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I 

Abstract of the thesis 
 
The use of the stable isotopes of different chemical elements as intrinsic biogeochemical 
tracers offers a unique opportunity to infer information about the foraging and spatial 
ecology of large marine vertebrates from small tissue samples of alive or dead individuals. 
Historically, the most commonly used tracers to study the trophic ecology of marine 
species have been the stable isotope ratios of carbon (δ13C) and nitrogen (δ15N), since 
they allow to identify the contribution of different primary producers with distinct 
isotopic signatures to the diet of a consumer and to estimate the trophic position of species 
and individuals within an ecosystem. More recently, the use of these isotopic tracers to 
analyse the habitat use of marine animals has led to the inclusion of other chemical 
elements to explore new dimensions of the isotopic niche. Such is the case of the sulphur 
stable isotope ratio (δ34S) to differentiate between inshore/benthic habits from 
offshore/pelagic habits, and the oxygen stable isotope ratio (δ18O) to study migration 
patterns across areas with distinct salinity. Nevertheless, the advantages of using 
additional isotopic tracers to improve the definition of the isotopic niche will depend on 
the ecosystem and species involved and, particularly, on the existence and scale of 
environmental isotopic gradients that affect the stable isotope ratios in primary producers 
and along the respective food webs. Therefore, this thesis aims to assess the suitability of 
the δ34S and δ18O ratio as habitat tracers for two different aspects, (1) to evaluate the 
isotopic niche partitioning among species of the same community and (2) to identify 
individual movement patterns among isotopically distinct foraging grounds. To do this, 
the δ13C, δ15N, δ34S and/or δ18O ratios were analysed in two types of consumer tissues, 
bone of marine mammals and sea turtles and epidermis of sea turtles, inhabiting 
ecosystems with marked environmental isotopic gradients such as the Río de la Plata 
estuary, the Mauritanian coast and the North Atlantic Ocean-Mediterranean Sea system. 
On one hand, the addition of the δ18O and δ34S ratios to the δ13C and δ15N ratios allowed 
to better characterize the isotopic niche partitioning among marine consumers in an 
ecosystem with important inputs of freshwater and terrestrial particulate organic matter, 
since the spatial scale of the environmental isotopic gradients covered the area used by 
the species. However, this did not occur everywhere and hence, the inclusion of more 
tracers does not necessarily translate into an improvement of the characterization of the 
isotopic niche partitioning among species. On the other hand, the use of at least three of 
these intrinsic tracers allowed to identify individual specialization in habitat within 
populations, as well as to trace individual movements among isotopically distinct areas. 
Furthermore, accounting for as many physical and chemical processes as possible, both 
environmental and metabolic, is critical when using stable isotopes to assess the habitat 
use and trophic ecology of large marine vertebrates, as the isotopic ratios of the consumers 
can be jointly affected by many processes. Finally, results should be validated with other 
complementary research techniques, such as direct observations, satellite telemetry and 
genetic analysis. 
 
Keywords: habitat use, isotopic niche, marine megafauna, multi-element approach, stable 
isotope analysis. 
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Resumen de la tesis 
 
El uso de isótopos estables de diferentes elementos químicos como trazadores 
biogeoquímicos intrínsecos ofrece una oportunidad única para inferir información sobre 
la ecología trófica y espacial de grandes vertebrados marinos a partir de pequeñas 
muestras de tejido de individuos vivos o muertos. Históricamente, los trazadores más 
utilizados para estudiar la ecología trófica de las especies marinas han sido las 
proporciones de isótopos estables de carbono (δ13C) y nitrógeno (δ15N), ya que permiten 
identificar la contribución de diferentes productores primarios con distintas señales 
isotópicas a la dieta de un consumidor y estimar la posición trófica de especies e 
individuos dentro de un ecosistema. Más recientemente, el uso de estos trazadores 
isotópicos para analizar el uso del hábitat de los animales marinos ha llevado a la inclusión 
de otros elementos químicos para explorar nuevas dimensiones del nicho isotópico. Tal 
es el caso de los isótopos estables de azufre (δ34S) para diferenciar entre hábitos 
costeros/bentónicos de aquellos oceánicos/pelágicos, y los de oxígeno (δ18O) para 
estudiar patrones de migración a través de áreas con distinta salinidad. Sin embargo, las 
ventajas de usar trazadores isotópicos adicionales para mejorar la definición del nicho 
isotópico dependerán del ecosistema y especies involucradas y, particularmente, de la 
existencia y escala de gradientes isotópicos ambientales que afecten las relaciones de 
isótopos estables en productores primarios y a lo largo de las respectivas redes tróficas. 
Por lo tanto, esta tesis tiene como objetivo evaluar la idoneidad de los valores de δ34S y 
δ18O como trazadores de hábitat en dos aspectos diferentes, (1) para evaluar la partición 
del nicho isotópico entre especies de la misma comunidad y (2) para identificar patrones 
de movimiento individuales entre áreas de alimentación isotópicamente distintas. Para 
ello, se analizaron los valores de δ13C, δ15N, δ34S y/o δ18O en dos tipos de tejidos de 
consumidores, hueso de mamíferos marinos y tortugas marinas y epidermis de tortugas 
marinas, que habitan ecosistemas con gradientes isotópicos ambientales marcados como 
el estuario del Río de la Plata, la costa de Mauritania y el sistema Atlántico Norte-Mar 
Mediterráneo. Por un lado, la inclusión de los valores de δ18O y δ34S a los de δ13C y δ15N 
permitió mejorar la caracterización de la partición del nicho isotópico entre consumidores 
marinos en un ecosistema con importantes aportes de agua dulce y materia orgánica 
particulada terrestre, ya que la escala espacial de los gradientes isotópicos ambientales 
cubría el área utilizada por las especies. Sin embargo, esto no ocurrió en todas partes y, 
por lo tanto, la inclusión de más trazadores no necesariamente se traduce en una mejora 
en la caracterización del nicho isotópico entre especies. Por otra parte, el uso de al menos 
tres de estos trazadores intrínsecos permitió identificar la especialización individual 
dentro de las poblaciones, así como rastrear los movimientos individuales entre áreas 
isotópicamente distintas. Además, tener en cuenta tantos procesos físicos y químicos 
como sea posible, tanto ambientales como metabólicos, es fundamental cuando se utilizan 
isótopos estables para evaluar el uso del hábitat y la ecología trófica de los grandes 
vertebrados marinos, ya que las proporciones isotópicas de los consumidores pueden 
verse afectadas conjuntamente por diversos procesos. Finalmente, los resultados deberían 
validarse con otras técnicas de investigación complementarias, como observaciones 
directas, telemetría satelital y análisis genéticos. 
 
Palabras clave: análisis de isótopos estables, enfoque multi-elemento, nicho isotópico, 
megafauna marina, uso de hábitat. 
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Resum de la tesi 

 
L'ús d'isòtops estables de diferents elements químics com traçadors biogeoquímics 
intrínsecs ofereix una oportunitat única per inferir informació sobre l'ecologia espacial i 
d'alimentació de grans vertebrats marins a partir de mostres de teixit d'individus vius o 
morts. Històricament, els traçadors més utilitzats per estudiar l'ecologia tròfica de les 
espècies marines han estat les proporcions d'isòtops estables de carboni (δ13C) i nitrogen 
(δ15N), ja que permeten identificar la contribució de diferents productors primaris amb 
diferents senyals isotòpics a la dieta d'un consumidor i estimar la posició tròfica d'espècies 
i d'individus dins d'un ecosistema. Més recentment, l’ús d’aquests traçadors isotòpics per 
analitzar l’ús de l’hàbitat dels animals marins ha portat a la inclusió d’altres elements 
químics per explorar noves dimensions del nínxol isotòpic. Aquest és el cas dels isòtops 
estables de sofre (δ34S) per diferenciar entre hàbits costaners/bentònics d'hàbits 
oceànics/pelàgics i els d'oxigen (δ18O) per estudiar patrons de migració a través d'àrees 
de diferent salinitat. No obstant això, els avantatges d'usar traçadors isotòpics addicionals 
per millorar la definició del nínxol isotòpic dependran de l'ecosistema i les espècies 
involucrades, particularment de l'existència i l'escala de gradients isotòpics ambientals 
que afectin les relacions d'isòtops estables en productors primaris i al llarg de les 
respectives xarxes tròfiques. Per tant, aquesta tesi té com a objectiu avaluar la idoneïtat 
dels valors de δ34S i δ18O com a traçadors d’hàbitat en dos aspectes diferents, (1) per 
avaluar la partició del nínxol isotòpic entre espècies de la mateixa comunitat i (2) per 
identificar patrons de moviment individuals entre àrees d'alimentació isotòpicament 
diferents. Per això, es van analitzar els valors de δ13C, δ15N, δ34S i/o δ18O en dos tipus de 
teixits animals, os de mamífers marins i tortugues marines i epidermis de tortugues 
marines, que habiten ecosistemes amb gradients isotòpics ambientals com l’estuari de Riu 
de la Plata, la costa de Mauritània i el sistema Atlàntic Nord-Mar Mediterrani. D'una 
banda, la inclusió dels valors de δ18O i δ34S als de δ13C i δ15N va permetre millorar la 
caracterització de la partició del nínxol isotòpic entre consumidors marins en un mateix 
ecosistema amb importants aportacions d'aigua dolça i matèria orgànica particulada 
terrestre, ja que l'escala espacial dels gradients isotòpics ambientals cobria l'àrea utilitzada 
per les espècies. Tanmateix, això no va passar a tot arreu i, per tant, la inclusió de més 
traçadors no necessàriament es tradueix en una millora en la caracterització del nínxol 
isotòpic entre espècies. D'altra banda, l'ús d'almenys tres d'aquests traçadors intrínsecs va 
permetre identificar l'especialització individual dins de les poblacions i rastrejar els 
moviments individuals entre àrees isotòpicament diferents. A més, tenir en compte tants 
processos físics i químics com sigui possible, tant ambientals com metabòlics, és 
fonamental quan s'utilitzen isòtops estables per avaluar l'ús de l'hàbitat i l'ecologia tròfica 
dels grans vertebrats marins, ja que les proporcions isotòpiques dels consumidors es 
poden veure afectades conjuntament per diversos processos. Finalment, els resultats 
s'haurien de validar amb altres tècniques de recerca complementàries, com a observacions 
directes, telemetria satel·lital i anàlisis genètiques. 
 
Paraules clau: anàlisi d'isòtops estables, enfocament multi-element, nínxol isotòpic, 
megafauna marina, ús de l'hàbitat. 
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1. General Introduction 

 Large marine vertebrates spend most of their time underwater and perform long-

distance migrations between their feeding and breeding or calving grounds, which can be 

hundreds to thousands of kilometres apart (Hays and Scott, 2013; Modest et al., 2021). 

Consequently, the use of traditional methods to study their habitat use, such as ship-based 

observations for marine mammals and flipper-tagging for sea turtles, is often challenging 

due to the inherent constraints of working in the marine environment, including a difficult 

access, low encounter rates and high economic costs (Newsome et al., 2010; Ramos and 

González-Solís, 2012).  

 New technologies like satellite telemetry have allowed to remotely monitor the 

movements of marine animals with a high precision, thus generating new knowledge 

about habitat use of numerous marine species worldwide (Hussey et al., 2015). However, 

despite the undeniable advantages offered by these techniques, there are several 

limitations to consider. Animal-borne telemetry devices can potentially affect the 

behaviour of individuals and compromise the data collected if is not properly chosen and 

handled (Newsome et al., 2010; Kingsbury and Robinson, 2016). They also come with a 

high economic cost that limits the sample size, along with the difficulties to find and 

retain individuals; plus, data collection depends mostly on the survival of the animal and 

the correct functioning of the device (Kingsbury and Robinson, 2016). In addition, they 

often provide biased information towards species and life stages that are easier to find, 

capture and handle, leaving information gaps on other species and components of the 

population (Newsome et al., 2010; Balmer et al., 2014). For instance, satellite tracked sea 

turtles have provided new knowledge about migration patterns, population dynamics and 

the connection between rookeries and foraging grounds (e.g., Eckert et al., 2008; Abalo-

Morla et al., 2023), but the primary focus of most of these studies is on adult females 

nesting in accessible beaches, providing limited information on juveniles and males (Hays 

and Hawkes, 2018; Fuentes et al., 2023). 

Overall, the difficult access to living specimens restrains the in-situ study of large 

marine vertebrates, whereas other techniques such as the analysis of intrinsic 

biogeochemical tracers can offer a viable and minimally invasive alternative to obtain 

information on elusive species, using only a small tissue sample from either dead or alive 

individuals (Rubenstein and Hobson, 2004). In this context, the stable isotope ratios of 
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several chemical elements have become one of the most widely used intrinsic tracers to 

make inferences about the trophic and spatial ecology of species and individuals and even 

to complement the information obtained with other research techniques (Newsome et al., 

2010; West et al., 2010; Haywood et al., 2019).  

1.1. Stable isotope analysis  

Many chemical elements exist in more than one stable form, which differ from 

each other in their atomic mass due to a distinct number of neutrons in the nucleus. Since 

the number of protons and electrons remains the same, this only affects their physical 

properties in chemical reactions, leading to variations in the ratio of heavy to light 

isotopes between a source and the respective product. This difference is known as isotopic 

fractionation (Wassenaar, 2019; Ben-David and Flaherty, 2012).  

There are two main types of fractionation processes; the equilibrium fractionation 

happens in fully or partially reversible reactions, whereas the kinetic fractionation occurs 

in unidirectional or irreversible reactions and is usually much larger than the former 

(Michener and Lajtha, 2007; Ben-David and Flaherty, 2012). In any case, the isotopic 

ratios of a chemical element in an organic molecule can be measured using a thermal 

ionization mass spectrometer, which transforms the organic compound into inorganic 

gaseous molecules that are separated based on mass, obtaining abundance estimates for 

each mass as a ratio count expressed in delta (δ) notation. This value is then compared to 

that of an internationally recognized standard to make all values comparable (Michener 

and Lajtha, 2007; Ben-David and Flaherty, 2012). Consequently, the product of a 

fractionation process can be “enriched” (show higher δ values) or “depleted” (show lower 

δ values) in the heavy isotope with respect to the source (Michener and Lajtha, 2007).  

The use of stable isotope ratios as tracers in ecology is based on the fact that stable 

isotope ratios in consumers are determined by those in their diet, modified according to 

the fractionation of the metabolic chemical reactions and the routing of chemical elements 

across metabolic pathways (Pecquerie et al., 2010). In this context, the trophic 

discrimination factor (TDF), also known as diet-to-tissue discrimination factor (DTDF), 

represents the difference between the stable isotope ratio of the diet and that of the 

consumer’s tissues (McCutchan Jr. et al., 2003; Vander Zanden et al., 2015). 
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The stable isotope ratios of carbon (13C/12C; hereon as δ13C) and nitrogen 

(15N/14N; hereon as δ15N) have been commonly used for diet reconstruction over the past 

few decades (Newsome et al., 2010; Layman et al., 2012). The sulphur stable isotope ratio 

(34S/32S; hereon as δ34S) is mostly used in combination with δ13C and δ15N as a habitat 

tracer, whereas the oxygen stable isotope ratio (18O/16O; hereon as δ18O) is often used for 

paleoclimate reconstruction but is less common as a habitat tracer for large marine 

vertebrates (Newsome et al., 2010).  

As mentioned above, the stable isotope ratios in consumers are determined by 

those in the diet plus the discrimination resulting from several metabolic and 

environmental processes, which depend on factors such as the available sources of each 

chemical element to primary producers, the physiological processes used by the 

organisms to assimilate these sources, the position of the consumer in the food web and 

the type of tissue used in the analysis (Ben-David and Flaherty, 2012).  

The following subsections present the basis of the stable isotopes of each chemical 

element used in this thesis and the factors that generate the respective environmental 

gradients, which are necessary for their use as habitat tracers. 

1.1.1. Carbon stable isotope ratio (δ13C)  

The δ13C ratio of a consumer results mostly from its diet, which in turn reflects 

the primary source of carbon at the base of the food web since different groups of primary 

producers differ in their discrimination against the CO2 molecules carrying the 13C isotope 

during photosynthesis (Peterson and Howarth, 1987; Michener and Lajtha, 2007). 

Terrestrial primary producers with a C3 metabolism (i.e., those relying on CO2 diffusion 

into photosynthetic cells and the Calvin cycle with the ribulose bisphosphate carboxylase, 

or RuBisCO, as the carbon fixing enzyme) show a high discrimination against CO2 

molecules carrying the 13C and hence, are characterized by δ13C values lower than -24 ‰ 

(Table 1). On the other hand, those relying on a C4 metabolism (i.e., those using the 

Hatch-Slack pathway with the phosphoenolpyruvate carboxylase, or PEPC, as the carbon 

fixing enzyme) have δ13C values ranging from -14 to -10 ‰ (Table 1), since PECP has a 

lower discrimination between carbon molecules than RuBisCO (Falkowski and Raven, 

2007; Ben-David and Flaherty, 2012). Likewise, primary producers using the 

crassulacean acid metabolism (CAM), an adaptation that combines PECP and RuBisCO 
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as carbon fixing enzymes to improve photosynthetic performance in water-limiting 

environments (Cushman and Borland, 2002), also show a lower discrimination against 

the CO2 molecules carrying the heavier C isotope and hence have higher δ13C ratios than 

C3 plants (Table 1; Falkowski and Raven, 2007; Ben-David and Flaherty, 2012). In 

general, C3 plants prevail in most terrestrial ecosystems, with C4 plants dominating 

vegetation only in some tropical grasslands and CAM plants in some xeric ecosystems 

(Falkowski and Raven, 2007). 

  

Table 1.1. Comparison between the different types of photosynthetic pathways found in 

terrestrial and aquatic primary producers (Falkowski and Raven, 2007) 

Type of 
metabolism C3 C4 CAM 

Photosynthetic 
pathways Calvin Cycle Hatch-Slack Pathway Both 

Carbon-fixing 
enzyme 

RuBisCO 
(ribulose-1,5-bisphosphate 

carboxylase/oxygenase) 
PEPC 

(phosphoenolpyruvate 
carboxylase) 

Both  

Fractionation 
factor (α) 

High discrimination against 
13

C 
Less discrimination 

against 
13

C 
Depending on the 

metabolic path 
activated 

Type of carbon 
used in 

photosynthesis 
Terrestrial: atmospheric CO2 

Marine: dissolved inorganic carbon (mostly HCO3
-
) 

δ
13

C values 
Terrestrial: 

- 33 to - 24 ‰ 
Marine: 

- 24 to - 18 ‰ 
- 14 to - 10 ‰ - 25 to - 10 ‰ 

 

In the marine environment, just like on land, most primary producers rely on the 

C3 metabolism, including the vast majority of marine macroalgae, diatoms, 

dinoflagellates and coccolithophores, as well as some seagrasses (Raven et al., 2002; 

Reinfelder, 2011). On the other hand, a C4-like metabolism has been reported in a few 

diatom and macroalgae species and in several seagrasses (Reinfelder, 2011; Larkum et 

al., 2017; Liu et al., 2020), whereas some cyanobacteria and algae, along with other 

species inhabiting intertidal zones, can change to a C4 or CAM-like metabolism under 

high stress conditions, which likely affects the δ13C values of their tissues (Reinfelder et 

al., 2000; Raven and Beardall, 2003; Falkowski and Raven, 2007). However, marine 

primary producers are often more enriched in 13C compared to terrestrial primary 

producers using the same photosynthetic pathway, because their primary source of 
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inorganic carbon is naturally more enriched in 13C than the atmospheric CO2 (Zeebe and 

Wolf-Gladrow, 2001). 

Atmospheric CO2 is the main carbon source available for terrestrial primary 

producers, while marine primary producers have access to a pool of dissolved inorganic 

carbon (DIC) in different chemical forms, depending on the temperature and pH of the 

water where they grow (Zeebe and Wolf-Gladrow, 2001; Emerson and Hedges, 2008). 

Initially, the diffusion of gaseous CO2 from the atmosphere to the water forming aqueous 

CO2 involves only a small isotopic fractionation, but the products of the subsequent 

hydration reactions (equations 1-3), namely carbonic acid (H2CO3), bicarbonate (HCO3
-) 

and carbonate (CO3
2-), get gradually enriched in 13C due to the “equilibrium isotope 

effects”. This is because the stronger and more stable chemical bonds of the molecules 

carrying the heavier 13C isotope are more likely to be incorporated into the products of 

each reaction (Figure 1.1; Zeebe, 2014). In general, most marine primary producers rely 

on HCO3
- as the main C source and use different carbon-concentrating mechanisms to 

convert it into CO2 to decrease photorespiration and increase photosynthetic efficiency 

(Figure 1.1; Reinfelder, 2011). As HCO3
- is naturally enriched in 13C compared to 

atmospheric CO2, the δ13C ratio of marine primary producers tends to be higher than that 

of their equivalents on land (Table 1; Figure 1.1; Emerson and Hedges, 2008). 

𝐶𝐶𝐶𝐶2 (𝑎𝑎𝑎𝑎)  +  𝐻𝐻2𝐶𝐶 
α1
↔  𝐻𝐻2𝐶𝐶𝐶𝐶3     (1) 

𝐻𝐻2𝐶𝐶𝐶𝐶3  
α2
↔  𝐻𝐻𝐶𝐶𝐶𝐶3−  +  𝐻𝐻+      (2) 

𝐻𝐻𝐶𝐶𝐶𝐶3−  
α3
↔  𝐶𝐶𝐶𝐶32−  +  𝐻𝐻+      (3) 

Nevertheless, the use of the different forms of dissolved C in the marine 

environment will depend on the availability of aqueous CO2 relative to the rates of 

primary production. The slow diffusion of aqueous CO2 and its rapid hydration with the 

water molecules (Zeebe, 2014) make it a limiting factor for photosynthesis; thus, its 

accessibility for biological processes becomes highly dependent on physical factors such 

as the water turbulence, the thickness of the boundary layer and the surface area-to-

volume ratio of primary producers (Finlay et al., 1999; Falkowski and Raven, 2007). For 

instance, sheltered regions allow the formation of thick boundary layers that limit the CO2 

diffusion, making it less accessible for primary producers and especially for those with a 
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low surface-to-volume ratio. On the contrary, high water turbulence constantly removes 

the boundary layer and enhances CO2 supply, facilitating its diffusion towards primary 

producers and especially for those with a high surface-to-volume ratio (Finlay et al., 1999; 

Schlichting and Gersten, 2016). As a result, phytoplankton is typically depleted in 13C 

compared to macroalgae, which in turn are depleted in 13C compared to C3 seagrasses 

(Raven et al., 2002; Reinfelder, 2011; Larkum et al., 2017; Liu et al., 2020). Similarly, 

low light availability reduces the CO2 demand due to lower photosynthetic activity and 

hence, macroalgae growing in colder mesophotic habitats are often characterized by δ13C 

values in the range of terrestrial C3 plants (Raven and Beardall, 2003). 

 From the above follows that the δ13C values of consumers are typically higher in 

more productive coastal regions compared to oceanic regions, whereas deep waters with 

low primary production are associated with low δ13C values, as the abundance and 

contribution of 13C-enriched primary producers to the total C pool fuelling the food web 

declines (Figure 1.1; Rubenstein and Hobson, 2004; Newsome et al., 2010). Furthermore, 

it is possible to identify the influence of upwelling-derived phytoplankton in a consumer´s 

diet, because the high photosynthetic activity derived from these blooms rapidly depletes 

the aqueous CO2, forcing the use of other 13C-enriched forms of DIC as a C source and 

producing a local increase of δ13C values (Newsome et al., 2010; Carlier et al., 2015).  

Finally, some confounding factors in the interpretation of a consumer’s δ13C 

values include the diet-to-tissue discrimination along the food web and the alteration of 

the inshore-offshore δ13C gradient, either by the input of large amounts of terrestrial 

detritus bringing 13C-depleted organic matter into coastal areas, or by the preferential 

uptake of molecules carrying the 12C isotope during photosynthesis which can increase 

the concentration of molecules with the 13C isotope in the surrounding surface waters, 

especially during coastal blooms (Rubenstein and Hobson 2004; Michener and Lajtha 

2007; Newsome et al., 2010). Therefore, knowing the available C sources and the primary 

producers that make up the ecosystem will reduce the uncertainty associated with the use 

of δ13C values to make inferences on the trophic ecology and habitat use of consumers. 
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Figure 1.1. General features of the carbon diffusion between atmosphere and water, 

showing some of the fractionation factors (α) involved in the carbon fixation process by 

primary producers, where αd corresponds to the fractionation resulting from the CO2 

diffusion between air and water, αeq1/αeq2/αeq3 correspond to the fractionation observed 

due to the “equilibrium isotope effect”, and αC3/αC4 correspond to the fractionation of the 

respective carbon fixing enzyme (C3 or C4 metabolism). The thick green arrows represent 

the direction in which the δ13C values tend to increase along the coastal-oceanic gradient 

(horizontal arrow) and between deep and surface waters (vertical arrow), assuming no 

significant terrestrial input. 

1.1.2. Nitrogen stable isotope ratio (δ15N)  

 Similarly to carbon, the only source of N for consumers comes through the diet 

and it also presents diet-to-tissue discrimination against the heavy 15N isotope (Post, 

2002). In this case, the largest global nitrogen reservoir is atmospheric nitrogen (N2), 

which has δ15N values close to 0.0 ‰ and, since the rate of nitrogen supply limits 

important biological reactions such as plant growth, available nitrogen is often used 

without fractionation (Peterson and Fry, 1987). Nevertheless, both terrestrial and marine 

primary producers rely exclusively on dissolved inorganic nitrogen (DIN) for their 

biological processes, especially ammonium and nitrate, which are products of the 

microbial fixation of N2 molecules (Newton, 2007).  
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On one hand, atmospheric N2 is transformed into ammonia (NH3) or ammonium 

(NH4
+) by N-fixating organisms called diazotrophs (Newton, 2007; Pierella Karlusich et 

al., 2021), a process that occurs with little isotope fractionation and hence, the δ15N values 

of the produced NH3/NH4
+ are also close to 0.0 ‰ (Figure 1.2; Peterson and Fry, 1987). 

On the other hand, NH4
+ is converted into nitrite (NO2

-) and then into nitrate (NO3
-) by 

ammonia- and nitrite-oxidizing bacteria, respectively, during the nitrification process. 

Since the lighter 14N isotope is preferentially used in microbial processes, the NO2
-, NO3

- 

and the remaining pool of NH4
+ become enriched in 15N (Figure 1.2; Peterson and Fry, 

1987; Boyer and Howarth, 2013). However, the largest fractionation of bioavailable 

inorganic N comes from the denitrification process, which is the microbial reduction of 

NO3
- into nitrogen gas (N2 or N2O), which is released back into the atmosphere. This is 

because the chemical bonds of the NO3
- and NO2

- with the lighter 14N isotope are easier 

to break, leaving behind a 15N-enriched pool of DIN with δ15N values that can exceed the 

+10.0 ‰, depending on the local microbial activity, which is highest in anoxic or O2-

depleted environments (Figure 1.2; Peterson and Fry, 1987).  

Likewise, the δ15N ratio also increases consistently along the food web due to a 

process called “trophic enrichment” (Post, 2002). Higher-level consumers (predators) 

obtain their nitrogen supply from lower-level consumers (prey), and primary consumers 

(herbivores) acquire their N from primary producers (Figure 1.2). In each case, biological 

processes such as protein synthesis and nitrogen excretion show a preferential use of 

molecules carrying the lighter isotope and leave the 15N-enriched molecules in the 

consumer’s tissues. Therefore, as the nitrogen moves up the food chain the δ15N values 

typically increase with a mean trophic discrimination factor (TDF) of 3.4 ‰ per trophic 

position (Post, 2002), although this factor can vary depending on the available sources of 

DIN, the type of primary producers and the species that make up the food web. 

Consequently, the input of sewage into coastal environments can increase the δ15N values 

of nearby waters and thus alter the respective values of all organisms feeding in the area 

(Figure 1.2; McClelland and Valiela, 1998). In addition, differences in the turnover rate 

between the tissues analysed for prey and predator can also produce an offset on the TDF, 

which is calculated as a diet-to-tissue δ15N discrimination factor (Turner Tomaszewicz et 

al., 2017a). 
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In general, the δ15N ratio is a highly useful tool to study the trophic ecology of 

marine consumers, providing a convenient method to assess the trophic position of 

species and individuals within an ecosystem (Post, 2002).  

Figure 1.2. General reactions within the nitrogen cycle resulting in the formation of 

biologically available forms of nitrogen: I. Nitrogen fixation by diazotrophs, converting 

atmospheric N2 into ammonium (NH4
+) with little to no isotope fractionation; II. 

Nitrification, a two steps process where NH4
+ is oxidized into nitrite (NO2

-) and then into 

nitrate (NO3
-) by ammonia- and nitrite-oxidizing bacteria, resulting in a slight enrichment 

in 15N with each reaction; III. Denitrification, the reduction of NO3
- into atmospheric 

N2, resulting in a larger enrichment in 15N. The products of I and II are used by terrestrial 

and aquatic primary producers in their biological processes, and the predominance of each 

reaction and the resulting δ15N values will depend on the oxidative state of the 

environment and the microbial activity. The thick orange arrow shows the trophic 

enrichment observed for the δ15N values along a typical pelagic food web, starting with 

the absorption of bioavailable N, such as NH4
+ or NO3

-, by primary producers and 

increasing towards higher-level consumers, such as sea turtles, due to the preferential use 

of the lighter isotope in biological processes. 

1.1.3. Sulphur stable isotope ratio (δ34S) 

The δ34S ratio is often used in combination with the δ13C and δ15N ratios as a 

complementary habitat tracer to separate between marine species with benthic and pelagic 
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habits (Haywood et al., 2020a; Borrell et al., 2021). This is because of the redox gradient 

7often formed from the more oxidizing conditions in offshore/pelagic regions, mostly due 

to a continuous vertical mixing of the water column, to the more reducing and hypoxic or 

anoxic conditions of sediments found in sheltered areas (Peterson et al., 1985; Connolly 

et al., 2004).  

Biologically available S can be either as sulphates (SO4
2-), if formed under aerobic 

conditions, or as sulphides (S2-), if formed under anaerobic conditions (Peterson and 

Howarth, 1987; Canfield, 2001). Sulphate in the atmosphere can originate from several 

natural sources such as sea spray, volcanic emissions and the oxidation of sulphur gases, 

as well as from anthropogenic inputs through the burning of fossil fuels and other 

industrial pollutants (Eckardt, 2001; Liu et al., 2021). In terrestrial ecosystems, SO4
2- 

reaches the substrate primarily through atmospheric deposition (i.e., rain, snow, dust and 

aerosol particles) and with the continuous decomposition of organic matter. These 

processes promote anaerobic conditions in the soil, where the microbial SO4
2- reduction 

uses preferentially the lighter 32S molecules producing isotopically light S2- that can be 

assimilated by rooted plants (Figure 1.3; Peterson et al., 1985; Canfield, 2001). Similar 

conditions prevail in hypoxic or anoxic soft bottoms, particularly in estuaries, tidal 

marshes and other sheltered habitats with fine sediments (Figure 1.3; Peterson et al., 

1985). On the other hand, seawater SO4
2- originates mainly from the weathering of 

sulphate-bearing minerals and terrestrial rocks, volcanic emissions and the oxidation of S 

compounds in the water. Other sources of S into the ocean are the river inputs from land 

and deep-sea hydrothermal vents, both bringing reduced S2- that produce a local decrease 

in δ34S values which, as they get mixed in the water column, will eventually become part 

of the marine SO4
2- pool when oxidized (Peterson et al., 1985; Eckardt, 2001). Despite 

these local changes in δ34S values, dissolved SO4
2- is one the most abundant ions in 

seawater and its long residence time allows for the ocean to act as a large and well-mixed 

reservoir, integrating the various S sources into consistent isotopic values close to +20.0 

‰ over large periods of time (Peterson and Howarth, 1987; Connnolly et al., 2004). 

Therefore, consumers in marine pelagic food webs relying on phytoplankton and 

unrooted macrophytes, such as macroalgae, will consistently show higher δ34S values in 

comparison to those from benthic and coastal communities, especially those supported by 

rooted macrophytes such as seagrasses and mangroves (Figure 1.3; Peterson, 1999; 

Connolly et al., 2004).  
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 As in the previous cases, the acquisition of S by consumers also comes from the 

diet, but the diet-to-tissue discrimination factor of this chemical element is poorly known. 

The initial use of terrestrial and freshwater food sources to estimate the δ34S fractionation 

factor led to the wrong conclusion that it was small in comparison to environmental 

differences (Peterson and Howarth, 1987; McCutchan Jr. et al., 2003), but recent research 

suggests that it is largely dependent on the δ34S values of the diet (Raoult et al., 2024). 

For instance, trophic fractionation seems to be much higher in consumers relying on 

marine food sources with δ34S values close to +20 ‰, than those using terrestrial food 

sources with δ34S values close to +8 ‰ (Florin et al., 2010; Raoult et al., 2024).  

 
 Figure 1.3. General distribution of the most abundant sulphur molecules (thin arrows) 

and of the δ34S values (thick green arrow) according to the oxidative state and the 

biological processes taking place in each habitat. The constant accumulation of organic 

matter (O.M.) in terrestrial soils and marine sediments, combined with microbial 

decomposition creates hypoxic and anoxic conditions where SO4
2- is rapidly reduced to 

S2-, which involves a large fractionation (αred) due to the preferential use of the lighter 32S 

isotope by microbes. This results in S2- with low δ34S values that are assimilated by rooted 

plants. On the contrary, the well-mixed water column of the open ocean allows for the 
34S-enriched SO4

2- to be the most common S source for pelagic primary producers, 

unrooted macrophytes and those attached to rocks.  
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 Oxygen stable isotope ratio (δ18O) 

In a global spatial scale, the δ18O values of the different water sources depend on 

the hydrological cycle (Figure 1.4; Gat, 1996). Phase changes (i.e., vapor to liquid to ice 

and vice versa) have an estimated fractionation of about ± 5 ‰ due to different diffusion 

rates between molecules carrying the lighter and heavier O isotopes. Thus, the preferential 

evaporation of the lighter molecules causes precipitation of rain and snow to be 18O-

depleted, whereas the remaining water pool gets enriched in 18O, especially in warmer 

regions with higher surface evaporation rates (Gat, 1996). On the other hand, 

photosynthesis produces O2 with similar δ18O values to that of the water used in the 

reaction (Luz and Barkan, 2011 and references therein) and respiration removes 

preferentially the lighter 16O molecules from the atmosphere, leaving the heavier 18O 

molecules behind. As a result, atmospheric O2 is naturally enriched by a factor of about 

+20.0 ‰ compared to seawater O2, which is known as the “Dole effect” (Kiddon et al., 

1993; Luz and Barkan, 2011). This large-scale variations in the δ18O composition of water 

sources are useful to track individual migrations, but the use of this intrinsic tracer to 

make dietary inferences along a food web requires a closer look into regional hydrological 

processes as well as relevant metabolic pathways used by the involved organisms (Vander 

Zanden et al., 2016). 

Water used by terrestrial primary producers comes from local precipitation and 

typically shows low δ18O values, which are incorporated into plant tissues through 

photosynthesis with little fractionation (Gat, 1996). River water also comes primarily 

from precipitation and hence, in estuarine regions, river runoff brings water with low δ18O 

values as well as terrestrial plant detritus with a similar isotopic signal into coastal areas 

(Figure 1.4; Gat, 1996). On the other hand, ocean waters are relatively enriched in 18O 

due to the preferential evaporation of the lighter molecules, especially in surface waters 

(Hoefs, 2018). As in the previous case, this isotopic signal is incorporated into marine 

primary producers through photosynthesis with little fractionation and then transferred 

into marine consumers through their prey. Thus, in a typical estuary, the δ18O values will 

gradually increase from the river mouth towards the open ocean, creating a horizontal 

gradient that allows to differentiate between consumers feeding in different parts of the 

ecosystem (Gat, 1996; Vander Zanden et al., 2016). Furthermore, in coastal and oceanic 

regions without any significant river input, regional variations in the δ18O values of 
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surface waters can be caused by temperature changes, since warmer regions have a higher 

evaporation rate which can increase the δ18O values locally and along the respective food 

web (Gat, 1996; Hoefs, 2018). In some cases, the resulting δ18O gradient can be related 

to local variations in salinity, since they are controlled by the same processes (e.g., higher 

evaporation rates in surface waters, freshwater inputs). Hence, in the upper water layers 

where most marine vertebrates feed, a positive and linear relationship between the δ18O 

values and the salinity has been described in several water masses across different oceans 

(LeGrande and Smith, 2006; Conroy et al., 2014; Belem et al., 2019) and occasionally, 

this relationship seems to hold at great depths (Belem et al., 2019). This has provided the 

basis for numerous studies on the migration ecology and habitat use of several marine 

species (e.g., Trueman et al., 2012; Matthews et al., 2016; Drago et al., 2020). 

The trophic fractionation of the δ18O values is small compared to environmental 

gradients, but it can still play an important role when studying the trophic ecology of 

individuals (Gat, 1996). In both terrestrial and marine ecosystems, the main source of O 

in a consumer’s tissues, and hence the main determinant of their δ18O values, is the 

ingested water (H2O), either through the diet or by direct drinking (Vander Zanden et al., 

2016). For air-breathing organisms, the isotopic enrichment caused by the inhaled O2 used 

in respiration can vary with temperature and O2 concentration, but it is relatively low 

despite atmospheric O2 being naturally enriched in 18O (Kiddon et al., 1993). On the other 

hand, the solubility of O2 in water, and thus its concentration, decreases as temperature 

increases, resulting in a lower discrimination between 16O and 18O molecules in biological 

processes at higher temperatures (Tobias et al., 2007; Hoefs, 2018). Furthermore, the 

resulting δ18O values of the tissues of ectothermic consumers can be more affected by 

changes in environmental temperature than those of endothermic consumers, which may 

produce tissues with more consistent δ18O values independently of the environmental 

temperature (Kiddon et al., 1993).   
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Figure 1.4. General distribution of the oxygen stable isotopes (16O/18O) through the main 

biological and physical processes of a typical ecosystem. Thin blue arrows indicate the 

phase changes of water within the hydrological cycle, where downward arrows indicate 

precipitation and upward arrows indicate evaporation. The preferential use of 16O2 

molecules in respiration (thin orange arrows) causes atmospheric O2 (O2 ATM) to be 

enriched in 18O (Dole effect), whereas the preferential evaporation of H2
16O molecules 

causes precipitation (H2O P) and hence, freshwater sources (H2O FW), to be depleted in 
18O and produces an enrichment of H2

18O molecules in the remaining surface seawaters 

(H2O SW). This results in the typical increase of the δ18O values towards oceanic waters 

in estuarine systems (thick blue arrow). Finally, thick orange arrows demonstrate the 

transference of δ18O values through the food web, where the discrimination against the 

heavier molecules (α) in biological and metabolic processes in each trophic position 

results in a slight enrichment of 18O in top predators. 

1.2. Characterization of the isotopic niche 

 One of the most common tools to compare the stable isotope ratio between species 

or individuals, especially when combining different chemical elements, is through the 

analysis of the isotopic niche, which is defined as the area in the δ-space where the 

isotopic values concentrate (Newsome et al., 2006; Jackson et al., 2011). This area can be 

characterized with the calculation of the isotopic niche width, using a Bayesian approach 
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to create standard ellipses in defined isotopic spaces (isospaces) and the use of 

multivariate ellipse-based metrics that allow to make robust comparisons among data sets 

with different sample sizes (Jackson et al., 2011). Here, two species are considered to 

have different isotopic niches if they do not overlap in at least one of the analysed 

isospaces (Newsome et al., 2010; Jackson et al., 2011; Syväranta et al., 2013). Nowadays, 

this method is widely accepted and easy to use (e.g., using the SIBER package in R 

statistical software; Jackson et al., 2011); however, as explained in the previous sections, 

the interpretation of the isotopic values of a consumer can be complex. Consequently, the 

use of a multi-element approach in isotopic ecology has progressively increased to 

improve the resolution of the isotopic niche by considering various aspects of the 

ecosystems (e.g., Rossman et al., 2016; Borrell et al., 2021; García-Vernet et al., 2021). 

Nevertheless, as we will show throughout this thesis, resolution will only improve if there 

are steep environmental gradients at the appropriate spatial scales. 

 The presence of intra- and inter-specific variability in isotopic niches among 

consumers depends not only on the preferred type of diet and habitat used by the species, 

but also on the degree of isotopic variation among food sources within an ecosystem and 

among foraging grounds (Matthews and Mazumder, 2004; Newsome et al., 2006). The 

lack of isotopic differentiation among primary producers can lead to a larger overlap 

between species and hence, to an underestimation of the variability in resource use, 

whereas the presence of unique isotopic signals can be a strong indicative of individual 

or species-specific specialization (Matthews and Mazumder, 2004). Therefore, for a 

correct characterization of the isotopic niche it is highly important to know the available 

food sources and their isotopic composition, as well as any temporal and spatial variation 

on the composition of the diet of consumers and their respective prey items (Matthews 

and Mazumder, 2004; Newsome et al., 2006). 

In addition, there are many factors that can affect the isotopic ratio of an animal’s 

tissue. Physiological processes such as the metabolic pathways used to assimilate 

nutrients from the diet can be affected by environmental factors such as temperature, 

salinity and presence of pollutants, which in turn can affect the general health status of an 

individual and the quality of the food ingested and the routing of nutrients. This can 

influence both the observed isotopic ratio of a tissue and the trophic enrichment along the 

food web (Jones et al., 2009; Browning et al., 2014).  
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1.3. Tissue turnover and diet-to-tissue discrimination 

The use of stable isotope ratios to study the trophic ecology and habitat use of 

consumers also requires an understanding of the transference of chemical elements and 

their respective isotopic signatures along the food webs (Newsome et al., 2010). There 

are two main factors affecting the relationship between the isotopic compositions of a 

consumer with that of its prey. The first one relates to the time period integrated by the 

analysed tissue, which is given by the half-life or turnover rate of a chemical element in 

a consumer’s tissue (Hobson and Clark, 1992; Newsome et al., 2006). The second one is 

the isotopic diet-to-tissue discrimination factor or trophic fractionation that takes place 

when an element is integrated into the consumer’s tissue through the diet (McCutchan Jr. 

et al., 2003; Vander Zanden et al., 2015).  

The turnover rate of a tissue varies with the taxa and depends on factors such as 

the physiology of the species (e.g., endothermic or ectothermic) and the metabolic rate of 

the tissue (Hobson, 1999). In general, metabolically active tissues with a fast turnover 

rate can reflect the diet of the last days or weeks of an individual (e.g., blood, liver, 

muscle), whereas those with a slower turnover rate can cover several months (e.g., skin) 

or even years (e.g., bone, teeth). On the other hand, metabolically inert tissues (e.g., 

keratinous tissues such as carapace and hair) can also provide several years of data 

depending on the growth rate and the natural wear of the exposed parts (Tieszen et al., 

1983; Rubenstein and Hobson, 2004; Vander Zanden et al., 2015). Furthermore, 

unfavourable conditions such as extreme temperatures, low quality food or prolonged 

fasting can also affect the isotopic composition of consumers, especially in ectotherms 

and tissues with a fast turnover rate (Kiddon et al., 1993; Jones et al., 2009). 

Similarly, the isotopic trophic fractionation between consumer and prey also 

depends on the turnover rate of the analysed tissue, as well as the pathways used to 

metabolize the nutrients carrying each chemical element, which can be considerably 

different among consumers, tissues and food web systems (McCutchan Jr. et al., 2003; 

Vander Zanden et al., 2015). For instance, the mean diet-to-tissue enrichment for the δ13C 

ratio in fin whales ranged from +1.28 ‰ in epidermis to +3.11 ‰ in bone protein (Borrell 

et al., 2012) and in seals from +0.7 ‰ in red blood cells to +1.9 ‰ in hair (Pinzone et al., 

2017). Likewise, the mean δ15N diet-to-tissue enrichment in fin whales ranged from +2.03 

‰ in bone protein to +4.27 ‰ in brain tissue (Borrell et al., 2012), in seals from +3.3 ‰ 
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in red blood cells to +4.3 ‰ in muscle (Pinzone et al., 2017), and from +4.1 ‰ in 

epidermis to +5.1 ‰ in bone in green turtles (Turner Tomaszewicz et al., 2017b). 

Furthermore, the rate of isotopic incorporation can also be affected by the individual’s 

age, size and growth rate (Reich et al., 2008; Vander Zanden et al., 2012). As an example, 

the δ13C enrichment in epidermis of rapidly growing loggerhead turtle hatchlings was 

larger than in juveniles of the same species kept under identical conditions (+2.62 ‰ and 

+1.11 ‰, respectively) (Reich et al., 2008). Similar findings were reported between 

juvenile and adult green turtles (1.87 ‰ and 1.62 ‰, respectively), although in this case, 

the difference was smaller (Vander Zanden et al., 2012). On the other hand, δ15N 

enrichment in epidermis of the same loggerhead turtle hatchlings was similar to that of 

juveniles (+1.65 ‰ and +1.60 ‰, respectively) (Reich et al., 2008), whereas adult green 

turtles showed a slightly higher enrichment than juveniles (+4.04 ‰ and +3.77 ‰, 

respectively) (Vander Zanden et al., 2012). 

In the case of the δ34S ratio, the enrichment factor of consumers depends mostly 

on the δ34S values of the diet and less on the type of tissue, with highly 34S-enriched 

systems such as the marine showing considerably larger trophic enrichment factors than 

those relying on 34S-depleted sources of sulphur (Florin et al., 2010; Raoult et al., 2024). 

For instance, mean diet-to-tissue enrichment for δ34S in seals was similar in muscle (+0.9 

‰), hair (+1.0 ‰) and red blood cells (+1.1 ‰) (Pinzone et al., 2017). On the contrary, 

mean δ34S enrichment between salmon (prey) with a mean δ34S value of 19.5 ‰ and bears 

(consumers) was -3.7 ‰, whereas that between terrestrial grain diets (based on corn, 

wheat or lentils) with δ34S values under 4.0 ‰ and rats (consumers) was between -0.4 

and +1.2 ‰ (Florin et al., 2010). In addition, species with a high-protein diet tend to have 

a larger enrichment than those with a low-protein diet (McCutchan Jr. et al., 2003). 

Finally, diet-to-tissue enrichment for the δ18O ratio have been less studied but they are 

assumed to be low compared to environmental changes, mostly varying with the 

temperature, the O2 concentration, the δ18O values of the food and water ingested by the 

consumers and the proportion of each water source contributing to tissue formation (Gat, 

1996; Vander Zanden et al., 2016). 

In this thesis, two metabolically active tissues with different turnover rates were 

used in two distinct animal groups: bone of marine mammals and sea turtles, and skin 

(epidermis) of sea turtles. Remodelling in vertebrate’s bone varies according to its type, 
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origin, shape and size, but it also differs among taxa. On one hand, irregular and flat bones 

such as those from the mandible and skull have a lower volume-to-surface ratio than 

longer bones and, at least for mammals, they appear to have a slower remodelling rate 

and thus provide a longer-term dietary signal through the stable isotope analysis (Fahy et 

al., 2017; de Buffrénil and Quilhac, 2021). Bone samples from marine mammals are often 

taken in specific parts of the skull (e.g., the pterygoid or the maxilla for odontocetes, the 

nasal cavity or auditory bulla for pinnipeds) to minimize the damage either for subsequent 

studies or because they belong to museum collections. Hence, these samples include 

different parts of the bone tissue and tend to reflect a mean of several years of dietary and 

habitat use information of each analysed individual (Hobson et al., 2010; Fahy et al., 

2017), which was the case for subchapters 3.1 and 3.2. 

On the other hand, long tubular bones from limbs, such as the humerus, have two 

well-differentiated types of tissue with distinct turnover rates. The medullary (spongy) 

bone at the centre has a higher remodelling rate and hence, a faster turnover rate than the 

cortical bone, a more compact tissue that surrounds the medullar cavity and is usually 

formed by parallel layers representing annual growth marks of an individual (de Buffrénil 

and Quilhac, 2021). Furthermore, the cortical bone can have different deposition methods 

in different vertebrate groups. In endotherms, such as marine mammals, the cortical bone 

grows by endosteal deposition of osseous tissue, with the most recent layers deposited in 

the innermost part of the cortical cavity, whereas in ectotherms, such as sea turtles, this 

tissue grows by periosteal deposition, meaning that the new layers are deposited at the 

outermost part of the cortical cavity (Zug et al., 1986; de Buffrénil and Quilhac, 2021). 

Bone samples from sea turtles can often come from dead stranded or incidentally caught 

individuals where it is possible to extract the whole humerus and use more specific 

methods to obtain the samples. However, significant differences in stable isotope ratios 

have been found between medullar and cortical bone (Brady et al., 2008) and the 

proportion of these two tissues in a sample can alter the isotopic results (Fahy et al., 2017). 

Hence, when possible, it is best to only use the cortical bone for stable isotope analysis, 

as was done in subchapter 3.3. Finally, epidermal tissue in sea turtles has a faster turnover 

rate compared to bone and can integrate dietary and habitat use information for an 

individual over several months (Reich et al., 2008), which was the case in subchapter 3.4. 
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1.4. Objectives of the thesis 

The main objective of this doctoral thesis is to assess the suitability of δ34S and 

δ18O as habitat tracers to better understand the habitat use by large marine vertebrates, in 

combination with the more commonly used isotopic markers δ13C and δ15N. To do so, I 

have studied a diversity of marine megafauna species from different regions to achieve 

two main subobjectives:  

 

I. To improve the resolution of isotopic niche partitioning among marine mammal 

species of the same community through the stable isotope analysis of bone tissue 

(subchapters 3.1 and 3.2). 

 

II. To identify with higher precision the movement patterns and foraging grounds of 

individual loggerhead turtles across isotopically distinct regions through the stable 

isotope analysis of different tissues (subchapters 3.3 and 3.4). 

 
 

 

1.5. Structure of the thesis 

The results of this thesis are organized in four subchapters. The first two 

subchapters (3.1 and 3.2) focus on understanding the isotopic niche partitioning among 

marine mammal species of two estuarine communities. In subchapter 3.1, the 

distribution of seven marine mammal species from Río de La Plata estuary in Uruguay is 

described using the δ13C, δ15N, δ34S and δ18O values in the bone of stranded individuals 

and the environmental isotopic gradients formed in the area, where there is a large and 

constant input of freshwater and terrestrial detritus into the sea (positive estuary). In 

subchapter 3.2, the same was done for seven marine mammal species found along the 

Mauritanian coast, an area with high temperatures and evaporation rates nearshore that 

create the opposite salinity gradient (negative estuary) and with constant upwelling events 

influencing the distribution of nutrients available for primary producers. The results of 

these research were published in the following scientific articles: 
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Cani, A., Cardona, L., Valdivia, M., González, E.M. and Drago, M. 2023. Niche 

partitioning among marine mammals inhabiting a large estuary as revealed by 

stable isotopes of C, N, S, and O. Estuaries and Coasts, 46(4), pp.1083-1097. 

https://doi.org/10.1007/s12237-023-01193-y (3.1) 

Cani, A., Cardona, L., Aguilar, Á., Borrell, A. and Drago, M. 2024. Fine-tuning the 

isotopic niche of a marine mammal community through a multi-element approach 

and variable spatial scales. Estuarine, Coastal and Shelf Science, 298, p.108641. 

https://doi.org/10.1016/j.ecss.2024.108641 (3.2) 

 Finally, the last two subchapters (3.3 and 3.4) focus on understanding the 

movement patterns, habitat use and trophic ecology of individual loggerhead turtles inside 

the Mediterranean Sea. In subchapter 3.3, the δ13C, δ15N and δ18O values in the bone of 

juvenile loggerhead turtles born at the nesting beaches of the Northwest Atlantic Ocean 

and found dead stranded in the western Mediterranean Sea were combined with 

skeletochronology to determine their movement patterns across isotopically distinct water 

masses. In subchapter 3.4, the δ13C, δ15N and δ34S values in the epidermis of female 

loggerhead turtles that had recently nested in Spanish Mediterranean beaches were 

combined with satellite telemetry to identify their foraging grounds. The results of these 

research were published in the following scientific articles: 

Cani, A., Besén, C., Carreras, C., Pascual, M. and Cardona, L. 2025. The journey of 

loggerhead turtles from the Northwest Atlantic to the Mediterranean Sea as 

recorded by the stable isotope ratios of O, C and N of their bones. Marine 

Environmental Research, 203, p.106851. 

https://doi.org/10.1016/j.marenvres.2024.106851 (3.3) 

 Cardona, L., Abalo‐Morla, S., Cani, A., Feliu‐Tena, B., Izaguirre, N., Tomás, J. and 

Belda, E.J. 2024. Identifying the foraging grounds of the new loggerhead turtle 

nesters in the western Mediterranean. Aquatic Conservation: Marine and 

Freshwater Ecosystems, 34(1), p.e4059. https://doi.org/10.1002/aqc.4059 (3.4) 

Furthermore, a summary of the methodologies used in the different subchapters 

and a synthesis of the results obtained throughout the thesis are presented. Finally, a 

general discussion and the general conclusions of the research are provided. The thesis 

concludes with the references cited in the General Introduction and Discussion sections.

https://doi.org/10.1007/s12237-023-01193-y
https://doi.org/10.1016/j.ecss.2024.108641
https://doi.org/10.1016/j.marenvres.2024.106851
https://doi.org/10.1002/aqc.4059
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2. Methodological overview 

 
 
2.1. Study areas and species involved 

 For this thesis, species inhabiting ecosystems with marked environmental isotopic 

gradients were chosen. On one hand, a positive and a negative estuary from Uruguay and 

Mauritania, respectively, were selected for subchapters 3.1 and 3.2 due to the strong and 

permanent isotopic gradients formed by the physical and chemical conditions of each 

area. On the other hand, subchapter 3.3 involves the North Atlantic Ocean and the 

Mediterranean Sea and subchapter 3.4 focuses mostly on the western Mediterranean 

basin, where weaker but well-defined isotopic gradients are also present (Figure 2.1). The 

isotopic environmental gradients in each area are detailed below.
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Figure 2.1. Central panel: Atlantic Ocean and the location of the study areas (black 

squares). Top panel: Mediterranean Sea, showing the general path of surface currents 

and subregions as 1) Strait of Gibraltar, 2) Alboran Sea, 3) Algerian basin, 4) Channel of 

Sicily, 5) Tunisian Plateau, 6) Levantine Sea, 7) Ionian Sea, 8) Tyrrhenian Sea, 9) 

Balearic Sea. Right panel: Mauritanian coast, showing the Parc National du Banc 

d’Arguin (red polygon), the two main surface currents (orange arrows) and their zone of 

confluence (yellow arrow). Bottom panel: Río de La Plata estuary, showing the modal 

position of the maximum turbidity front (red line) and the division of the three zones as 

I. Inner estuary, II. Estuary/mixohaline, III. Marine. Background colours represent the 

respective bathymetry of each area (Gridded Bathymetry Data available at the General 

Bathymetric Chart of the Ocean 2024: https://download.gebco.net/). 

https://download.gebco.net/
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2.1.1. Río de La Plata estuary 

 The Río de la Plata estuary represents the greatest fresh-water inflow to the 

southwestern Atlantic Ocean (Figure 2.1), influencing water circulation at a regional 

scale. In addition, the nearby confluence of two main currents (the Malvinas and Brazil 

currents), the abundant terrestrial run-off and the relatively shallow waters produce a 

unique hydrographic system (Guerrero et al., 1997; Miloslavich et al., 2011). This area is 

defined as a “positive estuary” because freshwater input exceeds local evaporation, which 

creates a strong horizontal salinity gradient that increases towards oceanic waters 

(Pritchard, 1952; Guerrero et al., 1997). In addition, the estuary is characterized by an 

almost constant vertical stratification and the formation of a salinity wedge in between 

the saltier marine waters, which move upstream along the bottom and bring marine (high) 

δ34S and δ18O values into the estuary, and the freshwater layer from the river discharge, 

which moves top and brings terrestrial (low) δ34S and δ18O values towards the ocean 

(Peterson and Howarth, 1987; Acha et al., 2008; Botto et al., 2011). Furthermore, a well-

developed turbidity front at the tip of the salinity wedge (Figure 2.1, bottom panel) marks 

the area with the highest accumulation of terrestrial particulate organic matter (POM), 

which limits primary productivity due to low light availability (Framiñan and Brown, 

1996; Acha et al., 2008; Botto et al., 2011). As a result, food webs at the inner estuary are 

mostly detritus-based whereas phytoplankton concentration notably increases from the 

estuary mouth and towards the open ocean (Acha et al., 2008). 

 There are at least three sources of organic matter that support the food webs of the 

estuary, each with a specific isotopic composition (Framiñan and Brown, 1996; Acha et 

al., 2008; Botto et al., 2011). At the innermost part, there is a high influence of terrestrial 

and freshwater marsh detritus characterized by low δ13C and δ34S values. Immediately 

offshore the turbidity front and within the estuarine zone, there is a higher influence of 

salt marsh detritus from nearby coastal areas, characterized by high δ13C and low δ34S 

values, whereas the phytoplankton concentration, characterized by low δ13C and high δ34S 

values, increases as the light becomes more available, becoming the dominant primary 

producer at the marine zone (Carreto et al., 2003 and 2008; Acha et al., 2008; Botto et al., 

2011). Lastly, the high δ15N values of the POM inside the estuary suggest a strong 

influence of sewage in the area, affecting the typical increase with trophic position 

described for this tracer (McClelland and Valiela, 1998; Botto et al., 2011). This 
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distribution of resources allows for the isotopic distinction of consumers using the 

different regions of the Río de la Plata estuary (Botto et al., 2011; Drago et al., 2021).  

 Finally, the following seven species of marine mammals inhabiting the Río de la 

Plata estuary and nearby waters were selected to analyse their isotopic niche partitioning: 

two otariids, the South American sea lion Otaria flavescens and the South American fur 

seal Arctocephalus australis; and five odontocetes, the pontoporiid franciscana dolphin 

Pontoporia blainvillei, the phocoenid Burmeister’s porpoise Phocoena spinipinnis, and 

the delphinids Fraser’s dolphin Lagenodelphis hosei, false killer whale Pseudorca 

crassidens and bottlenose dolphin Tursiops truncatus. More detailed information on this 

study area and the considered species can be found in subchapter 3.1. 

2.1.2. Mauritania 

 The Islamic Republic of Mauritania is located at the Northwestern coast of Africa 

(Figure 2.1), an area with almost constant upwelling events due to the presence of 

persistent and strong southward winds which, combined with the Coriolis effect, 

constantly transport surface waters offshore allowing subsurface waters to be upwelled 

alongshore (Sevrin-Reyssac, 1993; Cropper et al., 2014). Furthermore, the Mauritanian 

coast can be defined as a “negative estuary” because the high environmental temperatures 

and shallow shelf, especially inside the Parc National du Banc d’Arguin (PNBA; Figure 

2.1, right panel), result in high evaporation rates and create regions of particularly high 

salinity values nearshore that gradually decrease towards oceanic waters (Pritchard, 1952; 

Sevrin-Reyssac, 1993). 

  Mauritanian waters represent a transition between tropical and subtropical waters 

with constantly enhanced coastal primary production, hence supporting a large 

biodiversity of tropical, subtropical and boreal species (Robineau and Vely, 1998; 

Cropper et al., 2014; Pelegrí et al., 2017). From the north, the salty, cold and nutrient-rich 

Canary Current, characterized by high δ18O values, flows southward along the northern 

coast of Mauritania in the “Permanent Annual Upwelling Zone” (Cropper et al., 2014). 

These waters reach the northern parts of the PNBA where the shallow seas, pronounce 

tidal changes and high temperatures result in particularly high δ18O values and create 

anoxic sediments characterized by low δ34S values, which likely affects rooted benthic 

primary producers such as seagrasses and mangroves (Wolff and Smith, 1990; Araujo 
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and Campredon, 2016; Pottier et al., 2021). From the south, the less salty, warmer, and 

nutrient-poorer Mauritanian Current, characterized by low δ18O values, flows northward 

along the Mauritanian coast (Mittelstaedt, 1991; Fischer et al., 2016) where the seasonal 

trade winds produce a series of upwelling events, more frequently during winter, in the 

“Mauritania-Senegalese Upwelling Zone” (Cropper et al., 2014). In addition, the offshore 

convergence of these two currents creates the Cape Verde Frontal Zone, a boundary 

defined by the location of the 36 isohaline at the 150 m depth (Zenk et al., 1991) and 

where both water masses can get upwelled and laterally mixed, adding more complexity 

and dynamism to the area (Meunier et al., 2012). 

 Different habitats can be found along the Mauritanian coast. Rocky cliffs with 

scattered and tide-dependent sandy beaches with seagrass patches can be found to the 

north, whereas the southern coast is mostly covered by sandy beaches with scattered 

sublittoral seagrass patches. Furthermore, the inner parts of the PNBA are composed of 

tidal mudflats with no vegetation in the northern region and seagrass patches and 

mangroves in the southern regions (Lebigre, 1991; Pottier et al., 2021; Pinela et al., 2010). 

In this case, the δ15N values appear to be a good indicator of trophic position while the 

isotopic differentiation between local primary producers allows the distinction between 

food webs and habitats used by consumers, since benthic rooted primary producers are 

characterized by high δ13C values and oceanic phytoplankton by low δ13C values, whereas 

the upwelling-derived phytoplankton presents values in-between these two (Cardona et 

al., 2009; Pinela et al., 2010; Carlier et al., 2015).  

 Lastly, the following seven species of marine mammals inhabiting Mauritanian 

waters were selected to analyse their isotopic niche partitioning: Atlantic humpback 

dolphin Sousa teuszii, bottlenose dolphin Tursiops truncatus, harbour porpoise Phocena 

phocena, long-finned pilot whale Globicephala melas, Atlantic spotted dolphin Stenella 

frontalis, common short-beak dolphin Delphinus delphis, and Mediterranean monk seal 

Monachus monachus. More detailed information on this study area and the considered 

species can be found in subchapter 3.2. 

2.1.3. North Atlantic Ocean and Mediterranean Sea  

 The Gulf Stream is one of the main currents of the North Atlantic Ocean, showing 

a significant influence over water circulation and climate for the northern hemisphere 
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(Palter, 2015). It originates at the Gulf of Mexico, flows northward along the coast of 

Florida and separates from the continental slope at around 35º N, moving eastward 

towards the Azores and splitting into the North Atlantic Current, which continues towards 

northern Europe, and the Azores Current, which then turns into the Canary Current and 

flows southward along the western coast of South Africa to then return to the Northwest 

Atlantic as the North Equatorial Current (Fofonoff, 1981; Schmitz and McCartney, 1993). 

Nevertheless, part of the Azores Current extends to the Strait of Gibraltar, where it enters 

the Mediterranean Sea as the Algerian Current and flows counter-clockwise throughout 

the entire basin, getting gradually transformed into a denser water mass that will 

eventually sink and outflow back into the Northeast Atlantic as a deep water current 

(Figure 2.1; Fofonoff, 1981; Schmitz and McCartney, 1993; Millot and Taupier-Letage, 

2005). 

 The Mediterranean Sea is a semi-enclosed system divided into three main basins: 

western, central and eastern. The western basin receives a steady inflow of fresher 

Atlantic surface waters, characterized by relatively low δ18O values, from the Strait of 

Gibraltar in the southwest, which then reaches the Alboran Sea and the Algerian Basin 

(Millot and Taupier-Letage, 2005). Part of these waters remain within the western basin 

to form the western Mediterranean gyre, moving northward through the Tyrrhenian Sea 

and reaching the Balearic Sea from the north before returning to the Alboran Sea. 

Meanwhile, another part continues alongslope towards the central basin, going through 

the Strait of Sicily and eventually reaching the eastern Mediterranean gyre (Figure 2.1, 

top panel; Millot and Taupier-Letage, 2005). As the water circulates, the higher 

evaporation rates in the eastern Mediterranean lead to a parallel increase of salinity and 

δ18O values, reaching the highest values at the Levantine Sea (Millot and Taupier-Letage, 

2005; LeGrande and Smith, 2006). On the other hand, the western Mediterranean presents 

a high primary production in both oceanic (pelagic) and coastal (neritic) areas, whereas 

the central and eastern regions, except for the Adriatic Sea, are highly oligotrophic and 

only show relatively high primary production in certain coastal regions (Bosc et al., 

2004). Therefore, food webs relying on pelagic primary producers with low δ13C and δ15N 

values are more likely to be found in the western basin, while neritic food webs showing 

higher δ13C and δ15N values are probably common in the central and eastern basins, thus 

allowing the isotopic differentiation between consumers with different trophic habits 

(Cardona et al., 2009; DiMatteo et al., 2022). 
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 Lastly, juvenile loggerhead turtles Caretta caretta of Northwestern Atlantic origin 

were selected to analyse changes in habitat use and trophic ecology throughout their time 

at the Mediterranean Sea, whereas adult females of the same species that had recently 

nested along the Mediterranean coast of Spain were used to identify their foraging 

grounds. More detailed information on these area and considered individuals can be found 

in subchapters 3.3 and 3.4. 

2.2. Tissues  

 Throughout this thesis, two different tissues (bone and skin) were analysed using 

three different sampling methods. All tissues were cleaned with distilled water and dried 

in a stove at 60 ºC prior to treatment and analysis. For subchapters 3.1 and 3.2, a small 

fragment of the skull was sampled from dead stranded marine mammals and grounded 

into a fine powder using a mortar and pestle. Bone tissue was also used in subchapter 3.3 

but, in this case, different incremental layers of the cortical bone of loggerhead turtles’ 

humeri were sampled separately for each individual using a hand drill with a fine diamond 

tip. Finally, for subchapter 3.4, skin samples of loggerhead turtles were taken either from 

dead stranded individuals, dead hatchlings found inside the nests, or directly from the 

nesting females on the beach.  

 Bone tissue has a relatively slow turnover rate in tetrapods, thus the isotopic 

values obtained from these samples integrate several years of information on the habitat 

use of the considered individuals (Hobson et al., 2010; Schoeninger 2010; Fahy et al., 

2017). On the other hand, epidermal tissue has a faster turnover rate, integrating dietary 

information over several months prior to sampling (Reich et al., 2008). More details on 

each sampling method are given in the respective subchapters. 

2.3. Stable isotope analysis 

Each sample was cleaned and dried following the standard procedures for stable 

isotope analysis considering the species, tissue and chemical element analysed, as 

explained below and throughout chapter 3. Stable isotope abundances are expressed in 

delta (δ) notation, with the relative variations of stable isotope ratios expressed in per mil 

(‰) deviations from predefined international standards, and they are calculated as: 
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δjX =  �(jX /iX)sample� / �(jX /iX)standard�  − 1  (4) 

where jX is the heavier isotope and iX is the lighter isotope in the analytical sample and 

international measurement standard, respectively (Bond and Hobson, 2012).  

This thesis uses the stable isotope ratios of C, N, S and O to make inferences about 

the habitat use and trophic ecology of the considered species. In each case, a combination 

of three or four of these chemical elements were used, and the recognized international 

standards used for comparison were the Vienna Peedee Belemnite (VPDB) for the δ13C, 

the atmospheric nitrogen (AIR) for the δ15N, the Vienna Cañon Diablo Meteorite Troilite 

(VCDT) for the δ34S, and the Vienna Standard Mean Ocean Water (VSMOW) for the 

δ18O, although other materials of known stable isotope ratio were used as internal 

laboratory standards, which is a common practice since the stocks of some of the official 

materials are either depleted or highly expensive (Ben-David and Flaherty, 2012; Bond 

and Hobson, 2012). 

2.3.1. Carbon stable isotope analysis 

 Animal tissues contain two main types of macromolecules, proteins and lipids that 

can differ largely in their δ13C values. This is because lipids are naturally depleted in 13C, 

which may add undesirable variability for the δ13C values in lipid-rich tissues (DeNiro 

and Epstein, 1978). Furthermore, carbonate occur in the bone tissue as a component of 

biological apatite (bioapatite), but also as inorganic carbon of environmental origin that 

might have precipitated during tissue formation (Yokoyama et al., 2005). In addition, 

mineral compounds such as bioapatite in bone contain information about the whole diet, 

making it more susceptible to have a higher δ13C variability, whereas the collagen (protein 

fraction) mostly represents the δ13C values from dietary proteins, thus allowing to track 

the diet with a greater precision especially for consumers with a protein-rich diet such as 

cetaceans and pinnipeds (Newsome et al., 2010). For these reasons, bone powder samples 

from marine mammals were treated with 0.5 N hydrochloric acid (HCl) for 24h to 

dissolve the inorganic matrix and remove all the inorganic C (Lorrain et al., 2003; 

Newsome et al., 2006) and with a chloroform-methanol 2:1 solution for lipid extraction, 

which was changed every 24h until it was transparent (Table 2; Bligh and Dyer, 1959; 

Bas et al., 2019). Such pre-processing was not necessary for cortical bone and skin of sea 
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turtles due to the low carbonate and lipid content of both tissues (Table 2; Turner 

Tomaszewicz et al., 2015; Bergamo et al., 2016). 

2.3.2. Nitrogen stable isotope analysis  

 Contrary to carbon, the δ15N values in a consumers’ tissue come exclusively from 

the proteins in the diet, thus eliminating the need to remove other molecules from the 

tissue samples. The δ15N analysis is often performed together with the δ13C using the 

same tissue sample, which was the case for sea turtles’ bone and skin. However, acid 

treatment and lipid extraction can significantly affect the δ15N values in marine mammal’s 

bone tissue; therefore, separate subsamples of powdered bone were used in these cases 

for the δ15N analysis, without any chemical pre-treatment (Table 2; Schlacher and 

Connolly, 2014; Bas et al., 2019). 

 
2.3.3. Sulphur stable isotope analysis  

 Similarly to nitrogen, a consumer’s δ34S values come strictly from the dietary 

amino acids, more specifically methionine and cysteine (Francioso et al., 2020). Hence, 

there is no need for any treatment of the tissue samples previous to the δ34S analysis 

(Table 2; Nehlich, 2015). 

2.3.4. Oxygen stable isotope ratio analysis  

 The δ18O values in consumers come from a combination of dietary and metabolic 

water (Kirsanow and Tuross, 2011; Vander Zandenm et al., 2016) and the analysis is best 

carried out in the inorganic matrix of calcified structures such as bone, since they show a 

more stable δ18O signature than soft tissues (Koch et al., 1997; Mooney, 2004). Therefore, 

all bone samples from marine mammals and sea turtles were treated, previous to the δ18O 

analysis of bone carbonate, with 30% hydrogen peroxide (H2O2) for 48h to remove the 

organic compounds and with 1 M calcium acetate–acetic acid buffer for 24h to remove 

the diagenetic carbonate (Table 2; Koch et al., 1997).  
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Table 1.2. Summary of the methods for stable isotope analysis for each group and 

tissue selected for this thesis. In sea turtle’s bone (*) and skin (˟) the δ13C and δ15N were 

analysed simultaneously with the same sample. 

Isotopic 
ratio Group Tissue Pre-treatment 

Sample 
Type Weight 

δ13C 

Marine 
mammals Bone 

I. Inorganic carbon 
removal: 0.5 N HCl  
II. Lipid removal: 

chloroform-methanol (2:1) 

Skull 1.0 mg 

Sea Turtles Bone None Humerus 1.0 mg˟ 
Skin None Epidermis 0.3 mg* 

δ15N 

Marine 
mammals Bone None Skull 1.0 mg 

Sea Turtles Bone None Humerus 1.0 mg˟ 
Skin None Epidermis 0.3 mg* 

δ34S 
Marine 

mammals Bone None Skull 10 mg 

Sea Turtles Skin None Epidermis 3.0 mg 

δ18O 

Marine 
mammals Bone 

I. Organic matrix removal: 
30 % H2O2 

II. Diagenetic carbonate 
removal: 1 M calcium 

acetate–acetic acid 

Skull 1.0 mg 

Sea Turtles Bone 

I. Organic matrix removal: 
30 % H2O2 

II. Diagenetic carbonate 
removal: 1 M calcium 

acetate–acetic acid 

Humerus 1.0 mg 

 
2.4. Isotopic niche partitioning 

 Differences among the isotopic niches of the considered species (subchapters 3.1 

and 3.2) or groups (subchapters 3.3 and 3.4) were analysed by estimating the isotopic 

niche width and niche overlaps through the construction of two-dimensional plots for the 

different pairs of stable isotope ratios (isospaces) using the package “SIBER” (Stable 

Isotope Bayesian Ellipses; Jackson et al., 2011) in R Statistical Software (R Core Team, 

2021). In this case, two species/groups were considered to have different isotopic niches 

if they did not overlap in at least one of the analysed isospaces. More details on each 

statistical analysis are given in the respective subchapters. 
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Niche partitioning among marine mammals inhabiting a large estuary 

as revealed by stable isotopes of C, N, S and O. 
 

ABSTRACT 

 Detailed knowledge on habitat use by marine mammals is critical to understand 

their role in the ecosystem. The stable isotope ratios of carbon (δ13C) and nitrogen (δ15N) 

have been widely used to study the trophic ecology of marine mammals, but the stable 

isotope ratios of other elements such as sulphur (δ34S) and oxygen (δ18O) can better 

inform about habitat use in areas with strong salinity and redox gradients. The Río de la 

Plata estuary represents the largest freshwater runoff in the south-western Atlantic Ocean 

and supports a rich community of marine mammals. Here, we analysed δ34S values in 

bone from seven marine mammal species inhabiting the estuary and the adjacent Atlantic 

Ocean, in order to complement previous isotopic data (δ13C, δ15N and δ18O) and compare 

their resolution as habitat tracers. As expected, δ34S and δ18O offered relevant insights 

into the characterization of the habitat used by marine mammals and allowed a better 

delineation of habitat partitioning between them. Bottlenose dolphins, South American 

sea lions and South American fur seals seem to be frequent users of the less saline areas 

of the estuary, whereas Burmeister´s porpoises, franciscana dolphins and false killer 

whales seemed to prefer the saltier marine waters close to the bottom. Fraser´s dolphins 

were the only inhabitants of true offshore waters. Our findings demonstrate how the 

integration of different stable isotope ratios can help disentangle fine habitat partitioning 

between marine mammals living in a complex ecosystem such as Río de la Plata. 

 

Keywords: stable isotopes, marine mammals, habitat use, resource partitioning, positive 

estuary.   
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INTRODUCTION 

 Knowledge on the habitat use of the different marine mammal species is key to 

understand their ecological function in an ecosystem, to evaluate direct and indirect 

interactions with anthropogenic activities, and to ensure a proper management of the 

marine biodiversity (Barlow 2018; Roman and Ester 2018). Río de la Plata is one of the 

largest estuaries in South America. It not only has a relevant role in the regional 

circulation pattern, but also supports a rich community of marine mammals of disparate 

origins (Guerrero et al., 1997; Miloslavich et al., 2011). The franciscana dolphin 

(Pontoporia blainvillei) is an endemic species to Río de la Plata and adjoining regions in 

the southwestern Atlantic Ocean, whereas the South American sea lion (Otaria 

flavescens), the South American fur seal (Arctocephalus australis) and the Burmeister’s 

porpoise (Phocoena spinipinnis) are widespread in the temperate and cold regions of 

South America, from southern Brazil to Peru. On the other hand, the Fraser’s dolphin 

(Lagenodelphis hosei), the bottlenose dolphin (Tursiops truncatus) and the false killer 

whale (Pseudorca crassidens) have circumtropical distributions, although the latter two 

also occurr in temperate regions and the false killer whale may even reach the sub-

Antarctic tip of South America (Reeves et al. 2002). 

 Species such as bottlenose dolphins, South American sea lions and fur seals have 

been intensively studied and there is no doubt that they make an extended use of the Río 

de la Plata estuary, although sea lions and fur seals may also forage in adjoining coastal 

waters (Wells and Scott, 2018; Cárdenas-Alayza, 2018a; Drago et al., 2021). On the 

contrary, the Fraser’s dolphin is a poorly studied species, although the scarce information 

available suggests an oceanic niche (Dolar, 2018; Drago et al., 2021). Moreover, the 

habitat preferences of false killer whales, franciscana dolphins and Burmeister’s 

porpoises in the region are not completely understood, because contradictory information 

has been reported in the literature about their distribution in the estuary, and no good 

model of habitat partitioning exists to date in the regions where they coexist (Baird, 2018; 

Cárdenas-Alayza, 2018b; Crespo, 2018; Reyes, 2018; Drago et al., 2020; Drago et al., 

2021). 

 Detailed information on the habitat use of marine mammals is difficult to collect, 

because direct observations are often challenging and satellite tracking is of limited utility 

for the study of small cetaceans (Balmer et al., 2014). This is why the stable isotopes of 

several chemical elements have been used increasingly since the 1970s as intrinsic 
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markers to study the trophic ecology and habitat use patterns of marine mammals 

(Newsome et al., 2010; Ramos and González-Solís 2012).  

 The stable isotopes of carbon (C) and nitrogen (N) are the most widely used 

elements in studies related to the trophic ecology of marine mammals, but the interest on 

the stable isotopes of sulphur (S) and oxygen (O) has increased recently (Rubenstein and 

Hobson 2004; Newsome et al., 2010; Ramos and González-Solís 2012; Drago et al., 2020; 

Borrell et al., 2021). The C stable isotope ratio (13C/12C; δ13C) is informative about the 

primary source of carbon in a specific food web, mostly due to a different discrimination 

against the heavier 13C isotope during photosynthesis between primary producers 

(Peterson and Howarth 1987; Michener and Lajtha 2007). In general, the highest δ13C 

values are observed in species with inshore benthic habits, and the lowest in offshore 

epipelagic consumers (Rubenstein and Hobson 2004; Newsome et al., 2010). On the other 

hand, the N stable isotope ratio (15N/14N; δ15N) increases consistently along the food web 

due to the trophic enrichment caused by the preferential use and excretion of the light 14N 

isotope, providing a convenient and simple method to assess the trophic position of the 

species (Post 2002).  

 Although popular as proxies for diet reconstruction, the use of δ13C and δ15N as 

habitat tracers can be hindered by geographic shifts in diet and the isotopic baseline 

(Rubenstein and Hobson 2004; Michener and Lajtha 2007; Newsome et al., 2010). For 

this reason, the use of the S stable isotope ratios (34S/32S; δ34S) as a habitat tracer in marine 

mammals has increased in the last decade, often in combination with δ13C and δ15N 

(Croisetière et al., 2009; Pinzone et al., 2019; Borrell et al., 2021). Differences in δ34S 

values are caused by the variability in source of inorganic sulphur available to primary 

producers, with little to no trophic discrimination (Peterson et al., 1985). In estuarine food 

webs, both terrestrial plants and aquatic primary producers using anoxic sediments with 

intense sulphate reduction (i.e., seagrasses and marsh plants) have lower δ34S values than 

marine phytoplankton and benthic macroalgae using 34S-enriched sulphates from the 

water-column (Peterson et al., 1985; Peterson 1999; Croisetière et al., 2009). As 

fractionation during uptake and assimilation is minimal (Peterson et al., 1985), the δ34S 

values in animal tissues reflect their food sources and allow to position them along the 

redox gradient existing from reduced, anoxic sediments found often inshore and in 

benthic regions, to the more oxidizing conditions found within the water column in 

offshore and pelagic regions (Peterson et al., 1985; Rubenstein and Hobson 2004; Ramos 

and González-Solís 2012). 
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 On the contrary, the O stable isotope ratio (18O/16O; δ18O) has been rarely used in 

ecological studies on marine mammals, despite being relatively common in other research 

areas such as paleontology (Seyboth et al., 2018; Newsome et al., 2010). The δ18O values 

in the marine environment are positively and linearly correlated with the salinity of the 

water (Gat 1996; Conroy et al., 2014), and therefore, it can be a useful habitat tracer in 

areas where an abundant freshwater input creates marked horizontal and vertical salinity 

gradients (Guerrero et al., 1997; Conroy et al., 2014; Belem et al., 2019). The δ18O values 

in animal tissues often reflect with great precision those of the body of water where they 

feed (Yoshida and Miyazaki 1991; Ben-David and Flaherty 2012), allowing to 

discriminate between species with estuarine, coastal and marine habits (Clementz and 

Koch 2001; Rubenstein and Hobson 2004; Newsome et al., 2010; Matthews et al., 2016; 

Drago et al., 2020). 

   The present study combines previously published values of δ13C, δ15N (Drago et 

al., 2021) and δ18O (Drago et al., 2020), with unpublished δ34S values from the bone tissue 

of seven marine mammal species, in order to provide a fine resolution model of habitat 

partition between marine mammals in estuarine habitats. In addition, it was aimed to 

assess the usefulness of the less common δ34S and δ18O values to obtain reliable 

information of habitat use in these ecosystems. 

 

METHODS 

Study area 

 The Río de la Plata estuary is located at approximately 35º S and 55º W, in the 

south-western Atlantic Ocean (Figure 3.1). It is 320 km long (Framiñan and Brown 1996) 

and has an average discharge of 2.0 - 2.5 x 104 m3 s-1, representing the biggest fresh-water 

inflow and terrestrial run-off to the region (Guerrero et al., 1997; Miloslavich et al., 2011). 

In addition, the confluence of two major currents off the estuary – the cold, nutrient-rich 

Falkland/Malvinas current, and the warm, nutrient-poor Brazil current – creates a series 

of oceanographic structures (i.e. eddies, marine fronts) that increase the biological 

production in the area (Miloslavich et al., 2011).  

 Primary production is particularly high at the estuary, considered one of the most 

productive environments in the world, and it plays a major role in supporting the rich 

biodiversity found along the Uruguayan coast (Acha et al., 2004; Guerrero et al., 1997; 

Miloslavich et al., 2011; Ortega and Martinez 2007). This includes several marine 
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mammal species that feed and breed along its large basin (Bastida et al., 2007; 

Miloslavich et al., 2011). 

 
Figure 3.1. Study area and sampling locations. The black dashed lines show the sampling area 

along the Uruguayan coast for the skulls of the seven marine mammal species included in this 

study; the grey dashed lines delineate the boundaries between the zones with different salinity: 

(I) the inner estuarine zone, defined by the bottom salinity front; (II) the estuary/mixohaline zone, 

defined between the surface and bottom salinity fronts; (III) the marine zone. Sea surface salinity 

and bottom salinity values (Guerrero et al., 1997; Moreira and Simionato 2019) are reported in 

practical salinity units (psu). The red line represents the modal position of the maximum turbidity 

zone for the estuary (Acha et al., 2008) 

  

 The bathymetry of the relatively shallow waters of the Río de la Plata estuary 

creates a unique hydrographic system. Since the freshwater input exceeds local 

evaporation, this area can be defined as a “positive estuary”, with a strong horizontal 

gradient as salinity increases steadily towards oceanic waters (Pritchard, 1952; Guerrero 

et al., 1997). In addition, the estuary is characterized by an almost constant vertical 

stratification, with the saltier marine waters moving upstream along the bottom of the 

estuary, and the freshwater layer originating from the river discharge remaining atop the 
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water column, thus creating a salinity wedge in between the two water masses (Guerrero 

et al., 1997; Acha et al., 2008). A bottom salinity front is defined at the upstream reach 

of the salt wedge by the topography, and a surface salinity front results from the 

convergence of estuarine and marine waters combined with the direction and velocity of 

the winds, among other factors (Figure 3.1; Framiñan and Brown 1996; Guerrero et al., 

1997; Acha et al., 2008). Typically, salinity increases with the distance from the inner 

estuary, varying from 0 psu at the river mouth to 33 psu at the marine zone, and with 

depth, more evident towards the estuarine zone (Figure 3.1; Framiñan and Brown, 1996; 

Guerrero et al., 1997; Acha et al., 2008; Moreira and Simionato, 2019). 

 A well-developed turbidity front, also known as the maximum turbidity zone, is 

formed by the flocculation of suspended matter at the tip of the salinity wedge, and the 

resuspension of sediment due to the tidal stirring over the Barra del Indio shoal, between 

Punta Piedras and Montevideo (Figure 3.1). Furthermore, the food webs within the 

estuary seem to be supported by at least three sources of organic matter: terrestrial 

detritus, marsh plant detritus, and phytoplankton (Framiñan and Brown, 1996; Acha et 

al., 2008; Botto et al., 2011), although their distribution is not equal. At the innermost 

part of the estuary, around the maximum turbidity zone, there is a high influence of 

terrestrial and freshwater marsh plant detritus due to light limitations. Immediately 

offshore these turbidity front and within the estuary/mixohaline zone, the influence of the 

salt marsh detritus coming from Samborombón Bay (Figure 3.1) increases, as well as the 

phytoplankton concentration as the light becomes more available. Finally, the marine 

zone is dominated mostly by phytoplankton (Carreto et al., 2003 and 2008; Acha et al., 

2008; Botto et al., 2011). This distribution of resources will determine the distinct isotopic 

values found along the Río de la Plata estuary (Botto et al., 2011). 

Sampling 

 A total of 133 bone samples of seven marine mammal species were analyzed, 

including two otariids, the South American sea lion Otaria flavescens (n = 11 ♀, 10 ♂), 

and the South American fur seal Arctocephalus australis (n = 14 ♀, 13 ♂); and five 

odontocetes, the pontoporiid franciscana dolphin Pontoporia blainvillei (n = 11 ♀, 11 ♂), 

the phocoenid Burmeister’s porpoise Phocoena spinipinnis (n = 1 ♀, 4 ♂, 5 unknown), 

and the delphinids Fraser’s dolphin Lagenodelphis hosei (n = 3 ♀, 2 ♂, 5 unknown), false 

killer whale Pseudorca crassidens (n = 3 ♀, 3 ♂, 4 unknown), and bottlenose dolphin 

Tursiops truncatus (n = 5 ♂, 5 unknown). Bone tissue has a relatively slow turnover rate 
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and hence, the values reported here integrate information on the habitat use of each 

individual over several years (Hobson et al., 2010; Schoeninger, 2010; Fahy et al., 2017). 

 Every specimen included in this study was found dead stranded along the 

Uruguayan coastline or was incidentally caught by Uruguayan fishermen between 1958 

and 2012. All bone samples were collected from skulls in the scientific collection of the 

Museo Nacional de Historia Natural (MNHN) and the Facultad de Ciencias of the 

Universidad de la República (UdelaR) at Montevideo (Uruguay), and consisted of a small 

fragment of crushed bone from the nasal cavity (turbinate bone) for the otariids, and the 

maxilla for the odontocetes.  

 It should be noted that, based on their skull characteristics, all bottlenose dolphins 

included in this study belong to specimens of the subspecies T. t. gephyreus (Lahille’s 

bottlenose dolphin), the coastal ecotype (Costa et al., 2016; Wickert et al., 2016). All the 

skulls from South American sea lions, South American fur seals and franciscana dolphins 

were considered to belong to adult or physically mature specimens (see Drago et al., 2017 

and 2018 for details on age determination). The age and standard length of the individuals 

of the remaining species were unknown, but the condylobasal length of each skull was 

measured to ensure that only specimens of similar body size were included and thus avoid 

any age-related bias (Drago et al., 2018 and 2020). The condylobasal length ranged 55 - 

59 cm for bottlenose dolphins, 27 - 29 cm for Burmeister’s porpoises, 39 - 44 cm for 

Fraser’s dolphins, 61 - 65 cm for false killer whales (Drago et al., 2020).  

Stable isotope analysis 

 Bone samples were cleaned with distilled water, oven dried at 60ºC for 36 h, and 

ground into a fine powder using a mortar and pestle. For the δ34S, no pre-treatment was 

applied to the bone prior to the analysis in order to avoid eliminating amino acids that 

contain this element. Approximately 10 mg of each bone sample was weighed into a tin 

capsule, and vanadium pentoxide (V2O5) was added as catalyst to accelerate the 

combustion and reduce variability (Nehlich and Richards 2009). Samples were loaded 

and combusted at 1035 ºC and analysed with an Elemental Analyzer (Carlo Erba 1108) 

coupled to a Delta Plus XP mass spectrometer through a ConFlow III interface (both from 

Thermofisher) at Centres Cientifics i Tecnologics (CCiT-UB) of the University of 

Barcelona, Spain. International isotope secondary standards distributed by the 

International Atomic Energy Agency (IAEA) of known 34S/32S ratios, in relation to the 

Vienna- Canyon Diablo Troilite (VCDT) were used. These consisted in barium sulphate 
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(NBS-127: δ34S = +21.2‰, IAEA SO-5: δ34S = +0.5‰ and IAEA SO-6: δ34S = - 34.1‰) 

and YCEM (δ34S= +12.8), and they were employed once every 12 samples. Analytical 

precision for repeat measurements of the reference material, run in parallel with the bone 

samples, was 0.1 ‰. 

 The δ18O, δ13C and δ15N values from the same samples were compiled from Drago 

et al., (2020 and 2021).  

The Suess effect (Keeling, 1979) correction was applied to all the original values 

of δ13C to compensate for the increment of atmospheric CO2 over time and to allow for 

comparison of δ13C values of specimens from different periods (see Drago et al., 2021 for 

details on Suess effect correction factor determination). Furthermore, because δ18O values 

in animal studies are more commonly presented relative to the Vienna Standard Mean 

Oceanic Water (V-SMOW) index, δ18O values were converted from PDB to SMOW 

according to the following equation (Koch et al., 1997):  

δ18O(SMOW) =  �δ18O(PDB) x 1.03086� + 30.86  (1) 

Stable isotope abundances are expressed in delta (δ) notation, with the relative 

variations of stable isotope ratios expressed in per mil (‰) deviations from predefined 

international standards, and they were calculated as: 

δjX =  �(jX /iX)sample� / �(jX /iX)standard�  − 1  (2) 

where jX is the heavier isotope (13C, 15N, 18O or 34S), and iX is the lighter isotope (12C, 
14N, 16O or 32S) in the analytical sample and international measurement standard (Bond 

and Hobson, 2012).  

Data analysis. 

 Normality was tested by means of the Lilliefors test, and homoscedasticity by 

means of the Levene test, with only δ34S and δ15N values showing homogeneity of 

variances. Differences between the stable isotope ratios (δ18O, δ34S, δ13C and δ15N) of 

males and females of the three species with the largest sample size (franciscana dolphins, 

South American sea lions and South American fur seals) were assessed through a 

Permutational Multivariate Analysis of Variance (PERMANOVA; Anderson 2001 and 

2014), using the vegan package version 2.5-7 with 999 permutations (Oksanen et al., 

2020). Since differences were found between sexes for the two otariids (see Results for 

details), nine groups were considered for further analysis: the five odontocetes species 

plus females and males of the two otariid species. Boxplots of the original values for each 
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stable isotope ratio were built to compare the average values and ranges of each species 

using one-way ANOVA followed by a Scheffe post-hoc test. 

 In order to identify differences in the isotopic niches of the considered marine 

mammal groups, the δ18O, δ34S, δ13C and δ15N values were combined using a 

PERMANOVA test followed by a pairwise multilevel comparison with the Bonferroni 

correction for multiple comparisons (Chen et al., 2017), using the package 

pairwiseAdonis with 999 permutations (Martinez Arbizu, 2020). However, since the 

pairwise comparison seemed to account more for the similarities than the differences 

between species (i.e. if two species had similar values in at least two stable isotope ratios, 

they were sometimes considered ‘similar’), two-dimensional plots were built using the 

package “SIBER” (Stable Isotope Bayesian Ellipses; Jackson et al., 2011) to estimate the 

isotopic niche width and overlaps between the marine mammal groups for the different 

pairs of stable isotope ratios. This was also used to recognize the dimensions in which 

those ‘similar’ species differed, and to estimate the best isotopic niche discriminator 

among the analyzed stable isotope ratios. Two complementary approaches were used to 

estimate the isotopic niche width (Jackson et al., 2011): the standard ellipse areas 

corrected for small sample size (SEAc) were used to plot the isotopic niche of each 

species within the isotopic space (isospace) and to calculate the overlap among species, 

and the Bayesian standard ellipse areas (SEAb) were used to obtain an unbiased estimate 

of the isotopic niche width with 95% credibility intervals.  

 All statistical analyses and plots were carried out using R Statistical Software v 

4.1.2 (R Core Team, 2021). Statistical results are reported according to Smith (2020). 

 

RESULTS 

 Given the small difference between the average values of δ34S, δ18O, δ15N and 

δ13C of female and male franciscana dolphins (0.07 ‰, 0.09 ‰, 0.24 ‰ and 0.23 ‰, 

respectively; Table 3.1), both sexes were pooled in one group for later analysis. On the 

contrary, the average δ34S and δ15N values of South American sea lions were higher in 

males than in females (1.68 ‰ and 1.10 ‰, respectively) and hence, considered 

biologically different (Table 3.1). Therefore, both sexes were considered independently 

in further analysis. Similarly, the average values of δ34S, δ18O and δ15N of male South 

American fur seals were higher than those of females (1.15 ‰, 0.34 ‰, 0.87 ‰, 

respectively; Table 3.1) and both sexes were also treated as separate groups in further 

analysis. 
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Table 3.1 Comparisons between stable isotope ratios (δ13C, δ15N, δ18O and δ34S) in 

females and males of franciscana dolphins, South American sea lions and South American 

fur seals, using PERMANOVA. First, the four stable isotope ratios were considered 

together, if differences between males and females were considered biologically relevant, 

the stable isotope ratios of each element was compared independently for the two sexes 

Species 
Stable isotope 

ratios R2 p-value 

Franciscana dolphins 
(Pontoporia blainvillei) 

♀ vs ♂ 
All 

(n = 11 ♀; 11 ♂) 0.011 0.889 

South American sea lions 
(Otaria flavescens) 

♀ vs ♂ 

All 
(n = 11 ♀; 10 ♂) 0.227 0.009 

δ34S 0.236 0.037 
δ18O 0.137 0.119 
δ13C 0.010 0.698 
δ15N 0.335 0.014 

South American fur seals 
(Arctocephalus australis) 

♀ vs ♂ 

All 
(n = 14 ♀; 13 ♂) 0.203 0.009 

δ34S 0.189 0.027 
δ18O 0.142 0.048 
δ13C 0.128 0.077 
δ15N 0.296 0.004 

 

The mean values of the nine groups considered here (five odontocetes species plus 

females and males of the two otariid species) were scattered along a gradient for the four 

stable isotope ratios analysed (Figure 3.2). In each case, either bottlenose dolphins or sea 

lions were at one extreme and Fraser’s dolphins at the other (Figure 3.2), with differences 

between the average values at both extremes of 3.78 ‰ for δ34S, 2.32 ‰ for δ18O, 2.71 

‰ for δ13C, and 6.06 ‰ for δ15N. According to the δ18O values, South American sea lions 

(both females and males), bottlenose dolphins and female South American fur seals 

presented the lowest mean δ18O values; male South American fur seals, franciscana 

dolphins and false killer whales had intermediate values, whereas Burmeister’s porpoises 

and Fraser´s dolphins showed the highest δ18O (Figure 3.2). Similar placements between 

species were found for the δ13C values, although in this case, female South American fur 

seals presented intermediate values (Figure 3.2). Moreover, bottlenose dolphins, 

Burmeister´s porpoises, female sea lions and franciscana dolphins had similarly low mean 

δ34S, whereas the Fraser´s dolphins and male fur seals presented the highest δ34S (Figure 
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3.2). In addition, the largest differences found between females and males for both 

otariids were in the δ34S values, with males having considerably higher mean values than 

the respective females (Figure 3.2). Lastly, the Fraser´s dolphins had the lowest δ15N 

values and appear to be different from the remaining species, whereas Burmeister’s 

porpoises, franciscana dolphins and South American sea lions (females and males) 

showed the highest δ15N values (Figure 3.2).  

The PERMANOVA and pairwise multilevel comparison comprising the four 

stable isotope ratios and the seven marine mammal species together, indicated differences 

between most of the considered groups (Supp. Table 1). On one side, female and male 

sea lions shared similar isotopic niches (R2 = 0.227, adjusted p-value = 0.216; n = 11 and 

n = 10, respectively), but only males showed similarities with those of false killer whales 

(R2 = 0.357, adjusted p-value = 0.072; n = 10 and n = 10, respectively) and Burmeister’s 

porpoises (R2 = 0.337, adjusted p-value = 0.072). Likewise, female and male fur seals 

also showed similar isotopic niches (R2 = 0.203, adjusted p-value = 0.072; n = 14 and n 

= 13, respectively), but only that of females was similar to that of Burmeister’s porpoises 

(R2 = 0.234, adjusted p-value = 0.072; n = 14 and n = 10, respectively). Other groups with 

similar isotopic niches, according to this analysis, were female and male fur seals and 

false killer whales (R2 = 0.086, adjusted p-value = 1.000; and R2 = 0.128, adjusted p-

value =1.000, respectively) and Burmeister’s porpoises with bottlenose dolphins (R2 = 

0.263, adjusted p-value = 0.072; n = 10 and n = 10, respectively), franciscana dolphins 

(R2 = 0.095, adjusted p-value = 1.000; n = 10 and n = 22, respectively) and false killer 

whales (R2 = 0.220, adjusted p-value = 0.072; n = 10 and n = 10, respectively). However, 

when comparing these results with the differences found initially with the ANOVA and 

Scheffe test (Figure 3.2), some groups considered here as ‘similar’ had different mean 

values for at least one stable isotope ratio. One clear example was between Burmeister’s 

porpoises and bottlenose dolphins, considered similar by the pairwise comparison (Supp. 

Table 1) despite the differences in δ18O and δ13C (Figure 3.2) that already showed 

biologically relevant differences in their isotopic niches.  
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Figure 3.2. Boxplots of the isotopic values (δ18O, δ34S, δ13C and δ15N) of the considered marine 

mammal species from Río de la Plata estuary and adjacent areas, organized by the mean values 

indicated in each case by a red “x”. Groups with different superscript (lower case letters) are 

statistically different in their mean values, according to the Scheffe post-hoc test following nested 

ANOVA. Boxes represent the first and third quartile, lines the median, and whiskers 95% 

confidence interval. A general description of the habitat and trophic habits suggested by both, the 

values for each stable isotope ratio and the origin of resources described by Botto et al., (2011) 

and Peterson and Howarth (1987) is showed underneath the boxes, with POM = Particulate 

organic matter; and T.P. = Trophic Position. Sample sizes and species/groups: female South 

American sea lions (Of ♀, n = 11), male South American sea lions (Of ♂, n = 10), female South 

American fur seals (Aa ♀, n = 14), male South American fur seals (Aa ♂, n = 13), bottlenose 

dolphins (Tt, n = 10), franciscana dolphins (Pb, n = 22), false killer whales (Pc, n = 10), 

Burmeister’s porpoises (Ps, n = 10) and Fraser’s dolphins (Lh, n = 10). δ13C values are corrected 

for Suess effect 
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 Figure 3.3. Standard ellipses of the marine mammal groups from Río de la Plata estuary, 

corrected for small sample size (SEAc), in the isospace defined by δ18O, δ34S, δ13C and δ15N. The 

colored arrows indicate the general interpretation of the isotopic values for each element as 

written, where blue corresponds to carbon (δ13C), purple to oxygen (δ18O), orange to nitrogen 

(δ15N) and green to sulphur (δ34S) stable isotope ratios. Sample sizes and species/groups: female 

South American sea lions (Of ♀, n = 11), male South American sea lions (Of ♂, n = 10), female 

South American fur seals (Aa ♀, n = 14), male South American fur seals (Aa ♂, n = 13), 

bottlenose dolphins (Tt, n = 10), franciscana dolphins (Pb, n = 22), false killer whales (Pc, n = 

10), Burmeister’s porpoises (Ps, n = 10) and Fraser’s dolphins (Lh, n = 10). δ13C values are 

corrected for Suess effect. The percentage of overlapped area between each pair of species/groups 

is available in Supp. Table 2  
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A better view of these differences between isotopic niches was obtained through 

the estimation of the area of the standard ellipse of each marine mammal group (Figure 

3.3) and the overlapped area between each pair for the different dimensions (Supp. Table 

2). Most groups did not overlap in at least one pair of stable isotope ratios and hence were 

considered to exploit different isotopic niches. However, the following seven pairs 

showed constant overlap of isotopic niche areas in all the considered dimensions: males 

and females for both otariids; franciscana dolphins and Burmeister´s porpoises; and false 

killer whales with: Fraser´s dolphins, fur seals (females and males) and franciscana 

dolphins (Figure 3.3; Supp. Table 2). 

 
Figure 3.4. Graphical representation of the estimated habitat preferences of the considered marine 

mammal groups from the Río de la Plata estuary, based on the combination of δ18O, δ34S, δ13C 

and δ15N values reported here, the physical and ecological processes of the estuary explained by 

Acha et al., (2008), and the origin of resources affecting the different zones of the estuary and 

their respective isotopic values reported by Botto et al., (2011) and Peterson and Howarth (1987). 

The short arrows show the general tendency of the respective stable isotope ratio in a given zone, 

where upward arrows indicate high values (enriched) and downward arrows indicate low values 

(depleted); POM = particulate organic matter. Species/groups: bottlenose dolphins (Tt), female 

South American sea lions (Of ♀), male South American sea lions (Of ♂), female South American 

fur seals (Aa ♀), male South American fur seals (Aa ♂), false killer whales (Pc), Burmeister’s 

porpoises (Ps), franciscana dolphins (Pb) and Fraser’s dolphins (Lh).  
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DISCUSSION 

 The results reported here revealed fine niche partitioning between the seven 

species of marine mammals studied, and demonstrated the utility of combining the stable 

isotope ratios of four elements to characterize the isotopic niche of consumers inhabiting 

estuaries with strong gradients of salinity and redox potential. 

Assessing the method 

 The addition of δ34S and δ18O to the initial δ13C – δ15N isospace described by 

Drago et al. (2021) provided with unique and useful information about the habitat use of 

the seven species of marine mammals considered here, allowing a better characterization 

of their individual isotopic niches (Franco-Trecu et al., 2017). 

 Each stable isotope ratio (δ18O, δ34S, δ13C and δ15N) characterized a different 

dimension of the isotopic niche of each group and provided complementary information 

on their habitat preferences and trophic position. The isotopic niches revealed by 

combining four stable isotope ratios allowed not only to confirm some of the information 

reported in the literature, but also to gain new knowledge on the habitat use of some 

species, as well as to infer differences between apparently similar groups. It is worth 

noting that species with similar isotopic niches do not necessarily have the same 

distribution, as isotopic similarity only indicates similar preferences for certain 

environmental conditions, which could be found in different areas along the estuary (Acha 

et al., 2008). Furthermore, bone tissue acts as a long-term integrator of the stable isotope 

ratios due to its relatively slow turnover rate, which makes it useful to obtain information 

over extended periods of time (Hobson et al., 2010; Schoeninger 2010; Fahy et al., 2017; 

Skedros et al., 2013; Matsubayashi et al., 2017; Tomaszewicz et al., 2018; Matsubayashi 

and Tayasu 2019). Accordingly, the values reported here for each individual are averages 

integrating habitat use over a period of several years, but lack resolution on shorter time 

scales (weeks to months). 

 The pairwise multilevel comparison employed after the PERMANOVA has been 

used in different studies to compare three or more stable isotope ratios between different 

species of marine mammals (Borrell et al., 2021). It uses random permutations in order 

to analyze the relationship between the stable isotope ratios and the species, and hence, 

slightly different results can be expected every time the test is run (Anderson 2001 and 

2014). Moreover, based on the results obtained here, this statistical analysis seems to 

account more for the similarities between groups and not as much for the differences, 
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which was the main interest of the present study. Hence, to define the isotopic niche of 

different species in an ecosystem, the Stable Isotope Bayesian Ellipses (Jackson et al., 

2011) were considered more appropriate. 

Origin of resources according to δ34S, δ18O, δ13C and δ15N 

 The variation in stable isotope ratios within an ecosystem depends mostly on the 

physical and ecological processes that determine the origin of each chemical element 

(Peterson and Howarth 1987; Rubenstein and Hobson 2004). In the Río de la Plata 

estuary, these processes are mainly driven by the constant inflow of a fresh-water surface 

layer with terrestrial particulate organic matter (POM) over the salty shelf waters that, 

combined with wind stress and topography, create a series of well-characterized inshore 

and marine fronts and a strong stratification with marked vertical and horizontal salinity 

gradients (Figure 3.4; Guerrero et al., 1997; Acha et al., 2004; Botto et al., 2011). Here, 

the main source of δ18O variation between the marine mammal groups is the salinity of 

the water where they feed, as demonstrated by the strong positive correlation between 

these two factors (Conroy et al., 2014; Belem et al., 2019). Indeed, although data for the 

Río de la Plata estuary are limited, a general increase in δ18O values is observed from 

inshore (δ18O = ~ - 1 ‰ PDB; ~ 29.8 ‰ SMOW) to offshore (δ18O = ~ + 2 ‰ PDB; ~ 

32.9 ‰ SMOW) marine environments in the nearby Atlantic Ocean (LeGrande and 

Schmidt 2006; McMahon et al., 2013). Additionally, the almost permanent vertical 

salinity stratification in the mixohaline zone leads to the formation of a salt wedge and 

the occurrence of salty marine waters with higher δ18O values just above the bed of the 

estuary (Figure 3.4; Guerrero et al., 1997). 

 On the other hand, δ13C and δ34S values are directly affected by the source of the 

primary producers and plant detritus reaching the estuary (Peterson and Howarth 1987; 

Connolly et al., 2004). In the Río de la Plata estuary, there are three known sources of 

organic C: (1) the 13C-depleted terrestrial and freshwater marsh plants with a C3 

metabolism, brought into the estuary by the river; (2) the 13C-enriched salt marsh plants 

with a C4 metabolism, found mostly at the southern shore of the estuary along 

Samborombón Bay (Figure 3.1), mostly Spartina spp.; and (3) the marine phytoplankton, 

also 13C-depleted (Peterson and Howarth ,1987; Botto et al., 2011; Bergamino et al., 

2017). The first two sources reach the estuary mostly as detritus and the presence of 

phytoplankton is light-dependent; as a result, the relevance of each source is spatially 

variable (Botto et al., 2011).  
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At the innermost part of the estuary, the maximum turbidity zone (Figure 3.1; 

Figure 3.4) is characterized by a high concentration of suspended particles originated 

from terrestrial plants and freshwater marsh plants, since water turbidity does not allow 

phytoplankton growth (Framiñan and Brown 1996; Acha et al., 2003; Botto et al., 2011). 

Here, the base of the food web seems to be supported by this allochthonous detritus with 

low δ13C values (Figure 3.4; Peterson 1999; Botto et al., 2011). Once in the 

estuary/mixohaline zone, most of the suspended POM seems to originate from the salt 

marshes with high δ13C values, representing the only known source of 13C-enriched 

particles for the consumers in the area (Figure 3.4; Botto et al., 2011). Nonetheless, a 

considerable increase in phytoplankton concentration has been found inside the estuary 

following the maximum turbidity zone (Carreto et al., 2008), so it is also possible to find 

consumers with low δ13C values associated to this zone. In the marine waters, the food 

web is supported mostly by phytoplankton and hence consumers are characterized by low 

δ13C values (Figure 3.4; Peterson 1999; Botto et al., 2011). In contrast, the variation in 

δ34S values depend on the source of inorganic S (Peterson et al., 1985). Terrestrial and 

marsh plants use 34S-depleted sulphides originated, respectively, from precipitation and 

anoxic sediments with high sulphate reduction (Peterson et al., 1985; Peterson 1999). As 

a result, the consumers associated to the maximum turbidity zone are expected to have 

low δ34S values, as well as those from the estuary/mixohaline zone (Figure 3.4). On the 

other hand, planktonic organisms use the 34S-enriched seawater sulphates product of the 

sulphide oxidation within the water-column, and are responsible for the high δ34S typical 

of offshore/pelagic species (Figure 3.4; Peterson and Howarth 1987; Peterson 1999).  

Habitat use according to δ34S, δ18O, δ13C and δ15N 

From the section above, results that the isotopic niche of each marine mammal 

species inhabiting the Río de la Plata estuary and adjoining waters, can be used to 

characterize their habitat use pattern (Figure 3.4).  

 The differences between females and males for both otariid species (South 

American sea lions and fur seals) were consistent with their sexual dimorphism and 

distinct behavior (Cárdenas-Alayza 2018a and 2018b). In both cases, females usually stay 

closer to the coast and near to their breeding grounds (Rodríguez et al., 2013; González 

Carman et al., 2016), whereas males often perform long-distance foraging trips further 

from their rookeries and reach more marine waters with less terrestrial influence 

(Giardino et al., 2016; de Lima et al., 2022), as evidenced here by the higher δ34S values 
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found in males (Connolly et al., 2004). Nonetheless, the low δ18O values (Figure 3.2) 

reported for these four groups indicated a preference for low salinity foraging grounds, 

suggesting that even though males use more marine habits than females, the estuarine 

zone above the salt wedge is still an important feeding ground for both sexes in both 

species. Moreover, the higher δ13C values of sea lions of both sexes compared to fur seals 

indicated a higher reliance of the former on the food web supported by salt marsh detritus, 

while the combination of low δ13C and high δ34S values typical of fur seals, particularly 

males, better fits with a phytoplankton-based food web (Figure 3.4; Saporiti et al., 2016; 

Drago et al., 2017). This is consistent with the prevalence of pelagic and demersal-pelagic 

fishes and squids in the diet of fur seals (Naya et al., 2002; Franco-Trecu et al., 2014; de 

Lima et al., 2022), compared to the prevalence of benthic prey in the diet of sea lions 

throughout the year, although they increase the consumption of more pelagic prey during 

the pre-breeding season (Franco-Trecu et al., 2014; Drago et al., 2015). The different 

trophic positions of the two otariid species is further supported by the higher δ15N values 

of sea lions (Drago et al., 2021). 

 Bottlenose dolphins shared similarities with female sea lions on three out of the 

four stable isotope ratios analyzed (Figure 3.2), suggesting similar preferences of habitat 

but differences in their trophic positions. The low δ18O and δ34S values indicated the use 

of low salinity areas with high terrestrial influence, and the high δ13C confirmed an 

affinity for the mixohaline zone in areas with high influence of salt marsh detritus (Figure 

3.4; Connolly et al., 2004; Botto et al., 2011). These results are consistent with the 

demerso-pelagic diet described for bottlenose dolphins in the Río de la Plata estuary 

(Botta et al., 2012; Wells and Scott 2018), although some individuals might be using the 

marine waters at the bottom of the estuary as they presented high δ18O values, similar to 

those found in marine species (Figure 3.2; Acha et al., 2008; Secchi et al., 2017).  

 False killer whales had a broad isotopic niche, overlapping with marine species 

such as the Fraser´s dolphins, as well as with species associated with the 

estuary/mixohaline zone such as fur seals and franciscana dolphins (Figure 3.3, Supp. 

Table 2). This was likely due to the wide range of values presented by the species for 

most stable isotope ratios, especially δ18O, δ13C and δ15N. In Southern Brazil, Botta et al., 

(2012) also reported intraspecific variation for the false killer whales and divided them 

into two groups, one similar to the local inshore predators (bottlenose dolphins and killer 

whales) and another one with lower δ13C and δ15N values that suggested offshore/oceanic 

habits. Likewise, based on the different δ18O values found for Río de la Plata, there might 
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be at least two groups of false killer whales with different feeding habits, one using the 

upper layers of the estuary/mixohaline zone above the salinity wedge, and another group 

using the waters below the salinity wedge, although a larger sample size is needed to test 

this hypothesis (Figure 3.4). It is worth noting that bottlenose dolphins and false killer 

whales have similar isotopic niches within the δ13C – δ15N isospace (Bisi et al., 2013, 

Drago et al., 2021) but differed largely when δ34S and δ18O are considered (Figure 3.3 

and Figure 3.4).  

 On the other hand, the high δ18O values reported for the Burmeister´s porpoise 

combined with relatively low δ13C values, previously led to report offshore habits for this 

species in Río de la Plata (Drago et al., 2020 and 2021). However, the Burmeister’s 

porpoise is generally described as a coastal species based on sightings and incidental 

catches (Reyes 2018), and diet often includes inshore prey, either demersal or pelagic 

(Reyes and Van Waerebeek 1995; Molina-Schiller et al., 2005; Riccialdelli et al., 2010; 

Reyes 2018). Considering the low mean δ34S values reported here (Figure 3.2), the 

combination of high δ18O and low δ13C values can be explained by the use of benthic 

areas close to the bottom salinity front and below the salt wedge in the mixohaline zone 

(Figure 3.4). Here, there is a high influence of 18O- and 34S-enriched marine waters 

entering the estuary from the bottom, the formation of the maximum turbidity zone with 

high influence of 13C- and 34S-depleted terrestrial POM, and the presence of 13C-enriched 

detritus from salt marshes associated with the estuary/mixohaline zone (Peterson and 

Howarth, 1987; Guerrero et al., 1997; Acha et al., 2008; Botto et al., 2011). Although the 

preference for areas with high salinity is clear, the merging of all these different isotopic 

sources in a relatively small area is likely the reason for the wide intraspecific variation 

of δ13C and δ34S found for the Burmeister’s porpoise. 

 In the case of the franciscana dolphin, both females and males seem to have 

similar foraging habits (Crespo, 2018), consistent with the similarities found here 

between their isotopic values. Moreover, the high δ18O combined with relatively high 

δ13C and low δ34S indicated the use of the mixohaline zone below the salinity wedge, 

likely with the influence of salt marsh detritus as C and S sources, although some 

individuals might be using areas with higher influence of terrestrial POM (Figure 3.4; 

Peterson and Howarth, 1987; Acha et al., 2008; Botto et al., 2011). These descriptions of 

habitat use also appear to be consistent with the demersal and benthopelagic diet 

described for the southern populations of this species through stomach content analysis 

(Franco-Trecu et al., 2017; Tellechea et al., 2017; Botta et al., 2022).  
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 Opposite to the other groups, the isotopic niche of the Fraser´s dolphin is 

consistent with an off-shore, pelagic feeding, most likely supported by a food chain 

relying on phytoplankton using water-column sulphates (Figure 3.4; Drago et al., 2021). 

This species is often found in deep waters, from 250m to up to 3500m deep, probably 

following the distribution of their preys (Dolar 2018), and stomach content analysis of 

stranded and incidentally caught individuals have confirmed a preference for mesopelagic 

and deep-water fishes and squids (Dolar et al., 2003; Wang et al., 2011; Dolar 2018). 

Previous studies have also reported constantly low δ13C values for Fraser’s dolphins in 

different regions (Bisi et al., 2013; Botta et al., 2012; Costa et al., 2020), and their 

offshore/marine habits are further confirmed here with the high δ34S and δ18O values 

(Peterson and Howarth 1987; Carreto et al., 2008; Belem et al., 2019).  

Finally, δ15N values are used as a proxy of the trophic position through the 

estimation of a trophic discrimination factor, which vary between 1.57 and 2.7 ‰ for 

different species of marine mammals (Borrell et al., 2012; Aurioles-Gamboa et al., 2013; 

Beltran et al., 2016; Giménez et al., 2016). If so, the range reported here, from 12.62 ‰ 

in one of Fraser´s dolphins to 22.73 ‰ in one of franciscana dolphins, would suggest that 

the assemblage is foraging along more than three trophic levels. This is highly unlikely 

and certainly an artefact caused by the high input of sewage reaching Río de la Plata 

estuary from Montevideo and Buenos Aires, and the resulting shift in the δ15N baseline 

between estuarine and oceanic waters (McClelland and Valiela 1998; Botto et al., 2011; 

McMahon et al., 2013; Troina et al., 2020; Troina et al., 2021). 

Conclusions 

 Our isotopic data suggest the extended use of the estuarine/mixohaline zone as a 

foraging ground by several marine mammal species inhabiting the Río de la Plata estuary 

and adjacent south-western Atlantic waters. On one side, bottlenose dolphins, South 

American sea lions and fur seals showed a higher affinity to the low salinity layers above 

the salt wedge, characterized also by distinct C and S sources: POM from salt marshes 

and phytoplankton (Figure 3.4). A second group of species, including the Burmeister´s 

porpoises, franciscana dolphins and false killer whales, seemed to prefer the saltier marine 

waters close to the bottom of the estuary. However, the porpoises showed affinity for the 

maximum turbidity zone with high terrestrial influence, whereas the other two species 

showed a higher influence from salt marsh detritus (Figure 3.4). Finally, the Fraser´s 

dolphin was the only species that showed an affinity for the marine zone, an area with 
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high salinity and phytoplankton and water-column sulphates as C and S sources, 

respectively (Figure 3.4). Considering the disparate distribution ranges of the seven 

species studied here (Reeves et al., 2002), the pattern of habitat partitioning reported is 

unlikely to have resulted from coevolution, but emerges probably because of differences 

in their fundamental niches and the possible role of competition. The actual relevance of 

competitive exclusion has yet to be assessed, but the restriction of bottlenose dolphins to 

the less saline areas of the estuary is striking, as the species inhabits mostly coastal waters 

elsewhere in the south-western Atlantic Ocean (Lodi et al. 2016). 

 In conclusion, the use of δ18O and δ34S provided additional and important insights 

into the habitat use of the considered marine mammal species in an estuarine setting, 

allowing to differentiate between species using different salinity ranges and food webs 

with different contributions of terrestrial detritus. Both stable isotope ratios worked as 

complementary habitat tracers, without discarding the useful information on trophic 

relationships provided by δ13C and δ15N. Furthermore, the combination of at least three 

habitat tracers allowed a better visualization of the different dimensions that make up the 

whole ecosystem, thus improving the understanding of habitat partitioning between 

marine mammal species. 
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Fine-tuning the isotopic niche of a marine mammal community 

through a multi-element approach and variable spatial scales 
 

ABSTRACT 

It is commonly assumed that the resolution of the isotopic niche of consumers can be 

improved with a larger number of chemical elements, but this is only true if steep 

environmental gradients exist at the appropriate spatial scale. Off Mauritania, the δ13C 

value is a useful proxy to understand the distribution of marine mammals along the 

inshore-offshore gradient, and the δ15N value to assess their trophic position. Here, the 

incorporation of δ18O values as an independent habitat tracer largely improved the 

resolution of the isotopic niche, because the δ18O gradients, mostly reflecting marked 

salinity gradients, spanned over broad spatial scales when compared to the home range 

of marine mammals. On the contrary, δ34S values did not improve much the resolution of 

the isotopic niche at the species level, although it was useful to identify individuals relying 

on food webs associated with anoxic sediments, such as seagrass meadows. This is 

because the δ34S gradient in the area develops over a small spatial scale, compared to the 

home range of the considered species. This study provides new insights into the use of a 

muti-element approach in isotopic ecology, and improves the understanding of habitat 

partitioning between the considered marine mammal species off North Western Africa. 

Keywords: stable isotopes, upwelling, marine mammals, niche partition, habitat use. 
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INTRODUCTION 

 The precise characterization of a species’ niche is critical in ecology as it provides 

a convenient approach to a variety of questions regarding resource availability, habitat 

use, and geographic distribution, both at the population and community levels (Newsome 

et al., 2010). However, marine mammals and other elusive species are difficult to study 

in the wild and their niches are often characterized through parameters such stable isotope 

ratios, fatty acid profiles or contaminant levels (Newsome et al., 2010; Ramos and 

González-Solís, 2012). This is because these intrinsic tracers, stored in animal tissues 

through time, integrate information on diet composition and habitat use, although this 

information can only be interpreted if environmental gradients and their temporal and 

spatial scales are known. 

 Stable isotope ratios report the relative abundance of the heavy stable isotope of 

any chemical element in a sample, compared to that in a standard, and are usually reported 

in the so called δ notation (Bond and Hobson, 2012). The stable isotope ratios of carbon 

(C), nitrogen (N), sulphur (S) and oxygen (O) are commonly used in ecology as intrinsic 

biogeochemical markers, as they inform about both the trophic and spatial components 

of the niche (Rubenstein and Hobson, 2004; Newsome et al., 2010; Ramos and González-

Solís, 2012). Accordingly, the isotopic niche of a species is defined as the area in the δ-

space where the values of the population concentrate (Newsome et al., 2010) and is best 

characterized by the convex hull and standard ellipse areas in a given biplot (Syväranta 

et al., 2013).  

 Stable isotopes of C and N have been widely used to study the foraging ecology 

of marine mammal species worldwide, because they can be measured with a small sample 

of any tissue (Newsome et al., 2010; Ben-David and Flaherty, 2012; Drago et al., 2021). 

The C stable isotope ratio (13C/12C; δ13C) in animal tissues directly reflects that of their 

diet and, in aquatic ecosystems, it discriminates accurately between benthic primary 

producers and phytoplankton (Post, 2002; Newsome et al., 2010). On the other hand, the 

N stable isotope ratio (15N/14N; δ15N) shows a considerable trophic enrichment due to the 

preferential excretion of the light isotope (14N), and hence, allows inferring the trophic 

position of a species (Post, 2002; Rubenstein and Hobson, 2004; Ramos and González-

Solís, 2012). When combined, δ13C and δ15N values are usually indicative of niche 

partitioning between species at a local spatial scale (Newsome et al., 2010; Ben-David 

and Flaherty, 2012; Pinela et al., 2010; Graham et al., 2010; Botta et al., 2012; Costa et 

al., 2020; Drago et al., 2021). However, characterizing the isotopic niche of a species 
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using only these two values may fail to capture all the dimensions that make up the 

isotopic space of an ecosystem (Ramos and González-Solís, 2012; Cani et al., 2023). For 

this reason, there is an increasing interest in using the stable isotope ratios of other 

chemical elements, such as S and O (Rossman et al., 2016; Drago et al., 2020; Cani et al., 

2023). 

The S stable isotope ratio (34S/32S; δ34S) reflects the sources of inorganic S 

available to primary producers (Peterson et al., 1985), and it is mostly applied in 

combination with δ13C and δ15N values to improve the analysis on habitat use (Rossman 

et al., 2016; Borrell et al., 2021; García-Vernet et al., 2021). In general, marine 

phytoplankton is characterized by high δ34S values, whereas seagrasses and mangroves, 

growing on hypoxic or anoxic sediments, are characterized by much lower δ34S values 

because of the intense discrimination against the heavier isotope (34S) during sulphate 

reduction (Peterson, 1999; Croisetière et al., 2009). Likewise, terrestrial particulate 

organic matter is also characterized by low δ34S values (Peterson, 1999). On the other 

hand, the O stable isotope ratio (18O/16O; δ18O) is commonly used as a habitat tracer in 

terrestrial ecology, since its distribution can be predicted according to the hydrological 

cycle and the local geology (Trueman et al., 2012). In the marine environment, there is a 

positive and linear correlation between the δ18O values and the salinity of the water (Gat, 

1996; Conroy et al., 2014), therefore being a useful descriptor of habitat use in areas with 

strong salinity gradients (Belem et al., 2019; Drago et al., 2020).  

 It should be noted that, in positive estuaries, where the salinity increases toward 

oceanic waters (Pritchard, 1952), the δ34S and δ18O gradients are usually generated by the 

same process, i.e., the freshwater run-off also transporting particulate organic matter from 

continental origin (Peterson, 1999; Belem et al., 2019). As a result, both δ34S and δ18O 

values vary similarly on a broad spatial scale, from tens to hundreds of kilometres (Cani 

et al., 2023). However, the δ34S and δ18O gradients may be uncoupled in negative 

estuaries, where intense evaporation exceeds the freshwater input nearshore (Pritchard, 

1952) and, thus, generates a salinity gradient independent from the freshwater input. In 

this scenario, the primary source of δ34S variation is the sulphate reduction in sediments, 

hence, the two gradients are generated by independent processes (Peterson, 1999; Belem 

et al., 2019).  

 The Parc National du Banc d’Arguin (PNBA), in Mauritania (Figure 3.1.A), offers 

a representative example of a negative estuary where the high temperatures and aridity of 

a desert climate, combined with limited water exchange with the adjoining Atlantic 
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Ocean, create a strong offshore/inshore salinity and a δ18O gradient year-round (Figure 

3.5.B; Wolff et al., 1993). Conversely, no offshore/inshore δ34S gradient is expected to 

exist in the PNBA as a result of the almost complete absence of freshwater run-off, and 

negligible wind-driven inputs of terrestrial particulate organic matter from the adjoining 

sparsely vegetated desert (Pottier et al., 2021). Here, the existence of patches of anoxic 

sediments covered by seagrasses (Pottier et al., 2021) is the only source of variability in 

δ34S values of the fishes and sea turtles inhabiting the Parc (Cardona et al., 2009). 

However, nothing is known about the variation of these values in marine mammals.  

 Mauritanian waters support a diverse community of marine mammals that 

includes tropical, subtropical and boreal species (Robineau and Vely, 1998). This is not 

only because the Mauritanian coast represents a transition zone between the tropical and 

subtropical waters of the Northeastern Atlantic Ocean (Pelegrí et al., 2017), but also 

because of the existence of two important upwelling areas, constantly enhancing coastal 

primary production and increasing habitat heterogeneity (Figure 3.5.A; Cropper et al., 

2014). 

 In a previous study, Pinela et al., (2010) used δ13C values to segregate several 

species of marine mammals along the offshore/inshore gradient off Mauritania, and δ15N 

values to assess their trophic positions. Here, δ18O values were incorporated to better 

discriminate between species using water masses of contrasting salinity, and δ34S values 

to identify those species tightly linked to seagrass meadows. 

    

METHODS 

Study Area 

 The Islamic Republic of Mauritania is located at the Northwestern coast of Africa, 

between 16 – 22º N and 16 – 18º W (Figure 3.5.A). This is an area of hydrological 

complexity due to the strong winds and currents that create almost constant upwelling 

events throughout the year (Sevrin-Reyssac, 1993; Robineau and Vely, 1998).  

 On the northern parts of the Mauritanian coast, the salty, cold, and nutrient-rich 

waters of the Canary Current flow southward reaching the Cape Blanc Peninsula at 

around 21º N. According to Cropper et al., (2014), this area belongs to the “Permanent 

Annual Upwelling Zone” (Figure 3.5.A), where southward trade winds produce the 

offshore advection of surface waters, which are replaced by the colder and nutrient-rich 

subsurface waters, creating strong and permanent upwelling events along the coast. 

Consequently, part of these upwelled waters enters the PNBA, located south of Cape 
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Blanc, and are transported southward across the tidal flats, eventually returning to the 

open ocean (Figure 3.5.B; Wolff and Smith, 1990). However, the influence of the 

upwelling decreases significantly towards the inner parts of the PNBA, where the shallow 

seas and the tidal changes decrease the intensity of the water circulation, thus increasing 

the transport time inside the bay (Wolff et al., 1993). Here, the influence of the Sahara 

winds creates conditions of particularly high salinities and temperatures, especially in the 

intertidal mudflats and channels covered by benthic primary producers, such as seagrasses 

and macroalgae (Figure 3.5.B; Wolff and Smith, 1990; Araujo and Campredon, 2016; 

Pottier et al., 2021). 

  From the south, the seasonal trade winds produce a series of upwelling events, 

especially during winter, in the “Mauritania-Senegalese Upwelling Zone” (Figure 3.5.A; 

Cropper et al., 2014). Here, the less salty, warmer, and nutrient-poorer Mauritanian 

Current (MC) flows northward along the Mauritanian coast bringing warmer surface 

waters up to about 20º N (Mittelstaedt, 1991; Fischer et al., 2016). Similarly, a subsurface 

current noted as the Poleward Under-Current (PUC; Figure 3.5.A), almost 

indistinguishable from the Mauritanian Current, flows northward along the shelf break 

and reaches farther north than the surface waters, increasing in salinity as it mixes with 

the Canary Current off Cape Blanc (Figure 3.5.B; Peña-Izquierdo et al., 2012). The 

combination of these two northward currents creates the MC-PUC system (Figure 3.5.A). 

 West of the upwelling areas off the Mauritanian shelf, the Cape Verde Frontal 

Zone appears as a boundary between the Canary Current and the MC-PUC system (Figure 

3.5.A; Zenk et al., 1991; Meunier et al., 2012). This boundary is not spatially fixed, but it 

is rather defined by the location of the 36 isohaline at the 150 m depth (Zenk et al., 1991). 

Hence, the interaction between the coastal upwelling and this frontal zone becomes 

complex and dynamic, especially as the two water masses may be upwelled and laterally 

mixed within this zone (Meunier et al., 2012). Furthermore, the variable contributions of 

salinity and temperature to the density create a weak and unstable density front with 

mesoscale variability; the destabilization of this front often results in the formation of 

mesoscale eddies off Cape Blanc (Meunier et al., 2012). 
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Figure 3.5. A. Study area showing the upwelling zones (Cropper et al., 2014) and main 

habitat types (Legibre, 1991; Pottier et al., 2021) found along the Mauritanian coast: (1) 

Rocky cliffs and scattered, tide-dependent sandy beaches and patches of seagrass beds 

(Cymodocea nodosa). (2) Tidal mudflats, unvegetated in the northern region, and covered 

by seagrasses and mangroves in the southern region. (3) Sandy beach with scattered 

sublittoral seagrass patches, deltaic zones and ancient lagoons. The limits of the PNBA 

are denoted by the red contour. Green arrows indicate the general direction of the two 

major currents reaching the area: the Canary Current (CC) and the Mauritanian Current 

(MC). The yellow arrow represents the along-slope Poleward Under-Current (PUC), and 

the purple arrow represents the Cape Verde Frontal Zone. B. Annual mean sea surface 

salinity (practical salinity units, psu) and sea surface temperature (ºC) off the Mauritanian 

coast in 1993, according to Copernicus.  
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 Different habitat types are found along the Mauritanian coast (Figure 3.5.A). The 

Cape Blanc Peninsula and the northern part of the PNBA, are mostly rocky cliffs with 

scattered, tide-dependent sandy beaches with patchy seagrass beds, mostly Cymodocea 

nodosa. The inshore regions of the PNBA constitute a unique ecosystem, with intertidal 

areas composed by shallow mudflats, crossed by channels covered with patches of 

seagrass beds, mostly dominated by Zostera noltrii and Cymodocea nodosa, and 

mangrove forests in the southern parts. On the other hand, the coast of Nouakchott, known 

as the “Grande Plage”, is composed mainly of sandy beaches with scattered sublittoral 

seagrass patches (Lebigre, 1991; Pottier et al., 2021; Pinela et al., 2010). 

 The tidal flats inside the PNBA (Figure 3.5.A) are relatively isolated, producing 

differences in the underwater climate along the bay. For instance, the water temperature 

and salinity vary with season and location, and they can be several degrees higher on the 

eastern slope compared to the west, as well as on the north-south gradient (Figure 3.5.B; 

Sevrin-Reyssac, 1993). Hence, average temperature and salinity values of 16 – 20 ºC and 

35 – 36, respectively, can be found on the northern areas, where the cold ocean waters 

first enter the bay, and reach up to 25 – 29º C and around 38 – 40, respectively, towards 

the southern parts due to the isolation of the coastal waters and the high evaporation rates 

(Figure 3.5.B; Wolff and Smith, 1990; Sevrin-Reyssac, 1993). However, temperature and 

salinity values higher than 35 ºC and 38, respectively, have been recorded at the tidal flats 

and shallower pools during low tides (Wolff and Smith, 1990; Dedah, 1993; Sevrin-

Reyssac, 1993). On the contrary, salinity on the southern coast is lower due to the 

influence of the MC and the Senegal River, with values lower than 20 at the estuary basin 

and reaching 35 – 36 around Nouakchott (Figure 3.5.B; Chevalier et al., 2014). 

 In this region, the marine mammal fauna is of particular interest. In the North, the 

Cape Blanc Peninsula holds the largest extant subpopulation of the endangered 

Mediterranean monk seal, Monachus monachus, whereas another critically endangered 

species, the Atlantic humpback dolphin, Sousa teuszii, inhabits the shallow areas and 

intertidal mudflats of the PNBA (Figure 3.5.A; Collins et al., 2017; Karamanlidis and 

Dendrinos, 2015). Other coastal species, such as the harbour porpoise, Phocoena 

phocoena, are often seen in the colder waters around Cape Blanc and in the northern 

fringe of the PNBA, while the most commonly reported species, the bottlenose dolphin 

Tursiops truncatus, can be found all over the Mauritanian coast and even in offshore areas 

(Figure 3.5.B; Robineau and Vely, 1998). Moreover, oceanic species such as the Atlantic 

spotted dolphin, Stenella frontalis are present offshore in the warmer tropical waters 
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brought up by the Mauritanian Current (Figure 3.5.B; Robineau and Vely, 1998; Herzing 

and Perrin, 2018), whereas the long-finned pilot whale, Globicephala melas prefers the 

cold temperate waters of the Canary Current, and the common dolphin, Delphinus 

delphis, the second most commonly reported species in the area, is often found in deep 

waters offshore but is also seen in coastal areas (Figure 3.5.B; Robineau and Vely, 1998; 

Olson, 2018). 

Sampling 

 Bone samples from 68 individuals, pertaining to seven marine mammal species, 

were collected along the coast of the Islamic Republic of Mauritania, from 1994 to 1997: 

Atlantic humpback dolphin Sousa teuszii (n = 3), bottlenose dolphin Tursiops truncatus 

(n = 15), harbour porpoise Phocena phocena (n = 15), long-finned pilot whale 

Globicephala melas (n = 3), Atlantic spotted dolphin Stenella frontalis (n = 5), common 

short-beak dolphin Delphinus delphis (n = 15), and Mediterranean monk seal Monachus 

monachus (n = 12). In all cases, samples were taken from the skull of dead stranded 

individuals and deposited at the scientific collection of the Faculty of Biology of the 

University of Barcelona (Spain). Only complete skulls found in good condition without 

evidence of weathering were selected to ensure no post-mortem alteration of the stable 

isotope ratios due to long-term exposure to the environmental conditions (Nelson et al., 

1986). Additionally, the amount of carbonate in the samples was measured (Supp. Table 

2) to assess the risk of precipitation of environmental carbonates (see below). 

 There is no information about the cause of death of these individuals, but it is 

assumed that in most cases was due to natural causes (Pinela et al., 2010), with a few 

cases of potential mortality caused by fishing interactions (Nieri et al., 1999). Although 

the age and standard length of the individuals were mostly unknown, the condylobasal 

length of each skull was measured and the degree of fusion of the premaxilla with the 

maxilla was determined to ensure that only adult specimens were analyzed (Mo et al., 

2009). Small fragments of the skull were sampled from the auditory bulla in the case of 

the Mediterranean monk seals, and from the pterygoid in the case of cetaceans, to avoid 

damaging the skulls for subsequent studies. Furthermore, bone tissue has a relatively slow 

turnover rate, thus the values reported here integrate several years of information on the 

habitat use of each individual (Hobson et al., 2010; Schoeninger 2010; Fahy et al., 2017). 
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Stable Isotope Analysis 

Stable isotope ratios of C and N were compiled from Pinela et al., (2010) and 

Drago et al., (2021). Additional bone samples from the same specimens were collected 

for O and S stable isotope analysis. Bone samples were cleaned with distilled water, dried 

in a stove at 60ºC for 36 h, ground into a fine powder using a mortar and pestle, and split 

in two aliquots, one for δ18O analysis and the other one for δ34S analysis. 

 Prior to δ18O analysis, the inorganic matrix of the bone was obtained by soaking 

the bone powder with 30% hydrogen peroxide (H2O2) for 48 h in partially covered vials 

at 4 ºC, to remove any organic compounds and prevent the precipitation of secondary 

carbonate. The samples were then rinsed repeatedly with deionized (Milli-Q) water and 

treated with 1 M of calcium acetate–acetic acid buffer for another 24 h to remove any 

diagenetic carbonate. Finally, they were carefully rinsed again with Milli-Q water and 

dried for 24 h and left to dry in an oven at 50ºC for another 24 hours (Koch et al., 1997). 

A Kiel III Carbonate Device preparation system (Thermo Electron-Dual Inlet, Thermo 

Fisher Scientific, Bremen, Germany) linked to a model MAT-25‰ gas source mass 

spectrometer (Thermo Fisher Scientific, Bremen, Germany) was used for these analyses. 

Approximately 1.0 mg of each treated bone sample was weighed and dissolved in 100% 

phosphoric acid at 70 ºC with concurrent cryogenic trapping of CO2 and H2O. The CO2 

was then admitted to the mass spectrometer for analysis. International isotope secondary 

standards distributed by the International Atomic Energy Agency (IAEA) of known 
18O/16O ratios, in relation to the Vienna Pee Dee Belemnite (V-PDB) calcium carbonate 

were used. These consisted of the NBS-19 and NBS-18 calcite standard, with δ18O values 

of -2.20‰ and -23.2‰, respectively, relative to V-PDB. These two isotopic reference 

materials were employed once every six analysed samples in order to recalibrate the 

system and compensate for any measurement drift over time. The analytical precision of 

δ18O values tested by replicate analyses was ±0.05‰ (standard deviation). Because δ18O 

values in animal studies are more commonly presented relative to the Vienna Standard 

Mean Oceanic Water (V-SMOW) index, δ18O values were converted from PDB to 

SMOW according to the following equation (Koch et al., 1997):  

δ18O(SMOW) =  �δ18O(PDB) x 1.03086� + 30.86 (1) 

The integrity of the samples for the δ18O analysis was assessed by estimating the 

percentage of carbonate (weight) of the samples (Suppl. Table 2), taking into account that 

the carbonate contents of well preserve mammalian bones, including those of cetaceans, 
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ranges from 1.31 to 6.52 % (Sponheimer and Lee-Thorp, 1999; Nemliher et al., 2004; 

Munro et al., 2008).  

No pre-treatment was applied to the crushed bone prior to δ34S analysis, to avoid 

removing amino acids that contain this element (Nehlich, 2015). Approximately 10 mg 

of each sample was weighed into a tin capsule and a catalyst (vanadium pentoxide V2O5) 

was added to accelerate the combustion and reduce variability (Nehlich and Richards, 

2009). Samples were loaded and combusted at 1030ºC and analysed with an Elemental 

Analyzer (Carlo Erba 1108) coupled to a Delta Plus XP mass spectrometer through a 

ConFlow III interface (both from Thermofisher). International isotope secondary 

standards distributed by the International Atomic Energy Agency (IAEA) of known 
34S/32S ratios, in relation to the Vienna- Canyon Diablo Troilite (VCDT) were used. These 

consisted in barium sulphate (NBS-127: δ34S = +21.2‰, IAEA SO-5: δ34S = +0.5‰ and 

IAEA SO-6: δ34S = - 34.1‰) and YCEM (δ34S= +12.8), and they were employed once 

every 12 samples. Analytical precision for repeat measurements of the reference material, 

run in parallel with the bone samples, was 0.1 ‰. 
 Stable isotope abundances are expressed in delta (δ) notation, with the relative 

variations of stable isotope ratios expressed in per mil (‰) deviations from predefined 

international standards, and they were calculated as: 

δjX =  �(jX /iX)sample� / �(jX /iX)standard�  − 1  (2) 

where jX is the heavier isotope (13C, 15N, 18O or 34S), and iX is the lighter isotope (12C, 
14N, 16O or 32S) in the analytical sample and international measurement standard (Bond 

and Hobson 2012).  

 All the stable isotope analyses were performed at the Centres Cientifics i 

Tecnologics (CCiT-UB) of the University of Barcelona, Spain.  

Data analysis 

 Normality was tested by means of the Shapiro-Wilk test, and homoscedasticity by 

means of the Levene test. As the distribution of the stable isotope ratios often departed 

from normality, and variances were often heteroscedastic, the non-parametric Kruskal-

Wallis test, followed by Dunn’s post-hoc test with the Holm correction for multiple 

comparisons, were used for further analysis (Chen et al., 2017).  

 In order to estimate the isotopic niche width and niche overlap between the 

considered marine mammal species, the standard ellipse area in two-dimensional plots 
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(δ18O-δ13C, δ18O-δ15N and δ13C-δ15N) were calculated using the package “SIBER” 

(Stable Isotope Bayesian Ellipses; Jackson et al., 2011). Partitioning among δ34S values 

was not considered here because differences between species were not statistically 

significant. Two complementary approaches were used to estimate the isotopic niche 

width (Jackson et al., 2011). The standard ellipse areas corrected for small sample size 

(SEAc) were used to plot the isotopic niche of each species within the isotopic space 

(isospace) and to calculate the overlap among species, and the Bayesian standard ellipse 

areas (SEAb) were used to obtain an unbiased estimate of the isotopic niche width with 

95% credibility intervals (Supp. Table 1).  

 Spatiotemporal trends in SST (ºC) and SSS (practical salinity) used in Figure 

3.5.B were sourced from the Global Ocean Physics and Biogeochemistry Reanalyses 

(GLOBAL_MULTIYEAR_PHY_001_030) of the EU Copernicus Marine Environment 

Monitoring Service (https://marine.copernicus.eu/).  

 All statistical analyses and plots were carried out using R Statistical Software v 

4.1.2 (R Core Team, 2021).  

 Finally, in order to confirm the results obtained in the present study, the inferences 

on the geographic distribution of each marine mammal species, derived from their 

isotopic niche, were compared with that derived from a variety of sources: sighting and 

stranding reports from ship-based surveys (Figure 3.9; Fraser, 1973; Duguy, 1975; 

Maigret et al., 1976; Maigret, 1980a; Maigret, 1980b; Maigret, 1981; Smeenk et al., 1992; 

Vely et al., 1995; Robineau and Vely, 1998; Nieri et al., 1999; Tulp and Leopold, 2004; 

Gazo and Aguilar, 2005; Camphuysen et al., 2013; Weir and Collins, 2015; Russell et al., 

2018; Camphuysen, 2021; Camphuysen et al., 2022; Samba Bilal et al., 2023), sightings 

from shore (González et al., 1997), sightings from fishing vessels (University of 

Barcelona database), and electronic tracking of individuals (Gazo and Aguilar, 2005). 

This was done by combining the location of the sightings and strandings with the salinity 

and temperature maps built for the area (Figure 3.5.B), as well as the distribution of the 

main benthic primary producers (Pottier et al., 2021). 

 

RESULTS 

The carbonate contents of all the samples analysed in this study fell within the 

range reported for well-preserved mammalian bone (1.31 to 6.52 %), except for one 

sample belonging to a bottlenose dolphin, which had a slightly lower carbonate 

percentage (1.00; Suppl. Table 2). It should be noted that bottlenose dolphins presented 

https://marine.copernicus.eu/
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the widest range of carbonate percentage (1.00 – 5.28 %), but the δ18O values of the 

individuals at both extremes of this range were similar (Suppl. Table 2), thus suggesting 

the absence of influence of the amount of carbonate on the δ18O values and ruling out the 

presence of environmental carbonates in the samples with the highest carbonate contents.  

Statistically significant differences existed between the considered marine mammal 

species for δ18O values (X2 = 32.37, p < 0.001), δ13C (X2 = 39.63, p < 0.001), and δ15N 

(X2 = 33.77, p < 0.001), but not for δ34S values (X2 = 57.23, p = 0.455). Nevertheless, a 

remarkable individual variability in δ34S values was observed in all species, especially in 

bottlenose dolphins, harbour porpoises, Mediterranean monk seals, and Atlantic 

humpback dolphins. Furthermore, several individuals of each of the aforementioned 

species had δ34S values lower than 15 ‰ (Figure 3.6), whereas all individuals of common 

dolphins, spotted Atlantic dolphins and long-finned pilot whales stayed above this 

threshold (Figure 3.6). 

 

Figure 3.6. Scatterplot of the sulphur stable isotope ratios (δ34S) for the considered 

marine mammal species from Mauritania. The dotted grey line indicates the approximate 

transition between the two environmental conditions described on the right. Species: 

common dolphin (Dd; n = 15), bottlenose dolphin (Tt; n = 15), harbour porpoise (Pp; n = 

15), Mediterranean monk seal (Mm; n = 12), Atlantic humpback dolphin (St; n = 3), 

Atlantic spotted dolphin (Sf; n = 5) and long-finned pilot whale (Gm; n = 3). 



 Results: Article 2 
 

81 
 

  

 According to the δ18O, δ13C and δ15N values, distinct isotopic niches can be found 

between the considered species. On one side, Atlantic spotted dolphins and 

Mediterranean monk seals presented the lowest mean δ18O values, whereas common 

dolphins and Atlantic humpback dolphins showed the highest values (Figure 3.7). On the 

other hand, Atlantic humpback dolphins, Mediterranean monk seals, bottlenose dolphins 

and harbour porpoises showed the highest mean δ13C values, while common dolphins had 

the lowest values (Figure 3.7). Additionally, common dolphins and Atlantic spotted 

dolphins showed the lowest mean δ15N values, and Mediterranean monk seals had the 

highest values (Figure 3.7).  

 The above-mentioned differences suggest that Atlantic humpback dolphins, 

Mediterranean monk seals, Atlantic spotted dolphins, and common dolphins had unique, 

distinct isotopic niches (Figure 3.8; Table 3.2). On the contrary, bottlenose dolphins had 

an extremely broad isotopic niche, encompassing those of harbour porpoises and long-

finned pilot whales in the three considered dimensions (δ18O, δ13C and δ15N) (Figure 3.8; 

Table 3.2). The latter two species also showed similar isotopic niches on the δ18O and 

δ13C axes, but long-finned pilot whales had higher δ15N values. Moreover, the distribution 

of the species according to the boat-based sighting reports agrees with this interpretation, 

as Atlantic humpback dolphins where restricted to the PNBA, Mediterranean monk seals, 

harbour porpoises and long-finned pilot whales occurred mostly off Cape Blanc, Atlantic 

spotted dolphins and common dolphins inhabited mostly the continental slope and 

oceanic waters, and bottlenose dolphins occurred everywhere, from the innermost areas 

of the PNBA to oceanic waters beyond the continental shelf (Figure 3.9).  
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Figure 3.7. Boxplots of the stable isotope ratios (δ18O, δ13C, δ15N) for the considered 

marine mammal species from Mauritania. Species with different superscript letters are 

statistically different in their mean values, according to the Dunn's test of multiple 

comparisons and Kruskal-Wallis rank sums test with Holm´s method for the correction 

for multiple comparisons. Boxes represent the first and third quartile, lines the median, 

“x” the mean, and whiskers the 95% confidence interval. Species: common dolphin (Dd; 

n = 15), bottlenose dolphin (Tt; n = 15), harbour porpoise (Pp; n = 15), Mediterranean 

monk seal (Mm; n = 12), Atlantic humpback dolphin (St; n = 3), Atlantic spotted dolphin 

(Sf; n = 5) and long-finned pilot whale (Gm; n = 3). 
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Figure 3.8. Standard ellipses corrected for small sample size (SEAc) in the isospace 

(δ18OSMOW, δ13C and δ15N) of the marine mammal species from Mauritania. The colored 

arrows indicate the general interpretation of the respective isotopic values for each 

element, where green corresponds to carbon (δ13C), purple to oxygen (δ18O) and orange 

to nitrogen (δ15N). Species: common dolphin (Dd; n = 15), bottlenose dolphin (Tt; n = 

15), harbour porpoise (Pp; n = 15), Mediterranean monk seal (Mm; n = 12), Atlantic 

humpback dolphin (St; n = 3), Atlantic spotted dolphin (Sf; n = 5) and long-finned pilot 

whale (Gm; n = 3). 
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Table 3.2. Percentage of overlapped area between each pair of marine mammal species 

for the different combinations of stable isotope values (isospaces) shown in Figure 3.8, 

calculated with the R package “SIBER”. In each case, the “% Overlap 1” indicates the 

percentage of the isotopic niche area of “Species 1” overlapped with the isotopic niche 

area of “Species 2” for a given pair of species and isospace, and vice versa for “% Overlap 

2”. Only the species pairs that showed constant overlap in all analysed dimensions were 

considered to use a similar isospace in Mauritanian waters. Species: common dolphin 

(Dd; n = 15), bottlenose dolphin (Tt; n = 15), harbour porpoise (Pp; n = 15), 

Mediterranean monk seal (Mm; n = 12), Atlantic humpback dolphin (St; n = 3), Atlantic 

spotted dolphin (Sf; n = 5) and long-finned pilot whale (Gm; n = 3).  

Species  δ18O vs δ13C δ18O vs δ15N  δ13C vs δ15N  
(% Overlap) (% Overlap) (% Overlap) 

(1 vs 2) 1 2 1 2 1 2 
Dd vs Tt 12.76 10.51 17.10 7.42 0.00 0.00 
Dd vs Pp 6.49 5.31 0.00 0.00 0.00 0.00 

Dd vs Mm 0.00 0.00 0.00 0.00 0.00 0.00 
Dd vs St 0.00 0.00 0.00 0.00 0.00 0.00 
Dd vs Sf 0.00 0.00 0.00 0.00 26.55 34.66 

Dd vs Gm 0.00 0.00 0.00 0.00 0.00 0.00 
Tt vs Pp 82.32 81.76 39.26 84.10 26.46 99.93 

Tt vs Mm 1.90 5.70 2.35 6.43 15.69 48.29 
Tt vs St 0.00 0.00 0.00 0.00 2.44 25.00 
Tt vs Sf 0.00 0.00 0.00 0.00 5.41 19.78 

Tt vs Gm 11.15 88.06 22.98 93.26 10.82 99.93 
Pp vs Mm 5.40 16.31 3.66 4.68 8.36 6.81 
Pp vs St 0.00 0.00 0.00 0.00 0.00 0.00 
Pp vs Sf 0.00 0.00 2.83 7.19 1.36 1.32 

Pp vs Gm 12.46 99.10 19.81 37.54 10.46 25.58 
Mm vs St 0.00 0.00 0.00 0.00 8.54 28.47 
Mm vs Sf 0.00 0.00 5.04 10.03 0.00 0.00 

Mm vs 
Gm 2.62 6.90 6.07 8.99 

0.97 2.90 

St vs Sf 0.00 0.00 0.00 0.00 0.00 0.00 
St vs Gm 0.00 0.00 0.00 0.00 0.00 0.00 
Sf vs Gm 0.00 0.00 1.99 1.48 0.00 0.00 
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Figure 3.9. Sighting and stranding reports for the considered marine mammal species 

along the Mauritanian coast (Fraser, 1973; Duguy, 1975; Maigret et al., 1976; Maigret, 

1980a; Maigret, 1980b; Maigret, 1981; Smeenk et al., 1992; Vely et al., 1995; Robineau 

and Vely, 1998; Nieri et al., 1999; Tulp and Leopold, 2004; Gazo and Aguilar, 2005; 

Camphuysen et al., 2013; Weir and Collins, 2015; Russell et al., 2018; Camphuysen, 

2021; Camphuysen et al., 2022; Samba Bilal et al., 2023), placed over the annual mean 

sea surface salinity (left) and temperature (right) in the area. In each case, the species 

name is written in the bottom-left corner of the salinity map, each white point corresponds 

to at least one sighting, the white points with a dark “X” show the stranding locations, 

and the green oval shades represent the location of the main benthic primary producers 

inside the Parc National du Banc d’Arguin (Pottier et al., 2021). The orange region shown 

in subfigure G. represents the position of “Las Cuevecillas”, the location of the main haul-

out caves for Mediterranean monk seals.  

DISCUSSION 

 It is commonly assumed that the resolution of the isotopic niche of consumers 

improves when considering a larger number of chemical elements. This has elicited a 

progressively increasing interest in multi-element approaches in isotopic ecology 

(Rossman et al., 2016; Borrell et al., 2021; García-Vernet et al., 2021; Cani et al., 2023). 

Nevertheless, resolution is expected to improve only if steep environmental gradients 

exist at the appropriate spatial scale, as highlighted by the present study. Here, 

incorporating δ18O values certainly improved our understanding on niche partitioning 
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between the marine mammals occurring off Northwestern Africa (Figure 3.7; Figure 3.8), 

but the δ34S values were not as useful to distinguish between species (Figure 3.6). It 

should be noted, however, that individual variability in δ34S values was high, which 

suggested a heterogeneous environment, but in this case, the intraspecific variability was 

as large as the interspecific variability. This is because the process generating a 

heterogeneous distribution of δ34S values in prey species operates at a much smaller 

spatial scale than the home range of the considered species.  

 Conversely, major salinity gradients exist at a geographical scale compatible with 

that of the home ranges of the considered marine mammal species (Figure 3.9; Wolff and 

Smith, 1990; Klenz et al., 2018). The region is characterized by the existence of several 

water masses with very distinct physical and chemical properties (Peña-Izquierdo et al., 

2012). To the best of our knowledge, in situ measurements of the δ18O values of sea water 

in the study region are missing, but using the δ18O/Salinity relationship reported by 

Schmidt (1999) for the upper ocean layer (< 250 m) and the salinity values reported for 

each area within the study region, it was possible to estimate the δ18O values of each water 

mass. It should be noted that both the temperature and the balance between evaporation 

and precipitation can affect the δ18O values of surface waters, but the latter is often the 

main driver of their distribution (Conroy et al., 2014). Hence, the positive and linear 

correlation existing between the δ18O values and the salinity of the water (Conroy et al., 

2014; Belem et al., 2019) facilitates the isotopic distinction between water masses. 

 From the North, the Canary Current flows southward bringing salty, cold, and 

nutrient-rich waters with a high phytoplankton growth rate (Peña-Izquierdo et al., 2012; 

Cropper et al., 2014; Pelegrí et al., 2017). Usual salinity values for this current are 

between 35 – 37 (Wolff and Smith, 1990), which corresponds to estimated δ18O values 

of 0.3 – 1.3 ‰, according to the Schmidt (1999) equation. Nevertheless, when reaching 

the shallow waters of Banc d’Arguin, salinity values increase up to 38 – 40 (Wolff and 

Smith, 1990), corresponding to δ18O values of 1.8 – 2.8 ‰, according to the Schmidt 

(1999) equation. From the South, two currents flow northward, one as the less salty, 

warmer, and oligotrophic Mauritanian Current (MC) on the surface, and another as the 

along-slope subsurface Poleward Undercurrent (PUC), forming the MC-PUC system 

(Figure 3.5.A). Both of these currents share similar properties, but the PUC reaches 

farther North, beyond Cape Blanc, and shows a slight salinity increase as it mixes with 

the Canary Current (Peña-Izquierdo et al., 2012). In this case, due to the influence of the 

Senegal River at the southernmost coast of Mauritania, surface water salinity values can 
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be lower than 30 inside the estuary (Chevalier et al., 2014), which corresponds to δ18O 

values lower than -2.2 ‰ according to the Schmidt (1999) equation. On the other hand, 

at the coast of Nouakchott and all along the “Grande Plage”, salinity oscillate between 33 

and 36 (Chevalier et al., 2014) corresponding to δ18O values between -0.7 and 0.8 ‰, 

according to the Schmidt (1999) equation. Moreover, between 19º N and 21º N, the highly 

dynamic Cape Verde Frontal Zone represents the mixing area between the Canary Current 

and the MC-PUC system (Figure 3.5.A), with a marked thermohaline indicating the limit 

between the two water masses (Zenk et al., 1991; Peña-Izquierdo et al., 2012).  

 In general, a difference in δ18O values of at least 4.0 ‰ seems to exist between 

areas such as Banc d’Arguin and the Senegal River estuary, whereas the averaged 

difference between the Canary Current and the Mauritanian Current is 0.8 ‰, and 

between the Banc d’Arguin and the two currents is 1.5 and 2.3 ‰, respectively. The 

largest difference found for the δ18O values in the bone of the marine mammals analysed 

here was 3.3 ‰, between an Atlantic humpback dolphin and a harbour porpoise, but 

several species had mean differences of more than 0.8 ‰, such as the common dolphin 

compared to the Mediterranean monk seal and the Atlantic spotted dolphin, and the 

Atlantic humpback dolphin with the rest of the considered species. Hence, considering 

that the δ18O composition of the biogenic apatite of marine mammal bones is strongly 

correlated with that of body water (Barrick et al., 1992; Newsome et al., 2010), the above 

reported differences likely indicate the use of distinct water masses by the different 

species, which is further discussed in the latter section. 

 It is worth mentioning, however, that Clementz and Koch (2001) reported a near 

2.0 ‰ 18O-enrichment in cetaceans compared to pinnipeds that were assumed to use 

identical water masses, although they were unable to provide an explanation for that 

offset. Furthermore, in this study the stable isotope ratios of monk seals were analyzed in 

the tympanic bulla while those of cetaceans were analyzed in the pterygoid bone, which 

might introduce an additional confounding factor when comparing the stable isotope 

values from the two sample sets. Previous research has shown homogeneous δ13C and 

δ15N values across the skull bones of pinnipeds (Riofrío‐Lazo and Aurioles-Gamboa, 

2013; Clark et al., 2017), while finding significant differences between bones from the 

skull, the axial and the appendicular skeletons of marine mammals due to differences in 

turnover rates (Clark et al., 2017; Bas et al., 2019). No comparable studies are available 

on the variability of δ18O values across skeletal elements, but the periotic bone has a much 

lower water content than other bones in cetaceans (Honda et al., 1984) and it is likely to 
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have a lower turnover rate. Hence, the δ18O values of the auditory bulla of pinnipeds and 

the pterygoid of cetaceans might integrate dietary information over different time 

windows and hence, caution is necessary when comparing the stable isotope ratios 

reported here for monk seals and those of cetaceans. 

 In any case, when combining the δ18O gradient reported above with the δ13C 

gradient caused by on-shore/off-shore differences in the type of primary producers, 

further differentiations come to light. In Mauritania, coastal primary producers, such as 

seagrasses and macroalgae, have higher δ13C values than phytoplankton (Cardona et al., 

2009; Carlier et al., 2015). The same is also true for coastal and offshore consumers, with 

the highest δ13C values found in the inhabitants of seagrass meadows (Cardona et al., 

2009; Pinela et al., 2010). Moreover, δ13C values can also assist in recognizing the 

influence of the upwelling in the system, since phytoplankton originated from these 

oceanographic phenomena and the resulting nutrient increase in surface waters tend to 

have higher δ13C values than the oceanic phytoplankton, but still lower than benthic 

primary producers (Carlier et al., 2015).  

Overall, high δ18O values are associated with the influence of the Canary Current, 

as well as areas with high evaporation rates such as the PNBA (Figure 3.5), whereas the 

δ13C values depend mostly on the primary source of C (Belem et al., 2019; Carlier et al., 

2015; Drago et al., 2021). Likewise, δ15N values seem to be a good proxy to determine 

the trophic position in this ecosystem, with consumers generally showing higher δ15N 

values than their respective prey (Cardona et al., 2009; Pinela et al., 2010).  

On the other hand, the variation of δ34S values in marine waters depends mostly 

on the source of inorganic S and the oxidative state of the environment (Peterson et al., 

1985). For instance, coastal primary producers often use 34S-depleted sulphides (S-2) 

produced in anoxic sediments, which results in low δ34S values similar to those found in 

terrestrial organic matter (Peterson et al., 1985; Peterson, 1999). However, inputs of 

terrestrial particulate organic matter are negligible in desert regions and, hence, the 

sulphate (SO4
-2) reduction in anoxic sediments is the only process generating a drop in 

δ34S values in the area (Peterson, 1999). This is particularly true at the PNBA, where 

some of the main benthic primary producers are often associated with low δ34S values. 

This is the case of the seagrass Cymodocea nodosa (Cardona et al., 2009), the saltmarshes 

Spartina sp. (Peterson et al., 1985) and mangroves (Velasquez-Vacca et al., 2023). 

Nevertheless, the limited distribution of these benthic primary producers along the 

Mauritanian coast (Lebigre, 1991; Pottier et al., 2021) suggests a mismatch between the 
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spatial scale of δ34S gradients (few kilometers) and the range of marine mammal 

movements (tens to hundreds of kilometers). Outside the PNBA, the intense bio-turbation 

and sediment resuspension induced by the upwelling events along the coast generate more 

oxidizing conditions in deeper sediment layers, and thus resulting in coastal δ34S values 

resembling those of oxidative marine waters (Zopfi et al., 2008; Diaz et al., 2012). Hence, 

the presence of scattered seagrass patches (Pottier et al., 2021) likely explains why some 

individuals of the four species inhabiting coastal areas (Mediterranean monk seals, 

harbour porpoises, bottlenose dolphins and Atlantic humpback dolphins) had δ34S values 

lower than 15 ‰, an indicative of foraging in areas with intense SO4
-2 reduction (Figure 

3.6; Peterson et al., 1985), even though the average values of their populations did not 

differ from those of oceanic species (common dolphins, Atlantic spotted dolphins and 

long-finned pilot whales). In this scenario, δ34S values do not allow to discriminate 

between species, but are useful to identify individuals foraging consistently on 34S-

depleted prey and hence linked to anoxic sediments (i.e. seagrass meadows). 

Habitat preferences of marine mammals 

 The Atlantic humpback dolphin is an endemic species to the shallow areas of the 

western African coast, from Western Sahara to Angola, with limited exchange between 

populations (Weir and Collins, 2015). The IUCN Red List of Threatened Species 

(International Union for Conservation of Nature) catalogues the species as “Critically 

Endangered”, with a decreasing trend in population size (Collins et al., 2017). In 

Mauritania, most sightings are clustered inside the PNBA, especially around the islands, 

and only occasional records of the species exist southward along the coast of Nouakchott 

(Figure 3.9, A; Collins, 2015; Weir and Collins, 2015). Even with a small sample size, 

the consistency of the isotopic values of this species agrees with the almost exclusive use 

of the inner PNBA as feeding grounds, although a larger sample size would be advised to 

confirm these results more robustly. 

 On the other hand, bottlenose dolphins are described as the most common 

cetacean species in Mauritanian waters, since they are broadly distributed along the coast, 

both in nearshore and offshore areas, as well as inside the PNBA (Figure 3.9, B; Robineau 

and Vely, 1998; Tulp and Leopold, 2004; Camphuysen et al., 2013; Russell et al., 2018; 

Camphuysen et al., 2022). Their wide range of δ13C and δ15N values previously led Pinela 

et al., (2010) to suggest the possible existence of two ecotypes in the area, one with coastal 

and one with oceanic habits. The same was suggested by Van Waerebeek et al., (2016) 
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based on several reports of bottlenose dolphins in association with short-finned pilot 

whales in pelagic habitats, and the year-round presence of the species in coastal areas of 

less than 14 m depth. This ecotype differentiation is further supported in the present study 

by the large intraspecific variation of δ18O and δ13C values (Figure 3.7; Figure 3.8). For 

instance, out of the analysed marine mammal species, only the three Atlantic Humpback 

dolphins and one bottlenose dolphin seemed to consistently use the saltiest areas of the 

PNBA as foraging grounds, presenting the highest δ18O values of the study with also high 

δ13C values (Figure 3.8). By contrast, other individuals of the bottlenose dolphin showed 

intermediate δ18O values with a wide range of δ13C values, which can encompass the 

coastal areas off Cape Blanc, as well as the Cape Verde Frontal Zone off the PNBA, with 

the influence of both coastal primary producers and phytoplankton. In addition, a few 

individuals had some of the lowest δ18O and δ13C values (Figure 3.8), indicating the 

constant use of low salinity areas with high influence of oceanic phytoplankton, such as 

the MC-PUC system off the coast of Nouakchott (Figure 3.8; Figure 3.9, B). Furthermore, 

the variability of δ34S values amongst this population agrees with the presence of scattered 

seagrass meadows and other benthic primary producers along the Mauritanian coast. This 

intraspecific variation found here for the bottlenose dolphin suggests not only the 

presence of two ecotypes, one coastal and one offshore, but also that within the coastal 

ecotype, some individuals likely remain inside the PNBA for extended periods of time. 

Likewise, the isotopic niche of harbour porpoises and long-finned pilot whales 

seem to fit the isotopic landscape described for consumers foraging near and offshore the 

Cape Blanc Peninsula, respectively (Figure 3.9, C and D). Most harbour porpoises 

analysed here had high δ13C and δ18O values, indicating an extensive use of coastal areas 

with high salinity, such as the northern coast of Mauritania, which agrees with the local 

sightings of the species and their reported coastal habits and preference for cold temperate 

waters (Figure 3.9, C; Bjørge and Tolley, 2018). There are also several sightings of the 

species offshore the PNBA and within the neritic zone, and only a few detections inside 

the Parc, which explains the large intraspecific variation of δ34S, δ18O and δ13C values 

(Figure 3.6; Figure 3.7; Robineau and Vely, 1998; Camphuysen, 2021; Camphuysen et 

al., 2022). Furthermore, the lowest δ18O value found in this study belonged to a harbour 

porpoise, and even though it was an isolated individual, it agrees with the use of low 

salinity areas in the southern parts of the Mauritanian coast (Figure 3.5.B). This might be 

an indication of an overlap between the Mauritanian population and the individuals 

observed further south in Senegalese waters (Ridgway et al., 1998; Fontaine et al., 2014).  
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Moreover, long-finned pilot whales showed a partial overlap with harbour 

porpoises in all the considered isospaces, especially for the δ18O values (Figure 3.8; Table 

3.2), suggesting the use of similar water masses (i.e., the Canary Current). Regardless, 

the lower mean δ13C value of the former indicates a more offshore/pelagic feeding, 

consistent with the local sighting reports and their preference for cold-temperate waters 

(Figure 3.7; Figure 3.9, D). However, a larger sample size is needed to confirm these 

results. It is believed that Mauritania marks the southernmost limit of the species’ 

distribution in the northeastern Atlantic, but since they are easy to confuse with the more 

common short-finned pilot whales, there are only few confirmed sightings of the species 

in the area (Robineau and Vely, 1998; Olson, 2018). 

 The last two cetacean species considered here, the Atlantic spotted dolphin, and 

the common dolphin, presented the lowest mean δ13C and δ15N values, and the highest 

mean δ34S values (Figure 3.6; Figure 3.7), typical from offshore/pelagic species. In fact, 

all sightings of these two species occurred either close or offshore the 100 m isobath 

(Figure 3.9, E and F), but the large differentiation in δ18O values between them suggests 

the preferential use of different water masses as their main foraging grounds (Figure 3.7; 

Figure 3.8). On one side, the low δ18O values of the Atlantic spotted dolphins indicate the 

use of lower salinity areas from the South Atlantic Central Water, here as the Mauritanian 

Current, which is consistent with their known preference for warm tropical waters (Figure 

3.9, E; Herzing and Perrin, 2018). In contrast, the higher δ18O values and the wider range 

of δ13C values found for common dolphins suggest the use of higher salinity areas 

influenced by the Canary Current, either with upwelling-derived or oceanic 

phytoplankton (Figure 3.9, F). However, the lower δ18O values of some of these 

individuals indicate an overlap with the isotopic niche of the Atlantic spotted dolphins, 

something that is also evident in the reported sightings (Figure 3.9, E and F). In general, 

both species tend to inhabit deep waters close to the continental shelf break, but common 

dolphins often venture into coastal areas and do not seem to be bothered as much by 

changes in water temperature (Aguilar, personal observation; Robineau and Vely, 1998; 

Camphuysen et al., 2022).  

Lastly, the Cape Blanc Peninsula (Figure 3.5) shelters one of the two remaining 

large aggregations of the Mediterranean monk seal worldwide (Littnan et al., 2018), with 

the species currently listed as “Vulnerable” in the IUCN Red List of Threatened Species 

(Karamanlidis et al., 2023). Unlike cetaceans, the area used by Mediterranean monk seals 

is mainly linked to the location of their haul-out caves (Figure 3.9, G). Thus, their 
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distribution along the coast extends from Tarf el Guerguerat in Western Sahara (21º 11’ 

N, 17º 01’ W) to the tip of Cape Blanc (González et al., 1997) with scattered sightings 

further south and along the eastern coast of the Peninsula, such as at the tip of Cansado 

(20º 51’ N, 17º 00’ W) (Maigret, 1981; Camphuysen et al., 2013; Camphuysen et al., 

2022). However, a large part of this population concentrates in “Las Cuevecillas”, an area 

located about 35 km north of the tip of Cape Blanc and where the main haul-out caves 

are placed (Figure 3.9, G; González et al., 1997). All samples here analyzed were 

collected along this latter segment of coastline.  

Little is known about the diet and offshore behaviour of Mediterranean monk seals 

in Mauritanian waters. The species is generally described as opportunistic coastal feeder 

(Karamanlidis et al., 2016), but the determination of its feeding habitat is complex due to 

a large intrapopulation variation. Juveniles and some reproductive males maintaining 

aquatic territories in front of the haul-out sites used by the females (Pastor et al., 2011) 

remain near the coast and feed in close neighboring waters, whilst adult females and some 

adult males periodically engage in foraging trips to a distance of at least 40 km offshore 

(Gazo and Aguilar, 2005). However, despite the distance travelled, such foraging trips 

rarely exceed 40 – 50 m depth (Gazo and Aguilar, 2005) because in this region the 

topography of the seafloor is quite flat and the continental slope is located far from shore 

(Figure 3.5; Krastel et al., 2006; Karamanlidis et al., 2016). In fact, the high δ13C values 

found for this species (Figure 3.7) is consistent with a benthic feeding, and the presence 

of individuals with δ34S values lower than the 15 ‰ threshold (Figure 3.6) indicates that 

at least part of the population is using a foraging ground associated with seagrass 

meadows. This could be the Lévrier Bay, although sightings in this location are sparse 

(Figure 3.9, G; Maigret, 1981; González et al., 1997). Alternatively, there might be some 

seagrass patches or another unknown source of low δ34S values in the benthic areas along 

the continental slope off Cape Blanc. Given that the maximum diving depth recorded in 

the area (100 m for an adult male, and 78 m for a lactating female) (Gazo and Aguilar, 

2005), is considerably lower than those recorded in the Mediterranean Sea (Karamanlidis 

et al., 2016), it is possible that the species is using most of the upper continental shelf as 

foraging grounds. In addition, the high δ15N values indicate that they are feeding at higher 

trophic levels than the rest of the considered species (Figure 3.7; Figure 3.8; Pinela et al., 

2010). On the other hand, the low δ18O values of monk seals compared to those of 

cetaceans are odd, considering that the main water mass reaching their known foraging 

grounds is the salty Canary Current (Figure 3.5; Gazo and Aguilar, 2005; Peña-Izquierdo 
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et al., 2012). A possible explanation is the 2.0 ‰ offset between δ18O values in pinnipeds 

and cetaceans reported by Clementz and Koch (2001). If this was true, monk seals would 

not be using less salty waters than cetaceans, but would overlap in distribution with most 

of them, except with Atlantic spotted dolphins. This confounding factor should be 

considered in future studies comparing δ18O values between these two groups of marine 

mammals. 

Conclusions 

 Overall, the addition of δ18O values to the Mauritanian isotopic landscape in the 

present study allowed to distinguish between marine mammal species according to their 

use of the different water masses reaching the area. This is because the spatial scale of 

distribution of the salinity gradient is appropriate in this case, and thus, δ18O values 

worked effectively as a complementary habitat tracer for the δ13C and δ15N values, 

improving the resolution of the isotopic niches. Meanwhile, the δ34S values were more 

useful to identify individuals associated with anoxic sediments, since the scale of 

variation of the δ34S gradient in the area was smaller and did not encompass the whole 

scale of movements of marine mammals. This study provides new insights into the use of 

muti-element approach in isotopic ecology, and improves the understanding of habitat 

partitioning between the considered marine mammal species in the eastern North Atlantic 

Ocean. 
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The journey of loggerhead turtles from the Northwest Atlantic to the 

Mediterranean Sea as recorded by the stable isotope ratios of O, 

C and N of their bones 
 

ABSTRACT 

Loggerhead turtles, Caretta caretta, born on the nesting beaches of the Northwest 

Atlantic Ocean (US eastern coast) undertake a transoceanic migration immediately after 

birth, traveling eastward in association with the Gulf Stream and reaching the coasts of 

Europe and northwestern Africa when two or three years old and 20-30 cm in curve 

carapace length. Once there, they may remain in the eastern Atlantic or enter the 

Mediterranean Sea before eventually returning to the western Atlantic several years later. 

However, the timing of entry into the Mediterranean and the length of the period spent 

inside are poorly known. To study this, skeletochronology was combined with the 

analysis of the stable isotope ratios of oxygen (δ18O), carbon (δ13C) and nitrogen (δ15N) 

in the cortical bone of the humerus of 31 juvenile loggerhead turtles of Northwest Atlantic 

origin found dead stranded in the Balearic Islands. Incremental bone layers were sampled 

to assess changes in habitat through the movement across isotopically distinct water 

masses and the existence of any ontogenetic change in the diet. Although the incremental 

layers corresponding to the very first years of live were missing in all individuals, the 

wide range of δ18O values of the remaining layers suggested that these juveniles moved 

between water masses differing in salinity, from the eastern Atlantic, the western 

Mediterranean, and the much saltier eastern Mediterranean, without any consistent 

temporal pattern. Nevertheless, upon reaching ten years old, loggerhead turtles seem to 

settle in low salinity areas of the western Mediterranean, such as the Algerian Basin or 

the Alboran Sea, likely preparing for their return towards their natal beaches in the 

Northwest Atlantic. Finally, the changes observed in the δ13C and δ15N values were small, 

suggesting only minor ontogenetic changes in their diet throughout the analysed life 

stages. 

Keywords: Bioapatite; Caretta caretta; Habitat use; Salinity; Skeletochronology.   
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INTRODUCTION 

 The loggerhead turtle, Caretta caretta, is the most common sea turtle species in 

the Mediterranean Sea (Casale et al., 2018), where individuals from three distinct 

Regional Management Units can be found: the Mediterranean, the Northwest Atlantic 

and, to a lesser extent, the Eastern Atlantic (Clusa et al., 2014; Wallace et al., 2023). 

Loggerhead turtles hatching on the nesting beaches of the Northwest Atlantic disperse 

along the Gulf Stream (Figure 3.10) and reach the coasts of Europe and northwestern 

Africa when two or three years old and 20-30 cm in curved carapace length (CCL) (Hays 

and Marsh, 1997; Bolten et al., 2003; Mansfield et al., 2014). Experimental evidence 

indicates that these juveniles exhibit directional swimming to remain within the North 

Atlantic Subtropical Gyre (Lohmann et al., 2001; Lohmann et al., 2012), although some 

might drift out of the mainstream in association with gyre currents and meso-scale eddies 

(Mansfield et al., 2014). Eventually, these juvenile loggerhead turtles will reach the 

Azores, Madeira and the Canary Islands (Monzón-Argüello et al., 2009; Mansfield et al., 

2009; Mansfield et al., 2014) and some will remain several years in the eastern Atlantic 

(Varo-Cruz et al., 2016; Freitas et al., 2019; Chambault et al., 2019; Chambault et al., 

2021) before returning to the Northwest Atlantic when 40-60 cm CCL (Bolten et al., 

2003; McClellan and Read, 2007; Mansfield et al., 2009). 

 During their stay in the eastern Atlantic Ocean, some of the juvenile loggerhead 

turtles of Northwestern Atlantic origin may enter the Mediterranean Sea (Clusa et al., 

2014), where the strong and permanent eastward current at the Strait of Gibraltar (Figure 

3.10) will prevent them from returning to the East Atlantic until they are approximately 

60 cm CCL (Revelles et al., 2007a). However, the entry of juvenile loggerhead turtles in 

the Mediterranean Sea seems to be a rare event, as only one out of 64 individuals (size 

range = 23.4 – 94.6 cm CCL) satellite tracked in the Northeast Atlantic entered the 

Mediterranean Sea during the tracking period [Canary Islands: n = 24 (Varo-Cruz et al., 

2016); Azores: n = 28 (Chambault et al., 2019); Madeira: n = 10 (Freitas et al., 2019); 

Bay of Biscay: n = 22 (Chambault et al., 2021)]. The rarity of such event is, in fact, 

surprising, considering that juveniles from the Northwest Atlantic population prevail over 

juveniles of Mediterranean origin in some of the Mediterranean foraging grounds with 

the highest density of loggerhead turtles in the Mediterranean Sea (Clusa et al., 2014; 

DiMatteo et al., 2022). Hence, a better understanding on the timing of entry of these 

juveniles in the Mediterranean Sea is necessary to understand the relevance of this region 

as a developmental habitat for the Northwestern Atlantic loggerhead turtle population, to 
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assess the significance of the bycatch mortality in the area (de Quevedo et al., 2013) and 

to predict future changes in the make-up of Mediterranean foraging grounds, especially 

in a context of environmental changes influencing both the weakening of the Gulf Stream 

(Piecuch and Beal, 2023) and the Azores current (Frazão et al., 2022) and the inflow 

across the Strait of Gibraltar (Soto-Navarro et al., 2020). 

 The use of indirect techniques such as stable isotope analysis has largely increased 

in the last decades, since they can be informative about a variety of factors such as diet, 

trophic position, migration patterns and habitat use (Rubenstein and Hobson, 2004). For 

instance, the oxygen stable isotope ratio (δ18O) in animal tissues reflects that of the water 

mass where they feed, thus allowing to differentiate between individuals foraging in 

isotopically distinct areas (Yoshida and Miyazaki, 1991; Rubenstein and Hobson, 2004; 

Newsome et al., 2010; Ben-David and Flaherty, 2012). In addition, the periosteal bone of 

the humerus of sea turtles exhibits annual growth bands, also known as incremental 

layers, which can be used to assess the age of an individual as well as sampled for stable 

isotope analysis (Snover et al., 2010; Ramirez et al., 2015; Turner Tomaszewicz et al., 

2017a). Thus, assessing the δ18O ratio across the incremental layers of the bone should 

allow tracking the movement of sea turtles across isotopically distinct water masses. 

 The Mediterranean Sea has a negative water balance due to an excess of 

evaporation over precipitation and river runoff, which results in a decrease of sea level, 

compensated by the entry of Atlantic surface waters through the Strait of Gibraltar (Millot 

and Taupier-Letage, 2005; Soto-Navarro et al., 2020). This process creates a marked and 

predictable salinity gradient inside the Mediterranean Sea, increasing eastward from the 

Strait of Gibraltar and reaching the point of maximum salinity at the Levantine Sea 

(Figure 3.10) (Brasseur et al., 1996; Millot and Taupier-Letage, 2005). Similarly, regions 

with an excess of evaporation also present higher δ18O values in surface waters due to the 

preferential evaporation of the water molecules carrying the lighter 16O isotope and the 

resultant concentration of water molecules carrying the heavier 18O isotope (Sharp, 2017), 

which creates a positive and linear correlation between salinity and δ18O values (Gat, 

1996; Conroy et al., 2014). Therefore, the δ18O values of Mediterranean surface waters 

reflect the same gradual increase as those of salinity from the Strait of Gibraltar to the 

eastern basin (Figure 3.10) (LeGrande and Smith, 2006) and this relationship facilitates 

the use of the δ18O as a habitat tracer to analyse animal movement, distribution and habitat 

use within the Mediterranean Sea (Belem et al., 2019; Cani et al., 2024). 
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 Additionally, the carbon (δ13C) and nitrogen (δ15N) stable isotope ratios have been 

widely used to study the trophic ecology of marine animals (Newsome et al., 2010; Ramos 

and González-Solís, 2012). The former indicates the primary source of carbon in the diet, 

with generally higher δ13C values observed in benthic and coastal species and lower 

values found in pelagic and offshore consumers, whereas the latter increases consistently 

along the food web due to the trophic enrichment and thus allows for the assessment of 

trophic position of species or individuals (Rubenstein and Hobson, 2004; Newsome et al., 

2010). Hence, the δ13C and δ15N values can be potentially used to identify changes in the 

diet and trophic position of loggerhead turtles (Cardona et al., 2014). 

 The present study uses the δ18O, δ13C and δ15N values of incremental layers in the 

humerus of loggerhead turtles, previously confirmed to be of Northwestern Atlantic 

origin through genetic analysis (Clusa et al., 2014), found dead stranded in the Balearic 

Islands to assess the timing of entry into the Mediterranean Sea, analyse their movements 

across isotopically distinct water masses and identify any ontogenetic changes in the diet 

during their stay in developmental habitats. 

 

METHODS 

Study area 

 The Gulf Stream is one of the main currents of the North Atlantic Ocean, playing 

an important role on water circulation and climate for the northern hemisphere (Palter, 

2015). It flows northwards along the coast of Florida until around 35º N, where it 

separates from the continental slope and moves eastward towards the Azores to form the 

North Atlantic Current and the Azores Current (Figure 3.10) (Fofonoff, 1981; Schmitz Jr. 

and McCartney, 1993). The latter then turns into the Canary Current, which flows 

southward along the western coast of South Africa and then returns to the western North 

Atlantic as the North Equatorial Current (Figure 3.10). However, part of the Azores 

Current reaches the Strait of Gibraltar and enters the Mediterranean Sea as the Algerian 

Current, circulating in a counter-clockwise direction through the entire basin and getting 

continuously transformed into a denser water mass that will eventually sink and outflow 

back into the eastern North Atlantic (Figure 3.10) (Fofonoff, 1981; Schmitz Jr. and 

McCartney, 1993; Millot and Taupier-Letage, 2005). 
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     Figure 3.10. Main currents of the North Atlantic Ocean (above) and the Mediterranean 

Sea (below); background colours represent the sea surface mean δ18O values as indicated 

by the corresponding scale. Yellow arrows show the general path of the local currents, 

including gyres and meso-scale eddies. Red features in the top panel show, from left to 

right, the position of the nesting beaches of the Northwestern Atlantic (thick line), the 

Azores (star), Madeira (circle) and the Canary Islands (triangle). Sea surface δ18O values 

were obtained from LeGrande and Schmidt (2006) (data available at: 

https://data.giss.nasa.gov/o18data/grid.html).  

 The Mediterranean Sea is a semi-enclosed system divided into three main basins 

according to their location and properties: western, central and eastern basins (Figure 

3.10) (Millot and Taupier-Letage, 2005). The western basin is characterized by a constant 

inflow of fresher Atlantic surface waters from the Strait of Gibraltar in the southwest, 

passing through the Alboran Sea and the Algerian Basin (Figure 3.10). Part of these 

Atlantic waters stay within the boundaries of the western basin, moving northwards 

through the Tyrrhenian Sea, reaching the coasts of the Iberian Peninsula from the north 

and closing the western Mediterranean gyre at the Alboran Sea (Figure 3.10) (Millot and 

Taupier-Letage, 2005). At the same time, another part of these waters continues 

https://data.giss.nasa.gov/o18data/grid.html
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alongslope the Algerian Basin towards the central basin through the Strait of Sicily, 

eventually reaching the Levantine Sea and becoming part of the eastern Mediterranean 

gyre (Figure 3.10). As it circulates, the higher evaporation rate in the eastern 

Mediterranean increases the salinity and hence the density of this water mass, causing its 

sinking at specific zones in the northern parts of each basin (Millot and Taupier-Letage, 

2005).   

 Figure 3.10 shows an isoscape of the study area for the δ18O values of the upper 

5 m of seawater, based on the estimations made by LeGrande and Smith (LeGrande and 

Smith, 2006), which combined direct observations with regional estimates of the δ18O to 

salinity relationship. 

Sampling 

 Humeri of 31 loggerhead turtles stranded or incidentally caught off the Balearic 

Islands between 2002 and 2007, and previously confirmed to be of Northwestern Atlantic 

origin through individual assignments using genetic analysis (Clusa et al., 2014), were 

selected from the tissue bank of the University of Barcelona. For all individuals, the 

curved carapace length (CCL) notch-to-notch was measured when necropsied for 

samples. More recent samples were not included in the analysis because the recent 

colonization of the western Mediterranean since 2010 by nesting females of both 

Mediterranean and Northwest Atlantic origin (Carreras et al., 2018; Luna-Ortiz et al., 

2024; Cardona et al., 2024) have dampened the resolution of mitochondrial haplotypes 

and microsatellites for individual assignation to regional management units. 

 Two contiguous cross sections made in between the deltopectoral crest and the 

narrowest part of the right humerus of each individual were used (Zug et al., 1986; Goshe 

et al., 2020). The first cross section, of approximately 5 mm thick along the longitudinal 

axis of the bone, was decalcified with 5 % nitric acid for 3-4 days (Bjorndal et al., 2000) 

and subsequently dehydrated and fixed in paraffin wax according to the protocol 

described by Durfort (1987) as follows: 12 hours immersion in 70 % ethanol, 12 hours in 

90 % ethanol, 12 hours in 100 % ethanol, 5 hours in 100 % chloroform, 5 hours in 

chloroform saturated with paraffin and, lastly, 5 hours in the oven while submerged in 

paraffin. The decalcified and dehydrated samples were then embedded in paraffin wax 

using a paraffin dispenser and left at room temperature to solidify. Histological sections 

of 10-20 µm thick were obtained using a Rotary Microtome and placed on a glass slide 

for the posterior Hematoxylin-Eosin staining (Cardiff et al., 2014). Each stained section 
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was observed using an Olympus SZX10 Stereo Microscope and analysed with the 

cellSens Imaging Software to identify the incremental layers in the cortical bone. At least 

two stained sections were used per sample to confirm the continuity of the observed 

incremental layers, which were counted twice by two independent readers each time (LC, 

AC or CB). Counts matched in 25 samples and for the five samples that differed the last 

count performed was used. 

The second cross section, of approximately 3 cm thick along the longitudinal axis 

of the humerus, was affixed to a surface and used to obtain the powdered bone samples 

for the stable isotope analysis using a hand drill with a fine diamond tip (Figure 3.11, a), 

obtaining between 2.0-3.0 mg of powdered bone for each sampled layer. Two (n = 17) or 

three (n = 14) layers between 2-3 mm deep were sampled from each humerus (Figure 

3.11, a), with a total of 76 samples. The resulting bone powder was homogenized and 

weighted as explained in subsection 2.3. 

 The cortical bone of a turtle´s humerus is formed by periosteal deposition, and the 

innermost incremental layers, corresponding to the earlier years of life and remaining 

closer to the medullar bone, often suffer an endosteal resorption (Zug et al., 1986). For 

this reason, the estimation of the age of each individual resulted from the sum of the total 

number of incremental layers observed, and the estimated number of reabsorbed layers 

(Suppl. Table 1), which was calculated using the regression equation derived from the 

correction-factor protocol described by Parham and Zug (1997). Briefly, for each 

humerus, the diameter of the resorption core was measured, which included the medullar 

cavity and any endosteal bone deposited in the area of resorption where incremental layers 

were lost (Zug et al., 1986; Piovano et al., 2011). The correction-factor protocol (Parham 

and Zug, 1997) was chosen since it was the method that showed the least variation and 

that adjusted best to the observed pattern of bone growth in loggerhead turtles. Moreover, 

it provides a direct estimation of the relationship between the resorption core radius and 

the number of lost layers based on an empirically derived relationship. This regression 

equation was derived from a subsample of small turtles with CCL < 70 cm and a few 

larger individuals added to establish a growth trajectory; thus, it accounts for the different 

distribution of the incremental layers in the cortical bone as the individual grows, since 

the outermost layers (those corresponding to the last years of the turtle’s life) tend to be 

closer together than the innermost layers (those corresponding to the earlier years of the 

turtle’s life). The regression equation used for this purpose was as follows: 
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# 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐿𝐿 = (𝑙𝑙𝑟𝑟𝑟𝑟 − 0.407) 0.75⁄  (1) 

where rrc is the radius of the resorption core, obtained by dividing the measured diameter 

by two (Parham and Zug, 1997). 

 
Figure 3.11. a) Bone sampling of three (outermost, middle and innermost) or two 

(outermost and innermost) layers from the second cross-section of the humerus. b) 

Example of the method for cross-referencing the position of each observed incremental 

layer (yellow arrows on the left) to that of the contiguous section of the same bone that 

was sampled for stable isotope analysis (the colour of this image was edited to better show 

the incremental layers). 

The ages covered by each sampled bone layer were determined by cross-

referencing the position of each sample (i.e., where the bone powder was obtained for 

stable isotope analysis) with that of the counted incremental layers after the staining 

procedure, based on the measurements between sampled layers and using the outermost 

part of the bone and the resorption core as references (Figure 3.11, b). When more than 
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one year was covered by the same sample, the highest age of the estimated range was 

assigned (Table 3.3). Finally, it was not possible to determine the age of turtle A20, since 

the poor condition of the bone hindered the observation and counting of the incremental 

layers; thus, this individual was not considered for the age-related analysis. However, for 

discussion purposes, we assumed that turtle A20 was approximately eight years old, based 

on the mean of the ages estimated for turtles of similar CCL (A8 and I4; Table 3.3). 

Stable isotope analysis 

- Oxygen stable isotopes 

 Between 1.5- 2.0 mg of each of the homogenized bone samples were soaked in 

30% hydrogen peroxide (H2O2) for 48 h to remove any organic compounds, and then 

rinsed repeatedly with deionized (Milli-Q) water and treated with 1 M of calcium acetate–

acetic acid buffer for another 24 h to remove any diagenetic carbonate. Finally, they were 

carefully rinsed again with Milli-Q water and dried for 24 h and left to dry in an oven at 

50ºC for another 24 hours (Koch et al., 1997). 

 Approximately 1.0 mg of each treated bone sample was weighed and dissolved in 

100 % phosphoric acid at 70 ºC with concurrent cryogenic trapping of CO2 and H2O. The 

CO2 was then admitted to a Finnigan MAT 252 Isotope Ratio Mass Spectrometer (IRMS) 

with Kiel III Carbonate Analysis Device (Thermo Fisher Scientific) to obtain the isotopic 

ratio. Two internal isotopic reference materials, RC-1 and CECC with δ18O values relative 

to the Vienna Pee Dee Belemnite (V-PDB) calcium carbonate of -2.08 ‰ and -17.56 ‰, 

respectively, were employed once every five analysed samples in order to recalibrate the 

system and compensate for any measurement drift over time. Internationally certified 

isotope secondary standards distributed by the International Atomic Energy Agency 

(IAEA) of known 18O/16O ratios were then used to confirm the results. These consisted 

of the NBS-19, NBS-18 and IAEA 603 calcite standard, with δ18O values of -2.20 ‰, -

23.2 ‰ and -2.37 ‰, respectively, relative to V-PDB. The analytical precision of δ18O 

tested by replicate analyses was ±0.04 ‰ (standard deviation). Because δ18O values in 

animal studies are more commonly presented relative to the Vienna Standard Mean 

Oceanic Water (V-SMOW) index, δ18O values were converted from V-PDB to V-SMOW 

according to the following equation (Cardona et al., 2014):  

δ18O(SMOW) =  �δ18O(PDB) x 1.03086� + 30.86 (2) 
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- Carbon and nitrogen stable isotopes 

 Approximately 1.0 mg of each of the homogenized bone samples were weighted 

and encapsulated in tin capsules (3.3 x 5 mm) for δ13C and δ15N determination. No pre-

treatment was applied since the lipid content of the cortical bone of sea turtles is low 

(Turner Tomaszewicz et al., 2015). Samples were combusted at 900 °C using a Delta V 

Advantage isotope ratio mass spectrometer with a Flash IRMS elemental analyzer and 

CONFLO IV interface (Thermo Fisher Scientific). Isotopic reference materials of known 
13C/12C ratios were: IAEA CH7 (δ13C= -32.15 ‰), UCGEMA SC (δ13C = -13.21 ‰), 

UCGEMA CH (δ13C = -22.08 ‰), fructose (δ13C = -10.80 ‰), and USGS 62 (δ13C= -

14.79 ‰). Isotopic reference materials of known 15N/14N ratios were: UCGEMA CH 

(δ15N = -4.81 ‰), IAEA N1 (δ15N = 0.40 ‰), UCGEMA P (δ15N = 7.60 ‰), UCGEMA 

SC (δ15N = 12.40 ‰), IAEA 600 (δ15N = 1.00 ‰), USGS 62 (δ15N = 20.17). All these 

isotopic reference materials were used at the beginning and at the end of the whole run 

and different combinations of two of them were used to recalibrate the system once every 

16 samples, in order to compensate for any measurement drift over time. Analytical 

precision for repeated measurements of the reference material, run in parallel with the 

bone samples, was 0.4 ‰ for δ13C and 0.3 ‰ for δ15N. 

Data analysis 

 All statistical analyses and plots were carried out using R Statistical Software v 

4.1.2 (R Core Team, 2021). Normality was assessed through the Lilliefors test and 

homoscedasticity by means of the Levene test. All data was confirmed to follow a normal 

distribution, except age (D = 0.186, p < 0.001), thus, parametric and non-parametric tests 

were applied accordingly. The relationship between the δ18O, δ13C and δ15N values of 

each sampled incremental layer and their corresponding estimated age was determined 

with Kendall’s rank correlation (tau) and an adjusted Generalized Additive Model (GAM) 

with the isotopic ratios as the response variable, the age as the explanatory variable to 

which a smoothing spline was included in order to capture non-linear relationships, and 

the individual’s ID as a random factor.  

 Two-dimensional plots were built using the package “SIBER” (Stable Isotope 

Bayesian Ellipses) (Jackson et al., 2011) to estimate the isotopic niche width and overlaps 

between the different ages for the δ13C and δ15N isotopic space (isospace). Most age 

classes were analysed independently, but animals of 3 and 4 years old and those ranging 

12-15 years old were pooled together, respectively, because sample size was too small to 
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calculate the standard ellipses using SIBER (Jackson et al., 2011). The isotopic niche 

width was estimated as the standard ellipse area of each age class, corrected for small 

sample size (SEAc) (Jackson et al., 2011). This approach was preferred over the Bayesian 

estimate of the standard ellipse because allows plotting the isotopic niche of each species 

within the isospace and to calculate the overlap among species. Moreover, the relationship 

between the SEAc in the δ13C-δ15N isospace and age was further analysed with Kendall’s 

rank correlation (tau) and an adjusted Generalized Additive Model (GAM), with the 

SEAc as the response variable and the age as the explanatory variable. 

 In addition, the magnitude of the difference between the δ18O, δ13C and δ15N 

values of the outermost, the middle (when applicable), and the innermost incremental 

layer per individual was compared with the magnitude of the difference of known 

environmental values of the North Atlantic Ocean and the Mediterranean Sea, to analyse 

changes in the habitat use over time (Figure 3.13). For this, the differences in δ18O values 

between incremental layers of each turtle were compared to the isoscape presented in 

Figure 3.10, based on the estimations made by LeGrande & Smith (2006) and available 

at the Global Seawater Oxygen Isotope Database (https://data.giss.nasa.gov/o18data/). 

Considering the endosteal resorption of the innermost incremental layers explained 

above, and thus the loss of the information about the first years of life corresponding to 

the time spent in the Gulf Stream, only the surface waters between Azores and the 

European/Northeast African coast were considered. In this case, the magnitude of the 

difference between the lowest δ18O values found at the nearby North Atlantic waters (0.80 

‰) and the highest values found at the Easternmost part of the Mediterranean (1.80 ‰) 

is ± 1.00 ‰. Furthermore, a mean increase of 0.25 ‰ was found between Mediterranean 

regions (i.e., Strait of Gibraltar and Alboran Sea, western Mediterranean basin, central 

Mediterranean basin, and eastern Mediterranean basin). Hence, only those individuals 

with a difference larger than ± 0.25 ‰ between incremental layers were considered to 

have moved between regions, whereas those with a difference larger than ± 1.00 ‰ were 

likely to move from one side to the other of the Mediterranean Sea. The direction of these 

migrations for each individual was determined by the sign of the value (e.g., positive 

differences indicate movement towards waters with higher δ18O values, and vice versa).  

 Regarding the δ13C values, the difference between layers was compared to the 

difference between the mean values of the oceanic particulate organic matter (-23.1 ‰) 

and the neritic seagrass Posidonia oceanica (-13.0 ‰) off the Balearic Islands, according 

to Cardona et al., (2007), which is ± 10.1 ‰. The direction of the movement was also 

https://data.giss.nasa.gov/o18data/
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determined by the sign of the value (e.g., positive differences indicate movements towards 

oceanic waters with lower δ13C values, and vice versa). Finally, the δ15N values were 

compared to ± 3.4 ‰, the mean trophic fractionation in aquatic food webs according to 

Post (2002). 

 Finally, Straight Carapace Length (SCL) values reported in the literature were 

converted to Curved Carapace Length (CCL) using the following unpublished equation, 

derived by the authors for loggerhead turtles found in the Mediterranean Sea: 

𝐶𝐶𝐶𝐶𝐿𝐿 =  [SCL +  0.129] / 0.926 (3) 

 

RESULTS 

 The curved carapace length (CCL) of the 31 analysed loggerhead turtles ranged 

from 28.0 to 80.6 cm, with a mean value of 55.4 ± 11.5 cm CCL (Table 3.3). The age 

when stranded was estimated for 30 turtles, as it was not possible for individual A20, and 

ranged from 4 to 15 years old with a mean of 8.3 ± 2.7 years old (Table 3.3). Bone 

sampling for the stable isotope analysis of these 30 individuals yielded 74 samples, with 

sample ages ranging from 3 to 15 years old (7.1 ± 2.6 years old; Table 3.3). In addition, 

each sampled layer covered between one and four years of a turtle’s life, because of large 

differences in layer thickness. In most cases (54.1 %), each layer corresponded to two 

consecutive years, others (21.6 %) to only one year, and the rest corresponded to three 

and four years (17.6 % and 6.8 %, respectively). 

When pooled together, the δ18O values obtained for the incremental layers of the 

humerus of the analysed individuals ranged from 30.9 to 34.5 ‰ (32.9 ± 0.8 ‰; Table 

3.3; Figure 3.12, a). Therefore, the maximum difference between the bone δ18O values 

was 3.6 ‰, which is considerably larger than the estimated difference between the δ18O 

ratio of surface waters for the study area (1.00 ‰; see Methods), hence suggesting the 

use of isotopically different water masses between individuals. Furthermore, the δ18O 

values of the incremental layers corresponding to less than 10 years old, which included 

29 turtles, were considerably scattered, whereas those of 10 years and older, which 

included 10 turtles, were clustered around a lower mean δ18O value (Figure 3.12, a). The 

age of the incremental layers and their respective δ18O values were negatively correlated 

(Kendall’s rank correlation: τ = - 0.24, z = - 2.83, p = 0.004) and the adjusted GAM, 

which accounted for 80.3 % of the variability in the data, suggested a predominantly 

linear relationship between the two variables (GAM model: R2 (adj) = 0.67, GCV = 0.36, 
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Scale est. = 0.21; Figure 3.12, a). Furthermore, 24 out of the 31 considered turtles showed 

differences equal or larger than ± 0.25 ‰ between at least two of the analysed incremental 

layers (Table 3.3; Suppl. Table 2), which is the estimated difference in the δ18O ratio of 

surface waters between Mediterranean basins (see Methods; Figure 3.13) and thus 

indicates the use of water masses with distinct δ18O values throughout the analysed 

periods. 

On the other hand, when analysing individual movement patterns, four different 

scenarios appeared. First, 17 turtles had the highest δ18O value in their innermost 

incremental layer compared to the middle and/or outermost ones (Table 3.3; Suppl. Table 

2; Suppl. Figure 1), suggesting a continuous movement from 18O-enriched to 18O-

depleted waters. However, four of them (A1, I5, A15, A28) also showed a decrease in the 

δ18O value of their middle layer compared to the other two, seemingly going from 18O-

enriched to 18O-depleted and back to 18O-enriched waters. On the contrary, a second 

group of four turtles (A10, M11, A20, A35), three of which were estimated to be six and 

seven years old, showed the highest δ18O value in their outermost incremental layer 

compared to the middle and/or innermost ones (Table 3.3; Suppl. Table 2; Suppl. Figure 

1), suggesting the movement from 18O-depleted to 18O-enriched waters during the 

analysed period. A third group of three turtles (I4, M19, A18) showed the highest δ18O 

value in their middle layer and similarly low values in their outermost and innermost 

incremental layers (Table 3.3; Suppl. Table 2; Suppl. Figure 1), indicating the movement 

from a 18O-depleted to a 18O-enriched region and back to a 18O-depleted region. Finally, 

the remaining seven turtles had a difference smaller than ± 0.25 ‰ between all the 

analysed incremental layers and hence, they were considered to be similar. This included 

two of the oldest turtles analysed in this study, A39 and M17, estimated to be 13 and 15 

years old, respectively, when stranded. They both showed similarly low δ18O values 

between the analysed incremental layers, covering around seven years (from 7 to 13 years 

old) for the former and nine years (from 7 to 15 years old) for the latter (Table 3.3; Suppl. 

Table 2; Suppl. Figure 1).  

In addition to what is mentioned above, five turtles (A19, A15, A13, A28, A22) 

belonging to the first two groups and with an estimated age between 8 and 13 years old, 

showed differences larger than ± 1.00 ‰ between at least two of the analysed incremental 

layers (Table 2; Figure 3.13, a), a change that seemed to occur in about two years for four 

of these individuals (Table 3.3; Suppl. Table 2; Suppl. Figure 1).   
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On the other hand, the δ13C values obtained for the incremental layers of the 

considered turtles ranged from -16.7 to -14.4 ‰ (-15.5 ± 0.4 ‰; Suppl. Table 4) and 

showed no significant correlation with the corresponding estimated age (Kendall’s rank 

correlation: τ = - 0.08, z = - 0.90, p = 0.37; Figure 3.12, b). In this case, the maximum 

difference between the highest and the lowest δ13C values for the analysed incremental 

layers was 2.3 ‰ and between layers of the same individual was 1.2 ‰, both considerably 

smaller than the estimated difference between oceanic and neritic habitats in the study 

area (± 10.1 ‰; see Methods; Figure 3.13), thus suggesting that all the considered turtles 

relied on a similar diet which seemed to remain stable during the studied period. 

Conversely, the δ15N values of all incremental layers ranged from 11.04 to 7.05 

‰ (9.1 ± 0.8 ‰; Suppl. Table 5), with less variability and higher values in those over 9 

years old (Figure 3.12, c). However, no statistically significant correlation was observed 

between the δ15N values and the corresponding age (Kendall’s rank correlation: τ = 0.15; 

z = 1.75; p = 0.08; Figure 3.12, c). Here, the maximum difference observed between 

incremental layers of the same individual was 2.3 ‰ (Suppl. Table 2), which is smaller 

than the mean estimated trophic enrichment of 3.4 ‰ per trophic level (see Methods; 

Figure 3.13), suggesting no changes in trophic position during the studied period. 

Nevertheless, the δ15N values of all samples combined covered a range of about 4.00 ‰, 

which can suggest that some individuals might be using regions with different δ15N 

baselines.  

Finally, the standard ellipses of the analysed age classes largely overlapped within 

the δ13C - δ15N isospace, with the ellipses of the youngest age classes encompassing those 

of the older ones (Figure 3.14, a). Furthermore, the standard ellipse area (SEAc) decreased 

significantly with age (Kendall’s rank correlation: τ = - 0.86, z = - 2.97, p = 0.003) and 

the adjusted GAM, which accounted for 89.3 % of the variability in the data, suggested 

linear relationship between the SEAc and age (GAM model: R2 (adj) = 0.88, GCV = 0.05, 

Scale est. = 0.04; Figure 3.14, b). 
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Table 3.3. Oxygen stable isotope ratio (δ18O), estimated age and years covered for each 

sampled incremental layer for all the considered individuals.  

   Cortical bone samples 
Turtle Innermost layer Middle layer Outermost layer 

ID CCL 
(cm) Age δ18OSMOW 

(‰) Age Years 
covered 

δ18OSMOW 
(‰) Age Years 

covered 
δ18OSMOW 

(‰) Age Years 
covered 

A4 28.00 4 32.75 3 2 - - - 33.00 4 1 
M12 36.00 5 34.47 4 2 - - - 34.38 5 1 
A10 41.83 6 33.50 4 2 - - - 33.20 6 2 
A36 43.00 6 32.09 4 2 32.01 7 2 32.78 6 2 
M11 45.94 6 33.66 4 1 33.19 5 1 32.78 6 1 
M15 47.50 6 33.38 4 2 - - - 33.52 6 2 
M7 47.62 8 32.50 6 3 - - - 33.19 8 2 
A8 48.50 7 33.48 5 2 - - - 33.73 7 2 

A20 48.50 *8 33.84 - - - - - 33.18 - - 
I4 48.67 9 32.87 5 2 33.53 7 2 32.79 9 2 

M19 50.00 7 32.75 4 1 33.43 5 1 32.92 7 2 
M14 52.00 7 32.20 5 3 - - - 33.04 7 2 
A7 52.65 7 33.21 5 2 - - - 33.01 7 2 
A1 53.00 7 32.86 4 1 32.39 6 2 32.79 7 1 

A19 53.46 7 31.88 4 2 31.90 6 2 32.87 7 1 
A14 54.00 9 31.86 6 4 - - - 32.77 9 3 
A23 54.00 8 32.03 5 2 32.38 7 2 32.34 8 1 
A21 54.22 6 33.63 5 2 - - - 33.74 6 1 
A35 57.40 10 32.58 7 4 - - - 32.29 10 3 
A13 58.50 10 32.62 6 3 32.02 8 2 33.83 10 2 
A6 59.00 7 33.79 5 1 34.11 6 1 34.13 7 1 
I5 59.00 9 33.45 5 2 32.66 7 2 33.44 10 3 

A32 61.50 8 33.43 6 3 - - - 33.36 8 2 
A29 62.00 8 33.76 6 2 - - - 34.31 8 2 
A18 66.80 9 33.30 5 1 33.67 7 2 33.28 9 2 
A26 67.00 9 31.31 7 3 - - - 31.63 9 2 
A15 69.00 10 32.78 6 2 31.02 8 2 32.59 10 2 
A39 70.00 13 31.89 9 3 - - - 32.05 13 4 
A22 70.85 14 30.87 10 4 - - - 32.19 14 4 
M17 76.00 15 31.98 9 3 31.86 12 3 31.99 15 3 
A28 80.64 14 32.47 10 3 31.73 12 2 33.21 14 2 

*assumed on the basis of the age of turtles of similar CCL 
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  Figure 3.12. Individual (a) δ18O, (b) δ13C and (c) δ15N values for each of the analysed 

incremental layer and the respective estimated age (with all individuals pooled together), 

including the statistics for the Kendall’s rank correlation (τ) and a visual representation 

of the only adjusted generalized additive model (GAM) that showed a good fit (a), with 

the mean tendency (dark red line) and the respective 95 % confidence interval (light red 

shaded area). 
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Figure 3.13. Differences between the stable isotope ratios of the outermost and the 

innermost analysed incremental layers for each of the considered loggerhead turtles (n = 

31) and their environmental interpretation. Each turtle is represented in each panel by a 

single black dot. The horizontal solid line within each panel denotes no change over time. 

The dashed red line at ± 0.25 ‰ in panel “a” shows the mean difference between adjacent 

regions of the Mediterranean Sea and that at ± 1.00 ‰ shows the difference between the 

Northeast Atlantic Ocean and the eastern Mediterranean Sea (LeGrande and Smith, 

2006). The dashed red line at ± 10.1 ‰ in panel “b” represents the difference between 

the oceanic particulate organic matter and the neritic seagrass Posidonia oceanica off the 

Balearic Islands (Cardona et al., 2007). The dashed red line at ± 3.4 ‰ in panel “c” 

denotes changes corresponding to one trophic level (T.L.), according to the mean trophic 

fractionation in aquatic ecosystems (Post, 2002). 
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Figure 3.14. a) Standard ellipses containing 40 % of the data within the δ13C - δ15N 

isospace of eight age classes of loggerhead turtles observed in the study. Individual values 

are not shown. Sample sizes are as follows: 3-4 years old (n = 10), 5 years old (n = 12), 

6 years old (n = 14), 7 years old (n = 14), 8 years old (n = 6), 9 years old (n = 6), 10 years 

old (n = 6), and 12-15 years old (n = 6). b) Relationship between the standard ellipse area 

corrected for small sample size (SEAc) from the top panel and the estimated age, showing 

the statistics for the Kendall’s rank correlation (τ) and a visual representation of the 

adjusted generalized additive model (GAM), with the mean trend (dark red line) and the 

respective 95 % confidence interval (light red shaded area). 
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DISCUSSION 

 The evidence here reported revealed that the loggerhead turtles of Northwestern 

Atlantic origin found dead stranded in the Balearic Islands exhibited a broad variability 

in the δ18O values of their bones, both across incremental layers of the same individual 

and across individuals. Variability was particularly high when turtles were under nine 

years old and decreased thereafter. These results indicate that the 29 turtles of which an 

incremental layer younger than 10 years old was identified inhabited a diversity of water 

masses of different salinities as early juveniles, before settling in lower salinity areas such 

as the Algerian Basin after reaching 10 years or older. Moreover, the temporal pattern of 

change was also extremely variable, suggesting that the entry to the Mediterranean Sea 

may happen at any time after their arrival to the Northeast Atlantic Ocean. On the other 

hand, the δ13C and δ15N values of the incremental layers also exhibited a broader 

variability during the first 6 years of life, although mean values suggested only minor 

ontogenetic changes in the diet during the analysed period. 

The δ18O in Mediterranean surface waters  

The loggerhead turtles analysed in the present study exhibited four major patterns of 

individual movement during the time recorded in the cortical bone of the humerus: 1) 

movement from 18O-enriched to 18O-depleted waters (n = 17), with some of them (n = 4) 

returning to 18O-enriched waters; 2) movement from 18O-depleted to 18O-enriched waters 

(n = 4), which is the expected pattern from turtles that recently entered the Mediterranean 

Sea from the Northeast Atlantic Ocean (Figure 3.10); 3) movement from 18O-depleted to 
18O-enriched and back to 18O-depleted waters (n = 3), and 4) long-term residence in 18O 

depleted waters (n = 7).  

As described in the introduction, water circulation in the Mediterranean Sea is mostly 

driven by an excess of evaporation over precipitation and river runoff, which results in a 

decrease of sea level inside the Mediterranean and the permanent eastward flow of surface 

water from the Atlantic through the Strait of Gibraltar (Millot and Taupier-Letage, 2005). 

The constant input of less salty Atlantic waters to the west and the higher evaporation rate 

of surface waters to the east due to higher environmental temperatures, create a marked 

and predictable salinity gradient that allows to divide the Mediterranean Sea into four 

regions as follows: (1) Strait of Gibraltar and Alboran Sea, (2) western basin, (3) central 

basin, and (4) eastern basin (Figure 3.10). Furthermore, the preferential evaporation of 

water molecules carrying 16O atoms causes a local enrichment of 18O in seawater (Sharp, 
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2017), producing a positive and linear correlation between the salinity and the δ18O ratio 

in surface waters (Conroy et al., 2014; Belem et al., 2019) and thus allowing the isotopic 

distinction between water masses.  

 According to the estimations made by LeGrande & Smith (2006) and represented 

in Figure 3.10, the δ18O values of Mediterranean surface waters show a similar gradual 

increase from the Strait of Gibraltar towards the eastern basin as the salinity, with a mean 

increase of 0.25 ‰ from one region to the next. Hence, if the difference in δ18O values 

across the incremental layers of a turtle is larger than this absolute value, it can be an 

indicative of movement between regions with different salinities. Moreover, a mean 

increase of 1.00 ‰ or larger represents the absolute difference between Atlantic waters 

and the eastern Mediterranean (LeGrande and Smith, 2006) and hence, if this was the 

only source of variability for the δ18O values of bone tissue, the expected range of δ18O 

values in the incremental layers of the population should be equal or lower than 1.00 ‰. 

Variability of δ18O between incremental layers  

 In this context, 24 out of the 31 considered turtles showed differences equal or 

larger than 0.25 ‰ between incremental layers (Table 3.3; Suppl.Table 2), with six 

individuals (A10, M11, A20, A35, I4, A18) having the lowest δ18O values in their 

outermost layer. Three of these turtles died when they were six or seven years old and 

hence, they would have had to cross the Atlantic Ocean and reach the saltier regions of 

the Mediterranean Sea in less than four years after birth, stranding at the Balearic Islands 

after spending at least one year in a less salty region. The plausibility of that trip is 

supported by satellite telemetry data from previous studies. First, Lagrangian drifters 

indicate that the trans-Atlantic drift time for early juvenile turtles from the Northwest 

Atlantic found in the United Kingdom was between 1.80 and 3.75 years (Hays and Marsh, 

1997). Second, satellite-tracked head-started early juveniles ranging 12.8-19.9 cm CCL 

and 3.5-9 months old spent less than one year to reach the Azores after being released off 

southeast Florida (Mansfield et al., 2014). Third, some satellite-tracked head-started early 

juveniles ranging 18.1-25.0 cm CCL and 9-13 months old released off Spain drifted into 

the eastern Mediterranean after only a few months, although most individuals remained 

within the western Mediterranean (Abalo-Morla et al., 2023). This evidence suggests that 

loggerhead turtles from the Northwest Atlantic Ocean can potentially reach the eastern 

Mediterranean Sea in less than four years, thus supporting the interpretation stated above. 

On the other hand, the permanent eastward flow of surface water in the Channel of Sicily 
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may retain them within the central and eastern basins until they grow large enough to 

swim counter-current (Cardona and Hays, 2018). This would explain why all the 

loggerhead turtles analysed here with evidence of re-entering the western Mediterranean 

from the eastern basin are larger than 40 cm CCL, the minimum carapace length required 

to swim counter-current along the Channel of Sicily (Cardona and Hays, 2018). 

On the contrary, 17 individuals between 5-13 years old had the highest δ18O values 

in the outermost incremental layer, yet they were all recovered dead off the Balearic 

Islands, indicating that they moved from a less salty region several months before their 

death. However, only three of those turtles showed evidence of the use of saltier areas in 

older-age incremental layers, whereas for the remaining 14 individuals, the pattern is 

consistent with an arrival to the western Mediterranean from the Atlantic between the 

formation of the innermost and the outermost incremental layers. Furthermore, five 

individuals (A19, A15, A13, A28 and A22) between 8-13 years old showed differences 

large enough (+ 1.00 ‰) to indicate movement from areas with high influence of Atlantic 

waters towards the saltiest parts of the eastern Mediterranean. Three of them (A15, A13, 

A28) showed this large difference twice in the analysed periods, probably changing 

regions every two years, approximately, and seemingly moving from the eastern to the 

western basin and back.  

In addition, two of the oldest turtles of the study (A39 and M17; 70.0 and 76.0 cm 

CCL, respectively), estimated to be 13 and 15 years old when stranded, were the only 

ones that showed similarly low δ18O values for the whole analysed period, which in this 

case corresponded to the last seven and nine years, respectively, before stranding. This is 

a strong indication of several years of foraging in the southern part of the western 

Mediterranean, likely at the Algerian Basin, and is consistent with the use of these area 

as an important foraging ground for the species, as revealed recently through satellite 

telemetry of 103 loggerhead turtles which included post-hatchlings, juveniles and adults 

of both sexes (22.8-83.0 cm CCL) (Abalo-Morla et al., 2022). 

 Finally, amongst all the δ18O values obtained here, there were three notably lower 

than the rest. Two of them corresponded to the innermost sampled layers of two different 

individuals (A26 and A22) from when they were eight and nine years old. Hence, it is 

possible that these low values correspond to their time in the Atlantic Ocean, in which 

case they would have delayed their entrance to the Mediterranean Sea after spending 

several years in the eastern Atlantic. By contrast, the third low value belonged to the 

middle layer of turtle A15, and the values of the innermost and the outermost sampled 
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layers of this individual were distinctively higher, with a difference of -1.76 and +1.57 

‰, respectively, which is much larger than the estimated for the Mediterranean basin (± 

1.00 ‰). Similar changes were also found in other three turtles (+1.82 ‰, +1.48 ‰ and 

+1.33 ‰ for turtles A13, A28 and A22, respectively), which suggests that there are likely 

other factors affecting the δ18O values of bone carbonate in loggerhead turtles. These 

factors are discussed in the next section. 

Sources of variability in bone δ18O values 

 An important shortcoming to consider is that the isotopic composition of seawater 

is not the only factor influencing the isotopic values of bone tissue in sea turtles. The δ18O 

value of bone carbonate (bioapatite) is given by that of the body water from which 

carbonate precipitates, which depends on the magnitude and isotopic composition of the 

different oxygen fluxes into and out of the body, the isotopic fractionations associated 

with metabolism, and the temperature at which it forms (Luz et al., 1984; Kohn, 1996; 

Kohn and Cerling, 2002).  

 Sea turtles have two main sources of oxygen that can influence the δ18O values of 

their tissues. One is the metabolic water produced through cellular respiration using the 

atmospheric O2, which is enriched in 18O compared to seawater due to the Dole effect 

(Luz et al., 1984; Luz and Barkan, 2011), and the other one is the ingested seawater, either 

by direct drinking or from their prey (Jones et al., 2009). Given that sea turtles drink 

seawater regularly (Reina et al., 2002) and the diet of oceanic loggerhead turtles is 

dominated by jelly plankton with a very high water content (Cardona et al., 2012), the 

contribution of metabolic water to the body water of sea turtles is minimal (Jones et al., 

2009) and therefore, the δ18O values of bone carbonate are expected to reflect mostly 

those of the water mass where they live (Séon et al., 2023). Nevertheless, the range of 

δ18O values reported here for the analysed loggerhead turtles is much broader than the 

range expected for seawater within the study area (3.60 vs 1.00 ‰, respectively). 

Furthermore, the difference between adjacent incremental layers was, in some cases, as 

large as 1.82 ‰, also much larger than the estimated range of variability within the whole 

Mediterranean basin and the adjoining Atlantic Ocean (1.30 ‰). This leads to the 

conclusion that other processes must be affecting the δ18O values during the formation of 

bone carbonate in sea turtles. 

 The δ18O fractionation factor between body water and carbonate during bioapatite 

precipitation is temperature dependent (Sharp, 2017; Coulson et al., 2008) when isotopic 
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equilibrium between carbonate and water is reached (Kim and O'Neil, 1997). Due to the 

ectothermic nature of turtles, at higher environmental temperatures their body 

temperature also increases, causing a decrease in the carbonate-water fractionation factor 

during bioapatite precipitation and producing carbonates with a more similar 18O content 

to that of the body water used during precipitation (Kim and O'Neil, 1997; Kohn and 

Cerling, 2002), which in this case is primarily the 18O-enriched ingested seawater. 

Another consequence of the increased body temperature, assuming a regular food and 

water intake, is an increase in the metabolic rate of the turtle and, therefore, in the turnover 

rate of body water, which can accelerate bioapatite precipitation (i.e., bone tissue grows 

faster) and in turn affect the isotopic balance between body water and carbonate, 

producing bioapatite out of isotopic equilibrium with body water. In this case, the reaction 

becomes less dependent on the temperature and could alter the resultant δ18O values (Kim 

and O'Neil, 1997).  

 On the contrary, the exposure to cold temperatures causes a significant reduction 

on the metabolic rate, food intake and O2 consumption in sea turtles (Hochscheid et al., 

2004). In this case, the turnover rate of body water and thus the precipitation of bioapatite 

will be slower and more likely to reach isotopic equilibrium with body water. Hence, if 

food and water intake are not limiting and the evaporation rate in surface waters is lower 

due to lower temperatures, the bioapatite produced during this period will likely have 

lower δ18O values than that produced in warmer waters (Kim and O'Neil, 1997).  

On the other hand, if the turtle remains in a state of low metabolic activity due to 

low food availability, or even reach a fasting state, the effect over the δ18O values of 

bioapatite will be the opposite. Oceanic juvenile loggerhead turtles alternate periods of 

high food availability with extended periods of fasting (Bjorndal et al., 2003), during 

which they rely on their fat stores to obtain energy (Jones et al., 2009) and thus, metabolic 

water is expected to become the dominant influx of water in their bodies unless they 

increase the drinking rate. As mentioned above, metabolic water is enriched in 18O 

compared to seawater (Luz and Barkan, 2011) and animals relying on lipid-rich diets, as 

well as those with irregular access to food or subjected to fasting, tend to be enriched in 
18O (Jones et al., 2009; Séon et al., 2023). In addition, the eastern Mediterranean is highly 

oligotrophic (Bosc et al., 2004), which results in a scarcity of oceanic loggerhead turtles 

in the area (DiMatteo et al., 2022). Therefore, if the juvenile loggerhead turtles of 

Northwestern Atlantic origin entering the eastern Mediterranean (Clusa et al., 2014) have 

less access to food and fast more frequently than those remaining in the western 
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Mediterranean, they would exhibit an additional increase in their δ18O values, operating 

in synergy with a higher sea surface temperature and evaporation rate (measured as 

salinity) in the eastern basin (Millot and Taupier-Letage, 2005) to considerably expand 

the range of δ18O values in bone carbonate compared to seawater.  

From the above follows that regional differences in water temperature and food 

availability may have an impact on the δ18O values of sea turtle’s bone carbonate, since 

they both affect the metabolic rate and hence, the turnover rate of the body water used in 

bioapatite precipitation. In the Mediterranean Sea, salinity, sea surface temperature and 

food availably change along the west-east axis, reinforcing the eastward increase in the 

δ18O values of sea turtles bone carbonate, but this is not necessarily true elsewhere. Thus, 

researchers should keep in mind these other sources of variability when using δ18O as a 

habitat tracer in sea turtles. Another caveat to be considered is that incremental layers 

formed during fasting periods are narrower than those formed in feasting periods and 

hence contribute with a smaller amount of carbonate when assessing the δ18O value of 

samples integrating several incremental layers. 

Trophic ecology according to bone δ13C and δ15N 

 In general, the changes observed in the δ13C and δ15N values between incremental 

layers were small and suggested only minor ontogenetic changes in the diet of these 

juvenile loggerhead turtles during their journey through the Mediterranean Sea, with a 

tendency to reduce the isotopic niche area as they grow older. This is consistent with 

movement patterns previously observed for loggerhead turtles in the Mediterranean Sea, 

as the movement of turtles smaller than 40 cm CCL is highly dependent on current 

velocity (Revelles et al., 2007a), whereas larger turtles can actively remain in more 

favourable areas (Eckert et al., 2008). 

 Considering that the bone samples used in the present study are from the early 

2000’s, we considered the environmental conditions of the Mediterranean Sea of that time 

for the following discussions. On one hand, the range of δ13C values obtained for the 

considered turtles (from -16.7 to -14.4 ‰) is consistent to that of potential pelagic prey 

such as gelatinous plankton (from -17.6 to -15.7 ‰) and small pelagic and mesopelagic 

fishes (from -16.4 to -15.9 ‰) from foraging grounds off the Balearic Islands (Cardona 

et al., 2007), after accounting for the diet-to-tissue fractionation reported for the cortical 

bone of sea turtles (2.1 ± 0.6 ‰) (Turner Tomaszewicz et al., 2017b). This similarity 

suggests the use of mostly oceanic habitats. Furthermore, the variability observed 
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between individuals could be explained by the horizontal distribution of δ13C values in 

surface waters within and between Mediterranean basins. Pierre (1999) found that the 

northern margins of both the eastern and western Mediterranean, known as regions of 

deep-water formation, present the lowest δ13C values because of the input of 13C-depleted 

CO2 from deeper waters especially during winter, whereas the highest values are found 

in the Alboran Sea and southern Algerian Basin. However, the range of values in both 

basins was similar and the maximum differences reported for the western and eastern 

Mediterranean were small (0.43 and 0.41 ‰, respectively) (Pierre, 1999), which explains 

the little variability observed in our data.  

Regarding the δ15N values, those of the studied loggerhead turtles ranged between 

7.05-11.04 ‰ and stomach content analysis of pelagic loggerhead turtles off the Balearic 

Islands had previously revealed gelatinous plankton and pelagic fishes as their main prey 

(Revelles et al., 2007b). The δ15N values of gelatinous plankton from the Balearic Islands 

in the early 2000’s ranged 3.9-5.6 ‰ and those of small pelagic and mesopelagic fishes 

from the same area and period ranged 8.7-10.2 ‰ (Cardona et al., 2007). As the diet-to-

tissue discrimination factor for the cortical bone of sea turtles is 5.1 ± 1.1 ‰ (Eckert et 

al., 2008), the δ15N of the diet of loggerhead turtles should range 1.95-5.4 ‰, suggesting 

that gelatinous zooplankton was the staple food of the loggerhead turtles analyzed during 

the life stages recorded in their bone tissue, a conclusion consistent with the results of a 

previous mixing model based on the δ13C and δ15N values of epidermis (Cardona et al., 

2007). Another possibility is that these differences are caused by the higher δ15N values 

of the particulate organic matter in the surface waters of the western basin, especially 

towards the Alboran Sea (Pantoja et al., 2002). If this was the case, it would agree with 

the previously discussed tendency to settle in areas of lower salinity of the western 

Mediterranean as they reach ten years of age. 

 Lastly, the tendency to reduce the isotopic niche area is mostly driven by a lower 

variability in incremental layers older than 9 years old. This indicates either a more 

consistent diet over time, a greater fidelity to the same water mass, or both, in older turtles. 

 

Conclusions 

 Our results suggest that loggerhead turtles born at the nesting beaches of the 

Northwest Atlantic do not follow just one straight path towards the Mediterranean Sea, 

and the wide range of δ18O values found for these turtles, especially in those younger than 
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nine years old, do not indicate any specific temporal patter in their movements. This 

agrees with the observations of Mansfield et al., (2014), where some satellite tracked 

neonate loggerhead turtles released off their natal beaches in Florida travelled out of the 

Gulf Stream and towards the Sargasso Sea in association with meso-scale eddies and 

remained there for different periods of time, while others seemed to swim directly towards 

the eastern Atlantic (Mansfield et al., 2014). This uneven dispersion of neonates while 

crossing the Atlantic explains the non-systematic entry of juvenile loggerhead turtles into 

the Mediterranean Sea as well as the variability of δ18O values in turtles of similar size 

and age. Similar variations in the timing of ontogenic habitat shifts were observed in 

juvenile loggerhead turtles from the North Pacific (Turner Tomaszewicz et al., 2017a). 

Moreover, the observed tendency to settle in lower salinity areas as they grow older than 

10 years old does not seem to be related to their distribution as juveniles. Available 

satellite data suggests that individuals larger than 57 cm CCL are more likely to remain 

within the Alboran Sea and the adjacent Algerian Basin (Eckert et al., 2008), and they 

can already leave the Mediterranean and start their journey back to the Northwestern 

Atlantic before reaching 68 cm CCL (Moncada et al., 2010). According to our 

estimations, all turtles estimated to be 10 years or older had a CCL larger than 57 cm. 

Certainly, the exact time of their departure is highly variable and likely depends on factors 

that are mostly unknown but may include the availability of food resources and good 

environmental conditions (Eckert et al., 2008). 
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Identifying the foraging grounds of the new loggerhead turtle nesters 

in the western Mediterranean 
 
Abstract 

1. The western Mediterranean Sea has traditionally served as a primary foraging 

ground for juvenile loggerhead turtles from three distinct regional management 

units: the Northwestern Atlantic, the Mediterranean, and Cape Verde. Nesting 

activities were sporadic.  

2. Recently, nesting activity on the beaches of eastern Spain has increased, due to 

warmer sand and water temperatures during the summer months.  

3. The study has integrated stable isotope analysis of carbon (C), nitrogen (N), and 

sulphur (S) with satellite telemetry to identify the foraging grounds of these new 

colonizers nesting on Spanish beaches. 

4. Results indicate that the majority of these adult females forage oceanically in the 

Algerian Basin, with a few exhibiting distinct stable isotope signals, tentatively 

associated with foraging in shallow coastal areas in the central Mediterranean Sea. 

5. The dominance of oceanic foragers in this new population is noteworthy, given 

the Algerian Basin’s oligotrophic nature. This contrasts with the prevalence of 

neritic foraging in adult females nesting in the central and eastern Mediterranean 

Sea. 

6. The use of the Algerian Basin as a foraging ground for adult loggerhead turtles 

exposes them to bycatch from drifting longlines. The authorities should refrain 

from increasing bluefin quotas imposed on longliners in the Algerian Basin unless 

the fishery avoids using squid as bait and agrees to deploy hooks deeper than 25 

m to reduce loggerhead turtle bycatch.   

Key words: Algerian Basin, Caretta caretta, colonization, foraging grounds, satellite 

telemetry, stable isotopes.  
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INTRODUCTION 

  Temperature is a major determinant of geographic distribution in animals 

(Lomolino et al., 2010). As global warming intensifies, many species respond by shifting 

their distribution range in order to adapt to new environmental conditions (La Sorte & 

Thompson, 2007; Bebber, Ramotowski & Gurr, 2013; Kortsch et al., 2015). In recent 

years, even highly philopatric species like sea turtles (FitzSimmons et al., 1997; Lee, 

Luschi & Hays, 2007) have expanded into historically colder areas that were once 

unsuitable for their reproduction. Notably, loggerhead turtles (Caretta caretta) have 

ventured into the western Mediterranean for nesting (Carreras et al., 2018; Cardona et al., 

2022; Hochscheid et al., 2022; Mancino, Canestrelli & Mariorano, 2022), while green 

turtles (Chelonia mydas) have been observed nesting in the western Gulf of Mexico 

(Shaver et al., 2020). 

The life history of sea turtles is characterized by natal philopatry (FitzSimmons et 

al., 1997; Lee, Luschi & Hays, 2007), which seems to be incompatible with the 

circumtropical distribution of five out of the seven extant species (Wallace et al., 2010). 

This suggests that these five species are capable of long-distance colonization, although 

this is likely an infrequent process that operates over long time scales. Distant 

colonization may result from adults with reduced philopatry (Stewart et al., 2014), 

individuals reaching sexual maturity while still at their developmental habitats (Carreras 

et al., 2018), or a combination of these factors, although the process remains poorly 

understood.  

Turtles are imprinted by the magnetic field of their natal beaches (Lohmann, 

Putman & Lohmann, 2008) and are thereby expected to return to those beaches to nest. 

However, natal philopatry in sea turtles is imperfect, and some adult females are known 

to nest on beaches that are several hundreds of kilometers apart, even within the same 

nesting season (Tucker, 2010; Stewart et al., 2014). This relaxed philopatry can result in 

a range expansion of hundreds of kilometers and probably explains the recent 

colonization of green turtles in the northwestern Gulf of Mexico (Shaver et al., 2020). 

However, this process does not enable colonization of distant areas. 

The hatchlings of most sea turtle species disperse across entire ocean basins by 

following major current systems (Mansfield et al., 2014; Scott, March & Hays, 2014; 

Briscoe et al., 2016), and they spend several years foraging in areas thousands of 

kilometers away from where they were born (Carreras et al., 2011; Hawkes et al., 2012; 

Turner Tomaszewicz et al., 2017; Campos & Cardona, 2019). As they grow older, 
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juvenile sea turtles migrate to other foraging grounds closer to their natal beaches (Bolten, 

2003; Revelles et al., 2007a; Turner Tomaszewicz et al., 2017; Campos & Cardona, 

2019). However, the timing of this migration is highly variable, and there is evidence that 

some turtles reach sexual maturity before moving to the foraging grounds used by the 

adults of their natal population (Piovano et al., 2011). Eventually, these individuals may 

mate and nest on nearby beaches (Carreras et al., 2018; Shaver et al., 2020; Cardona et 

al., 2022; Santidrián Tomillo et al., 2022), thus laying the foundations for a new 

population if their offspring remains faithful to their own natal beaches, which are distinct 

from those of their forebears.  

During the latter half of the 20th century, loggerhead turtles nesting in the 

Mediterranean Sea was primarily confined to the eastern basin (Casale et al., 2018 and 

references therein), with occasional low levels of nesting in the central basin (Laurent et 

al., 1990; Mingozzi et al., 2008; Casale et al., 2012; Jribi & Bradai, 2014). While a few 

isolated nests have been reported in the westernmost part of the Mediterranean Sea since 

1870 (Tomás et al., 2008 and references therein), consistent nesting was hindered during 

this period due to sand temperatures being consistently below 25 °C during most summer 

months (Pike, 2013; Cardona et al., 2022).  

However, in recent years, nesting activity (i.e., the number of nests) in the western 

Mediterranean Basin has seen a substantial increase (Benabdi & Belmahi, 2020; 

Hochscheid et al., 2022; Mancino, Canestrelli & Mariorano, 2022). This increase is not 

solely due to expanded search efforts but rather to the fact that, since 2010, sand 

temperatures on most beaches in this area have consistently exceeded the threshold for 

successful incubation of the eggs (25 °C for 80 consecutive days). This temperature 

change is likely a consequence of global warming (Cardona et al., 2022; Santidrián 

Tomillo et al., 2022). 

Genetic analysis has revealed an admixture of parents from Mediterranean and 

Atlantic origins on the nesting beaches of the western Mediterranean, dispelling the 

possibility that these nesting events were remnants of a nearly extinct population 

decimated by tourism development (Carreras et al., 2018). Satellite tracking of early 

juveniles from Spanish beaches has shown that most of these individuals remain in the 

western Mediterranean during the winter months. However, some may drift with 

prevailing currents to the foraging grounds in the central Mediterranean (Abalo-Morla et 

al., 2018 and 2023), which are also utilized by hatchlings and early juveniles from the 
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nesting beaches of the central and eastern Mediterranean Sea (Casale & Mariani, 2014). 

Conversely, little is known about the habitat used by their parents.  

Adult loggerhead turtles nesting in the central and eastern Mediterranean Sea 

forage primarily on the continental shelf of those regions (Schofield et al., 2013a & 

2013b; Haywood et al., 2020). Almpanidou et al., (2022) recently identified several 

potential neritic foraging grounds for adult loggerhead turtles scattered along the northern 

shore of the western Mediterranean. However, satellite tracking of non-nesting adult 

loggerhead turtles incidentally captured in the western Mediterranean has revealed that 

they are primarily oceanic foragers that extensively use the Algerian Basin (Abalo-Morla 

et al., 2022a). This region contains one of the highest densities of loggerhead turtles in 

the entire Mediterranean Sea (DiMatteo et al., 2022) and was previously considered to be 

solely a juvenile foraging ground (Cardona & Hays, 2018), inhabited mainly by 

individuals of Atlantic origin (Carreras et al., 2006 & 2011; Clusa et al., 2014). The 

presence of some adult loggerhead turtles at the oceanic foraging grounds in the Algerian 

Basin aligns with the hypothesis that certain individuals may reach adulthood while at 

their juvenile foraging grounds (Piovano et al., 2011). This, in turn, allows some of them 

to nest on nearby beaches (Carreras et al., 2018) before commencing their return 

migration to the foraging grounds in their natal region, where they will ultimately settle. 

This paper uses stable isotope analysis and satellite telemetry to identify the 

foraging grounds of female loggerhead turtles currently nesting on Spanish beaches in the 

Mediterranean. This research aims to investigate the ongoing colonization process of the 

western Mediterranean basin and test the hypothesis that these nesting females share 

oceanic foraging grounds with juveniles in the Algerian Basin.  

 

METHODS 

Stable isotope analysis 

Previous research has established that stable isotope ratios in sea turtle eggs and 

hatchlings reflect those of their mothers, allowing characterization of the mothers’ 

foraging grounds (Frankel et al., 2012; Carpentier et al., 2015; Ceriani et al., 2017; 

Frankel et al., 2012). To this end, epidermis samples were collected from deceased 

hatchlings originating from 15 nests on Spanish beaches between 2018 and 2020 (one 

hatchling per nest) and were used to deduce information about their mothers. 

Additionally, an epidermis sample was collected directly from a nesting female. 
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Furthermore, epidermis samples were gathered from 58 dead loggerhead turtles found 

stranded along the Mediterranean coast of eastern mainland Spain (hereafter referred to 

as the Iberian Peninsula) and the Balearic Islands from 2014 to 2020. This was done to 

characterize the stable isotope ratios of carbon (C), nitrogen (N), and sulphur (S) in 

loggerhead turtles foraging in the Gulf of Valencia and the Algerian Basin, which, 

respectively, correspond to the turtles found on the Mediterranean coast and those in the 

Balearic Islands (Figure 3.15; Appendix S1). The Iberian Peninsula and the Balearic 

Islands are treated as distinct regions due to the limited exchange of turtles between them, 

as indicated by previous research (Revelles et al., 2007a, 2007b & 2008; Eckert et al., 

2008; Cardona et al., 2009; Clusa et al., 2014; Abalo-Morla et al., 2022a). 

 
Figure 3.15. Distribution of sampled nests and location of satellite-tagged 

females. The “X” indicates the location of the epidermis sample collected directly from a 

nesting female, named Victoria. 

Skin samples were stored at −20°C, dried in a laboratory oven at 50 °C for 24h, 

and then cut into small pieces using dissection scissors. Sea turtle epidermis has very low 

fat content, thus obviating the need for lipid extraction with organic solvents (Bergamo, 

Botta & Copertino, 2016). Approximately 0.3 mg of dry epidermis were weighed and 

enclosed in tin capsules (3.3 x 5 mm) for δ13C and δ15N determination. Samples were 

combusted at 900 °C, and the resulting gases were analyzed using an isotope ratio mass 

spectrometer (Flash 1112 IRMS Delta C Series EA; ThermoFinnigan, Bremen, 

Germany), coupled to an elemental analyzer (Thermo Fisher Scientific, Milan, Italy). 
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 For δ34S determination, approximately 3 mg of dry epidermis were weighed and 

placed in tin capsules, with the addition of vanadium pentoxide (V2O5) as a catalyst to 

expedite the combustion and minimize variability (Nehlich & Richards, 2009). These 

samples were combusted at 1,035 °C, and the gases analyzed with an Elemental Analyzer 

(Carlo Erba 1108) coupled to a Delta Plus XP mass spectrometer via a ConFlow III 

interface (both from Thermofisher) at Centres Cientifics i Tecnologics (CCiT-UB) of the 

University of Barcelona, Spain. Isotopic reference materials were used every 12 samples 

for calibration, achieving a precision of 0.3 ‰ for δ13C, 0.2 ‰ for δ15N, and 0.1 ‰ for 

δ34S. Details regarding these materials can be found in the Supplementary Information 

(Appendix S2).  

 Stable isotope abundances were denoted in delta (δ) notation, with relative 

variations expressed as per mil (‰) deviations from established international standards. 

The calculation is as follows: 

δjX=[(jX/iX)sample/(jX/iX)standard]-1   (1) 

where jX represents the heavier isotope (13C, 15N, or 34S), while iX represents the lighter 

isotope (12C, 14N, or 34S) in both the analytical sample and the international measurement 

standard. The international standards that we applied were Vienna Pee Dee Belemnite 

(VPDB) calcium carbonate for δ13C values, atmospheric nitrogen for δ15N values, and 

Vienna-Canyon Diablo Troilite (VCDT) for δ34S values. 

The stable isotope ratios of dead stranded turtles from the Iberian Peninsula and 

the Balearic Islands were compared using the Wilcoxon-Mann-Whitney U test, due to 

their departure from normality, as determined by the Shapiro-Wilk test. Similarly, the 

stable isotope ratios of hatchlings from the Iberian Peninsula and the Balearic Islands 

were compared using the Wilcoxon-Mann-Whitney U test. For these comparisons, no 

mother-to-hatchling fractionation was assumed for the δ34S values, and the δ13C and δ15N 

values of nesting females were calculated from those of hatchling epidermises using the 

following equations (Frankel et al., 2012): 

δ13Cfemale = 0.51 x δ13Chatchling – 7.38   (2) 

δ15Nfemale = 1.02 x δ15
hatchling – 1.02  (3) 

 Two-dimensional plots were built using the package “SIBER” (Stable Isotope 

Bayesian Ellipses; Jackson et al., 2011) to assess isotopic niche width and overlaps 

between groups, which include nesting females, individuals stranded in the Balearic 

Islands, and those stranded in the Iberian Peninsula. These assessments were conducted 

based on different pairs of stable isotope ratios. Standard ellipse areas corrected for small 
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sample size (SEAc) were used to represent each species’ isotopic niche within the isotopic 

space and to calculate species overlap (Jackson et al., 2011). 

 All statistical analyses and plots related to stable isotope analysis were conducted 

using R Statistical Software version 4.1.2 (R Core Team 2021). 

Satellite telemetry 

 Satellite tracking data from seven female loggerhead turtles were utilized. These 

turtles were opportunistically tagged during nesting events on Spanish Mediterranean 

beaches between 2016 and 2022 (see Figure 3.15 and Table 1). One of the turtles, 

Mascletà, was tagged during two different nesting seasons, in 2016 and 2020, with each 

track being analyzed independently. It should be noted that only two females (Victoria 

and Mascletà 2020) shared both stable isotope and satellite telemetry data, making the 

two datasets complementary.  

 Location data were obtained through the Argos satellite system. We also 

employed state-space models (SSM), which are widely used and versatile statistical tools 

for deriving position estimates from observed data, which they accomplish specifically 

by accounting for measurement errors and variability in the movement dynamics (Jonsen, 

Flemming & Myers, 2005; Jonsen, Myers & James, 2007; Jonsen et al., 2013). These 

models have previously been applied to modelling the movements of marine animals, 

including sea turtles (Jonsen, Myers & James, 2007; Hoenner et al., 2012). A hierarchical 

switching state-space model (hDCRWS) was fitted to the data in order to provide position 

estimates at regular 12-hour intervals, along with associated behavioral states (Jonsen, 

Myers & James, 2007; Jonsen, 2016; Christiansen et al., 2016). The “bsam” R-package 

(Jonsen, Flemming & Myers, 2005) within R version 3.4.3 (R Core Team, 2019) was 

used for this analysis. Two Markov Chain Monte Carlo (MCMC) chains were run for 

120,000 iterations. The first 60,000 samples were discarded as a burn-in. To reduce 

sample autocorrelation, we retained every 10th sample from the remaining 60,000 

samples, which were all assumed to have occurred after the convergence of each chain. 

Thus, these model parameters and estimated locations were calculated using a total of 

12,000 MCMC samples. Using a time-step of 12 hours, two daily locations during the 

tracking period were generated from the posterior means of the resultant distributions.
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Table 3.4. Details of satellite-tracked nesting females. This table provides: Argos ID number, name, CCL (curved carapace length), CCW 

(curved carapace width), date of deployment, deployment coordinates (latitude and longitude), date of the end of monitoring, attachment 

method (epoxy resin or silicone), tag brand (SIRTRACK, DesertStar, or Wildlife Computers), type of tag (solar-powered PPT, SPOT, 

FASTLOC GPS), and the institutions involved in satellite-tagging and data acquisition (FO: Fundació Ocenogràfic, UV: Universitat de 

València, GVA: Generalitat de la Comunitat Valenciana, UPV: Universitat Politécnica de València, UVic: Universitat de Vic, UB: 

Universitat de Barcelona, CRAM: Fundació para la Conservació y Recuperació de Animals Marins, E: Eucrante Association, C:Chelonia 

Association). “NA” indicates not available data, and “*” indicates turtles with tags that are still transmitting data. Satellite-tracking data for 

turtles Ana, Maria, Mascletà 2016, and Yaiza are publicly accessible at the EMODNet repository (Abalo-Morla et al., 2022b). 

Argos 
ID Name CCL 

(cm) 
CCW 
(cm) 

Deployment 
date Latitude Longitude 

End 
monitoring 
date 

Attachment 
method Tag brand Type tag Institutions 

160303 Mascletà 2016 61 77 24/06/2016 41.28 2.09 21/08/2016 Silicone DesertStar Solar PTT CRAM, UPV, C 

33052 Yaiza 79 72.5 27/06/2018 39.51 −0.32 03/01/2019 Epoxy Wildlife 
Computers SPOT FO, UV, GVA, UPV, E 

60623 Maria 79 NA 30/06/2018 40.03 0.05 15/07/2018 Epoxy Wildlife 
Computers SPOT FO, UV, GVA, UPV, E 

36422 Ana 80 76 08/07/2018 37.92 −0.72 15/11/2018 Epoxy SIRTRACK SPOT FO, UV, GVA, UPV, E 

84260 Mascletà 2020 60 NA 16/07/2020 41.08 1.18 13/09/2020 Epoxy SIRTRACK FASTLOC 
GPS UB, UVic, UPV, UV 

222027 Victoria 87 82 30/07/2020 39.18 −0.23 13/12/2022* Epoxy SIRTRACK FASTLOC 
GPS FO, UV, GVA, UPV, E 

222028 Elena NA NA 10/07/2021 41.11 1.26 30/09/2021 Epoxy SIRTRACK FASTLOC 
GPS UVic, UV, UPV y CRAM 

232741 Catherine 80 73 26/07/2022 38.04 −0.65 11/12/2022* Epoxy SIRTRACK FASTLOC 
GPS FO, UV, GVA, UPV, E 
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Analysis of foraging behavior 

 Location data from the first month following satellite tagging were excluded from 

the analysis, due to the observed change in female behavior during the nesting season 

(June – August) compared to the rest of the year. Research indicates that females tend to 

reduce feeding activity during the nesting season (Miller, 1997; Hays et al., 2002; Hays, 

2008) and remain in close proximity to the nesting beach during consecutive nesting 

events, which is known as the “internesting period” (Zbinden et al., 2007). In line with 

the approach of Lydersen et al., (2020), we employed a hierarchical switching state-space 

model (hDCRWS) to differentiate between two behavioral states: transiting and areas of 

restricted search (ARS). We estimated the mean behavioral state for each location, taking 

into account all of the bimodal MCMC samples, which were assigned values of 1 

(transiting) or 2 (ARS) for the behavioral state (Jonsen et al., 2007; Lydersen et al., 2020). 

Subsequently, we applied the same cut-off points as in previous studies, defining 

locations with mean behavioral estimates below 1.25 as indicative of transiting/migratory 

behavior, those with estimates above 1.75 as representing ARS patches, and locations 

with mean behavioral estimates between 1.25 and 1.75 as "uncertain," signifying a lack 

of sufficient information to distinguish between behaviors in these cases (Jonsen et al., 

2007; Lydersen et al., 2020). 

 To identify distinct movement phases, the trajectories of the turtles were divided 

into segments characterized by homogeneous behavior using Guéguen’s method (2001 

and 2009) via the “adehabitatLT” R-package (Calenge, 2006). Independence of the 

residuals from the trajectory segmentation was assessed using the Wald and Wolfowitz 

test (Wald & Wolfowitz, 1943). To identify the core use areas for each female, we 

employed the Brownian Bridge approach of the kernel method, which was implemented 

in the “adehabitatHR” package (Horne et al., 2007). Core use areas for each female were 

defined as the 50% Kernel Utilization Distribution (KUD). The results were then overlaid 

to identify any overlapping core areas. 

 The protocols and procedures employed in this study underwent ethical review in 

accordance with Directive 2010/63/EU, and they were approved by Universitat 

Politècnica de València. The satellite tagging of females was authorized by the Spanish 

Ministry for the Ecological Transition and the Demographic Challenge (Ministerio para 

la Transición Ecológica y el Reto Demográfico) under the following permit numbers: 

DIV/BDM/AUTSPP/38/2017, SGPM/BDM/AUTSPP/26/2019, 
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SGPM/BDM/AUTSPP/23/2020, SGBTM/BDM/AUTSPP/43/2021 and 

SGBTM/BDM/AUTSPP/44/2022. 

 

RESULTS 

Isotopic characterization of nesting female feeding areas  

 Stranded individuals from the Iberian Peninsula and the Balearic Islands exhibited 

no significant differences in the distribution of their δ34S values (Figure 3.16; Wilcoxon-

Mann-Whitney Test: U = 367.5, P = 0.549, n1 = 30, n2 = 27). However, they did differ in 

the distribution of their δ13C and δ15N values. Specifically, individuals depleted in 13C or 
15N were more prevalent in the Iberian Peninsula compared to the Balearic Islands (see 

Figure 3.16; Wilcoxon-Mann-Whitney Test, n1 = 30, n2 = 27; δ13C: U = 237.5, P = 0.007; 

δ15N: U = 108.0, P < 0.001). As a result, the standard ellipses of the turtles stranded in 

these two regions showed only slight overlap in the δ13C-δ15N and δ15N-δ34S isospaces 

(Figure 3.17; Table 2), thus confirming that turtles from these regions indeed used 

different foraging grounds.  

 
Figure 3.16. Stable isotope ratios of C, N, and S of stranded loggerhead turtles from the 

Iberian Peninsula and the Balearic Islands; and of nesting females from the Spanish 

Mediterranean coast, as inferred from their hatchlings. 
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The stable isotopes ratios of C, N, and S in nesting females from both the Iberian 

Peninsula and the Balearic Islands, as inferred from their hatchlings (Table 2), did not 

show statistically significant differences (Wilcoxon-Mann-Whitney Test; n1 = 12, n2 = 4; 

δ13C: U = 32.0, P = 0.379; δ15N: U = 11.0, P = 0.115; δ34S: U = 29.0, P = 0.544). 

Consequently, all nesting females were pooled together for further analysis. Additionally, 

genetic analysis revealed that each nest was laid by a distinct female (Carreras, 

unpublished data), thus eliminating concerns of pseudo-replication. The distribution of 

δ13C values in nesting females differed significantly from that of stranded turtles in both 

areas (Wilcoxon-Mann-Whitney test; Iberian Peninsula: U = 17.0, P < 0.001, n1 = 16, n2 

= 30; Balearic Islands: U = 45.0, P < 0.001, n1 = 16, n2 = 27), due to the presence of two 

nesting females with highly enriched 13C values (Table 2; Figure 3.17). The same pattern 

held true for the δ34S values, with the same two nesting females showing notable depletion 

in 34S (Figure 3.17; Wilcoxon-Mann-Whitney test; Iberian Peninsula: U = 408.0, P < 

0.001, n1 = 16, n2 = 30; Balearic Islands: U = 345.0, P = 0.001, n1 = 16, n2 = 27). In 

contrast, the distribution of δ15N values in nesting females significantly differed from that 

of the turtles stranded on the Iberian Peninsula (Figure 3.17; Wilcoxon-Mann-Whitney 

test; Iberian Peninsula: U = 49.0, P < 0.001, n1 = 16, n2 = 30), but not from those females 

stranded on the Balearic Islands (Figure 3.17; Wilcoxon-Mann-Whitney test, U = 153.5, 

P = 0.116, n1 = 16, n2 = 27). As a result, the standard ellipse of the nesting females showed 

no overlap with the standard ellipse of the turtles stranded on the Iberian Peninsula in two 

of the three considered isospaces, while the third had less than a 2% overlap (Table 3; 

Figure 3.17). However, the standard ellipse of the nesting females partially overlapped 

with those of the turtles stranded on the Balearic Islands in all three isospaces, although 

the overlap was limited due to the presence of two nesting females with enriched 13C and 

depleted 34S (Figure 3.17). 
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Table 3.5. Stable isotope ratios (‰) in hatchlings from Spanish Mediterranean beaches 

and the inferred ratios in their mothers, according to Frankel et al., (2012) for δ13C and 

δ15N. No mother-to-hatchling fractionation was assumed for the δ34S values. The values 

obtained directly from a nesting female are denoted by *. 

ID Nesting location Year δ13C 
hatchlings 

δ13C 
females 

δ15N 
hatchlings 

δ15N 
females δ34S  

ENV. 1 Iberian Peninsula 2019 −18.0 −16.6 9.8 9.0 18.8 
ENV. 2 Iberian Peninsula 2020 −18.3 −16.7 10.4 9.5 19.0 
ENV. 3 Iberian Peninsula 2019 −17.7 −16.4 10.0 9.1 18.4 
ENC. 1 Iberian Peninsula 2020 −18.7 −16.9 8.9 8.1 19.0 
ENC. 2 Iberian Peninsula 2018 −20.6 −17.9 10.2 9.4 18.3 
ENC. 3 Iberian Peninsula 2018 −20.3 −17.7 9.6 8.8 18.0 
ENC. 4 Iberian Peninsula 2018 −12.7 −13.9 8.9 8.1 9.4 
ENC. 5 Iberian Peninsula 2020 −12.9 −14.0 9.2 8.3 8.0 
ENC. 6 Iberian Peninsula 2020 −18.6 −16.9 9.8 9.0 17.2 
ENM. 1 Iberian Peninsula 2020 −18.7 −16.9 8.7 7.9 18.5 
ENM. 2 Iberian Peninsula 2020 −18.4 −16.7 10.4 9.6 18.0 
EVLC. 

1* Iberian Peninsula 2020 - −16.6 - 9.2 19.1 

ENB. 1 Balearic Islands 2019 −17.6 −16.4 10.2 9.4 18.0 
ENB. 2 Balearic Islands 2020 −18.8 −16.9 10.9 10.1 17.9 
ENB. 3 Balearic Islands 2020 −19.1 −17.1 9.5 8.7 18.5 
ENB. 4 Balearic Islands 2020 −19.0 −17.1 10.7 9.9 17.9 
 

Table 3.6. Overlap between the standard ellipses of loggerhead turtles stranded along the 

coasts of the Iberian Peninsula and Balearic Islands, and nesting females, as shown in 

Figure 3.17. Overlap is reported as the percentage of the standard ellipse area of each 

group enclosed in the standard ellipse of the other group.  

Pairs 
(1 vs 2) 

δ13C - δ15N  
(% Overlap) 

δ13C - δ34S 
 (% Overlap) 

δ34S - δ15N 
 (% Overlap) 

1 2 1 2 1 2 
Stranded Iberian Peninsula 

vs. 
Stranded Balearic Islands 

18.59 29.17 71.55 46.01 21.70 19.16 

Stranded Iberian Peninsula 
vs. 

Nesting females 
0.00 0.00 0.00 0.00 1.95 0.89 

Stranded Balearic Islands 
vs. 

Nesting females 
14.75 10.89 26.49 16.56 44.64 23.09 
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Figure 3.17. Standard ellipses of loggerhead turtles stranded along the coasts of the 

Iberian Peninsula and Balearic Islands, and nesting females, all corrected for small sample 

size (SEAc). The relative overlap values are reported in Table 3.  
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Satellite telemetry 

 Ana and Catherine were tagged in southeastern Spain, a region directly facing the 

Algerian Basin (Figure 3.18). They initially traveled southward and then shifted eastward, 

spending most of their tracking time in the western part of the Algerian Basin. The 

remaining females (Victoria, Maria, Mascletà in 2016 and 2020, Elena and Yaiza) were 

tagged along the eastern Spanish coast (see Figure 3.18). Notably, Victoria initially 

ventured to the easternmost part of the Alboran Sea, moved eastward toward the Strait of 

Sicily, spent 3.5 months in the central Mediterranean, and eventually returned to the 

Algerian Basin. Maria remained close to the deployment location, but transmission was 

lost 15 days after tagging. The other three turtles moved to the central Algerian Basin 

after tagging, although following two distinct routes. Mascletà was tagged in two different 

years (2016 and 2020) at beaches 88 km apart. In both years, she initially moved eastward 

across the Balearic Sea and along the northern rim of the Balearic Islands, later traveling 

southward to the central part of the Algerian Basin. Elena was tagged on a beach near the 

nesting sites used by Mascletà for nesting in 2016 and 2020, and she followed a similar 

route. In contrast, Yaiza was tagged at a more southerly beach and traveled eastward 

along the southern rim of the Balearic Islands, ultimately reaching the central part of the 

Algerian Basin (Fig. 1).  

 The seven adult females spent most of their tracking time (92.3% of daily 

locations) in areas deeper than 200 m, indicating that they remained predominantly in the 

oceanic domain. Additionally, Kernel analysis demonstrated that the central Algerian 

Basin was the most frequently utilized area by all of them (see Figure 3.19).  

 Four turtles (Ana, Elena, Yaiza and Victoria) clearly exhibited alternation 

between behavioral states (migratory vs. ARS) during tracking (Figure 3.18). However, 

resolution was poor for Catherine and Mascletà in both 2016 and 2020 and, therefore, 

behavioral states could not be reliably assigned to them. Trajectory segmentation 

provided support for the hypothesis that all turtles, except Catherine, alternated between 

faster and slower movement phases. The validity of this approach was confirmed by the 

independence of the residuals from these segmentations (Wald and Wolfowitz test, P > 

0.05; see Figure 3.20). Fast movement model phases (characterized by high average 

displacement) correspond to traveling, while slow movement model phases 

(characterized by low average displacement) correspond to foraging or resting. 
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Figure 3.18. Tracks of the seven female loggerhead turtles satellite-tracked from Spanish 

nesting beaches during the entire tracking period. The blue background reveals 

bathymetry. Behavioral states (traveling, mean behavioral estimate below 1.25; and area 

restricted search, mean behavioral estimate above 1.75) after the first month of tagging 

are denoted by white (traveling) and pink (foraging) symbols, respectively. Behavioral 

states during the first month after tagging were not considered. Locations with mean 

behavioral estimates between 1.25 and 1.75 were considered “uncertain” and were not 

plotted. 
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Figure 3.19. Estimates of Kernel habitat use obtained by the Brownian Bridge method at 

50% KUD.  

  

 

Figure 3.20. Results of the movement segmentation analysis covering the entire tracking 

period for each turtle. The figure shows mean travel distance in km (y-axis), which varies 

for each turtle, and over time (x-axis). Background colors highlight phases differing by 

average travel speed, with more intense blues indicating a greater average distance 

traveled per time unit, thus representing a faster movement phase, while lighter blues 

represent smaller distances traveled. White background denotes no differences. 
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DISCUSSION 

 The combined evidence from stable isotope analysis and satellite telemetry 

reported in this study reveals that females currently nesting on the Mediterranean coast 

of Spain are oceanic foragers, predominantly utilizing the Algerian Basin. It should be 

noted that the two analyzed datasets contained only two females who shared both stable 

isotope and satellite telemetry data (Victoria and Mascletà 2020). This limited overlap is 

due to the wide distribution of nests along the Spanish Mediterranean coast, making it 

challenging for researchers to reach nesting events before the females depart from the 

beach, and because dead hatchlings do not occur at some nests. The complementarity of 

these two data sets addresses the challenges posed by the small sample size, a 

consequence of the very recent colonization of Spanish beaches by nesting females, which 

in turn has led to a relatively small number of nesting events recorded annually on these 

shores, with fewer than 11 nests per year until 2022 (Cardona et al., 2022; Hochscheid et 

al., 2022).  

Stable isotope ratios in the epidermis of sea turtles integrate dietary information 

over several months (Reich, Bjorndal & Martínez del Rio, 2008). Therefore, the presence 

of statistically significant differences in the stable isotope ratios of C, N, and S of the 

loggerhead turtles stranded on the Iberian Peninsula and the Balearic Islands indicates 

that they have been utilizing distinct foraging grounds during the months immediately 

preceding their demise. Interestingly, the isotopic niche of nesting females differed 

significantly from that of loggerhead turtles stranded along the coast of the Iberian 

Peninsula, but this niche partially overlapped with that of loggerhead turtles stranded in 

the Balearic Islands, thus suggesting that the females nesting on the Mediterranean 

beaches of Spain and the turtles stranded in the Balearic Islands share foraging grounds.  

The differences in the isotopic niches of loggerhead turtles stranded on the Iberian 

Peninsula and the Balearic Islands are consistent with previous satellite telemetry data, 

which have consistently shown limited exchange of loggerhead turtles between these two 

areas (Cardona et al., 2005; Revelles et al., 2007b, 2007c & 2008; Eckert et al., 2008; 

Cardona et al., 2009; Abalo-Morla et al., 2022a). These findings can be attributed to the 

close association between the movements of oceanic loggerhead turtles in the western 

Mediterranean and the general circulation pattern of sea surface waters (Cardona & Hays, 

2018). However, it is worth noting that the prevalence of oceanic foragers among the 

nesting females sampled on Spanish beaches is remarkable, even though the small sample 

size limits the accuracy of estimating their proportion. Adult loggerhead turtles can 
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exhibit either neritic or oceanic foraging behaviors (Hatase, Omuta & Tsukamoto, 2010), 

with the prevalence of oceanic foragers being higher in regions with abundant primary 

productivity (Hawkes et al., 2006; Rees et al., 2010; Ceriani et al., 2012; Eder et al., 2012). 

Published data indicate that approximately 98% of female loggerhead turtles nesting in 

the central and eastern Mediterranean are neritic foragers (Zbinden et al., 2008 & 2011; 

Schofield et al., 2013a & 2013b; Haywood et al., 2020), which aligns with the generally 

oligotrophic nature of the Mediterranean Sea. Primary productivity in the Algerian Basin 

is slightly higher than in the Ionian Sea and the Levantine Basin, and, furthermore, it has 

increased over recent decades (Colella et al., 2016). This increased productivity might 

explain why oceanic foragers are more frequently found in the Algerian Basin than in the 

central and eastern Mediterranean. However, primary productivity is much higher in the 

neritic habitats along the coast of the Iberian Peninsula, where suitable foraging grounds 

exist and are used by juvenile loggerhead turtles (Cardona et al., 2009; Almpanidou et al., 

2022; Abalo-Morla et al., 2022a). The reason why these neritic foraging grounds are not 

utilized by nesting females remains unknown, but it could be related to their Atlantic 

origin, as discussed further below.  

The Algerian Basin is primarily inhabited by loggerhead turtles that originate from 

nesting beaches in the northwestern Atlantic Ocean, with a predominant origin in southern 

Florida (Carreras et al., 2006 & 2011; Clusa et al., 2014). As early juveniles, they drift 

eastward along the Gulf Stream (Mansfield et al., 2014), and some eventually enter the 

Mediterranean Sea, where they typically remain until they reach an average straight 

carapace length (SCL) of 54.5 cm (Revelles et al., 2007a). At this size, they are capable 

of overcoming the permanent eastward current at the Straits of Gibraltar and return to the 

western Atlantic Ocean (Eckert et al., 2008; Revelles et al., 2008; Cejudo et al., 2006). It 

is worth noting that, during their sojourn in the Mediterranean Sea, most of these 

loggerhead turtles of North Atlantic origin prefer to remain within the Algerian Basin 

(Clusa et al., 2014), where they exhibit oceanic foraging behaviors (Revelles et al., 2007b, 

2007c & 2008). Furthermore, some individuals delay their return to the Atlantic Ocean, 

reaching adulthood while still in the Mediterranean Sea (Piovano et al., 2011), and even 

nesting on Spanish and Italian beaches in the western Mediterranean (Carreras et al., 

2018). This suggests that the prevalence of oceanic foraging behavior among females 

nesting on Spanish beaches may be attributed to the early sexual maturity of individuals 

of Atlantic origin, who persistently inhabit the juvenile foraging grounds in the western 

Mediterranean. 
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However, this explanation does not account for the distinctive isotopic niche 

observed in some of the females nesting on Spanish beaches, characterized by elevated 

δ13C and reduced δ34S values, which suggest foraging in an isotopically distinct area. 

Seagrasses growing in anoxic sediments of sheltered bays are known for their high δ13C 

and low δ34S values (Peterson, 1999). Some adult loggerhead turtles foraging in coastal 

habitats in the central and eastern Mediterranean exhibit significant enrichments in 13C 

and depletions in 34S (Haywood et al., 2020), a pattern akin to the two isotopically distinct 

females nesting in Spain, as mentioned above. Notably, one of the nesting females tracked 

by satellite in this study (Victoria) spent 3.5 months in coastal habitats within the central 

Mediterranean, yet her stable isotope ratios did not display enrichments in 13C or 

depletions in 34S. While enclosed bays with seagrass meadows also exist along the coasts 

of the Iberian Peninsula and Balearic Islands, none of the loggerhead turtles found dead 

in those areas and analyzed here exhibited the same level of 13C enrichment and 34S 

depletion as these two distinct nesting females. As a result, our current knowledge does 

not provide a clear identification of these distinct foraging grounds, and further research 

is necessary to identify their location and characteristics.   

Implications for conservation 

The cumulative evidence presented in this study indicates that the majority of 

female loggerhead turtles nesting on recently colonized Mediterranean beaches in Spain 

predominantly forage in oceanic habitats within the western Mediterranean Sea. This 

diverges from the typical foraging ecology observed in females nesting in the eastern 

Mediterranean Basin, where they are mostly neritic foragers (Zbinden et al., 2008 & 2011; 

Schofield et al., 2013a & 2013b; Haywood et al., 2020). As to whether or not a similar 

oceanic foraging pattern applies to females nesting in the recently colonized beaches of 

western Italy (Hochscheid et al., 2022), this remains a topic that requires further 

investigation. Additionally, it remains uncertain whether this oceanic behavior is 

exclusive to females of North Atlantic origin and whether they transition to neritic 

foraging as they grow older.  

What is clear is that the Algerian Basin is a region where most of the longline 

fishing effort within the entire Mediterranean Sea is concentrated (Taconet, Kroodsma 

and Fernandes, 291). In the 1990s, Spanish drifting longlines captured as many as 20,000 

loggerhead turtles annually, posing a significant threat to these turtles in the region 

(Álvarez de Quevedo, San Félix & Cardona, 2013). Over the past decade, a dramatic 
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reduction in bycatch levels has occurred in the western Mediterranean Sea (Báez et al., 

2019). Despite this, the density of turtles at-sea (DiMatteo et al., 2022) and nest counts at 

major nesting beaches (Casale et al., 2018, Ceriani et al., 2019) have either remained 

stable or slightly increased. The decline in bycatch levels was driven by operational 

changes in the Spanish longline fleet, which shifted its focus from bluefin tuna to 

swordfish as their main target species due to new regulations. They now deploy longlines 

deeper than 200 m (Báez et al., 2019), effectively keeping the turtles using the surface 

waters out of reach (Álvarez de Quevedo, San Félix & Cardona, 2013).  

In this case, a simple operational change in a critical human activity, such as 

fishing, has produced a positive impact on this species in the region. Global warming has 

certainly improved the thermal conditions for the nesting of loggerhead turtles in Spanish 

beaches (Cardona et al., 2022), but increased survival in the oceanic foraging grounds of 

the Algerian Basin has probably increased the number of adults present in the region. 

However, this progress could potentially be reversed in the near future if fishing quotas 

increase and fishermen revert to targeting bluefin tuna in surface waters. If that were to 

happen, the bycatch of sea turtles would once again surge, putting the survival of adults 

currently involved in the ongoing colonization of the western Mediterranean at risk. For 

this reason, any potential increase in the bluefin tuna quotas for the longline fleet in the 

western Mediterranean should be accompanied by measures aimed at reducing 

loggerhead turtle bycatch, such as avoiding the use of squid as bait and deploying hooks 

deeper than 25 m (Swimmer et al., 2017), which must be considered by all countries 

involved in the fishery. Furthermore, bycatch in other fisheries should also be reduced, 

as adult loggerhead turtles are often captured incidentally by artisanal fisheries operating 

off Morocco and Algeria (Belmahi et al., 2020; Mghili et al., 2023). Considering that 

regional population estimates for the Mediterranean population are likely to be 

considerably overestimated (Rees et al., 2020), the conservation of any adult loggerhead 

turtle is more important than previously thought. 
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3.5.1. Community level characterization of the isotopic niche 

 Significant differences were found among marine mammal species from Río de 

la Plata estuary for the δ13C, δ15N, δ34S and δ18O values, which allowed to use different 

combinations of these four intrinsic tracers to characterize the isotopic niche of the 

considered species. On one hand, significant differences were found between females and 

males for South American sea lions and South American fur seals, and hence, they were 

analysed separately. However, the constant partial overlap between sexes of the same 

species in all the considered isospaces suggested some similarities between their isotopic 

niches. In addition, franciscana dolphins and Burmeister´s porpoises overlapped in their 

δ13C, δ15N and δ34S values but largely differed in their δ18O values, with the porpoises 

showing significantly higher values which suggests the use of saltier waters. On the other 

hand, the isotopic niche of false killer whales overlapped with that of most of the 

considered species, particularly with South American fur seals (both females and males) 

and franciscana dolphins. Furthermore, the wide range of values found for this species 

suggested the possible existence of two ecotypes of false killer whales using isotopically 

different regions within the estuary. Finally, Fraser´s dolphins presented the highest δ18O 

and δ34S values, the lowest δ13C and δ15N values and only showed a small but constant 

overlap in isotopic niche with that of false killer whales. In this case, adding the δ34S and 

δ18O values to those of δ13C and δ15N improved the characterization of niche partitioning 

among the marine mammal species from Río de la Plata. 

 In Mauritanian waters, significant differences were found among marine mammal 

species for the δ13C, δ15N and δ18O values but not for the δ34S values. However, the latter 

allowed to identify high levels of individual variability for those species found nearshore, 

such as bottlenose dolphins, harbour porpoises, Mediterranean monk seals, and Atlantic 

humpback dolphins. The largest overlaps in isotopic niches were between bottlenose 

dolphins, harbour porpoises and long-finned pilot whales, with the former encompassing 

most of the area covered by the latter two. In fact, the wide range of values found for 

bottlenose dolphins indicated the existence of at least two ecotypes of this species in the 

area. On the other hand, common dolphins and Atlantic spotted dolphins showed a partial 

overlap for the δ13C and δ15N values but largely differed in the δ18O values. The same 

was true for Mediterranean monk seals, bottlenose dolphins and Atlantic humpback 

dolphins, with the latter showing the highest δ18O values among the considered species. 
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In this case, including the δ18O values allowed for a better definition of the isotopic niche 

partitioning among marine mammal species in Mauritanian waters, whereas the δ34S 

values allowed to identify intraspecific differences among each considered population. 

3.5.2. Species level characterization of the isotopic niche 

 Differences in the habitat use and foraging ecology among loggerhead turtle 

individuals were detected by comparing the stable isotope ratios in their bone and skin 

tissues with those estimated for different regions of the Mediterranean Sea. 

 Changes in the isotopic niche of juvenile loggerhead turtles of Northwestern 

Atlantic origin found at the western Mediterranean Sea were analyzed using the δ13C, 

δ15N and δ18O values of different incremental bone layers. First, the layers corresponding 

to the very first years of life were missing in all the analysed individuals due to the 

endosteal resorption of the medullar bone; thus, sampled incremental layers corresponded 

to ages 3 to 15 years old. Second, a broad variability in the δ18O values was found both 

among incremental layers of the same individual and among individuals, finding a 

negative and linear correlation between these values and the age. Here, turtles younger 

than nine years old showed more scattered δ18O values, which suggested the movement 

between isotopically distinct water masses with no consistent temporal pattern, whereas 

turtles aged ten years and older were clustered around a lower mean δ18O value. 

Furthermore, most loggerhead turtles seemed to move following different patterns, either 

from 18O-enriched to 18O-depleted waters or vice versa. However, seven turtles showed 

no significant changes among incremental layers during the analysed period, including 

the two oldest turtles of the study that showed similarly low δ18O values for their last 

seven and nine years of life, respectively. Finally, five individuals showed differences 

between incremental layers that were larger than the estimated difference for the study 

area, hence suggesting the influence of other factors over the δ18O values of the bone of 

these loggerhead turtles. On the other hand, no significant correlation was found between 

the δ13C values and the age of these individuals, nor between the δ15N values and the age, 

and differences among incremental layers of the same individual for these two intrinsic 

tracers did not show significant changes in carbon source or trophic position, respectively, 

throughout the analysed periods. Nevertheless, when studying the δ13C - δ15N isospace, 

the standard ellipse area (SEAc) decreased significantly and linearly with the age, 
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showing large overlaps among all the considered age classes with the standard ellipses of 

the younger ages encompassing those of older ages. 

 Lastly, differences in the δ13C and δ15N values were found between juvenile 

loggerhead turtles stranded along the Iberian Peninsula – assumed to feed neritically 

along the continental shelf – and those stranded in the Balearic Islands – assumed to feed 

oceanically at the Algerian Basin. Here, turtles found at the Iberian Peninsula showed 

lower δ13C and δ15N values compared to those from the Balearic Islands, with only a small 

overlap in the respective standard ellipses. In contrast, no significant differences were 

found for the δ34S values of both groups. Based on this, the isotopic niche of female 

loggerhead turtles that had recently nested in Spanish Mediterranean beaches was closer 

to that of turtles from the Balearic Islands, thus suggesting that they had foraged mostly 

at the Algerian Basin. The only exception were two nesting females that were highly 

enriched in 13C and highly depleted in 34S, suggesting the use of a different foraging 

region during the months prior to nesting. 
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4. General discussion 

Despite the difficulties to properly estimate the trophic discrimination factors 

between diet and consumer, the stable isotope analysis offers an invaluable opportunity 

to study distinct aspects of the foraging and spatial ecology of large marine vertebrates. 

This technique has provided information on a variety of topics including diet and trophic 

niche, site fidelity, migratory movements, colonisation processes, ontogenetic shifts, intra 

and interspecific differences, as well as regional variations among species and 

populations, for both marine mammals and sea turtles (e.g., Borrell et al., 2012; Turner 

Tomaszewicz et al., 2017b; Drago et al., 2020; Haywood et al., 2020b). In addition, 

results derived from these studies have been used to inform about local threats and 

conservation strategies for several marine species and ecosystems worldwide (Newsome 

et al., 2010; Haywood et al., 2019; Abalo-Morla et al., 2022a).  

One of the great advantages of the stable isotope analysis is that it can be 

complemented by other research techniques. The stable isotopes technique is less precise 

to geographically locate the studied individuals, but it is a great tool to analyse the 

resource partitioning and behavioural changes of species at a population and community 

levels. In addition, these analyses are quite cheap and can be carried out in tissues taken 

from both alive and dead individuals, which allows to have a larger sample size compared 

to other techniques that require the capture and release of live animals. For this reason, 

satellite telemetry data can directly complement and confirm the information on habitat 

use inferred by the isotopic values with high-resolution tracking of animal movements at 

an individual level (Newsome et al., 2010). At the same time, the combination of these 

two techniques can help to overcome the low sample size often associated with the study 

of large marine vertebrates, as shown in subchapter 3.4. Furthermore, several studies (e.g., 

Newsome et al., 2010; Bradshaw et al., 2017; Haywood et al., 2020a) have highlighted 

the importance of combining satellite telemetry with stable isotope analysis and have even 

encouraged to take a non-invasive sample of tissue from satellite-tracked individuals, 

when possible, to better understand the spatial ecology of large marine vertebrates both 

at a species and population level. Other complementary techniques that can be used along 

with the stable isotopes are genetic analysis to study the connectivity between foraging 

grounds and rookeries (e.g., Medeiros et al., 2019; Cani et al., 2025 in subchapter 3.3), 

stomach content analysis to identify ingested taxa (e.g., McCluskey et al., 2021), fatty 
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acids to analyse the food web structure (e.g., Cardona et al., 2015), the analysis of organic 

contaminants and trace metals to study the trophic transfer and biomagnification in a 

population (e.g., Cipro et al., 2012; Pinzone et al., 2019), and direct observations to 

confirm a species distribution and ethology (e.g., Zabala et al., 2013; Cani et al., 2024 in 

subchapter 3.2). 

Overall, it is important to consider the possible limitations associated with the use 

of stable isotopes as intrinsic biogeochemical tracers of large marine vertebrates. 

Nevertheless, it continues to be one of the best approaches in the field of marine ecology, 

especially when involving elusive species and life stages that are often hard to encounter 

in the wild. Historically, the δ13C and δ15N ratio have been the most commonly used 

tracers to study the trophic ecology of marine individuals, but the inclusion of other 

chemical elements has increased in isotopic research during the last decades, especially 

when studying the habitat use and migratory patterns of species and individuals 

(Newsome et al., 2010). Furthermore, the advantages of the inclusion of additional 

isotopic tracers depend largely on the ecosystem and the species analysed, as discussed 

in the following subsections. 

4.1. Resource partitioning and habitat use  

 A common assumption when studying the isotopic niche partitioning among 

species or individuals is that considering a larger number of habitat tracers will improve 

the resolution of the analysis. However, as highlighted throughout this study, resolution 

can only improve under certain conditions. This thesis shows different scenarios where 

the δ13C, δ15N, δ34S and δ18O values can be applied to characterize the habitat use and 

trophic ecology of large marine vertebrates, both at a community and population level. In 

addition, those cases where the use of a specific tracer rendered no significant results are 

discussed and explained, according to available information on the isotopic 

biogeochemistry of each chemical element, the analysed tissue and the composition of 

each ecosystem. 

 Based on the results exposed in chapter 3, one of the most important factors when 

comparing the isotopic niche of consumers is the presence of steep environmental 

gradients at the right spatial scale, which must be in accordance with the scale of 

movement of the considered species and the time period integrated by the analysed tissue. 

Environmental isotopic gradients result from the interplay between the physicochemical 
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conditions of the water masses and the metabolic pathways used by the dominant primary 

producers in each region; hence, they can only occur if different conditions exist within 

the same study area. Certainly, the stable isotope ratio of each chemical element informs 

about a specific dimension of the ecosystem and, together, they can show new qualities 

of the habitat use and trophic ecology of a species or individual, although their 

interpretation can differ among ecosystems.  

 In general, a horizontal gradient of isotopic variation can be found between 

inshore/coastal and offshore/oceanic waters, as well as a vertical gradient between benthic 

and pelagic regions. The main source of these variations is often the influence of 

terrestrial inputs of freshwater and particulate organic matter (POM), which bring water 

molecules and plant detritus with distinct isotopic signatures into coastal areas and also 

increases the concentration of POM within the water column, decreasing light availability 

and promoting the formation of anoxic sediments (Peterson et al., 1985; Gat, 1996). Most 

terrestrial plants with a C3 metabolism are generally 13C-depleted and use the 34S-

depleted sulphides (S2-) formed under anaerobic conditions in the soil as the primary 

source of sulphur, and the 18O-depleted molecules from precipitation as the primary 

source of water (Peterson and Howarth, 1987; Gat, 1996; Emerson and Hedges, 2008). 

Furthermore, river water also originates from precipitation, and it often drags 15N-

enriched sewage from nearby cities into coastal areas (Gat, 1996; McClelland and Valiela, 

1998). Therefore, river plumes flowing into coastal waters are characterized by POM with 

low δ13C, δ34S and δ18O values and high δ15N values. Another differential aspect of 

coastal areas is the presence of rooted primary producers that often colonize hypoxic and 

anaerobic sediments (Peterson et al., 1985) and use predominantly the dissolved HCO3
- 

as their primary source of carbon because the high productivity of coastal systems often 

limits the dissolved CO2 (Newsome et al., 2010; Reinfelder, 2011); thus, they can 

represent a major source of plant detritus with high δ13C and low δ34S values into the 

marine food web (Peterson and Howarth, 1987; Emerson and Hedges, 2008). 

 In contrast, the main primary producer found in marine pelagic waters is 

phytoplankton, which typically has a C3 metabolism but is more likely to use the 

dissolved CO2 as the primary source of carbon, unless its concentration becomes limiting 

(Finlay et al., 1999; Falkowski and Raven, 2007; Carlier et al., 2015). In addition, the 

well-mixed and highly oxidized water column allows the formation of 34S-enriched 

sulphates (SO4
2-), which represent the primary source of sulphur in the open ocean 
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(Peterson et al., 1985; Ben-David and Flaherty, 2012), and the evaporation of surface 

waters produces an increment in the concentration of water molecules carrying the 

heavier 18O isotope (Gat, 1996). Therefore, the organic matter produced by oceanic 

phytoplankton is characterized by low δ13C and δ15N values and high δ34S and δ18O 

values. However, as stated above, certain processes such as phytoplankton blooms can 

limit the concentration of dissolved CO2 and alter the isotopic values in pelagic food 

webs, since the composition of upwelling-derived phytoplankton often differs from that 

of oceanic phytoplankton (Carlier et al., 2015). For instance, the nutrient input into 

surface waters during an upwelling event drives primary productivity and commonly 

favours the growth of diatom species with a C4-like metabolism, resulting in an increase 

of the δ13C values of phytoplankton (Carlier et al., 2015; Ferreira et al., 2020; Launay et 

al., 2020). It should be noted that part of the organic matter produced by phytoplankton 

during these upwelling events is released back into the water as 15N-depleted dissolved 

organic matter (DOM), which normally enters directly into the microbial loop and does 

not influence the isotopic values of consumers in the classic food web analysed in this 

thesis (Post, 2002; Pontiller et al., 2022). 

Meanwhile, it is also important to identify the processes that cause each 

environmental isotopic gradient, since they can explain the observed relationship – or 

lack of – among the different chemical elements. For instance, both the δ34S and δ18O 

gradients can be generated by a constant input of terrestrial POM and freshwater into 

coastal areas (Gat, 1996; Peterson, 1999), in which case they can show a similar variation 

within an ecosystem at a broad spatial scale. However, these two gradients can be 

uncoupled if the δ18O gradient is generated instead by an intense evaporation of surface 

waters due to high environmental temperatures, or if the primary source of variation for 

the δ34S values is the presence of benthic primary producers growing in anoxic sediments 

nearshore (Peterson, 1999; Sharp, 2017). Similar patterns can be seen between the δ13C 

and δ34S gradients, since they can both originate due to the input of terrestrial plant 

detritus into coastal areas, but the presence of rooted plants using anoxic sediments, 

primary producers with C4 and CAM-like metabolisms, as well as the influence of an 

upwelling event can alter these two gradients in different degrees, serving as alternative 

sources of variability for the δ13C and δ34S values within an ecosystem. Lastly, the input 

of sewage into coastal areas often causes an increase of δ15N values in species and 
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individuals feeding nearby (McClelland and Valiela, 1998; Botto et al., 2011), thus 

altering the expected increase of δ15N values with each trophic position. 

4.2. Characterization of the isotopic niche in a marine mammal 
community 

 The two ecosystems analysed at a community level showed different degrees of 

significance for each of the biogeochemical tracers given the origin, strength and 

distribution of the environmental isotopic gradients in each case. The isotopic gradients 

in Río de la Plata (subchapter 3.1) are mostly generated by (1) the influence of the river 

input, which brings 13C- and 34S-depleted terrestrial detritus and 18O-depleted freshwater 

nearshore, (2) the presence of 13C-enriched and 34S-depleted salt marsh detritus in the 

middle reaches of the estuary, and (3) the 13C-depleted and 34S-enriched phytoplankton 

and 18O-enriched marine waters offshore (Peterson and Howarth, 1987; Guerrero et al., 

1997; Connolly et al., 2004; Botto et al., 2011; Belem et al., 2019). Here, the use of the 

different areas along the estuary basin by the seven marine mammal species analysed was 

characterized based on the isotopic niche obtained with the combination of the mean δ13C, 

δ15N, δ34S and δ18O values of their bone tissue and the distribution of the environmental 

isotopic gradients explained above. 

 In this context, the estuary was divided into three zones according to the 

predominant plant detritus and salinity values (Figure 2.1, bottom panel; Guerrero et al., 

1997; Botto et al., 2011). First, the inner estuary is the zone with the highest influence of 

river runoff and thus high turbidity and low light availability; it is characterized by a high 

abundance of terrestrial and freshwater marsh detritus with low δ13C and δ34S values and 

freshwater with low δ18O values. None of the studied marine mammal species was found 

to feed in this zone. Second, the estuarine or mixohaline zone has a large influence of salt 

marsh detritus from nearby coastal areas, characterized by high δ13C and low δ34S values. 

In this region, the turbidity is lower but the light is still limiting, and a salt wedge is 

formed due to the partial mixing of the freshwater from the river input at the surface and 

the marine water entering the estuary at the bottom (Guerrero et al., 1997; Acha et al., 

2008). Hence, this zone is characterized by low δ18O values at the top water layers and 

higher δ18O values at the bottom layers, and it seems to be a highly used area by most of 

the considered species. Bottlenose dolphins, female and male South American sea lions 

and female South American fur seals showed isotopic values consistent with the use of 
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the lower salinity areas of this estuarine zone, although the latter two probably have a 

more pelagic diet given the lower δ13C values. On the contrary, the low δ34S values of 

franciscana dolphins and Burmeister’s porpoises indicate the influence of terrestrial or 

marsh plant POM in their diet, whereas the higher δ18O values suggest the use of the 

marine waters under the salt wedge. Lastly, the marine zone has a greater light availability 

and allows phytoplankton to become the main carbon source (Botto et al., 2011), which 

combined with the saltier marine waters and a well-mixed water column result in low 

δ13C and high δ34S and δ18O values. Only one species, the Fraser’s dolphin, presented this 

combination of values, thus confirming the known offshore habits of this species (Botta 

et al., 2012). Nevertheless, male South American fur seals and false killer whales showed 

values in between those expected for the estuarine and the marine zones, suggesting the 

use of both areas as feeding grounds. However, the wide range of individual isotopic 

values of false killer whales could also indicate the existence of two ecological groups 

(ecotypes) of the species in Río de la Plata, one coastal and one oceanic, which was also 

proposed by Valdivia et al. (2024). Regarding the δ15N values, the Fraser’s dolphin 

showed significantly lower values compared to the other six species, whereas male and 

female South American sea lions, franciscana dolphins and Burmeister’s porpoises 

showed significantly higher δ15N values. However, the large differences found among 

species for this tracer are likely an artefact of the sewage input into the estuary (Nagy et 

al., 2002; Botto et al., 2011). 

 Meanwhile, the isotopic gradients along the Mauritanian coast (subchapter 3.2) 

are generated by different processes. The saltier Canary Current brings 18O-enriched 

waters from the north, whereas the less salty Mauritanian Current brings 18O-depleted 

waters from the south (Peña-Izquierdo et al., 2012; Conroy et al., 2014; Belem et al., 

2019). In both cases, the vertical mixing caused by the almost constant upwelling events 

produces homogenous δ34S values within the water column, both inshore and offshore 

(Zopfi et al., 2008). Therefore, the only available source of 34S-depleted values in this 

area seem to be the scattered patches of benthic primary producers growing in anoxic 

sediments nearshore (Peterson, 1999; Zenk et al., 1991; Peña-Izquierdo et al., 2012; 

Pottier et al., 2021). In addition, upwelling-derived phytoplankton is 13C-enriched 

compared to oceanic phytoplankton, which allows to identify these two sources of carbon 

among consumers in the area (Carlier et al., 2015). Furthermore, the extremely high 

temperatures and shallow seas inside the Parc National du Banc d’Arguin (PNBA; Figure 
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2.1, right panel) produce highly 18O-enriched waters and favour the presence of 13C-

enriched benthic primary producers (e.g., seagrasses and mangroves) with variable δ34S 

values depending on the local redox potential of the sediments where they grow (Conroy 

et al., 2014; Pottier et al., 2021). In this case, the influence of the two currents with 

contrasting salinities and the extreme temperatures inside the PNBA allowed to find 

differences among marine mammal species through the δ13C, δ15N and δ18O values in 

their bone tissue, but the presence of year-round upwelling events constantly mixing the 

water column hindered the use of δ34S values at the community level, but allowed to 

identify intraspecific differences in habitat use (Zenk et al., 1991; Peña-Izquierdo et al., 

2012; Carlier et al., 2015; Pottier et al., 2021).  

 On one hand, the higher δ18O values found for harbour porpoises and long-finned 

pilot whales showed a higher affinity for the saltier waters of the Canary Current at the 

northern coast of Mauritania, but the lower δ13C values of the pilot whales indicated a 

more offshore/pelagic feeding than the porpoises. On the contrary, the low mean δ13C and 

δ15N values and the high δ34S values found in all individuals of Atlantic spotted dolphins 

and common dolphins indicated an offshore/pelagic feeding for both species, although 

the lower δ18O values of the former suggested a higher affinity to the less salty 

Mauritanian Current and the higher δ18O values and wider range of δ13C values observed 

in common dolphins suggested the use of areas with a higher influence of the Canary 

Current, either with upwelling-derived or oceanic phytoplankton. On the other hand, only 

two cetacean species seemed to consistently use the saltiest areas of the PNBA, as 

indicated by the high δ18O and δ13C values of Atlantic Humpback dolphins and some 

individuals of bottlenose dolphins. However, the wide range of isotopic values found for 

bottlenose dolphins not only indicated the presence of two ecotypes, one coastal and one 

oceanic as previously suggested by Pinela et al. (2010) and Van Waerebeek et al. (2016), 

but also that, within the coastal ecotype, some individuals likely remain inside the PNBA 

for extended periods of time. Furthermore, the high δ13C values of Mediterranean monk 

seals suggested a benthic feeding, likely near the haul-out caves found at the north, and 

the significantly higher δ15N values indicated that they feed at a higher trophic level than 

the considered cetacean species. Finally, individual variations in the δ34S values of the 

four species found nearshore – Atlantic Humpback dolphins, bottlenose dolphins, harbour 

porpoises and Mediterranean monk seals – indicated that some individuals are 

consistently feeding on 34S-depleted prey likely associated with anoxic sediments (i.e., 



Discussion 
 

182 
 

seagrass meadows). The previous assumptions about habitat use by marine mammals off 

Mauritania were validated with local sighting and stranding reports for each species in 

the area (e.g., Robineau and Vely, 1998; Gazo and Aguilar, 2005; Camphuysen, 2021; 

Camphuysen et al., 2022, among others).  

 Overall, the addition of complementary habitat tracers such as the δ34S and δ18O 

values can improve the resolution of the isotopic niche and resource partitioning among 

marine mammal species of the same community, since they vary independently from the 

δ13C and δ15N ratios and thus include different dimensions of the ecosystem. However, 

their use is clearly conditioned by the existence of the respective environmental δ34S and 

δ18O gradients within the ecosystem of interest and hence, they are not necessarily useful 

in every system. Therefore, when using stable isotopes as intrinsic biogeochemical tracers 

it becomes necessary to understand first the physical and chemical processes operating in 

the ecosystem and how they can affect the formation of environmental isotopic gradients 

relevant to the study at hand. 

4.3. Individual characterization of the isotopic niche in sea turtles 

 The combination of the δ34S or δ18O values with those of δ13C and δ15N allowed 

to detect individual differences in loggerhead turtles due to the different environmental 

conditions found inside the Mediterranean Sea. On one hand, the general counter-

clockwise circulation pattern of surface waters along the three Mediterranean basins – 

western, central and eastern – and the higher evaporation rates of surface waters towards 

the eastern basin due to higher environmental and sea surface temperatures, constantly 

transform the fresher Atlantic waters entering through the Strait of Gibraltar into saltier 

Mediterranean waters, creating a west-east gradient of sea surface salinity (Figure 2.1, 

top panel; Millot and Taupier-Letage, 2005; Soukissian et al., 2017). Another 

consequence of the higher evaporation rates at the eastern basin is an increase in the 

concentration of water molecules carrying the heavier 18O isotope, because those carrying 

the lighter 16O isotope tend to evaporate quicker, thus leaving a pool of surface waters 

with higher δ18O values compared to those in colder regions with lower evaporation rates 

(Sharp, 2017). In this case, the west-east gradients of sea surface salinity and δ18O values 

originate from the same process, which creates a positive and linear correlation between 

the two factors and allows to make inferences about the habitat use of individuals based 

on their δ18O values and the salinity changes along the Mediterranean Sea (LeGrande and 
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Smith, 2006; Conroy et al., 2014). On the other hand, there is little information about the 

baseline variations of the δ13C and δ34S values along the different Mediterranean basins, 

but the δ15N values of particulate organic nitrogen (PON) are significantly lower in the 

central and eastern basins, except for the Adriatic Sea which has unusually high δ15N 

values due to high inputs of sewage from river systems (Figure 2.1; Pantoja et al., 2002; 

Zbinden et al., 2011). 

 Juvenile loggerhead turtles of Northwestern Atlantic origin estimated to be nine 

years or younger showed a wide range of δ13C, δ15N and δ18O values in their bone tissue, 

probably because they have a higher dependence on surface currents for their movements, 

which causes a greater dispersion throughout the Mediterranean Sea (Revelles et al., 

2007a and 2007b). In addition, they could be adopting different feeding strategies 

depending on their location and the available resources. On the contrary, older individuals 

(over 10 years old) might be more selective of their prey and foraging area, as shown by 

the smaller standard ellipse areas and lower δ18O values observed in older loggerhead 

turtles of the same origin, which suggest a preference for foraging grounds in lower 

salinity areas, likely in the western Mediterranean (subchapter 3.3). This coincides with 

the tendency of most adult loggerhead females to forage oceanically in the Algerian 

Basin, both prior and after nesting in the Iberian Peninsula as shown by the stable isotope 

ratios of their skin and satellite telemetry data (subchapter 3.4). In this case, the isotopic 

niche of most of the analysed females showed larger overlaps with that of juveniles 

stranded at the Balearic Islands, an area frequented by individuals using the oceanic 

regions of the Algerian Basin and characterized by higher δ13C and δ15N values compared 

to those stranded at the Iberian Peninsula, where they are more likely to use the neritic 

areas of the Balearic Sea as feeding grounds (Figure 2.1, top panel; Abalo-Morla et al., 

2023). Interestingly, the δ34S values of both groups of stranded turtles and those of most 

nesting females were similar, except for two nesting females that showed highly 13C-

enriched and 34S-depleted values, suggesting the use of a different foraging ground. 

Furthermore, this combination of high δ13C and low δ34S values has only been described 

for turtles feeding off Tunisia (Haywood et al., 2020a), which is most likely were these 

two females were feeding since there is evidence of satellite tracked loggerhead turtles 

crossing the Strait of Sicily some time after nesting in the Iberian Peninsula (subchapter 

3.4). 
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Similar differences in δ13C, δ15N and δ34S values have been previously reported 

in loggerhead turtles feeding in other Mediterranean foraging grounds. For instance, 

Haywood et al. (2020a) reported higher mean δ13C values and lower mean δ34S values in 

turtles assigned to neritic foraging grounds of the central and eastern Mediterranean 

compared to those feeding oceanically at the Tunisian Plateau (central basin; Figure 2.1, 

top panel), while the mean δ15N values of both groups were similar. On the contrary, 

similar δ13C values were found between individuals caught at the Northern Levantine Sea 

(eastern basin) and those from the Eastern Ionian Sea (central basin), but in this case, the 

mean δ15N values of the latter were slightly higher (Haywood et al., 2020b), probably due 

to the proximity to the Adriatic Sea (Figure 2.1; Zbinden et al., 2011; Haywood et al., 

2020a). Overall, there seems to be a general west-east increase of δ13C values in the 

Mediterranean foraging grounds used by these loggerhead turtles (subchapter 3.4; 

Haywood et al., 2020a and 2020b), which might be a consequence of the higher primary 

productivity in the western Mediterranean (Bosc et al., 2004) and the lower δ13C values 

of oceanic phytoplankton compared to neritic primary producers (Newsome et al., 2010). 

In the western basin, primary productivity is slightly higher in both oceanic and neritic 

regions and has been increasing in the last decades, whereas the central and eastern basins 

have a low primary productivity in oceanic regions but a relatively high chlorophyll 

concentration in certain neritic areas (Bosc et al., 2004; Colella et al., 2016). This could 

also explain the prevalence of neritic foragers among adult loggerhead turtles nesting and 

feeding in the central and eastern Mediterranean basins (Schofield et al., 2013a and 

2013b; Haywood et al., 2020a), whereas those from the western basin appear to feed 

mostly in oceanic regions (subchapter 3.4). On the contrary, mean δ15N values in the 

epidermis of loggerhead turtles show differences between foraging grounds within the 

same basin (e.g., Balearic Sea vs Algerian Basin; Eastern Ionian vs Northern Levantine) 

but seem relatively similar along the different basins – excluding the Adriatic Sea – and 

the δ34S values only seem to be lower in neritic areas associated with the presence of 

benthic primary producers (subchapter 3.4; Haywood et al., 2020a and 2020b). Lastly, 

the isotopic values in the epidermis of loggerhead turtles show possible differences 

among feeding grounds, but further studies are necessary to integrate this information and 

evaluate the distribution of these isotopic gradients along the Mediterranean Sea. 

 In general, the inclusion of the δ34S or δ18O ratios allowed to refine our 

understanding of individual specialization and isotopic niches through the identification 
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of areas and resources used by each turtle across the isospace, as they were 

complementary to the δ13C and δ15N ratios and thus allowed to make inferences about 

migratory patterns and foraging ecology that would not have been possible otherwise. 
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Conclusions 

1. The spatial scale of the environmental isotopic gradients delineating the isospace 

must be large enough to cover the area used by the species of interest, thus 

allowing the differentiation of habitats to be reflected in the isotopic values of the 

individuals’ tissues. For large marine vertebrates, those scales span from tens to 

hundreds of kilometres. 

2. Accounting for potential environmental and metabolic confounding factors that 

affect the isotopic fractionation of a chemical element is critical to ensure that the 

inferences on habitat use and trophic ecology are robust.  

3. A multi-element approach allows for improved resolution of intraspecific 

individual variability and to better delineate the isotopic niches of sympatric 

species of large marine vertebrates, compared to the use of only two intrinsic 

tracers and considering the scale of the environmental isotopic gradients. 

4. The δ34S ratio helps to improve the characterization of the isotopic niche of large 

marine vertebrates inhabiting marine ecosystems with high terrestrial inputs of 

particulate organic matter and to identify individuals associated with hypoxic or 

anoxic sediments. 

5. The δ18O ratio in bone tissue helps to delineate the isotopic niche of large marine 

vertebrates inhabiting marine ecosystems with marked salinity gradients, formed 

by the input of fresh water or by different evaporation rates of surface waters. 

6. Marine mammal species can exhibit a fine isotopic niche partitioning when a 

multi-element approach is adopted, as observed in those from Río de la Plata and 

off Mauritania. 

7. The multi-element approach shows high levels of individual variability in the 

migration patterns of juvenile loggerhead turtles across the isospace of the 

Mediterranean Sea, whereas older turtles show a higher specialization towards 

certain regions and feeding grounds. 

8. Inferences about the habitat use and trophic ecology derived from the stable 

isotope analysis of marine megafauna can be complemented by more direct 

research techniques such as in situ observations, satellite telemetry and genetic 

analysis, which can also be used to validate the results. 
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