MG, Rawson PD (2014) Deconstructing an assemblage of “turtle” 

barnacles: species assignments and fickle fidelity in Chelonibia. Mar Biol 161:45-49 

Zbinden JA, Bearhop S, Bradshaw P, Gill B, Margaritoulis D, Newton J, Godley BJ (2011) 

Migratory dichotomy and associated phenotypic variation in marine turtles revealed 

by satellite tracking and stable isotope analysis. Mar Ecol Prog Ser 421:291-302 

  



Sea turtle conservation using barnacle isotopes 2018 

 

101  
 

 

 

 

 

 

Appendices 

  



Sea turtle conservation using barnacle isotopes 2018 

 

102  
 

Appendix S1:  

Chapter 2 Appendices 

  



Sea turtle conservation using barnacle isotopes 2018 

 

103  
 

Electronic Supplement for Pearson et al. (2017) Realignment of sea turtle isotope studies 
needed to match conservation priorities. Mar. Ecol. Prog. Ser. 583:259-271. doi: 
https://doi.org/10.3354/meps12353 
 
Table S1.1. Marine turtle isotope studies assessed in systematic quantitative literature review alongside the categories 
they were assigned to. A 1 suggests that the study included some investigation into a given category. Grey columns 
represent the two broadest categories: Methodological (Met) and Geographic (Geo) and white columns represent sub-
categories within these broad categories. Under methodological: Tissue to tissue (T-T); Diet to tissue (D-T); Prepare and 
Preserve (P&P); Tissue turnover/residence time (Tur); Fossil (Fos). Under Geographic: Habitat discrimination (Hab); 
Specific geographic (Spe).  

Paper Met T-T D-T P&P Tur Fos Geo Hab Spe 

Agusa, T., Takagi, K., Miller, T.W., 
Kubota, R., Anan, Y., Iwata, H. et al. 
(2011). Intake and excretion of 
arsenicals in green (Chelonia mydas) 
and hawksbill turtles (Eretmochelys 
imbricata). Environ. Chem., 8, 19-29. 

1                 

Allen, C.D., Lemons, G.E., Eguchi, T., 
LeRoux, R.A., Fahy, C.C., Dutton, P.H. 
et al. (2013). Stable isotope analysis 
reveals migratory origin of 
loggerhead turtles in the Southern 
California Bight. Mar. Ecol. Prog. Ser., 
472, 275-285. 

            1   1 

Arthur, K.E., Boyle, M.C. & Limpus, 
C.J. (2008). Ontogenetic changes in 
diet and habitat use in green sea 
turtle (Chelonia mydas) life history. 
Mar. Ecol. Prog. Ser., 362, 303-311. 

            1 1   

Arthur, K.E., Kelez, S., Larsen, T., 
Choy, C.A. & Popp, B.N. (2014). 
Tracing the biosynthetic source of 
essential amino acids in marine 
turtles using δ13C fingerprints. 
Ecology, 95, 1285-1293. 

1 1 1       1 1   

Avens, L., Goshe, L.R., Pajuelo, M., 
Bjorndal, K.A., MacDonald, B.D., 
Lemons, G.E. et al. (2013). 
Complementary skeletochronology 
and stable isotope analyses offer new 
insight into juvenile loggerhead sea 
turtle oceanic stage duration and 
growth dynamics. Mar. Ecol. Prog. 
Ser., 491, 235-+. 

 
          1 1   

https://doi.org/10.3354/meps12353


Sea turtle conservation using barnacle isotopes 2018 

 

104  
 

Paper Met T-T D-T P&P Tur Fos Geo Hab Spe 

Barrick, R.E., Fischer, A.G. & Showers, 
W.J. (1999). Oxygen isotopes from 
turtle bone: Applications for 
terrestrial paleoclimates? Palaios, 14, 
186-191. 

1                 

Barrow, L.M., Bjorndal, K.A. & Reich, 
K.J. (2008). Effects of preservation 
method on stable carbon and 
nitrogen isotope values. Physiol. 
Biochem. Zool., 81, 688-693. 

1     1           

Bergamo, T.F., Botta, S. & Copertino, 
M. (2016). Lipid extraction in stable 
isotope analyses of juvenile sea turtle 
skin and muscle. Aquat Biol, 25, 1-6. 

1 1   1           

Bezerra, M.F., Lacerda, L.D., Rezende, 
C.E., Franco, M.A.L., Almeida, M.G., 
Macêdo, G.R. et al. (2015). Food 
preferences and Hg distribution in 
Chelonia mydas assessed by stable 
isotopes. Environ. Pollut., 206, 236-
246. 

1 1 1             

Biasatti, D.M. (2004). Stable carbon 
isotopic profiles of sea turtle humeri: 
implications for ecology and 
physiology. Palaeogeogr 
Palaeoclimatol Palaeoecol, 206, 203-
216. 

1 1 1             

Bjorndal, K.A. & Bolten, A.B. (2010). 
Hawksbill sea turtles in seagrass 
pastures: success in a peripheral 
habitat. Mar. Biol., 157, 135-145. 

1   1             

Burkholder, D.A., Heithaus, M.R., 
Thomson, J.A. & Fourqurean, J.W. 
(2011). Diversity in trophic 
interactions of green sea turtles 
Chelonia mydas on a relatively 
pristine coastal foraging ground. Mar. 
Ecol. Prog. Ser., 439, 277-293. 

1   1             

Cardona, L., Aguilar, A. & Pazos, L. 
(2009). Delayed ontogenic dietary 
shift and high levels of omnivory in 
green turtles (Chelonia mydas) from 
the NW coast of Africa. Mar. Biol., 
156, 1487-1495. 

1   1       1 1   



Sea turtle conservation using barnacle isotopes 2018 

 

105  
 

Paper Met T-T D-T P&P Tur Fos Geo Hab Spe 

Cardona, L., Campos, P., Levy, Y., 
Demetropoulos, A. & Margaritoulis, 
D. (2010). Asynchrony between 
dietary and nutritional shifts during 
the ontogeny of green turtles 
(Chelonia mydas) in the 
Mediterranean. J. Exp. Mar. Biol. 
Ecol., 393, 83-89. 

1   1             

Cardona, L., Clusa, M., Eder, E., 
Demetropoulos, A., Margaritoulis, D., 
Rees, A.F. et al. (2014). Distribution 
patterns and foraging ground 
productivity determine clutch size in 
Mediterranean loggerhead turtles. 
Mar. Ecol. Prog. Ser., 497, 229-241. 

 
          1   1 

Cardona, L., de Quevedo, I.A., Borrell, 
A. & Aguilar, A. (2012). Massive 
consumption of gelatinous plankton 
by mediterranean apex predators. 
PLoS ONE, 7. 

    1       1 1   

Cardona, L., Martínez-Iñigo, L., 
Mateo, R. & González-Solís, J. (2015). 
The role of sardine as prey for pelagic 
predators in the western 
Mediterranean Sea assessed using 
stable isotopes and fatty acids. Mar. 
Ecol. Prog. Ser., 531, 1-14. 

    1       1 1   

Carpena-Catoira C., Ortega-Ortiz C.D. 
& Elorriaga-Verplancken F.R. (2016) 
Isotopic effects of different 
preservation methods on scales of 
olive ridley sea turtles (Lepidochelys 
olivacea) from the Mexican Central 
Pacific. Rapid Commun Mass Sp 30, 
2480-2486. 

1     1           

Carpentier, A.S., Booth, D.T., Arthur, 
K.E. & Limpus, C.J. (2015). Stable 
isotope relationships between 
mothers, eggs and hatchlings in 
loggerhead sea turtles Caretta 
caretta. Mar. Biol., 162, 783-797. 

1 1               



Sea turtle conservation using barnacle isotopes 2018 

 

106  
 

Paper Met T-T D-T P&P Tur Fos Geo Hab Spe 

Caut, S., Fossette, S., Guirlet, E., 
Angulo, E., Das, K., Girondot, M. et al. 
(2008). Isotope Analysis Reveals 
Foraging Area Dichotomy for Atlantic 
Leatherback Turtles. PLoS ONE, 3. 

1 1 1       1   1 

Ceriani, S.A., Roth, J.D., Ehrhart, L.M., 
Quintana-Ascencio, P.F. & 
Weishampel, J.F. (2014a). Developing 
a common currency for stable isotope 
analyses of nesting marine turtles. 
Mar. Biol., 161, 2257-2268. 

1 1               

Ceriani, S.A., Roth, J.D., Evans, D.R., 
Weishampel, J.F. & Ehrhart, L.M. 
(2012). Inferring Foraging Areas of 
Nesting Loggerhead Turtles Using 
Satellite Telemetry and Stable 
Isotopes. PLoS ONE, 7. 

            1 1 1 

Ceriani, S.A., Roth, J.D., Sasso, C.R., 
McClellan, C.M., James, M.C., Haas, 
H.L. et al. (2014b). Modeling and 
mapping isotopic patterns in the 
Northwest Atlantic derived from 
loggerhead sea turtles. Ecosphere, 5. 

1 1         1   1 

Ceriani, S.A., Roth, J.D., Tucker, A.D., 
Evans, D.R., Addison, D.S., Sasso, C.R. 
et al. (2015). Carry-over effects and 
foraging ground dynamics of a major 
loggerhead breeding aggregation. 
Mar. Biol., 162, 1955-1968. 

  1         1   1 

Clusa, M., Carreras, C., Pascual, M., 
Gaughran, S.J., Piovano, S., Avolio, D. 
et al. (2016). Potential bycatch 
impact on distinct sea turtle 
populations is dependent on fishing 
ground rather than gear type in the 
Mediterranean Sea. Mar. Biol., 163. 

 
          1 1    

Clusella-Trullas, S., Spotila, J.R. & 
Paladino, F.V. (2006). Energetics 
during hatchling dispersal of the olive 
ridley turtle Lepidochelys olivacea 
using doubly labeled water. Physiol. 
Biochem. Zool., 79, 389-399. 

1       1         



Sea turtle conservation using barnacle isotopes 2018 

 

107  
 

Paper Met T-T D-T P&P Tur Fos Geo Hab Spe 

Coulson, A.B., Kohn, M.J., Shirley, 
M.H., Joyce, W.G. & Barrick, R.E. 
(2008). Phosphate-oxygen isotopes 
from marine turtle bones: Ecologic 
and paleoclimatic applications. 
Palaeogeogr Palaeoclimatol 
Palaeoecol, 264, 78-84. 

1         1       

Detjen, M., Sterling, E. & Gomez, A. 
(2015). Stable isotopes in barnacles 
as a tool to understand green sea 
turtle (Chelonia mydas) regional 
movement patterns. Biogeosciences, 
12, 7081-7086. 

            1   1 

Di Beneditto A.P.M., Siciliano S. & 
Monteiro L.R. (2017) Herbivory level 
and niche breadth of juvenile green 
turtles (Chelonia mydas) in a tropical 
coastal area: insights from stable 
isotopes. Mar Biol 164. 

1   1             

Dodge, K.L., Logan, J.M. & Lutcavage, 
M.E. (2011). Foraging ecology of 
leatherback sea turtles in the 
Western North Atlantic determined 
through multi-tissue stable isotope 
analyses. Mar. Biol., 158, 2813-2824. 

1 1 1             

Eder, E., Ceballos, A., Martins, S., 
Pérez-García, H., Marín, I., Marco, A. 
et al. (2012). Foraging dichotomy in 
loggerhead sea turtles Caretta 
caretta off northwestern Africa. Mar. 
Ecol. Prog. Ser., 470, 113-122. 

            1 1   

Frankel, N.S., Vander Zanden, H.B., 
Reich, K.J., Williams, K.L. & Bjorndal, 
K.A. (2012). Mother− offspring stable 
isotope discrimination in loggerhead 
sea turtles Caretta caretta. Endanger 
Species Res, 17, 133-138. 

1 1               

Godley, B.J., Thompson, D.R., 
Waldron, S. & Furness, R.W. (1998). 
The trophic status of marine turtles 
as determined by stable isotope 
analysis. Mar. Ecol. Prog. Ser., 166, 
277-284. 

1 1 1             



Sea turtle conservation using barnacle isotopes 2018 

 

108  
 

Paper Met T-T D-T P&P Tur Fos Geo Hab Spe 

Gonzalez Carman, V., Botto, F., 
Gaitan, E., Albareda, D., Campagna, C. 
& Mianzan, H. (2014). A jellyfish diet 
for the herbivorous green turtle 
Chelonia mydas in the temperate SW 
Atlantic. Mar. Biol., 161, 339-349. 

1 1 1             

Goodman Hall, A., Avens, L., Braun 
McNeill, J., Wallace, B. & Goshe, L.R. 
(2015). Inferring long-term foraging 
trends of individual juvenile 
loggerhead sea turtles using stable 
isotopes. Mar. Ecol. Prog. Ser., 537, 
265-276. 

 
          1 1   

Hatase, H., Omuta, K. & Komatsu, T. 
(2014). Do loggerhead turtle (Caretta 
caretta) eggs vary with alternative 
foraging tactics? J. Exp. Mar. Biol. 
Ecol., 455, 56-61. 

 
          1 1   

Hatase, H., Omuta, K. & Komatsu, T. 
(2015). Loggerhead turtle (Caretta 
caretta) offspring size does not vary 
with maternal alternative foraging 
behaviors: support for their 
phenotypic plasticity. Mar. Biol., 162, 
1567-1578. 

            1 1   

Hatase, H., Omuta, K. & Tsukamoto, 
K. (2010). Oceanic residents, neritic 
migrants: a possible mechanism 
underlying foraging dichotomy in 
adult female loggerhead turtles 
(Caretta caretta). Mar. Biol., 157, 
1337-1342. 

            1 1   

Hatase, H., Omuta, K. & Tsukamoto, 
K. (2013). A mechanism that 
maintains alternative life histories in 
a loggerhead sea turtle population. 
Ecology, 94, 2583-2594. 

            1 1   

Hatase, H., Sato, K., Yamaguchi, M., 
Takahashi, K. & Tsukamoto, K. (2006). 
Individual variation in feeding habitat 
use by adult female green sea turtles 
(Chelonia mydas): are they obligately 
neritic herbivores? Oecologia, 149, 
52-64. 

1   1       1 1 1 



Sea turtle conservation using barnacle isotopes 2018 

 

109  
 

Paper Met T-T D-T P&P Tur Fos Geo Hab Spe 

Hatase, H., Takai, N., Matsuzawa, Y., 
Sakamoto, W., Omuta, K., Goto, K. et 
al. (2002). Size-related differences in 
feeding habitat use of adult female 
loggerhead turtles Caretta caretta 
around Japan determined by stable 
isotope analyses and satellite 
telemetry. Mar. Ecol. Prog. Ser., 233, 
273-281. 

1   1       1 1   

Howell L.N., Reich K.J., Shaver D.J., 
Landry A.M. & Gorga C.C. (2016) 
Ontogenetic shifts in diet and habitat 
of juvenile green sea turtles in the 
northwestern Gulf of Mexico. Mar 
Ecol Prog Ser 559, 217-229. 

1   1       1 1   

Jones, T.T., Hastings, M.D., Bostrom, 
B.L., Andrews, R.D. & Jones, D.R. 
(2009). Validation of the use of 
doubly labeled water for estimating 
metabolic rate in the green turtle 
(Chelonia mydas L.): a word of 
caution. J. Exp. Biol., 212, 2635-2644. 

1       1         

Kaufman, T.J., Pajuelo, M., Bjorndal, 
K.A., Bolten, A.B., Pfaller, J.B., 
Williams, K.L. et al. (2014). Mother-
egg stable isotope conversions and 
effects of lipid extraction and ethanol 
preservation on loggerhead eggs. 
Conserv. Physiol., 2. 

1 1   1     1   1 

Killingley, J.S. & Lutcavage, M. (1983). 
Loggerhead turtle movements 
reconstructed from 18O and 13C 
profiles from commensal barnacle 
shells. Estuar. Coast. Shelf Sci., 16, 
345-349. 

            1 1   

Lemons, G., Lewison, R., Komoroske, 
L., Gaos, A., Lai, C.-T., Dutton, P. et al. 
(2011). Trophic ecology of green sea 
turtles in a highly urbanized bay: 
Insights from stable isotopes and 
mixing models. J. Exp. Mar. Biol. Ecol., 
405, 25-32. 

1   1             



Sea turtle conservation using barnacle isotopes 2018 

 

110  
 

Paper Met T-T D-T P&P Tur Fos Geo Hab Spe 

Lemons, G.E., Eguchi, T., Lyon, B.N., 
LeRoux, R. & Seminoff, J.A. (2012). 
Effects of blood anticoagulants on 
stable isotope values of sea turtle 
blood tissue. Aquat Biol, 14, 201-206. 

1 1   1           

Lopez-Castro, M.C., Bjorndal, K.A. & 
Bolten, A.B. (2014). Evaluation of 
scute thickness to infer life history 
records in the carapace of green and 
loggerhead turtles. Endanger Species 
Res, 24, 191-196. 

1                 

López-Castro, M.C., Bjorndal, K.A., 
Kamenov, G.D. & Bolten, A.B. (2014). 
Identifying oceanic foraging grounds 
of sea turtles in the Atlantic using 
lead isotopes. Mar. Biol., 161, 2269-
2278. 

            1   1 

Lopez-Castro, M.C., Bjorndal, K.A., 
Kamenov, G.D., Zenil-Ferguson, R. & 
Bolten, A.B. (2013). Sea turtle 
population structure and connections 
between oceanic and neritic foraging 
areas in the Atlantic revealed through 
trace elements. Mar. Ecol. Prog. Ser., 
490, 233-246. 

            1 1   

McClellan, C.M., Braun-McNeill, J., 
Avens, L., Wallace, B.P. & Read, A.J. 
(2010). Stable isotopes confirm a 
foraging dichotomy in juvenile 
loggerhead sea turtles. J. Exp. Mar. 
Biol. Ecol., 387, 44-51. 

  1 1       1 1   

Medeiros, L., Monteiro, D.d.S., 
Petitet, R. & Bugoni, L. (2015). Effects 
of lipid extraction on the isotopic 
values of sea turtle bone collagen. 
Aquat Biol, 23, 191-199. 

1     1           

Páez-Osuna, F., Calderón-
Campuzano, M.F., Soto-Jiménez, M.F. 
& Ruelas-Inzunza, J.R. (2010). Lead in 
blood and eggs of the sea turtle, 
Lepidochelys olivacea, from the 
Eastern Pacific: Concentration, 
isotopic composition and maternal 
transfer. Mar. Pollut. Bull., 60, 433-
439. 

1 1               



Sea turtle conservation using barnacle isotopes 2018 

 

111  
 

Paper Met T-T D-T P&P Tur Fos Geo Hab Spe 

Pajuelo M., Bjorndal K.A., Arendt 
M.D. et al. (2016) Long-term resource 
use and foraging specialization in 
male loggerhead turtles. Mar Biol 
163. 

1   1             

Pajuelo, M., Bjorndal, K.A., Alfaro-
Shigueto, J., Seminoff, J.A., Mangel, 
J.C. & Bolten, A.B. (2010). Stable 
isotope variation in loggerhead 
turtles reveals Pacific–Atlantic 
oceanographic differences. Mar. Ecol. 
Prog. Ser., 417, 277-285. 

            1     

Pajuelo, M., Bjorndal, K.A., Reich, K.J., 
Arendt, M.D. & Bolten, A.B. (2012a). 
Distribution of foraging habitats of 
male loggerhead turtles (Caretta 
caretta) as revealed by stable 
isotopes and satellite telemetry. Mar. 
Biol., 159, 1255-1267. 

  1         1 1 1 

Pajuelo, M., Bjorndal, K.A., Reich, K.J., 
Vander Zanden, H.B., Hawkes, L.A. & 
Bolten, A.B. (2012b). Assignment of 
nesting loggerhead turtles to their 
foraging areas in the Northwest 
Atlantic using stable isotopes. 
Ecosphere, 3. 

            1   1 

Payo-Payo, A., Ruiz, B., Cardona, L. & 
Borrell, A. (2013). Effect of tissue 
decomposition on stable isotope 
signatures of striped dolphins 
Stenella coeruleoalba and loggerhead 
sea turtles Caretta caretta. Aquat 
Biol, 18, 141-147. 

1 1   1           

Petitet R. & Bugoni L. (2017) High 
habitat use plasticity by female olive 
ridley sea turtles (Lepidochelys 
olivacea) revealed by stable isotope 
analysis in multiple tissues. Mar Biol 
164. 

1 1 1       1 1   



Sea turtle conservation using barnacle isotopes 2018 

 

112  
 

Paper Met T-T D-T P&P Tur Fos Geo Hab Spe 

Price J.T., Pfaller J.B., Vander Zanden 
H.B., Williams K.L., Bolten A.B. & 
Bjorndal K.A. (2017) Foraging area, 
not trophic position, is linked to head 
size variation in adult female 
loggerhead turtles. J Zool 302, 279-
287. 

1                 

Prior, B., Booth, D.T. & Limpus, C.J. 
(2015). Investigating diet and diet 
switching in green turtles (Chelonia 
mydas). Aust. J. Zool., 63, 365-375. 

1 1 1             

Ramirez M.D., Avens L., Seminoff J.A., 
Goshe L.R. & Heppell S.S. (2017) 
Growth dynamics of juvenile 
loggerhead sea turtles undergoing an 
ontogenetic habitat shift. Oecologia 
183, 1087-1099. 

1   1       1 1   

Ramirez, M.D., Avens, L., Seminoff, 
J.A., Goshe, L.R. & Heppell, S.S. 
(2015). Patterns of loggerhead turtle 
ontogenetic shifts revealed through 
isotopic analysis of annual skeletal 
growth increments. Ecosphere, 6. 

    1       1 1   

Reich K.J., López-Castro M.C., Shaver 
D.J. et al. (2017) δ13C and δ15N in 
the endangered Kemp's ridley sea 
turtle Lepidochelys kempii after the 
Deepwater Horizon oil spill. Endanger 
Species Res 33, 281-289. 

1   1       1 1   

Reich, K.J., Bjorndal, K.A. & Bolten, 
A.B. (2007). The ‘lost years’ of green 
turtles: using stable isotopes to study 
cryptic lifestages. Biol. Lett., 3, 712-
714. 

            1 1   

Reich, K.J., Bjorndal, K.A. & Martínez 
Del Rio, C. (2008). Effects of growth 
and tissue type on the kinetics of 13C 
and 15N incorporation in a rapidly 
growing ectotherm. Oecologia, 155, 
651-663. 

1 1 1   1         



Sea turtle conservation using barnacle isotopes 2018 

 

113  
 

Paper Met T-T D-T P&P Tur Fos Geo Hab Spe 

Reich, K.J., Bjorndal, K.A., Frick, M.G., 
Witherington, B.E., Johnson, C. & 
Bolten, A.B. (2010). Polymodal 
foraging in adult female loggerheads 
(Caretta caretta). Mar. Biol., 157, 
113-121. 

  1         1 1   

Revelles, M., Cardona, L., Aguilar, A. 
& Fernández, G. (2007b). The diet of 
pelagic loggerhead sea turtles 
(Caretta caretta) off the Balearic 
archipelago (western 
Mediterranean): Relevance of long-
line baits. J. Mar. Biol. Assoc. U.K., 87, 
805-813. 

1   1       1 1   

Revelles, M., Cardona, L., Aguilar, A., 
Borrell, A., Fernández, G. & San Félix, 
M. (2007a). Stable C and N isotope 
concentration in several tissues of the 
loggerhead sea turtle Caretta caretta 
from the western Mediterranean and 
dietary implications. Scientia Marina, 
71, 87-93. 

1 1 1             

Robinson N.J., Morreale S.J., Nel R. & 
Paladino F.V. (2016) Coastal 
leatherback turtles reveal 
conservation hotspot. Scientific 
Reports 6. 

            1 1   

Sampson L., Giraldo A., Payán L.F., 
Amorocho D.F., Ramos M.A. & 
Seminoff J.A. (2017) Trophic ecology 
of green turtle Chelonia mydas 
juveniles in the Colombian Pacific. J 
Mar Biol Assoc UK, 1-13. 

1   1             

Seminoff, J.A., Benson, S.R., Arthur, 
K.E., Eguchi, T., Dutton, P.H., Tapilatu, 
R.F. et al. (2012). Stable Isotope 
Tracking of Endangered Sea Turtles: 
Validation with Satellite Telemetry 
and δ15N Analysis of Amino Acids. 
PLoS ONE, 7. 

            1   1 



Sea turtle conservation using barnacle isotopes 2018 

 

114  
 

Paper Met T-T D-T P&P Tur Fos Geo Hab Spe 

Seminoff, J.A., Jones, T.T., Eguchi, T., 
Hastings, M. & Jones, D.R. (2009). 
Stable carbon and nitrogen isotope 
discrimination in soft tissues of the 
leatherback turtle (Dermochelys 
coriacea): insights for trophic studies 
of marine turtles. J. Exp. Mar. Biol. 
Ecol., 381, 33-41. 

1 1 1             

Seminoff, J.A., Jones, T.T., Eguchi, T., 
Jones, D.R. & Dutton, P.H. (2006). 
Stable isotope discrimination (δ13C 
and δ15N) between soft tissues of the 
green sea turtle Chelonia mydas and 
its diet. Mar. Ecol. Prog. Ser., 308, 
271-278. 

1 1 1             

Shimada, T., Aoki, S., Kameda, K., 
Hazel, J., Reich, K. & Kamezaki, N. 
(2014). Site fidelity, ontogenetic shift 
and diet composition of green turtles 
Chelonia mydas in Japan inferred 
from stable isotope analysis. 
Endanger Species Res, 25, 151-164. 

1   1       1 1   

Snover, M.L., Hohn, A.A., Crowder, 
L.B. & Macko, S.A. (2010). Combining 
stable isotopes and skeletal growth 
marks to detect habitat shifts in 
juvenile loggerhead sea turtles 
Caretta caretta. Endanger Species 
Res, 13, 25-31. 

1   1       1 1   

Thomson, J.A., Heithaus, M.R., 
Burkholder, D.A., Vaudo, J.J., Wirsing, 
A.J. & Dill, L.M. (2012). Site 
specialists, diet generalists? Isotopic 
variation, site fidelity, and foraging by 
loggerhead turtles in Shark Bay, 
Western Australia. Mar. Ecol. Prog. 
Ser., 453, 213-226. 

1   1             

Tomaszewicz C.N.T., Seminoff J.A., 
Peckham S.H., Avens L. & Kurle C.M. 
(2017) Intrapopulation variability in 
the timing of ontogenetic habitat 
shifts in sea turtles revealed using N-
15 values from bone growth rings. J 
Anim Ecol 86, 694-704. 

            1 1   



Sea turtle conservation using barnacle isotopes 2018 

 

115  
 

Paper Met T-T D-T P&P Tur Fos Geo Hab Spe 

Tucker, A.D., MacDonald, B.D. & 
Seminoff, J.A. (2014). Foraging site 
fidelity and stable isotope values of 
loggerhead turtles tracked in the Gulf 
of Mexico and northwest Caribbean. 
Mar. Ecol. Prog. Ser., 502, 267-279. 

            1   1 

Turner Tomaszewicz, C.N., Seminoff, 
J.A., Avens, L. & Kurle, C.M. (2016). 
Methods for sampling sequential 
annual bone growth layers for stable 
isotope analysis. Methods Ecol Evol, 
7, 556-564. 

1     1           

Turner Tomaszewicz, C.N., Seminoff, 
J.A., Ramirez, M.D. & Kurle, C.M. 
(2015). Effects of demineralization on 
the stable isotope analysis of bone 
samples. Rapid Commun Mass Sp, 29, 
1879-1888. 

1     1           

Van Houtan, K.S., Andrews, A.H., 
Jones, T.T., Murakawa, S.K.K. & 
Hagemann, M.E. (2016). Time in 
tortoiseshell: a bomb radiocarbon-
validated chronology in sea turtle 
scutes. Proc. R. Soc. B, 283. 

1                 

Vander Zanden H.B., Bolten A.B., 
Tucker A.D. et al. (2016) Biomarkers 
reveal sea turtles remained in oiled 
areas following the Deepwater 
Horizon oil spill. Ecol Appl 26, 2145-
2155. 

            1   1 

Vander Zanden, H.B., Arthur, K.E., 
Bolten, A.B., Popp, B.N., Lagueux, C.J., 
Harrison, E. et al. (2013a). Trophic 
ecology of a green turtle breeding 
population. Mar. Ecol. Prog. Ser., 476, 
237-+. 

1   1       1   1 

Vander Zanden, H.B., Bjorndal, K.A. & 
Bolten, A.B. (2013b). Temporal 
consistency and individual 
specialization in resource use by 
green turtles in successive life stages. 
Oecologia, 173, 767-777. 

 
          1 1   



Sea turtle conservation using barnacle isotopes 2018 

 

116  
 

Paper Met T-T D-T P&P Tur Fos Geo Hab Spe 

Vander Zanden, H.B., Bjorndal, K.A., 
Mustin, W., Ponciano, J.M. & Bolten, 
A.B. (2012). Inherent variation in 
stable isotope values and 
discrimination factors in two life 
stages of green turtles. Physiol. 
Biochem. Zool., 85, 431-441. 

1 1 1             

Vander Zanden, H.B., Bjorndal, K.A., 
Reich, K.J. & Bolten, A.B. (2010). 
Individual specialists in a generalist 
population: results from a long-term 
stable isotope series. Biol. Lett., 6, 
711-714. 

1                 

Vander Zanden, H.B., Pfaller, J.B., 
Reich, K.J., Pajuelo, M., Bolten, A.B., 
Williams, K.L. et al. (2014a). Foraging 
areas differentially affect 
reproductive output and 
interpretation of trends in abundance 
of loggerhead turtles. Mar. Biol., 161, 
585-598. 

1     1     1   1 

Vander Zanden, H.B., Tucker, A.D., 
Bolten, A.B., Reich, K.J. & Bjorndal, 
K.A. (2014b). Stable isotopic 
comparison between loggerhead sea 
turtle tissues. Rapid Commun Mass 
Sp, 28, 2059-2064. 

1 1               

Vander Zanden, H.B., Tucker, A.D., 
Hart, K.M., Lamont, M.M., Fujisaki, I., 
Addison, D.S. et al. (2015). 
Determining origin in a migratory 
marine vertebrate: a novel method to 
integrate stable isotopes and satellite 
tracking. Ecol. Appl., 25, 320-335. 

            1   1 

Wallace, B.P., Avens, L., Braun-
McNeill, J. & McClellan, C.M. (2009). 
The diet composition of immature 
loggerheads: Insights on trophic 
niche, growth rates, and fisheries 
interactions. J. Exp. Mar. Biol. Ecol., 
373, 50-57. 

1   1       1 1   



Sea turtle conservation using barnacle isotopes 2018 

 

117  
 

Paper Met T-T D-T P&P Tur Fos Geo Hab Spe 

Wallace, B.P., Schumacher, J., 
Seminoff, J.A. & James, M.C. (2014). 
Biological and environmental 
influences on the trophic ecology of 
leatherback turtles in the northwest 
Atlantic Ocean. Mar. Biol., 161, 1711-
1724. 

 
          1   1 

Wallace, B.P., Seminoff, J.A., Kilham, 
S.S., Spotila, J.R. & Dutton, P.H. 
(2006). Leatherback turtles as 
oceanographic indicators: Stable 
isotope analyses reveal a trophic 
dichotomy between ocean basins. 
Mar. Biol., 149, 953-960. 

1 1               

Wallace, B.P., Williams, C.L., Paladino, 
F.V., Morreale, S.J., Lindstrom, R.T. & 
Spotila, J.R. (2005). Bioenergetics and 
diving activity of internesting 
leatherback turtles Dermochelys 
coriacea at Parque Nacional Marino 
Las Baulas, Costa Rica. J. Exp. Biol., 
208, 3873-3884. 

1       1         

Williams, N.C., Bjorndal, K.A., Lamont, 
M.M. & Carthy, R.R. (2014). Winter 
Diets of Immature Green Turtles 
(Chelonia mydas) on a Northern 
Feeding Ground: Integrating Stomach 
Contents and Stable Isotope 
Analyses. Estuaries Coast, 37, 986-
994. 

1   1             

Zbinden, J.A., Bearhop, S., Bradshaw, 
P., Gill, B., Margaritoulis, D., Newton, 
J. et al. (2011). Migratory dichotomy 
and associated phenotypic variation 
in marine turtles revealed by satellite 
tracking and stable isotope analysis. 
Mar. Ecol. Prog. Ser., 421, 291-302. 

1 1         1   1 

 

  



Sea turtle conservation using barnacle isotopes 2018 

 

118  
 

Table S1.2. Literature examples cited in Table 3.1 in the main text. 

1 
Reich KJ, Bjorndal KA, Martínez Del Rio C (2008) Effects of growth and tissue type on the 
kinetics of 13C and 15N incorporation in a rapidly growing ectotherm. Oecologia 
155:651-663 

2 

Vander Zanden HB, Bolten AB, Tucker AD, Hart KM, Lamont MM, Fujisaki I, Reich KJ, 
Addison DS, Mansfield KL, Phillips KF, Pajuelo M, Bjorndal KA (2016) Biomarkers reveal 
sea turtles remained in oiled areas following the Deepwater Horizon oil spill. Ecol Appl 
26:2145-2155 

3 
Bezerra MF, Lacerda LD, Rezende CE, Franco MAL, Almeida MG, Macêdo GR, Pires TT, 
Rostán G, Lopez GG (2015) Food preferences and Hg distribution in Chelonia mydas 
assessed by stable isotopes. Environ Pollut 206:236-246 

4 
Dodge KL, Logan JM, Lutcavage ME (2011) Foraging ecology of leatherback sea turtles in 
the Western North Atlantic determined through multi-tissue stable isotope analyses. Mar 
Biol 158:2813-2824 

5 
Pajuelo M, Bjorndal KA, Reich KJ, Arendt MD, Bolten AB (2012) Distribution of foraging 
habitats of male loggerhead turtles (Caretta caretta) as revealed by stable isotopes and 
satellite telemetry. Mar Biol 159:1255-1267 

6 
Arthur KE, Boyle MC, Limpus CJ (2008) Ontogenetic changes in diet and habitat use in 
green sea turtle (Chelonia mydas) life history. Mar Ecol Prog Ser 362:303-311 

7 

Vander Zanden HB, Tucker AD, Hart KM, Lamont MM, Fujisaki I, Addison DS, Mansfield 
KL, Phillips KF, Wunder MB, Bowen GJ, Pajuelo M, Bolten AB, Bjorndal KA (2015) 
Determining origin in a migratory marine vertebrate: a novel method to integrate stable 
isotopes and satellite tracking. Ecol Appl 25:320-335 

8 
Revelles M, Cardona L, Aguilar A, Borrell A, Fernández G, San Félix M (2007) Stable C and 
N isotope concentration in several tissues of the loggerhead sea turtle Caretta caretta 
from the western Mediterranean and dietary implications. Scientia Marina 71:87-93 

9 
Gonzalez Carman V, Botto F, Gaitan E, Albareda D, Campagna C, Mianzan H (2014) A 
jellyfish diet for the herbivorous green turtle Chelonia mydas in the temperate SW 
Atlantic. Mar Biol 161:339-349 

10 
Shimada T, Aoki S, Kameda K, Hazel J, Reich K, Kamezaki N (2014) Site fidelity, 
ontogenetic shift and diet composition of green turtles Chelonia mydas in Japan inferred 
from stable isotope analysis. Endanger Species Res 25:151-164 

11 

Hatase H, Takai N, Matsuzawa Y, Sakamoto W, Omuta K, Goto K, Arai N, Fujiwara T (2002) 
Size-related differences in feeding habitat use of adult female loggerhead turtles Caretta 
caretta around Japan determined by stable isotope analyses and satellite telemetry. Mar 
Ecol Prog Ser 233:273-281 

12 
Hatase H, Sato K, Yamaguchi M, Takahashi K, Tsukamoto K (2006) Individual variation in 
feeding habitat use by adult female green sea turtles (Chelonia mydas): are they 
obligately neritic herbivores? Oecologia 149:52-64 

13 

Cardona L, Clusa M, Eder E, Demetropoulos A, Margaritoulis D, Rees AF, Hamza AA, Khalil 
M, Levy Y, Turkozan O, Marin I, Aguilar A (2014) Distribution patterns and foraging 
ground productivity determine clutch size in Mediterranean loggerhead turtles. Mar Ecol 
Prog Ser 497:229-241 

14 
Carpentier AS, Booth DT, Arthur KE, Limpus CJ (2015) Stable isotope relationships 
between mothers, eggs and hatchlings in loggerhead sea turtles Caretta caretta. Mar Biol 
162:783-797 



Sea turtle conservation using barnacle isotopes 2018 

 

119  
 

15 
Prior B, Booth DT, Limpus CJ (2015) Investigating diet and diet switching in green turtles 
(Chelonia mydas). Aust J Zool 63:365-375 

16 
Goodman Hall A, Avens L, Braun McNeill J, Wallace B, Goshe LR (2015) Inferring long-
term foraging trends of individual juvenile loggerhead sea turtles using stable isotopes. 
Mar Ecol Prog Ser 537:265-276 

17 
Vander Zanden HB, Bjorndal KA, Reich KJ, Bolten AB (2010) Individual specialists in a 
generalist population: results from a long-term stable isotope series. Biol Lett 6:711-714 

  



120 
 

120  
 

Table S1.3. Number of geographic stable isotope studies of marine turtles, separated for each Regional Management Unit (RMU). Global IUCN status in brackets and year of assessment 
next to species name, and sub-population status is next to relevant RMUs in IUCN column. DD: data deficient; LC: Least Concern; NT: Near Threatened; VU: Vulnerable; EN: Endangered; CR: 
Critically Endangered. UN: Unassigned by IUCN (threat status for these RMUs is inferred from global status). Geo.: Studies that assign a specific geographic location to turtles. Hab.: Studies 
that identify habitat types (e.g. oceanic versus neritic feeding) rather than specific locations. Geo./Hab. colours represent the level of knowledge within each species RMU's where Red = 0 
studies. Yellow = 1-2 studies. Green = 3≤ studies. RMU Coverage: percentage of RMUs within each species that have at least one study of that type.  White cells indicate that RMU is not 
defined for that species (from Wallace et al. (2010)). IUCN colours represent threat level. Threat status from http://www.iucnredlist.org (accessed 15/08/16). 

Regional Management 
Units  

Flatback  
(DD - 1996) 

Green  
(EN - 2004) 

Hawksbill  
(CR - 2008) 

Kemp's Ridley  
(CR - 1996) 

Leatherback  
(VU - 2013) 

Loggerhead  
(VU - 2015) 

Olive Ridley  
(VU - 2008) 

IUCN Geo.  Hab. IUCN Geo.  Hab. IUCN Geo.  Hab. IUCN Geo.  Hab. IUCN Geo.  Hab. IUCN Geo.  Hab. IUCN Geo.  Hab. 

Atlantic                                           

East       UN 1 2 UN 0 0                   UN 0 0 

Northeast                               EN 0 1       

Northwest       UN 2 4       CR 0 1 LC 2 0 LC 10 12       

South Caribbean       UN 0 0                               

South Central       UN 0 0                               

Southeast                         DD 0 0             

Southwest       UN 1 1 UN 0 0       CR 0 0 LC 0 0       

West                                     UN 0 1 

Western Caribbean/USA             UN 0 0                         

Indian                                           

Northeast       UN 0 0 UN 0 0       DD 0 0 CR 0 0 UN 0 0 

Northeast (arribadas)                                     UN 0 0 

Northwest       UN 0 0 UN 0 0             CR 0 0       

Southeast UN 0 0 UN 0 0 UN 0 0             NT 0 0       

Southwest       UN 0 0 UN 0 0       CR 0 1 NT 0 0       

West                                     UN 0 0 

Mediterranean                                           

Mediterranean       UN 0 0                   LC 2 4       

Pacific                                           

East       UN 0 1 UN 0 0       CR 1 0       UN 0 1 

East (arribadas)                                     UN 0 0 

North                               LC 1 6       

North Central       LC 1 1 UN 0 0                         

Northwest       UN 1 2                               

South                               CR 0 0       

South Central       UN 0 1 UN 0 0                         

Southwest UN 0 0 UN 0 1 UN 0 0                         

West                         CR 1 0       UN 0 0 

West Central       UN 0 0 UN 0 0                         

West Pacific/S.E. Asia       UN 0 0 UN 0 0                         

RMU Coverage (%)   0.0 0.0   29.4 47.1   0.0 0.0   0.0 100   42.9 14.3   30.0 40.0   0.0 25.0 
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Appendix S2.1  

Equations for calculating barnacle age and sample age 

Equation S1. von Bertalanffy growth equation for Chelonibia testudinaria presented by 

Doell et al. (2017) 

𝐿 = 69.26(1 − 0.9907𝑒−0.003678𝑡) 

Equation S2. Rostrum:Length ratio 

𝑅: 𝐿 =  
𝑅𝑜𝑠𝑡𝑟𝑢𝑚

𝐿𝑒𝑛𝑔𝑡ℎ
 

Equation S3. Length at sample 

𝐿𝑒𝑛𝑔𝑡ℎ 𝑎𝑡 𝑠𝑎𝑚𝑝𝑙𝑒 (𝐿𝑠) =  
𝑅𝑜𝑠𝑡𝑟𝑢𝑚 𝑙𝑒𝑛𝑔𝑡ℎ − 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑏𝑎𝑠𝑒

𝑅: 𝐿
 

 

Equation S4. Barnacle age at capture (in days) from length; Note: substituting length (L) 

with calculated length at sample (Ls) gives ‘Age at sample’. 

𝐴𝑔𝑒 (𝑑𝑎𝑦𝑠) =  
ln (

−69.26 ∗ 0.9907
𝐿 − 69.26 )

0.003678
 

 

Equation S5. Sample days before capture 

𝑆𝑎𝑚𝑝𝑙𝑒 𝑑𝑎𝑦𝑠 𝑏𝑒𝑓𝑜𝑟𝑒 𝑐𝑎𝑝𝑡𝑢𝑟𝑒 = (𝑎𝑔𝑒 𝑎𝑡 𝑐𝑎𝑝𝑡𝑢𝑟𝑒) − (𝑎𝑔𝑒 𝑎𝑡 𝑠𝑎𝑚𝑝𝑙𝑒) 

Equation S6. Date at sample (median) 

𝐷𝑎𝑡𝑒 = 𝐶𝑎𝑝𝑡𝑢𝑟𝑒 𝑑𝑎𝑡𝑒 − 𝐴𝑔𝑒 𝑎𝑡 𝑠𝑎𝑚𝑝𝑙𝑒 

Example S1. Worked example: 

Capture date: 11-Jul-2015; Length: 32.72 mm;  

Rostrum: 12.0 mm; Sample distance from base: 2.51 mm 

1. R:L = 12.0/32.72  = 0.36675 

2. Ls =  (12.0 – 2.51)/0.36675  = 25.876 

3. Age at capture =  ln((-69.26*0.9907)/(32.72-69.26))/0.003678  = 171.3 

days 

4. Age at sample =  ln((-69.26*0.9907)/(25.876-69.26))/0.003678  = 124.7 

days 

5. Sample days before capture =  171.3 – 124.7  = 46.7 days 

6. Date at sample =  11/Jul/2015 – 47 days  = 25/May/2015 
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Table S2.1. Results of Linear Discriminant Analyses (reverse iterations only) using multiple methods to define calibration and validation datasets. Split method defines how each sample 
was selected for the calibration or validation datasets. Areas: the number of regions which were used as the grouping variable. Cal: The number of turtles and samples used in the calibration 
subset and; Val: in the validation subset. Assignment success per area is defined as the number of samples (S) and turtles (T) that were correctly assigned to the areas they were from. Overall 
Accuracy: the percentage of samples (S) and turtles (T) correctly assigned to their home area across all areas used. Mean Accuracy: the average percentage of samples (S) and turtles (T) that 
were assigned correctly across both directions. South & North groupings used where only two areas are included. Gladstone, Moreton, and Howick used in three area tests. 

Split 
method 

Areas 

Sample Sizes (N) Assignment success per area (%) Overall 
Accuracy 

(%) 

Mean 
accuracy 

(%) Turtles Samples 
South North 

Gladstone Hervey Moreton Howick 

  
Total Cal Val Total Cal Val S T S T S T S T S T S T 

Alternating 
samples 

(AS) 

4 27 26 25 93 46 47 50 50 67 75 71 80 100 100 72 76 71 78 

3 23 22 21 70 35 35 63 67 NA 92 89 93 100 83 90 85 86 

2 27 26 25 93 46 47 S = 94; T = 92 

 

100 100 97 92 97 94 

Alternating 
turtles (AT) 

4 27 13 14 93 49 44 78 75 0 0 42 40 100 100 55 57 53 59 

3 27 11 12 70 37 33 100 100 NA 83 80 100 100 94 92 88 91 

2 23 13 14 93 49 44 S = 94; T = 91 

 

100 100 97 93 97 93 
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Appendix S3:  

Chapter 5 Appendices 

 

Fig S1. Relationship between δ13Ccarbonate (dashed lines) and δ18Ocarbonate (solid lines) and temperature at varying salinity 
levels. Line colours represent the salinity level. The bottom (purple) line of each represents salinity at 32 ppt. Higher 
lines represent increasing increments of 1 ppt to a maximum (top/red) of 37 ppt. Black lines represent approximate 
oceanic salinity (35 ppt). 
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Appendix S4:  

Chapter 6 Appendices 

Calculating δ18Oseawater 

NW Atlantic Extra-tropics (Schmidt & LeGrande):  

δ18Oseawater = -19.5 × (0.565 × SSS) 

Global tropics (Schmidt & LeGrande):  

δ18Oseawater = -8.4 × (0.25 × SSS) 

**NW Australia SST (Chapter 5):  

δ18Oseawater = -28.21 × (0.809 × SSS) 

 

Calculating δ18Ocalcite 

NW Australia direct (no seawater isotopes composition needed) (Chapter 5):  

δ18Ocalcite = -21.59 + 0.81*SSS -0.28*SST 

**Rearranged balanomorph barnacle paleotemperature equation (Killingly and Newman 

1980) 

δ18Ocalcite = 
√2800∗𝑆𝑆𝑇+128977+14∗𝛿18𝑂𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟+437

14
 

Calculating δ13Ccalcite 

Δ13Ccalcite = 14.099 + 0.425*SSS 

**represents the stepwise calculations that were shown to be the most applicable to 

Eastern Australia in Pearson et al. Chapter 6. 
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R code for foraging area assignment and hotspot mapping 

## Processing Raster data to identify turtle origins 
library(raster) 
##### 
# 1) setup general query parameters 
# set as TRUE if you want to subset the Turtle data in anyway 
SubsetTheData <- FALSE 
# If you set SubsetTheData as TRUE specify how you want to subset the data 
# turn on in the same way as SubsetTheData 
when <- FALSE 
where <- FALSE 
who <- FALSE 
if(SubsetTheData){ 
  if(when){ 
    year <- x 
    month <- x 
    day <- x 
  } 
  if(where){ 
    location <- x 
    habitat <- x 
  } 
  if(who){ 
    indivs <- x 
  } 
} 
##### 
# 2) Read in the necessary raster data 
setwd('ISOSCAPE FILE LOCATION’) # whereever the data is stored 
### 
# At this point just trial a netCDF file as I've never used them before 
# apparently the function 'raster' works fine, but just to be sure 
pop <- raster('ISOSCAPE FILE NAME') 
plot(pop) 
### 
# OxygenFils <- list.files() # which files to bring in 
# CarbonFils <- list.files() # which files to bring in 
#  
# Oxygen <- stack(OxygenFils) # get those files and make them a stack 
# Carbon <- stack(CarbonFils) # get those files and make them a stack 
##### 
# 3) Manipulate raster data to get the rasters into a useable format 
# You can work on each element of the stack (just a list of rasters) 
# with arithmetic operations (just like a numeric vector) 
# mnOxy <- mean(Oxygen) # Whatever is required 
# mnCrb <- mean(Carbon) # Whatever is required 
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##### 
# 4) Import the turtle isotope data 
setwd('TURTLE ISOTOPE DATA FILE LOCATION') 
#TurtleFils <- list.files() # which files to bring in 
Turtle <- read.csv('TURTLE ISOTOPE FILE NAME') # bring in the data 
# These three lines subset your turtle data to whatever you've specified, if you've specified 
if(when){Turtle <- Turtle[which(Turtle$year %in% year & Turtle$month %in% month & 
Turtle$day %in% day),]} 
if(where){Turtle <- Turtle[which(Turtle$location %in% location & Turtle$habitat %in% 
habitat),]} 
if(who){Turtle <- Turtle[which(Turtle$ID %in% indivs),]} 
head(Turtle) 
##### 
# 5) Query the rasters of interest for appropriate locations where turtles may have 
originated 
# in a loop at the moment, need to work out how to optimise 
 
GroupOfInterest <- 'Type' # column name of the grouping variable 
RangeMin <- 'X18Omin' # column name of the minimum value 
RangeMax <- 'X18Omax' # column name of the maximum value 
GrpColNum <- which(colnames(Turtle) == GroupOfInterest) # which column (numerically) 
has the grouping variable 
MinColNum <- which(colnames(Turtle) == RangeMin) # which column (numerically) has the 
minimum value 
MaxColNum <- which(colnames(Turtle) == RangeMax) # which column (numerically) has the 
maximum value 
TurtleRasters <- list() # get a list ready to hold all reclassified rasters 
length(TurtleRasters) <-  length(unique(Turtle[,GrpColNum])) # get a list ready to hold all 
reclassified rasters 
names(TurtleRasters) <- unique(Turtle[,GrpColNum]) # get a list ready to hold all reclassified 
rasters 
for(a in 1:length(TurtleRasters)){ # get a list ready to hold all reclassified rasters 
  TurtleRasters[[a]] <- list() 
} 
# At the moment this only works for one layer, we can make it work for two fairly simply 
# but you don't need that at this point 
for(a in 1:nrow(Turtle)){ # run a for loop to query the raster for appropriate isotopic values 
  SubGroup <- Turtle[a, GroupOfInterest] # What is the subgroup we are concerned with for 
the a th turtle 
  tempIndex <- which(names(TurtleRasters) == SubGroup) # which element of the list should 
we save the raster generated for the a th individual 
    TurtleRasters[[tempIndex]][[(length(TurtleRasters[[tempIndex]]) + 1)]] <- # put in correct 
element and sub-element 
    reclassify(pop, # change to whatever is needed 
               c(-Inf, Turtle[a, MinColNum], 0, # any value below specified minimum becomes 0 
                 Turtle[a, MinColNum], Turtle[a, MaxColNum], 1, # any value within specified range 
becomes 1 
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                 Turtle[a, MaxColNum], Inf, 0)) # any value below specified maximum becomes 0 
} 
for(a in 1:length(TurtleRasters)){ # sum up all rasters (should generate heatmap) 
  TurtleRasters[[a]] <- sum(stack(TurtleRasters[[a]])) 
} 
# 6) Collate the data 
# 7) Export data 
 

 

 

 


